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A B S T R A C T   

TGR5 is emerging as an important and promising target for the treatment of diabetes, obesity and other meta
bolic syndromes. A series of novel 1-benzyl-1H-imidazole-5-carboxamide derivatives was designed, synthesized 
and evaluated in vitro and in vivo. The most potent compounds 19d and 19e exhibited excellent agonistic ac
tivities against hTGR5, which was superior to those of the reference drugs INT-777 and LCA. In addition, 
compounds 19d and 19e exhibited good selectivity against FXR and presented significant glucose-lowering ef
fects in vivo. Compound 19d could stimulate GLP-1 secretion by activating of TGR5.   

1. Introduction 

Takeda G-protein-coupled receptor 5 (TGR5, GPBAR1, M-BAR, or 
GPCR19) belongs to a G-protein-coupled receptor (GPCR) for bile acids. 
The TGR5 receptor is expressed broadly in various tissues including 
liver, intestine, pancreas, spleen and brown adipose tissue.1–5 Activation 
of TGR5 results in the elevation of intracellular cyclic adenosine 
monophosphate (cAMP) levels, which is recognized as an important 
intracellular signaling cascades.6,7 TGR5 activation has also elevated 
glucagon like peptide-1 (GLP-1) secretion, which activates intestinal cell 
secretion and plays a key role in glucose metabolism and energy ho
meostasis.8,9 In addition, TGR5 activation increases energy expenditure 
and oxygen consumption in brown adipose tissue and muscle.10 There
fore, TGR5 has become an attractive therapeutic target for the treatment 
of metabolic disorders, such as non-alcoholic steatohepatitis, type 2 
diabetes mellitus (T2DM) and obesity.11–13 

Two categories of TGR5 agonists (steroidal and nonsteroidal) have 
been discovered in the literature by pharmaceutical companies (Fig. 1). 
One series is structurally based on bile acids (BAs), including cholic acid 
(CA), lithocholic acid (LCA) and their semisynthetic derivatives such as 
6α-ethyl-23(S)-methylcholic acid (INT-777, 1).14,15 INT-777 is a selec
tive TGR5 agonist as an antidiabetic drug candidate. In addition, several 
other nonsteroidal TGR5 agonists have been reported in the literature 

(2–5), which exhibited excellent TGR5 agonist activity and were orally 
efficacious in lowering glucose levels in vivo.16–22 However, none of 
these agonists have been successful in clinical trials. 

In our effort to discover more potent TGR5 agonists for a treatment of 
metabolic disease. A number of compounds in our library were evalu
ated for their TGR5 agonist activity by computer-aided drug design 
(CADD). Compound 6, which features 1- benzyl-1H-imidazole-5-car
boxamide scaffolds, was displayed obvious TGR5 agonist activity, with 
the EC50 values of 19.5 μM. The chemical scaffold of compound 6 is an 
attractive starting point for generating novel TGR5 agonists. In order to 
further explore the structure–activity relationships (SARs) and improve 
TGR5 agonist activity, a series of 1-benzyl-1H-imidazole-5-carboxamide 
derivatives have been synthesized and evaluated for their in vitro TGR5 
agonist activity. 

2. Results and discussion 

2.1. Chemistry 

The key intermediates 12 was synthesized according to the proced
ure which were previously reported in Scheme 1.23 2-fluoronitroben
zene 7 was used as the starting material, and treated with 
cyclopropylamine to obtain intermediate 8. The intermediate 8 was 
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treated with methyl oxalyl chloride in the presence of triethylamine by 
acylation to produce the intermediate 9. Further transformation of 9 by 
reduction reaction to afford 10, which on treatment with triphenyl
phosphine provided the intermediate 11. Finally, intermediate 11 was 
reduced with borane-tetrahydrofuran complex to obtain the key in
termediates 12. 

The target compounds 15a-p were synthesized as shown in Scheme 
2. The intermediate 14 was synthesized from etomidate 13 via hydro
lysis reaction with 2 N NaOH. Then, the intermediates 14 reacted with 
the key intermediate 12, substituted aniline, substituted N-methylani
line or substituted 1-phenylpiperazine in the presence of HATU, that 
gave the target compounds 15a-p. 

The target compounds 19a-f were formed according to the reaction 
pathways illustrated in Scheme 3. Ethyl 1H-imidazole-5-carboxylate 16 
was used as the starting material, and treated with substituted benzyl 
bromide by nucleophilic substitution to obtain intermediate 17a-f. 
Similar to the preparation of 15a-s, compounds 19a-f were synthesized 
from intermediate 17a-f by hydrolysis and condensation reactions. 

