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OL3, a novel low-absorbed TGR5 agonist with
reduced side effects, lowered blood glucose via dual
actions on TGRS activation and DPP-4 inhibition

Shan-yao MA, Meng-meng NING, Qing-an ZOU, Ying FENG, Yang-liang YE, Jian-hua SHEN™, Ying LENG™

State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203,
China

Aim: TGR5 agonists stimulate intestinal glucagon-like peptide-1 (GLP-1) release, but systemic exposure causes unwanted side effects,
such as gallbladder filling. In the present study, linagliptin, a DPP-4 inhibitor with a large molecular weight and polarity, and MN6, a
previously described TGR5 agonist, were linked to produce OL3, a novel low-absorbed TGR5 agonist with reduced side-effects and dual
function in lowering blood glucose by activation of TGR5 and inhibition of DPP-4.

Methods: TGR5 activation was assayed in HEK293 cells stably expressing human or mouse TGR5 and a CRE-driven luciferase gene.
DPP-4 inhibition was assessed based on the rate of hydrolysis of a surrogate substrate. GLP-1 secretion was measured in human
enteroendocrine NCI-H716 cells. OL3 permeability was tested in Caco-2 cells. Acute glucose-lowering effects of OL3 were evaluated in
ICR and diabetic ob/ob mice.

Results: OL3 activated human and mouse TGR5 with an ECg, of 86.24 and 17.36 nmol/L, respectively, and stimulated GLP-1 secretion
in human enteroendocrine NCI-H716 cells (3-30 umol/L). OL3 inhibited human and mouse DPP-4 with ICs, values of 18.44 and 69.98
pmol/L, respectively. Low permeability of OL3 was observed in Caco-2 cells. In ICR mice treated orally with OL3 (150 mg/kg), the serum
OL3 concentration was 101.10 ng/mL at 1 h, and decreased to 13.38 ng/mL at 5.5 h post dose, confirming the low absorption of OL3
in vivo. In ICR mice and ob/ob mice, oral administration of OL3 significantly lowered the blood glucose levels, which was a synergic
effect of activating TGR5 that stimulated GLP-1 secretion in the intestine and inhibiting DPP-4 that cleaved GLP-1 in the plasma. In ICR
mice, oral administration of OL3 did not cause gallbladder filling.

Conclusion: OL3 is a low-absorbed TGR5 agonist that lowers blood glucose without inducing gallbladder filling. This study presents a
new strategy in the development of potent TGR5 agonists in treating type 2 diabetes, which target to the intestine to avoid systemic
side effects.
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Introduction role in the enhancement of energy expenditure in skeletal

TGR5 (GPR131) was identified as a Gas protein-coupled cell-
surface receptor for bile acids (BAs) in 2002 ? with broad dis-
tribution in many tissues, including the gallbladder, intestine,
kidney and placenta™*!. The activation of TGR5 signaling trig-
gered by BAs leads to glucagon-like peptide-1 (GLP-1) secre-

(71 GLP-1 secretion is known to

tion in enteroendocrine cells
increase postprandial insulin secretion and to regulate glucose
homeostasis in indirect ways, including slowing gastric motil-

ity and suppressing appetite®°. In addition, TGR5 plays a
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muscle and brown adipose tissue via cAMP-dependent activa-
tion of type 2 iodothyronine deiodinase (D2) and the thyroid
hormone pathway!"” "'l Although these effects indicate that
TGR5 is a promising target in treating metabolic disorders,
potential side effects limit the development of TGR5 agonists
into medications. Recent studies by Li and Lavoie et al™> "
reveal that stimulation of TGR5 by the selective agonist INT-
777 relaxes smooth muscle in the gallbladder. This results in
gallbladder filling and volume expansion, which is a major
obstacle in the clinical application of TGR5 agonists. In

M and alterations in

addition, impaired immune responses
heart rate have been identified as side effects of TGR5 activa-
tion™ 1. Recent research has demonstrated that TGR5 acti-

vation and subsequent GLP-1 secretion occur at the luminal
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side of the enteroendocrine L cells in the intestine, primarily
in the colon. Thus, systemic exposure to a TGR5 agonist is not
necessary for the modulation of glucose homeostasis!"”**. The
development of low/non-systemic agonists of TGR5 to reduce
side effects is a critical goal in type 2 diabetes treatment.

Our previous study identified a series of potent and selective
small-molecule TGR5 agonists"”. Among them, MN6 ([4-(2,
5-dichlorophenoxy) pyridin-3-yl]-(4-cyclopropyl-3,4-dihydro-
2H-quinoxalin-l-yl) methanone (described as compound 22g
in reference 19) is one of the most potent molecules with an
ECs, of 1.5 nmol/L and 18 nmol/L on human and mouse
TGR5 (h/mTGRb), respectively, and without activation effects
on FXRM".

pound 2 in reference 20) also increased the gallbladder volume
[20]

Oral administration of MNG6 (described as com-
in mice'™. Compounds with a large molecular weight (MW)
and a high topological polar surface area (tPSA) exhibit low
membrane permeability and decreased intestinal absorption®'l,
Hence, MN6 incorporated with hydrophilic side chains may
reduce systemic exposure and decrease side effects.
Augmentation of active form GLP-1 level can be accom-
plished not only by stimulating GLP-1 secretion in the intes-
tine but also by slowing its degradation. Circulating GLP-1
has a short half-life (approximately 1-2 min) due to rapid
N-terminal dipeptide cleavage into inactive metabolites by
dipeptidyl peptidase-4 (DPP-4)?. This inactivation process
of GLP-1 can be prevented by DPP-4 inhibitors, leading to the
development of different DPP-4 inhibitors that are already
used in clinical trials as monotherapy or combination therapy

with other hypoglycemic agents™..