2.2. In vitro biological evaluation 

The target compounds were evaluated for their ability to activate 
hTGR5 by assessing for intracellular levels of cAMP, which used the 
homogeneous time resolved fluorescence (HTRF) assay, similar to the 
reported in the literature.24,25 As reference compound, the response of 
LCA at 10 μM was defined as 100% hTGR5 activation. Vehicle control 
with 0.1% DMSO was set to 0% hTGR5 activation. As shown in Table 1, 
the introduction of different the side chain amide had a notable influ
ence on the hTGR5 activity. 

Many of these compounds were found to have agonistic activities 
against hTGR5 at the concentration of 10 μM and 40 μM. Interestingly, 
compounds such as 4-F aniline (15a), N-methyl aniline (15g, 15h and 
15i), substituted 1-Phenylpiperazine (15k and 15l) and tetrahydro- 
quinoxaline (15n) exhibited agonistic activities with an Agonistic rate 
more then 50% at 10 µM. Furtherly, the most potent compounds 15h, 
15k, 15l and 15n were evaluated using a dose–response experiment and 
displayed obvious TGR5 agonist activity, with the EC50 values of 1.05, 
1.09, 4.39 and 0.33 μM, respectively. 

Based on the results above, we selected a scaffold of tetrahydro- 
quinoxaline 15n as our starting point for further modification. Our 
optimized efforts were directed toward replacing the phenylethyl group 
with the substituted benzyl group to expand the SAR studies (Table 2). 
Most of the compounds (19a-f) exhibited excellent hTGR5 agonist ac
tivity with EC50 values in the range of 6.8 to 1751 nM, which are 

superior or comparable to those of the reference drug INT-777. Of these, 
Compounds 19d and 19e with 2,4-di-Cl and 2,5-di-Cl substituents 
showed the best hTGR5 agonist activity, with EC50 values of 6.8 and 9.5 
nM on hTGR5, respectively. 

Several potent hTGR5 agonists were further evaluated for their 
ability to activate mTGR5 using a similar method described for hTGR5 
(Table 2). Compared with hTGR5 agonism activity, most of the com
pounds showed less agonist activity on mTGR5. The differences in po
tencies may be mainly due to the weak sequence homology (83%) 
between the two species. Among these, the potent compounds 19d and 
19e, with EC50 values of 611 and 832 nM toward mTGR5 in our assay, 
respectively. The CLogP values of these compounds are shown in 
Table 2. Interestingly, there was a increase in TGR5 agonist activity 
along with increasing lipophilicity within compounds 19a-f. 

2.3. FXR activity assay 

Because many bile acid derived TGR5 agonists can also activate the 
nuclear bile acid receptor FXR (Farnesoid X Receptor).26,27 The most 
potent compounds 19d and 19e were further evaluated by using ho
mogeneous time resolved fluorescence (HTRF) assay. As shown in 
Table 3, compounds 19d and 19e exhibited good selectivity against 
FXR. 

2.4. In vitro human plasma stability assay 

The stability of compounds in human plasma is an important 
consideration in drug discovery. Based on their in vitro activities, the 
most potent compounds 19d and 19e were incubated with human 
Plasma.24 As shown in Table 4, compounds 19d and 19e exhibited 
excellent metabolic profiles in human plasma at 120 min (remaining 
104.0% and105.4%, respectively). 

2.5. In vitro cytotoxicity assay 

The most potent compounds 19d and 19e were further evaluated for 
their in vitro cytotoxicity against A549 and Hela cells. Cytotoxicity was 
measured using the CCK8 assay after incubation with the compounds for 
24 h. As shown in Table 5, Compounds 19d and 19e showed no activities 
toward tumor cell lines A549 and Hela with IC50 > 50 μM. 

2.6. Oral glucose tolerance test in mice 

An oral glucose tolerance test (OGTT) was carried out in C57 BL/6 

Fig. 1. Structures of some known TGR5 agonists.  
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mice to examine the effect of compounds 19d and 19e on blood glucose 
(Fig. 2). Mice were fasted overnight before glucose tolerance tests. 
Compounds 19d and 19e at 30 mg/kg were orally administered 60 min 
prior to the administration of 2 g/kg of glucose. Blood glucose was 
measured at 0, 15, 30, 60 and 120 min after glucose administration. As 
shown in Fig. 2, compounds 19d and 19e caused a significant 15.8% and 
13.7% of reduction in blood glucose AUC0− 120 min compared with the 
control group. 

2.7. GLP-1 secretion 

To explore whether the glucose-lowering effect of compound 19d is 
dependent on mediated GLP-1 secretion, a further GLP-1 levels of C57 
BL/6 mice (WT) and TGR5− /− mice were detected by GLP-1(7–36) 
ELISA assay. As shown in Fig. 3, compound 19d could increased the 
secretion of GLP-1 compared to control in WT mice. In TGR5− /− mice, 
there is no significant difference for GLP-1 concentration between con
trol and compound 19d treated groups. All of these results indicated that 
compound 19d could stimulate GLP-1 secretion by activating of TGR5. 

3. Conclusion 

In summary, we have designed and synthesized a series of novel 1- 
benzyl-1H-imidazole-5-carboxamide derivatives as potent TGR5 ago
nists. Many of these compounds showed agonistic activities against 
TGR5 at the concentration of 10 μM and 40 μM. Among these, com
pounds 19d and 19e displayed the most remarkable agonistic activities 
against TGR5, which was superior to those of the reference drugs INT- 
777 and LCA. In addition, compounds 19d and 19e exhibited good 
selectivity against FXR and presented significant glucose-lowering ef
fects in vivo studies. The GLP-1 ELISA assay indicated that compound 
19d could stimulate GLP-1 secretion by activation of TGR5 in WT and 
TGR5− /− mice. Further developments of compounds 19d and 19e are 
ongoing in our laboratory. 

4. Experimental section 

4.1. General procedure for the synthesis of compounds 

Unless otherwise noted, all reagents and solvents were obtained from 
commercially available sources and were used without purification. TLC 
analysis was performed on GF254 silica gel plates (Jiangyou, Yantai). 
Column chromatography was carried out with silica gel (200–300 mesh) 
from Qingdao Haiyang Chemicals (Qingdao, Shandong, China). Mass 
spectrometry was performed using ESI mode on an Agilent 1200 LC-MS 

(Agilent, Palo Alto, CA, USA). High-resolution accurate mass de
terminations (HRMS) were recorded on a Bruker Micromass Time of 
Flight mass spectrometer equipped with electrospray ionisation (ESI). 
Nuclear magnetic resonance (1H-NMR and 13C NMR) spectra were 
recorded on a Bruker 400 MHz NMR spectrometer with TMS as an in
ternal standard. The chemical shifts were reported in parts per million 
(ppm), the coupling constants (J) were expressed in hertz (Hz). Peak 
multiplicities were described as singlet (s), doublet (d), triplet (t), 
quartet (q), multiplet (m) and broad (br). 

4.2. Cyclopropyl-(2-nitro-phenyl)-amine (8) 

Cyclopropylamine (27.31 g, 478.38 mmol) was added to a solution of 
2-fluoronitrobenzene (30.00 g, 212.6 mmol), and the resulting mixture 
was stirred for 12 h at ambient temperature. After confirming that the 
reaction was complete by using TLC analysis, and the reaction was 
extracted with ethyl acetate and washed with saturated sodium bicar
bonate. The organic layer was dried over anhydrous Na2SO4 and 
concentrated. The crude product was purified by silica gel column 
chromatography to yield the target product 8 (34.20 g, yield: 90.3%). 

4.3. N-Cyclopropyl-N-(2-nitro-phenyl)-oxalamic Acid methyl ester (9) 

Methyl oxalyl chloride (23.37 g, 190.8 mmol) was slowly added to a 
solution of cyclopropyl-(2-nitro-phenyl)-amine (34.00 g, 190.8 mmol) 
and triethylamine (31.83 mL, 228.9 mmol) in dichloromethane cooled 
to <0 ◦C using a salted ice bath. The reaction mixture was stirred at 
ambient temperature for 12 h. The reaction mixture was extracted with 
EtOAc and brine. The organic phase was dried over Na2SO4 overnight 
and the solvent was removed under vacuum to give the target product 9 
(42.60 g, yield: 84.5%). 

4.4. 1-Cyclopropyl-4-hydroxy-1,4-dihydro-quinoxaline-2,3-dione (10) 

To a solution of 9 (40.00 g, 151.4 mmol) in methanol (200 mL) was 
added palladium on carbon (4.00 g, 10%w/w). The reaction flask was 
evacuated under vacuum and back filled with hydrogen 3 times, before 
being stirred under a hydrogen atmosphere at ambient temperature for 
18 h. The reaction mixture was diluted with ethyl acetate (400 mL), 
filtered and the solvent was removed in vacuo to give the target product 
10 (28.42 g, yield: 86.0%). 