Linagliptin is one of the
most selective and potent inhibitors of DPP-4, with an ICs,
of approximately 1 nmol/L, and was approved by the FDA
in 2011. In addition, the structure of linagliptin is based on a
xanthine scaffold with a large MW of 472.5 and a high tPSA®,
To decrease the intestinal absorption of MNG, linagliptin was
incorporated as a hydrophilic side chain to yield the low-sys-
temic agent OL3. This compound was expected to generate a
synergistic effect in increasing active form GLP-1 level by tar-
geting TGR5 activation in the intestine and DPP-4 inhibition in
plasma to increase GLP-1 (Figure 1).

In the present study, we designed and synthesized a novel
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compound, OL3, with low-systemic exposure and dual func-
tional targeting of TGR5 activation and DPP-4 inhibition. The
ability of OL3 to activate TGRS and inhibit DPP-4 was evalu-
ated both in vitro and in vivo. Moreover, we characterized
the acute effects of OL3 on regulating glucose homeostasis in
normal and diabetic mice. The effects of OL3 on gallbladder
filling was observed in ICR mice.

Materials and methods
Chemicals
The synthesis of OL3 is shown in Scheme 1.

Ethyl (E)-3-(2,5-dichloro-4-((3-(4-cyclopropyl-1,2,3,4-tetrahydro-
quinoxaline-1-carbonyl)pyridin-4-yl)oxy)phenyl)acrylate (2)

To a solution of compound 1 (5.20 g, 10 mmol) in MeCN,
ethyl acrylate (2.17 mL, 20 mmol) was added, followed by
palladium diacetate (225 mg, 1.0 mmol), Tris (2-methylphe-
nyl) phosphine (400 mg, 2.0 mmol), Et;N (3.5 mL, 50 mmol)
and lithium chloride (430 mg, 10 mmol). The resulting mix-
ture was heated with a microwave reactor at 140°C for 1 h.
After cooling to ambient temperature, the reaction mixture
was poured into water and extracted with ethyl acetate. The
organic layers were combined, washed with saturated brine,
dried over anhydrous magnesium sulfate, and concentrated
under reduced pressure. The residue was purified by flash
column chromatography to yield the title compound 4.05 g
(75%). "H NMR (300 MHz, CDCls): 6 8.88 (s, 1H), 8.46 (d, 1H),
791 (d, 1H), 7.65 (s, 1H), 7.04-6.99 (m, 1H), 6.89 (d, 1H), 6.48
(d, 1H), 6.42-6.37 (m, 3H), 5.73 (s, 1H), 4.89 (m, 1H), 4.28 (q,
2H), 3.49 (m, 2H), 3.17 (m, 1H), 2.22 (m, 1H), 1.35 (t, 3H), 0.65
(m, 3H), 0.27 (m, 1H).

Ethyl 3-(2,5-dichloro-4-((3-(4-cyclopropyl-1,2,3,4-tetrahydro-
quinoxaline-1-carbonyl)pyridin-4-yl)oxy)phenyl)propanoate (3)

To a mixture of 2 (3.5 g, 6.5 mmol) and cuprous chloride (965
mg, 9.75 mmol) in methanol and tetrahydrofuran at 0°C was
added NaBH, (1.24 g, 32.5 mmol) in batches and the result-
ing mixture was stirred at 8°C for 2 h. The reaction was then
quenched by the addition of water. The resulting solid was
filtered off, and the filtrate was concentrated under reduced
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Figure 1. OL3 was designed and synthesized based on the structure of MNG6.
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Scheme 1. Synthesis of OL3. Reagents and conditions: a) Ethylacrylate, Pd(OAc),, P(O-MePh);, LiCl, MeCN, microwave 140 °C; b) NaBH,, CuCl,
THF, MeOH, 0 °C; c) NaOH, dioxane, H,0, room temperature; d) Tert-butyl-5,8,11,14,17,20-hexaoxa-2-azatricosan-23-oate, HATU, Et;N, DCM, room
temperature; e) CH;COCI, H,0, DCM, room temperature; f) Linagliptin, HATU, Et;N, DCM, room temperature.

pressure. The residue was diluted with water and extracted
with dichloromethane. Organic layers were combined, dried
over anhydrous magnesium sulfate and evaporated under
reduced pressure. The residue was purified by flash column
chromatography with petroleum ether/ethyl acetate to yield
2.84 g (81%) of 3 as a yellow oil. 'H NMR (300 MHz, DMSO):
6 8.82 (s, 1H), 8.40 (d, 1H), 7.30 (s, 1H), 7.03 (m, 1H), 6.93 (d,
1H), 6.48 (d, 1H), 6.37 (m, 1H), 6.29 (d, 1H), 5.69 (s, 1H), 4.89
(m, 1H), 4.15 (g, 2H), 3.49 (m, 2H), 3.17 (m, 1H), 2.99 (t, 2H),
2.61 (t, 2H), 2.25 (m, 1H), 1.26 (t, 3H), 0.62 (m, 3H), 0.34 (m,
1H).

3-(2,5-dichloro-4-((3-(4-cyclopropyl-1,2,3,4-tetrahydroquinoxaline-
1-carbonyl)pyridin-4-yl)oxy)phenyl)propanoic acid (4)

To a solution of 3 (2.7 g, 5.0 mmol) in 1,4-dioxane and water
was added sodium hydroxide (0.40 g, 10 mmol) and the reac-
tion mixture was stirred at ambient temperature for 3 h. The
reaction was evaporated to dryness, and the residue was dis-
solved in water. The pH of the solution was adjusted to 3 with
2 mol/L HCI. The formed precipitate was filtered, washed
with cold water, and dried under vacuum to yield the title
compound 2.36 g (92%). '"H NMR (300 MHz, DMSO): & 12.29
(s, 1H), 8.77 (s, 1H), 8.41 (d, 1H), 7.59 (s, 1H), 6.97 (m, 1H), 6.84
(m, 1H), 6.53 (m, 1H), 6.48 (m, 1H), 6.33 (m, 1H), 5.54 (s, 1H),
471 (m, 1H), 3.36 (m, 2H), 3.07 (m, 1H), 2.86 (m, 2H), 2.51 (m,
1H), 2.16 (m, 1H), 0.60 (m, 2H), 0.47 (m, 1H), 0.44 (m, 1H).