4.5. 1-Cyclopropyl-1,4-dihydro-quinoxaline-2,3-dione (11) 

A solution of 1-Cyclopropyl-4-hydroxy-1,4-dihydro-quinoxaline-2,3- 

Scheme 1. Synthesis of intermediates 12. Reagents and conditions:(a) Cyclopropylamine, r.t.; (b) Methyl Oxalyl chloride, Triethylamine, CH2Cl2, r.t.; (c) Pd/C, H2, 
MeOH, r.t.; (d) Triphenylphosphine, DMF, 135 ◦C; (e) BH3-THF, THF, r.t.. 
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dione (28.00 g, 128.3 mmol) and triphenylphosphine (50.48 g, 192.47 
mmol) in DMF was heated to 135 ◦C for 6 h. After confirming that the 
reaction was complete by using TLC analysis, the solution was cooled to 
room temperature and dichloromethane (400 mL) was added. The sus
pension was stirred for 30 min, filtered and washed with dichloro
methane to give the desired compound 11 (21.10 g, yield: 81.3%). 1H 
NMR (300 MHz, DMSO‑d6) δ 11.92 (s, 1H), 7.63 (dd, J = 6.5, 1.8 Hz, 
1H), 7.30–7.10 (m, 3H), 2.99–2.86 (m, 1H), 1.30–1.14 (m, 2H), 
0.81–0.66 (m, 2H). 

4.6. 1-Cyclopropyl-1,2,3,4-tetrahydro-quinoxaline (12) 

1 M solution of boranete-trahydrofuran complex (207.8 mL, 207.8 
mmmol) was slowly added dropwise to a solution of 1-cyclopropyl-1,4- 
dihydro-quinoxaline-2,3-dione (21.00 g, 103.9 mmol) in THF (500 mL), 
and the resulting mixture was stirred for 18 h at ambient temperature. 
The solvent was removed under reduced pressure, and the residue was 
extracted with ethyl acetate and washed with brine. The organic layer 
was dried over anhydrous Na2SO4 and concentrated. The crude product 
was purified by silica gel column chromatography to yield the target 
product 12 as a white solid (8.60 g, yield: 47.5%). 1H NMR (300 MHz, 
DMSO‑d6) δ 6.90 (d, J = 7.6 Hz, 1H), 6.57–6.32 (m, 3H), 5.47 (s, 1H), 
3.29–3.27 (m, 2H), 3.14–3.12 (m, 2H), 2.14–2.12 (m, 1H), 0.76–0.74 
(m, 2H), 0.47–0.45 (m, 2H). 

4.7. (R)-1-(1-phenylethyl)-1H-imidazole-5-carboxylic acid (14) 

To a solution of etomidate 13 (1.0 g, 4.09 mmol) in methanol was 
added 2 N sodium hydroxide (5 mL) at ambient temperature. The re
action mixture was stirred for 6 h and the methanol was removed by 
rotary evaporation. The resultant mixture was adjusted to pH = 5–6 with 
1 N HCl. The precipitated white solid was collected by filtration and 
dried to give the carboxylic acid intermediate 14 (0.81 g, yield: 91.5%). 

4.8. General procedure for the synthesis of compounds 15a-p 

HATU (1.1 equiv.) and DIEA (2 equiv.) were added to a solution of 

(R)-1-(1-phenylethyl)-1H-imidazole-5-carboxylic acid 14 (1 equiv.) and 
substituted aniline (1 equiv.) in anhydrous DMF. The solution was 
heated to 70 ◦C for 6 h and then cooled to room temperature. The re
action mixture was poured into ice water, and the resulting solid was 
filtered. The crude product was purified by silica gel column chroma
tography to give the target product 15a-p. 

4.8.1. (R)-N-(4-fluorophenyl)-1-(1-phenylethyl)-1H-imidazole-5- 
carboxamide (15a) 

Light white solid; yield: 72.8%; 1H NMR (400 MHz, DMSO‑d6) δ 
10.09 (s, 1H), 8.22 (s, 1H), 7.77 (s, 1H), 7.69–7.60 (m, 2H), 7.32 (t, J =
7.4 Hz, 2H), 7.25 (d, J = 7.3 Hz, 1H), 7.23–7.19 (m, 2H), 7.15 (t, J = 8.9 
Hz, 2H), 6.40 (q, J = 7.2 Hz, 1H), 1.85 (d, J = 7.3 Hz, 3H). 13C NMR 
(100 MHz, DMSO‑d6) δ 158.6, 157.1, 142.6, 139.8, 135.0, 133.6, 128.6 
(2C), 127.6, 126.0 (2C), 125.0, 122.1, 122.0, 115.4 , 115.1, 54.3, 21.7. 
HRMS calcd for C18H17FN3O, [M + H]+, 310.1356; found 310.1349 

4.8.2. (R)-N-(3-fluorophenyl)-1-(1-phenylethyl)-1H-imidazole-5- 
carboxamide (15b) 

Light white solid; yield: 75.1%; 1H NMR (400 MHz, DMSO) δ 10.20 
(s, 1H), 8.25 (s, 1H), 7.80 (s, 1H), 7.60 (d, J = 11.8 Hz, 1H), 7.43 (d, J =
8.4 Hz, 1H), 7.39–7.29 (m, 3H), 7.23 (dd, J = 17.5, 7.2 Hz, 3H), 6.90 (td, 
J = 8.4, 2.2 Hz, 1H), 6.39 (q, J = 7.2 Hz, 1H), 1.86 (d, J = 7.2 Hz, 3H). 
13C NMR (101 MHz, DMSO) δ 163.7, 159.2, 143.0, 141.0, 140.5, 134.5, 
130.8, 129.1(2C), 128.0, 126.5 (2C), 125.6, 116.2, 110.4, 107.4, 54.8, 
22.1.HRMS calcd for C18H17FN3O, [M + H]+, 310.1356; found 
310.1351. 