Tert-butyl 1-(2,5-dichloro-4-((3-(4-cyclopropyl-1,2,3,4-tetrahydro-
quinoxaline-1-carbonyl)pyridin-4-yl)oxy)phenyl)-4-methyl-3-oxo-
7,10,13,16,19,22-hexaoxa-4-azapentacosan-25-oate (5)

To a solution of 4 (1 mmol) in dichloromethane was added
HATU (1.5 mmol), followed by Et;N (3 mmol) and tert-butyl
5,8,11,14,17,20-hexaoxa-2-azatricosan-23-oate (1.5 mmol). The
resulting mixture was stirred at room temperature overnight.
The reaction mixture was diluted with water and extracted
with dichloromethane. The organic layer was washed with
saturated brine, dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure. The residue was puri-
fied by flash chromatography to yield the desired compound.
"H NMR (300 MHz, CDCL): 5 8.80 (s, 1H), 8.40 (d, 1H), 7.34 (s,
1H), 7.03 (m, 1H), 6.96 (m, 1H), 6.48 (m, 1H), 6.36 (m, 1H), 6.29
(d, 1H), 5.73 (m, 1H), 4.86 (m, 1H), 3.63-3.46 (m, 30H), 3.20 (m,
1H), 3.05-2.96 (m, 5H), 2.65 (m, 1H), 2.56 (m, 1H), 2.26 (m, 1H),
1.43 (s, 9H), 0.64 (m, 3H), 0.24 (m, 1H).

1-(2,5-dichloro-4-((3-(4-cyclopropyl-1,2,3,4-tetrahydroquinoxaline-
1-carbonyl)pyridin-4-yl)oxy)phenyl)-4-methyl-3-ox0-7,10,13,16,
19,22-hexaoxa-4-azapentacosan-25-oic acid (6)

To a solution of 5 (1 mmol) in dichloromethane was added
acetyl chloride (470 pL, 6.6 mmol) and H,O (118 pL, 6.6 mmol).
The resulting mixture was stirred at room temperature for 3 h.
The reaction solution was evaporated under reduced pres-
sure directly, purified by semi-preparative HPLC to afford the
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product 105 mg. 'H NMR (300 MHz, CDCls): & 8.95(s, 1H),
8.74 (m, 1H), 7.43 (s, 1H), 7.11 (m, 2H), 6.68 (m, 1H), 6.46 (m,
2H), 5.92 (s, 1H), 4.80 (m, 1H), 3.76-3.51 (m, 29H), 3.09-2.98
(m, 5H), 2.75-2.58 (m, 4H), 2.32 (m, 1H), 0.74 (m, 3H), 0.17 (m,
1H).

(R)-N-(1~(7-(but-2-yn-1-yl)-3-methyl-1-((4-methylquinazolin-2-yl)
methyl)-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)piperidin-3-yl)-
1-(3-(2,5-dichloro-4-((3-(4-cyclopropyl-1,2,3,4-tetrahydroquinoxa-
line-1-carbonyl)pyridin-4-yl)oxy)phenyl)-N-methylpropanamido)-
3,6,9,12,15,18-hexaoxahenicosan-21-amide (OL3)

OL3 was synthesized from 6 by the same method as the prepa-
ration of 4 except for the replacement of 5,8,11,14,17,20-hexa-
oxa-2-azatricosan-23-oate with linagliptin. "H NMR (300
MHz, CDCL): 6 8.80 (s, 1H), 8.40 (d, 1H), 8.01 (d, 1H), 7.87 (d,
1H), 7.75 (d, 1H), 7.52 (d, 1H), 7.33 (s, 1H), 7.03 (m, 2H), 6.97
(m, 1H), 6.48 (m, 1H), 6.37 (m, 1H), 6.29 (m, 1H), 5.74 (m, 1H),
5.55 (s, 2H), 4.90 (m, 3H), 4.17 (m, 1H), 3.74 (t, 2H), 3.62-3.15
(m, 30H), 3.04-2.96 (m, 5H), 2.88 (s, 3H), 2.66 (m, 1H), 2.58 (m,
1H), 2.48 (t, 2H), 2.26 (m, 1H), 1.91-1.65 (m, 11H), 0.64 (m, 3H),
0.24 (m, 1H).

Animals

Male ICR mice were purchased from SLAC Laboratory
Animals (Shanghai, China). B6.V-Lep”/Lep”” mice (Jackson
Laboratory, Bar Harbor, ME, USA) were bred at the Shanghai
Institute of Materia Medica, Chinese Academy of Sciences
(Shanghai, China). All animals were housed in environmen-
tally controlled conditions with a 12 h light-dark cycle and free
access to water and food. Animal experiments were approved
by the Animal Care and Use Committee, Shanghai Institute of
Materia Medica.

In vitro TGR5 activity assay

HEK293 cells stably expressing human or mouse TGR5 and
the CRE-driven luciferase gene were obtained and maintained
as described™!. Briefly, HEK293 cells stably transfected with
the h/mTGR5 expression plasmid (hTGR5-pcDNA3.1 or
mTGR5-pcDNA3.1) and the CRE-driven luciferase reporter
plasmid (pGL4.29, Promega, Madison, WI, USA) were seeded
into 96-well plates and incubated in DMEM containing 10%
FBS in 5% CO, at 37°C overnight. Cells were then incubated
in fresh medium containing different concentrations of OL3
or MNG6 for 5.5 h, and activity was assessed by a reporter gene
assay. Luciferase activity in the cell lysate was determined by
the Steady-Glo® Luciferase Assay System (Promega, Madison,
WI, USA) according to the instructions from the manufacturer.