4.8.3. (R)-N-(2-fluorophenyl)-1-(1-phenylethyl)-1H-imidazole-5- 
carboxamide (15c) 

Light white solid; yield: 73.2%; 1H NMR (400 MHz, DMSO‑d6) δ 9.90 
(s, 1H), 8.24 (s, 1H), 7.82 (s, 1H), 7.47 (t, J = 7.7 Hz, 1H), 7.32 (t, J =
7.3 Hz, 2H), 7.28–7.14 (m, 6H), 6.41 (q, J = 7.2 Hz, 1H), 1.84 (d, J = 7.3 
Hz, 3H). 13C NMR (101 MHz, DMSO) δ 159.1, 157.4, 142.9, 140.3, 
134.45, 129.0 (2C), 128.0, 127.6, 127.4, 126.5 (2C), 125.4, 125.2, 
124.7, 116.2, 54.7, 22.1. HRMS calcd for C18H17FN3O, [M + H]+, 
310.1356; found 310.1343. 

Scheme 2. General synthesis of the target compounds 15a-p. Reagents and conditions: (a) NaOH, MeOH/H2O, r.t.; (b) 12, substituted aniline, substituted N- 
methylaniline or substituted 1-phenylpiperazine, HATU, DIEA, DMF, r.t.. 

Scheme 3. General synthesis of the target compounds 19a-f. Reagents and conditions: (a) 10% NaOH, THF, 0 ◦C; (b) 2 N NaOH, MeOH/H2O; (c) 12, HATU, DIEA, 
DMF, r.t.. 
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Table 1 

In vitro biological evaluation.a

Compd. R1 Agonistic rate at 10μM (%) Agonistic rate at 40μM (%) hTGR5 
EC50 (μM)b 

15a 51.29 85.21 –  

15b 20.14 56.18 –  

15c 16.52 48.40 –  

15d 37.71 84.13 –  

15e 20.16 63.33 –  

15f 25.34 66.51 –  

15g 63.13 71.88 –  

15h 70.88 85.36 1.05±0.21  

15i 62.12 86.67 –  

15j 41.72 81.64 –  

15k 79.34 95.34 1.09±0.11  

15l 79.08 89.65 4.39±0.16  

15m 17.39 49.18 –  

15n 89.79 97.36 0.33±0.08 

(continued on next page) 
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4.8.4. (R)-N-(4-chlorophenyl)-1-(1-phenylethyl)-1H-imidazole-5- 
carboxamide (15d) 

Light white solid; yield: 75.9%; 1H NMR (400 MHz, CDCl3) δ 7.99 (s, 
1H), 7.71 (d, J = 11.9 Hz, 2H), 7.50 (d, J = 8.9 Hz, 2H), 7.32 (ddd, J =

11.8, 8.6, 6.7 Hz, 5H), 7.25–7.21 (m, 2H), 6.49 (q, J = 7.1 Hz, 1H), 1.88 
(d, J = 7.1 Hz, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 158.6, 142.6, 
139.9, 137.7, 133.9, 128.6 (2C), 128.6 (2C), 127.5, 127.2, 126.0 (2C), 
125.2, 121.7 (2C), 54.4, 21.7. HRMS calcd for C18H17ClN3O, [M + H]+, 
326.1060; found 326.1062. 

4.8.5. (R)-1-(1-phenylethyl)-N-(p-tolyl)-1H-imidazole-5-carboxamide 
(15e) 

Light white solid; yield: 72.5%; 1H NMR (400 MHz, DMSO‑d6) δ 9.94 
(s, 1H), 8.20 (s, 1H), 7.75 (s, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.32 (t, J =
7.3 Hz, 2H), 7.25 (d, J = 7.1 Hz, 1H), 7.21 (d, J = 7.2 Hz, 2H), 7.11 (d, J 
= 8.3 Hz, 2H), 6.42 (q, J = 7.2 Hz, 1H), 2.25 (s, 3H), 1.85 (d, J = 7.3 Hz, 
3H). 13C NMR (100 MHz, DMSO‑d6) δ 158.5, 142.6, 139.6, 136.1, 133.4, 
132.6, 129.0 (2C), 128.6 (2C), 127.5, 126.0 (2C), 125.5, 120.2 (2C), 
54.2, 21.7, 20.5. HRMS calcd for C19H20N3O, [M + H]+, 306.1606; 
found 306.1600. 

4.8.6. (R)-N-(4-methoxyphenyl)-1-(1-phenylethyl)-1H-imidazole-5- 
carboxamide (15f) 

Light white solid; yield: 66.5%; 1H NMR (400 MHz, DMSO‑d6) δ 9.93 
(s, 1H), 8.19 (s, 1H), 7.75 (s, 1H), 7.58–7.50 (m, 2H), 7.32 (t, J = 7.3 Hz, 
2H), 7.27–7.18 (m, 3H), 6.89 (d, J = 9.0 Hz, 2H), 6.44 (q, J = 7.2 Hz, 
1H), 3.73 (s, 3H), 1.85 (d, J = 7.3 Hz, 3H). 13C NMR (101 MHz, 
DMSO‑d6) δ 158.4, 155.5, 142.7, 139.5, 133.2, 131.7, 128.6 (2C), 127.5, 
126.0 (2C), 125.5, 121.9 (2C), 113.8 (2C), 55.2, 54.2, 21.7.HRMS calcd 
for C19H20N3O2, [M + H]+, 322.1556; found 322.1554. 

4.8.7. (R)-N-(4-chlorophenyl)-N-methyl-1-(1-phenylethyl)-1H-imidazole- 
5-carboxamide (15g) 

Light white solid; yield: 60.5%; 1H NMR (400 MHz, DMSO‑d6) δ 8.00 
(s, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.33 (t, J = 7.2 Hz, 1H), 7.26 (d, J = 8.5 
Hz, 2H), 7.17 (d, J = 7.6 Hz, 2H), 6.67 (d, J = 8.4 Hz, 2H), 6.37 (s, 1H), 
6.01 (q, J = 7.2 Hz, 1H), 3.19 (s, 3H), 1.83 (d, J = 7.2 Hz, 3H). 13C NMR 
(100 MHz, DMSO‑d6) δ 160.9, 143.2, 142.5, 137.5, 133.7, 131.3, 129.1, 
128.7, 128.6, 127.9, 126.3 (2C), 125.4, 54.7, 37.2, 21.2. HRMS calcd for 

Table 1 (continued ) 

Compd. R1 Agonistic rate at 10μM (%) Agonistic rate at 40μM (%) hTGR5 
EC50 (μM)b 

15o 48.32 77.14 –  

15p 54.12 74.53 –  

a The response to 10 µM LCA was set to 100% and 0.1% DMSO was set to 0% hTGR5 activation. Data represent mean of three independent experiments. EC50 values 
given are expressed as mean ± SEM of three independent experiments. 

b –, not tested. 

Table 2 

In vitro biological evaluation.a

Compd. R2 hTGR5 
EC50 (nM) 

mTGR5 
EC50 (nM) 

CLogPb 

19a H 1751 ± 52 3500 ± 35 2.99 
19b 4-F 568 ± 68 >10,000 3.13 
19c 2-Cl 118 ± 11 3690 ± 86 3.70 
19d 2,4-di-Cl 6.8 ± 0.43 611 ± 33 4.42 
19e 2,5-di-Cl 9.5 ± 0.61 832 ± 47 4.42 
19f 2,4-di-F 338 ± 21 >10,000 3.28 
INT-777  820 ± 43 132 ± 24  
5  2.8 ± 0.19 3.2 ± 0.09   

a EC50 values given are expressed as mean ± SEM of three independent 
experiments. 

b Calculated from ChemBioDraw Ultra 12.0 by CambridgeSoft. 

Table 3 
FXR Agonistic activities of the compounds 19d and 19e by HTRF assay.a  

Compd. FXR (% effect at 
10μM) 

FXR (% effect at 
20μM) 

FXR (% effect at 
50μM) 

19d 1.1 1.6 − 1.1 
19e 2.3 − 0.8 0.31 
CDCA – – 100%  

a The response to 50 µM CDCA was set to 100% and 0.1% DMSO was set to 0% 
FXR activation. – , not tested. 

Table 4 
In vitro human Plasma Stability of compounds 19d and 19e.  

Compd. Stablity in Human Blood Plasma 

% Remaining at 60min % Remaining at 120min 

19d 107.2 104.0 
19e 111.6 105.4  

Table 5 
In vitro cytotoxicity of compounds on A549 and Hela cells.  

Compd. IC50 (μM)a 

A549 Hela 

19d >50 >50 
19e >50 >50  

a The mean values of three independent experiments ± SE are reported. 
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C19H19ClN3O, [M + H]+, 340.1217; found 340.1218. 