In vitro DPP-4 activity assay

Inhibitory effects of compounds on human and mouse DPP-4
were determined by measuring the rates of Gly-Pro-7-amido-
4-methylcoumarin hydrobromide (Gly-Pro-7-AMC, Sigma-
Aldrich, MO, USA) hydrolysis as previously described™!.
Briefly, recombinant human DPP-4 (Enzo Life Sciences,
Farmingdale, NY, USA) in 50 mmol/L Tris (pH 7.5) was incu-
bated with different concentrations of compounds for 5 min.
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Then, Gly-Pro-7-AMC was added to a final concentration of
10 pmol/L, followed by monitoring of the catalysis rate to
calculate the inhibitory effect of compounds. The procedures
of the in vitro mouse DPP-4 activity assay were the same as
the human DPP-4 activity assay, but the enzyme was replaced
by serum from ICR mice and the buffer was changed to 25
mmol/L HEPES, 140 mmol/L NaCl, 1% BSA (pH 7.8).

GLP-1 secretion assay in NCI-H716 cells

Human enteroendocrine NCI-H716 cells were maintained in
a suspension culture as described by American Type Culture
Collection (ATCC, Manassas, VA, USA). Briefly, cells were
seeded into 24-well plates coated with Matrigel (BD Biosci-
ences, Oxford, UK) for 48 h. After washing with KREBS, cells
were incubated with OL3, vehicle control or PMA as the posi-
tive control diluted in KREBS (with 0.2% BSA and 1% DPP-4
inhibitor) for 2 h at 37°C. Then, samples were collected and
centrifuged to remove floating cells. The active GLP-1 level
was assayed using an ELISA kit from Merck-Millipore (Bos-
ton, MA, USA).

Permeability assay in Caco-2 cells
The permeability of OL3 was tested in the Caco-2 cell mono-
layer model, which was obtained from ATCC. Compounds
transported from the apical side to the basolateral side (A-
B) and from the basolateral side to the apical side (B-A) were
determined under the same conditions. Propranolol and
atenolol were used as the hypertonic and hypotonic controls,
respectively. Digoxin was used for P-glycoprotein (P-gp)-
mediated drug efflux as the positive control. Briefly, cells
were seeded into 24-well plates and incubated in DMEM con-
taining 10% FBS, 1% nonessential amino acids, 1% glutamine,
100 mg/mL streptomycin and 100 U/mL penicillin, in 5% CO,
at 37°C for 21 d. After washing with HBSS three times, the
integrity of the monolayer was verified by the measurement of
TEER (trans epithelial electric resistance). The cell monolayer
was then incubated with each indicated compound diluted in
HBSS (400 pL/well on apical side and 800 pL/well on basolat-
eral side) for 90 min at 37°C. Samples were collected from the
donor side and the receiver side after incubation. The concen-
tration of compounds was measured by LC-MS/MS. The P

app
value was calculated using the following equation:

Popp=(Va/ (AXT))*([Comp].acceptor/ [COMP initial donor)
where V, is the acceptor well volume; A is the surface area
of the membrane (cm?); T is the time of total transport;
[Comp],cceptor is the concentration of compound at the acceptor
side, and [Comp]initial donor 1S the initial concentration of com-
pound at the donor side.

Compound preparation for the in vivo study

Because OL3 exhibited low aqueous solubility due to a high
molecular weight, the compound was prepared by combina-
tion with polyvinylpyrrolidone (PVP) K30 (Sinopharm Chemi-
cal Reagent Co, Ltd, Shanghai, China), which has been shown
to improve the aqueous solubility of drugs. Briefly, 1 g of OL3
was dissolved in 50 mL of dichloromethane. Then, 5 g PVP



K30 was added, and the mixture was evaporated to produce
a white powder using a vacuum. For in vivo experiments, the
powder containing a mixture of the test compound and PVP
K30 was suspended in distilled water, and the same amount of
PVP K30 was used as vehicle control.

Measurement of compound levels in the serum of ICR mice
Overnight-fasted male ICR mice were randomly assigned to
4 groups (n=4 in each group). One group was orally adminis-
tered the vehicle, and blood samples were collected as blank
controls (0 h) for compound measurements. The other three
groups were orally administered OL3 at 150 mg/kg, and blood
samples were collected at 1, 3.5, and 5.5 h post administration
for OL3 and linagliptin measurements. Briefly, proteins in the
serum were precipitated with acetonitrile, and the supernatant
was injected into the LC-MS/MS system for further quantifica-
tion. Chromatographic separation was performed on a Luna
Cys column (50 mmx2.1 mm ID for OL3 and 100 mmx2.1 mm
ID for linagliptin, 1.7 um, Waters, MA, USA) using 5 mmol/L
ammonium acetate and acetonitrile (1:1, v/v) containing 0.1%
formic acid as the mobile phase, which was delivered at a flow
rate of 0.5 mL/min. MS detection was carried out in multiple
reactions monitoring mode using a positive electrospray ion-
ization interface. The calibration curve was established from
3.0 to 1000 ng/mL for OL3 and from 0.01 to 3 ng/mL for lina-
gliptin.

Oral glucose tolerance test (OGTT) and gallbladder volume
measurement in ICR mice

ICR mice were divided into 5 groups (#=8 in each group)
based on fasting blood glucose level and body weight. Over-
night-fasted ICR mice were orally dosed with 75, 150, or 300
mg/kg OL3, 50 mg/kg MNG6 or vehicle, followed by an oral
bolus of 4 g/kg glucose 90 min later. Blood was obtained by
clipping the tail, and glucose levels were measured with an
ACCU-CHEK Advantage II Glucose Monitor (Roche, IN, USA)
at 15 min prior to the compound dose and at 0, 15, 30, 60, and
120 min post glucose dose. The area under the concentration-
time curve from 0 to 120 min (AUC_12 min) Of blood glucose
after glucose loading was determined by the trapezoidal rule
(using the 0 time glucose level for each animal as that animal’s
baseline). After the OGTT, the mice were provided food for
2 h. The mice were then sacrificed and dissected, and the vol-
ume of the gallbladder was measured using a vernier caliper.
The relative volume of the gallbladder was calculated by the
length multiplied by the width of the gallbladder.