4.8.8. (R)-N-(4-fluorophenyl)-N-methyl-1-(1-phenylethyl)-1H-imidazole- 
5-carboxamide (15h) 

Light white solid; yield: 69.5%; 1H NMR (400 MHz, DMSO‑d6) δ 7.98 
(s, 1H), 7.40 (t, J = 7.3 Hz, 2H), 7.33 (dd, J = 8.4, 6.0 Hz, 1H), 7.16 (d, J 
= 7.1 Hz, 2H), 7.05 (t, J = 8.8 Hz, 2H), 6.71 (dd, J = 8.4, 5.0 Hz, 2H), 
6.33 (s, 1H), 6.02 (q, J = 7.1 Hz, 1H), 3.18 (s, 3H), 1.83 (d, J = 7.2 Hz, 
3H). 13C NMR (100 MHz, DMSO‑d6) δ 161.1, 142.6, 140.6, 140.6, 137.4, 
133.5, 129.0, 128.9, 128.7 (2C), 127.9, 126.4 (2C), 125.4, 116.1, 115.8, 
54.7, 37.5, 21.2. HRMS calcd for C19H19FN3O, [M + H]+, 324.1512; 
found 324.1513. 

4.8.9. (R)-N-methyl-1-(1-phenylethyl)-N-(p-tolyl)-1H-imidazole-5- 
carboxamide (15i) 

Light white solid; yield: 71.7%; 1H NMR (300 MHz, DMSO‑d6) δ 7.96 
(s, 1H), 7.36 (dq, J = 14.3, 7.1 Hz, 3H), 7.16 (d, J = 6.9 Hz, 2H), 7.00 (d, 
J = 8.1 Hz, 2H), 6.54 (d, J = 8.0 Hz, 2H), 6.28 (s, 1H), 6.06 (q, J = 7.3 
Hz, 1H), 3.17 (s, 3H), 2.23 (s, 3H), 1.82 (d, J = 7.2 Hz, 3H). 13C NMR 

(100 MHz, DMSO‑d6) δ 161.0, 142.6, 141.8, 137.2, 136.5, 133.5, 129.7 
(2C), 128.7 (2C), 127.8, 126.6 (2C), 126.4 (2C), 125.6, 54.6, 37.4, 21.2, 
20.5. HRMS calcd for C20H22N3O, [M +H]+, 320.1763; found 320.1759. 

4.8.10. (R)-(1-(1-phenylethyl)-1H-imidazol-5-yl)(4-phenylpiperazin-1-yl) 
methanone (15j) 

Light white solid; yield: 74.8%; 1H NMR (400 MHz, DMSO‑d6) δ 8.12 
(s, 1H), 7.28 (t, J = 7.6 Hz, 2H), 7.23–7.16 (m, 4H), 7.10 (d, J = 7.2 Hz, 
2H), 6.85 (d, J = 8.0 Hz, 2H), 6.80 (t, J = 7.3 Hz, 1H), 5.77 (q, J = 7.1 
Hz, 1H), 3.39–3.34 (m, 4H), 2.94–2.89 (m, 4H), 1.83 (d, J = 7.2 Hz, 3H). 
13C NMR (100 MHz, DMSO‑d6) δ 160.4, 150.7, 142.6, 137.7, 130.7, 
129.0 (2C), 128.7 (2C), 127.6, 126.1 (2C), 124.9, 119.5, 116.0 (2C), 
56.0, 54.8 (2C), 48.3 (2C), 21.2. HRMS calcd for C20H22N3O3SNa, [M +
Na]+, 383.1848; found 383.1842. 

4.8.11. (R)-(4-(2-fluorophenyl)piperazin-1-yl)(1-(1-phenylethyl)-1H- 
imidazol-5-yl)methanone (15k) 

Light white solid; yield: 68.2%; 1H NMR (400 MHz, CDCl3) δ 7.79 (s, 
1H), 7.22 (dd, J = 13.2, 5.5 Hz, 2H), 7.15 (t, J = 7.3 Hz, 1H), 7.10 (s, 
1H), 7.04 (d, J = 7.2 Hz, 2H), 7.01–6.96 (m, 1H), 6.97–6.85 (m, 2H), 
6.77–6.64 (m, 1H), 5.86 (q, J = 7.1 Hz, 1H), 3.85–3.31 (m, 4H), 
2.72–2.70 (m, 4H), 1.81 (d, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 
DMSO‑d6) δ 160.4, 142.6, 139.4, 137.7, 130.6, 128.7 (2C), 127.7, 126.1 
(2C), 124.9, 124.8, 123.0, 119.5, 116.1, 115.9, 54.9, 49.9 (2C), 49.9 
(2C), 21.2. HRMS calcd for C22H24FN4O, [M + H]+, 379.1934; found 
379.1947. 