Fasting-blood glucose level measurement in diabetic ob/ob mice
Female ob/ob mice were assigned to 3 groups (n=7-8 in each
group) based on blood glucose level and body weight. Two-
hour-fasted ob/ob mice were orally administered vehicle or
OL3 at 200 or 400 mg/kg. Blood was obtained by clipping
the tail, and glucose levels were measured at 0, 2, 4 h after the
compound dose with an ACCU-CHEK Advantage II Glucose
Monitor.
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Oral glucose tolerance test (OGTT) in diabetic ob/ob mice
Female ob/ob mice were assigned to 3 groups (n=7-8 in each
group) based on the fasting blood glucose level and body
weight. Five-hour-fasted ob/ob mice were orally administered
the vehicle or OL3 at 200 or 400 mg/kg, followed by an oral
bolus of 1.5 g/kg glucose at 90 min post compound dose. At
0, 15, 30, 60, and 120 min post glucose loading, blood samples
were collected from the retroorbital sinus, and the serum glu-
cose level was determined with a glucose oxidase-peroxidase
method using a Glucose Assay Kit (Rongsheng Biotech,
Shanghai, China).

In vivo DPP-4 inhibition in ICR mice

This experiment was performed simultaneously with OGTT
in ICR mice. Briefly, overnight-fasted ICR mice were orally
dosed with OL3, MNG6 or vehicle, and blood samples were
collected at 0, 1, 3.5, 5.5 h later. Serum DPP-4 activity was
measured at the same with the in vitro mouse DPP-4 inhibition
assay but addition of the compounds was omitted.

Effects of OL3 on the active form of GLP-1 in plasma in ICR mice
ICR mice were assigned to 2 groups (n=30 in each group)
based on body weight. The effect of OL3 on the active form
of GLP-1 in plasma was evaluated under basal and glucose-
stimulated conditions. For the basal group, mice were fasted
for 6 h, followed by oral administration of OL3 (150 mg/kg),
linagliptin (0.1 mg/kg) or the vehicle (n=10). Blood samples
were collected at 1.5 h post compound dose. In the glucose-
stimulated group, mice were overnight-fasted, followed by
oral treatment with OL3 (150 mg/kg), linagliptin (0.1 mg/kg)
or vehicle (n=10). At 1.5 h post compound dose, all mice were
challenged with 4 g/kg oral glucose, and blood samples were
collected 5 min after glucose loading. All blood samples were
placed in Eppendorf tubes containing the DPP-IV inhibitor
(Merck-Millipore, Boston, MA, USA), with a final concentra-
tion of 1% blood samples and 25 mg/mL EDTA. The active
form of GLP-1 in plasma was quantified using an ELISA kit
(Merck-Millipore, Boston, MA, USA). Serum DPP-4 activity in
glucose-stimulated mice was also determined.

Statistical analysis

Statistical calculations were performed using the GraphPad
Prism 5 program (GraphPad Software, San Diego, CA, USA).
The results are expressed as the mean+SEM. All statistical
analyses were performed with a two-tailed unpaired ¢ test.
Difference was considered significant at P<0.05.

Results

Chemistry

The synthesis of OL3 is outlined in Scheme 1. The starting
material 1, synthesized as previously reported”, was coupled
to ethylacrylate by a microwave-assisted Pd catalyzed Heck
reaction, followed by reduction and hydrolysis to yield the key
intermediate 4. Condensation of the acid 4 with tert-butyl-
5,8,11,14,17,20-hexaoxa-2-azatricosan-23-oate gave the ester 5
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using HATU as condensation agent. Hydrolysis of the esters 5
yielded the compound 6 which underwent condensation with
linagliptin in the same condition to yield the target compound
OL3 (Scheme 1).

OL3 is a potent TGR5 agonist with a weak inhibitory effect on
DPP-4 in vitro

As shown in Figure 2A and 2B, OL3 exhibited potent activity
with EC;5, values of 86.24 nmol/L on hTGR5 and 17.36 nmol/L
on mTGR5. INT-777, which has been widely used as a TGR5
agonist to investigate TGR5 physiological functions, exhibited
ECs, values of 1.08 pmol/L and 0.35 pmol/L on hTGR5 and
mTGR5, respectively, which were consistent with previous
reports™. Because OL3 contained the DPP-4 inhibitor group
linagliptin, we investigated the inhibitory effect of OL3 on
DPP-4. A weak inhibitory effect was observed for OL3 at a
high concentration with an ICs, value of approximately of
18.44 and 69.98 pmol/L against human and mouse DPP-4
(h/mDPP-4), respectively. As a positive control, linagliptin
demonstrated an ICs, of 1.00 nmol/L and 2.91 nmol/L against
hDPP-4 and mDPP-4, respectively (Figure 3), as previously
reported”™. These results indicated that OL3 exerted dual
functions in potently activating TGR5 and weakly inhibiting
DPP-4 in vitro.
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Figure 2. The activation effects of OL3 on human and mouse TGR5 in
vitro. Compounds were tested for their potency on TGR5 activation in
HEK293 cells transfected with the hTGR5 (A) or mTGR5 (B) expression
plasmids and the CRE-Luc reporter gene plasmid. The 95% confidence
limits of the ECs, values for each compound were calculated based on
data obtained from three independent experiments.
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Figure 3. The inhibition effects of OL3 and linagliptin on human and
mouse DPP-4 activity in vitro. The inhibitory effects of compounds on
human recombinant DPP-4 (A) or mouse serum DPP-4 (B) were calculated
against the vehicle control. The 95% confidence limits of the ICs, values
for each compound were calculated based on data obtained from three
independent experiments.

OL3 dose-dependently stimulated GLP-1 secretion in NCI-H716
cells

To determine the potency of OL3 in stimulating GLP-1 secre-
tion in vitro, NCI-H716 cells (a human enteroendocrine L cell
line) endogenously expressing TGR5" * ! were employed.
Phorbol 12-myristate 13-acetate (PMA) served as a positive
control. The results demonstrated that OL3 robustly increased
GLP-1 secretion in a dose-dependent manner. A 2-h incu-
bation of OL3 at 3 pmol/L resulted in a 1.5-fold increase
in GLP-1 secretion. A maximum increase of 2.4-fold was
achieved after exposure to 30 umol/L OL3 (Figure 4), confirm-
ing that OL3 induced GLP-1 secretion in enteroendocrine cells
in vitro.

OL3 demonstrated low permeability in Caco-2 cells

The human colon carcinoma (Caco-2) cell is widely used to
characterize intestinal absorption and secretion of drugs in
vitro™,
cells in our previous report (P

MNG6 demonstrated a high permeability in Caco-2
pp=6.75%10° cm /)™, In the
current study, Caco-2 cells were used to evaluate the perme-
ability of OL3 in vitro. As expected, the Caco-2 permeability of
OL3 (Papp=0.03><10'6 cm/s) was much lower than that of MN6
and another positive control, propranolol (P,,,=19.20x10°
cm/s), implying that OL3 is a hypo-osmosis agent compared
with MNG6 (Table 1).
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Acute administration of OL3 to ICR mice improved glucose
tolerance without inducing gallbladder filling

To evaluate the in vivo effect of OL3 on glucose homeostasis,
OGTT was performed in ICR mice. As shown in Figure 5A,
the blood glucose level increased and reached a peak value
at 30 min after glucose challenge. Administration of OL3 at
doses of 75, 150, 300 mg/kg significantly reduced blood glu-
cose peak values by 21.72%, 27.54%, and 30.76% (13.96+0.70

Figure 4. OL3 dose-dependently stimulated GLP-1 secretion in NCI-H716
cells. NCI-H716 cells were treated with 1 ymol/L PMA or OL3 at indicated A 25+

- Control = OL3 75 mg/kg
-« OL3 150 mg/kg = OL3 300 mg/kg

-0 MN6 50 mg/kg

Glucose /f
4 g/kg

concentrations for 2 h, and expression of the active form of GLP-1 level .
was measured (n=3). The results are presented as the mean+SEM. E'o- 20
*P<0.05, ""P<0.01 vs control treatment. E
o 15
%]
Q
g 10ﬁ
Table 1. Apparent permeability of OL3 in Caco-2 cells. :?
g
P, (10° cm/s) @
Compd AtoB BtoA Efflux r 0
Propranolol 19.20 12.90 -
Atenolol 0.10 0.60 -
Digoxin 0.10 15.80 153.00 B 30-
oL3 0.03 13.58 461.00
—
Papp level of A to B was P,,, level of compounds transported from the 6 20
apical side to the basolateral side; P,;, level of B to A was P,,, level of %
compounds transported from the basolateral side to the apical side. =
o
9 104
<
Pharmacokinetic studies in ICR mice
Because OL3 exhibited low permeability in the Caco-2 model, 0
we performed pharmacokinetic studies in ICR mice to further MN6 (mg/kg)
OL3 (mg/kg)

investigate its absorption in vivo. After an oral administration
of OL3 at 150 mg/kg to ICR mice, the concentration of OL3 in
the serum was examined at 1.0, 3.5, 5.5 h post dose. As shown
in Table 2, the concentration of OL3 reached 101.10 ng/mL C 25-

at 1 h, and then decreased to 13.38 ng/mL at 5.5 h post dose,
confirming the low absorption of OL3 in vivo. The serum con- g _ 2.04
centration of linagliptin was 0.19, 0.16, 0.06 ng/mL at 1.0, 3.5, —5 g 154
5.5 h post dose, respectively. These data indicated that OL3 58
was poorly absorbed and thus exhibited low systemic expo- (_%“E 1.0
sure in vivo; as one of the OL3 metabolites, linagliptin was also % S
detected in the serum. © 059
0.0
MNB6 (mg/kg)
Table 2. Levels of OL3 and linagliptin in serum after oral administration of OL3 (mg/kg)

150 mg/kg OL3 to ICR mice. Data were mean+SEM of 4 mice.

Time (min)

- 75 150 300

50 - -
- 75 150 300

Time OL3 (ng/mL) Linagliptin (ng/mL)
Oh BLQ BLQ

1.0h 101.10+24.80 0.19+0.01
3.5h 43.10+4.21 0.16+0.03
55h 13.38+£7.48 0.06+0.02

BLQ: Below limit quantification.

Figure 5. OL3 improved oral glucose tolerance without obvious gallbladder
filling in ICR mice. Male ICR mice (n=8) were orally administered OL3
or MNG6 at indicated concentrations or vehicle controls 90 min prior to 4
g/kg oral glucose loading for OGTT experiment. (A) Blood glucose levels
were tested at indicated time points, and (B) the area under the curve (AUC)
was calculated. After the OGTT experiment, fasting mice were provided
food for 2 h, and gallbladder volume was measured (C). The results are
presented as the mean+SEM. “P<0.05, ““P<0.01 in comparison to the
control group.
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mmol/L, 12.934£0.89 mmol/L, 12.35+£0.85 mmol/L in 75, 150,
300 mg/kg OL3 groups, respectively, vs 17.84+2.00 mmol/L
in the control group), respectively, compared to 32.31% by
50 mg/kg MN6 (12.08+0.90 mmol/L in the MN6 group vs
17.84+2.00 mmol/L in the control group). A dose-dependent
reduction in the (AUC)y_1z min Of blood glucose was observed,
and 300 mg/kg of OL3 exhibited a maximum reduction of
31.43% compared with the control group. MNG6 at a concentra-
tion of 50 mg/kg exhibited a reduction of 36.52% (17.17+0.98
mmol/L-h in the 300 mg/kg OL3 group, 15.89+0.76 mmol/L-h
in the MN6 group vs 25.03+2.33 mmol/L-h in the control
group, Figure 5B). At the end of the OGTT, the mice were
provided food for 2 h, and gallbladder filling was assessed by
measuring its volume. A 2.09-fold increase in the gallbladder
volume was observed in mice treated with MNG6 at a dose of 50
mg/kg, while OL3 did not induce any significant increase in
volume compared with the control group (Figure 5C). These
results indicate that OL3 improved glucose tolerance without
significantly inducing gallbladder filling in ICR mice.

OL3 decreased fasting blood glucose level and improved oral
glucose tolerance in diabetic ob/ob mice

As one of the most widely used metabolic abnormal animal
models, genetic type 2 diabetic ob/ob mice demonstrate hyper-
glycemia and impaired glucose tolerance in response to oral
glucose challenge. A single oral administration of OL3 at 200
mg/kg led to a significant decrease in the fasting blood glu-
cose level by 24.65% (13.27£1.19 mmol/L in the 200 mg/kg
OL3 group vs 17.61+1.44 mmol/L in the control group) 2 h
post dose; 400 mg/kg of OL3 further significantly decreased
the fasting blood glucose level by 24.73% and 22.98% at 2 h
and 4 h post dose, respectively, (13.26+1.10 mmol/L and
15.53+£1.59 mmol/L in 2 h and 4 h of the 400 mg/kg OL3
group, respectively, vs 17.61+1.44 mmol/L and 20.16+1.25
mmol/L in 2 h and 4 h of the control group, respectively,
Figure 6A). A single oral treatment of OL3 at 400 mg/kg also
improved the glucose tolerance of ob/ob mice, leading to a sig-
nificant reduction in blood glucose by 14.11% and 12.64% at
15 and 30 min post glucose challenge, respectively, (35.65+1.56
mmol/L and 40.69+2.17 mmol/L in 15 and 30 min of the 400
mg/kg OL3 group, respectively, vs 41.50£0.95 mmol/L and
46.58+1.33 mmol/L in 15 and 30 min of the control group,
respectively, Figure 6B) and demonstrated a tendency to
reduce the (AUC)_159 min Of blood glucose (Figure 6C). These
results demonstrated that OL3 could improve glucose homeo-
stasis in diabetic ob/ob mice.

The improvement of glucose homeostasis by OL3 was a
synergistic effect of stimulating GLP-1 secretion in the intestine
and inhibiting GLP-1 degradation in the plasma.

Given that OL3 exhibited dual functions in activating TGR5
and inhibiting DPP-4 in vitro, we further investigated whether
OL3 exhibited the same synergistic mechanisms in lowering
glucose in vivo. As shown in Figure 7A, at 1 h post-dose, 75
mg/kg, 150 mg/kg and 300 mg/kg of OL3 reduced DPP-4
activity in serum by 25.34%, 26.17% and 26.24%, respectively.
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Figure 6. OL3 decreased blood glucose level and improved oral glucose
tolerance in diabetic ob/ob mice. (A) The blood glucose level was
determined after a single oral treatment of OL3 at 200 and 400 mg/kg or
vehicle control to 2 h-fasting female ob/ob mice (n=7-8) at indicated time
points. Female ob/ob mice (n=7-8) were administered OL3 at indicated
concentration or vehicle control at 90 min prior of 1.5 g/kg glucose
loading for OGTT experiment. (B) Blood glucose levels were tested, and (C)
the area under the curve (AUC) was calculated. The results are presented
as the mean+SEM. "P<0.05 in comparison with the control treatment.

OL3 at 150 mg/kg and 300 mg/kg maintained the intensity of
inhibition throughout the experiment, while a single dose of
MNG6 at 50 mg/kg showed no DPP-4 inhibitory efficacy. We
further investigated the effects of OL3 on TGRS activation in
vivo. As shown in Figure 7B, 0.1 mg/kg linagliptin reduced
DPP-4 activity by 38.72%, which was comparable to effects of
150 mg/kg OL3 (a reduction of 35.15%). Hence, 0.1 mg/kg
linagliptin was set as a control to mimic the inhibitory effect of
150 mg/kg OL3 on DPP-4 activity. We quantified the active
form of GLP-1 in plasma after administration of 150 mg/kg
OL3 or 0.1 mg/kg linagliptin under basal or glucose-stimu-
lated conditions. The results revealed that under basal condi-
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Figure 7. The impact of OL3 on glucose homeostasis resulted from a
synergistic effect of stimulating GLP-1 secretion in the intestine and
inhibiting GLP-1 degradation in plasma. (A) Serum DPP-4 activity was
measured at indicated time points after oral administration of OL3 at 75,
150, and 300 mg/kg doses, MNG at a dose of 50 mg/kg or vehicle to
ICR mice (n=8). (B) 6 h-fasted (basal group) or overnight-fasted (glucose-
stimulated group) ICR mice (n=10) were administered OL3 150 mg/kg,
linagliptin 0.1 mg/kg or vehicle control, and overnight-fasted mice were
further challenged with 4 g/kg glucose at 1.5 h post dose. Serum DPP-
4 activity was evaluated in mice challenged with glucose. (C) Expression
of the active form of GLP-1 in plasma was determined under both basal
and glucose stimulated conditions. The results are presented as the
mean+SEM. “P<0.05, "P<0.01 as compared to the control treatment as
indicated.

tions, OL3 led to a significant increase of 26.44% compared
with the control group and displayed a tendency to increase
the active form of GLP-1 in plasma compared to linagliptin.
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Under the glucose-stimulated conditions, OL3 was associated
with increased active form of GLP-1 by 44.89% compared to
linagliptin (Figure 7C), indicating that in addition to inhibiting
DPP-4 activity, OL3 also increased the secretion of GLP-1 by
activating TGR5. These data suggested that increased active
form of GLP-1 in plasma stimulated by OL3 was the result of a
synergistic effect of stimulating secretion and inhibiting degra-
dation.

Discussion
TGRS has been identified as a promising target for type 2 dia-
betes treatment by promoting GLP-1 secretion in intestinal L
cells and regulating energy expenditure in muscle and brown
adipose tissue®™. However, the development of TGR5 ago-
nists was stalled due to the presence of unwanted systemic
side effects™. In the current study, for the first time, we
combined linagliptin, a DPP-4 inhibitor with a large polar-
ity™], with MN6, a novel TGR5 agonist, to generate the novel
low-systemic exposure agent OL3. Moreover, we character-
ized OL3 as a novel potent TGR5 agonist that significantly
increased the active form of GLP-1 in plasma and lowered
blood glucose levels without causing gallbladder filling in
mice.

In our previous study, MN6 had been characterized as
a potent TGR5 agonist with an ECs, of 1.5 nmol/L and 18
nmol/L on human and mouse TGR5, respectively”. OL3 was
generated by combining linagliptin with MN6. The in vitro
assay confirmed that OL3 maintained a satisfactory activation
potency with ECs, values of 86.24 nmol/L and 17.36 nmol/L
on human and mouse TGR5, respectively. Moreover, OL3
dose-dependently stimulated GLP-1 secretion in NCI-H716
cells endogenously expressing TGRS, further confirming that
OL3 activates TGRS in vitro. Meanwhile, OL3 also demon-
strated weak inhibition of human and mouse DPP-4 in vitro,
which could be due to the incorporation of linagliptin. To
evaluate the intestinal absorption of OL3, a permeability assay
was performed on a Caco-2 monolayer, which is a widely
accepted cell model for investigating the absorption and secre-
tion of medications in the intestine®™ ¥\, As expected, the addi-
tion of the linagliptin group was associated with a much lower
permeability of OL3 compared to MN6. The in vivo pharmaco-
kinetic study of OL3 was also performed in ICR mice. Serum
concentrations of OL3 were 101.10, 43.10 and 13.38 ng/mL at
1.0, 3.5 and 5.5 h after oral administration of a 150 mg/kg dose
of OL3. In our previous study, we reported the in vivo absorp-
tion of an analogue of MNG6, described as compound 23g.
Administration of 50 mg/kg of 23g to ICR mice resulted in
serum concentrations of 1243 ng/mL and 936 ng/mL at 0.5 h
and 1 h post dose, respectively!"”, which further suggested that
OL3 is a low-systemic exposure agent. Therefore, by introduc-
ing linagliptin to MN6, we generated a novel compound with
strong TGR5 agonistic and weak DPP-4 inhibitory activity, but
low permeability in vitro and low-systemic exposure in vivo.

The acute effects of OL3 on lowering glucose were studied
in normal and type 2 diabetic animal models. A single oral
dose of OL3 at 75, 150, or 300 mg/kg improved glucose toler-

Acta Pharmacologica Sinica



1368

www.nature.com/aps
Ma SY et al

ance in ICR mice, which exhibit normal insulin sensitivity.
More importantly, in contrast to other TGR5 agonists reported
to induce gallbladder filling as a major side effect!'”, OL3
demonstrated no effect on gallbladder volume in ICR mice,
even at the high dose of 300 mg/kg; a 50 mg/kg dose of MN6
significantly increased gallbladder volume. OL3 also reduced
fasting blood glucose levels in ob/ob mice at doses of 200 and
400 mg/kg. A single oral dose of 400 mg/kg OL3 significantly
improved glucose tolerance in ob/ob mice, but no obvious
effect could be observed at the dose of 200 mg/kg. Because ob/
ob mice exhibited severe insulin resistance®™ *), higher doses
of OL3 would be required to improve oral glucose tolerance
compared to ICR mice. These data demonstrated that OL3
regulates glucose homeostasis in both normal and diabetic
animal models. Our strategy to reduce systemic side effects
by increasing the MW and tPSA of TGR5 agonists had been
proved to be efficacious.

Given that OL3 was synthesized to incorporate linagliptin
and exerted weak inhibition against DPP-4 in vitro, we investi-
gated whether OL3 could inhibit DPP-4 in vivo. DPP-4 activity
in serum was quantified during the OGTT in ICR mice, and a
26.17% DPP-4 inhibition rate was observed 1 h after an OL3
dose of 150 mg/kg. However, our results revealed that little
OL3 was detected in the plasma, and the serum concentra-
tion of OL3 was too low to induce inhibition. Therefore, we
speculated that linagliptin, which might be a metabolite of
OL3, could contribute to DPP-4 inhibition in vivo. As dem-
onstrated by pharmacokinetic data, the serum concentration
of linagliptin was 0.19 ng/mL 1 h after oral administration
of 150 mg/kg OL3. Because linagliptin is a potent DPP-4
inhibitor® *! and the ICs, was as low as 2.91 nmol/L against
mDPP-4 in our study, the linagliptin concentration in plasma
could be sufficient to inhibit DPP-4. These results suggested
that little OL3 absorbed into plasma was partially metabolized
to linagliptin, which resulted in the in vivo inhibitory effects
against DPP-4.

To further investigate the mechanism behind the glucose
lowering effects of OL3, we evaluated the active form of GLP-1
in plasma in ICR mice. A comparable inhibition of DPP-4 by
linagliptin to OL3 was set to exclude the increase in active
GLP-1 induced by DPP-4 inhibition. OL3 not only exhibited a
comparable inhibitory effect against DPP-4 but also led to an
additional increase in the plasma active form of GLP-1 com-
pared to linagliptin. These findings suggest that the increase
in the active form of GLP-1 stimulated by OL3 was not only
due to DPP-4 inhibition but was also the result of TGR5 acti-
vation. Together, these results revealed that OL3 improved
glucose homeostasis in normal and diabetic animals, which
was dependent on a synergistic increase in the active form of
GLP-1 by activating TGR5 on intestinal L-cells and inhibiting
DPP-4 activity in plasma.

In conclusion, by linking linagliptin to MN6, we generated
the novel compound OL3, a low-absorbed compound with
potent TGRS activation and weak DPP-4 inhibition. OL3
demonstrated glucose lowering effects associated with an
increase in the active form of GLP-1 in plasma. This increase
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was induced by TGRS activation in the intestine and DPP-4
inhibition in plasma without gallbladder filling due to the
low systemic exposure. Our study presents a new strategy in
the development of TGR5 agonists targeted to the intestine to
avoid systemic side effects in treating type 2 diabetes.
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