4.8.12. (R)-(4-(4-methoxyphenyl)piperazin-1-yl)(1-(1-phenylethyl)-1H- 
imidazol-5-yl)methanone (15l) 

Light white solid; yield: 74.4%; 1H NMR (400 MHz, DMSO‑d6) δ 8.55 
(s, 1H), 7.44 (s, 1H), 7.31 (t, J = 7.5 Hz, 2H), 7.21 (t, J = 7.3 Hz, 1H), 
7.14 (d, J = 7.2 Hz, 2H), 6.85–6.77 (m, 4H), 5.80 (q, J = 7.0 Hz, 1H), 
3.68 (s, 3H), 3.44–3.31 (m, 4H), 2.75–2.71 (m, 4H), 1.85 (d, J = 7.1 Hz, 
3H). 13C NMR (100 MHz, DMSO‑d6) δ 159.8, 153.9, 145.3, 142.2, 137.6, 
129.2 (2C), 128.4, 128.2, 126.7 (2C), 125.6, 118.7 (2C), 114.7 (2C), 
56.1 (2C), 55.6 (2C), 50.1 (2C), 21.6. HRMS calcd for C23H27N4O2, [M +
H]+, 391.2134; found 391.2127. 

4.8.13. (R)-(4-(2-methoxyphenyl)piperazin-1-yl)(1-(1-phenylethyl)-1H- 
imidazol-5-yl)methanone (15m) 

Light white solid; yield: 70.1%; 1H NMR (400 MHz, DMSO‑d6) δ 8.12 
(s, 1H), 7.31 (t, J = 7.0 Hz, 2H), 7.22 (t, J = 7.0 Hz, 1H), 7.18 (s, 1H), 

Fig. 2. Oral glucose tolerance test (OGTT) of compounds 19d and 19e in male C57BL/6 mice. (A) Blood glucose concentration; (B) blood glucose AUC0–120 min. 
Compounds 19d and 19e (30 mg/kg in 0.25%CMC) or 0.25% CMC (Control) was orally administered at − 60 min of OGTT followed by oral glucose challenge at 2.0 
g/kg at 0 min. n = 7–8 animals/group. *P < 0.05 vs. control. Error bar indicates SEM (standard error of the mean). 

Fig. 3. In vivo GLP-1 secretion study of compound 19d at 30 mg/kg in C57 BL/ 
6 mice (WT) and TGR5− /− mice (TGR5 KO). n = 7–8 animals/group. **P < 0.01 
vs. control. Error bar indicates SEM. 
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7.11 (d, J = 7.2 Hz, 2H), 7.01–6.81 (m, 3H), 6.73 (d, J = 7.5 Hz, 1H), 
5.79 (q, J = 6.5 Hz, 1H), 3.75 (s, 3H), 3.45–3.31 (m, 4H), 2.76–2.65 (m, 
4H), 1.83 (d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 160.8, 
152.4, 143.1, 141.0, 138.1, 131.1, 129.1 (2C), 128.1, 126.6 (2C), 125.4, 
123.4, 121.2, 118.7, 112.3, 55.8 (2C), 55.6 (2C), 50.4 (2C), 21.7. HRMS 
calcd for C23H27N4O2, [M + H]+, 391.2134; found 391.2134. 

4.8.14. (R)-(4-cyclopropyl-3,4-dihydroquinoxalin-1(2H)-yl)(1-(1- 
phenylethyl)-1H-imidazol-5-yl)methanone (15n) 

Light white solid; yield: 65.2%; 1H NMR (300 MHz, DMSO‑d6) δ 8.11 
(s, 1H), 7.38–7.25 (m, 3H), 7.12 (d, J = 7.0 Hz, 3H), 6.98 (dd, J = 12.0, 
4.9 Hz, 1H), 6.90 (s, 1H), 6.59 (d, J = 7.5 Hz, 1H), 6.43 (t, J = 7.6 Hz, 
1H), 5.76 (q, J = 7.1 Hz, 1H), 4.06–3.90 (m, 1H), 3.43–3.39 (m, 1H), 
3.28–3.23 (m, 1H), 2.93–2.89 (m, 1H), 2.44–2.33 (m, 1H), 1.76 (d, J =
7.1 Hz, 3H), 0.84–0.78 (m, 2H), 0.57–0.47 (m, 2H). 13C NMR (100 MHz, 
DMSO‑d6) δ 159.9, 142.4, 139.6, 137.9, 132.9, 128.7 (2C), 127.8, 126.0 
(2C), 125.7, 125.6, 124.9, 123.7, 115.9, 112.9, 54.9, 54.8, 48.1, 31.1, 
21.18, 7.9, 7.5. HRMS calcd for C23H25N4O, [M + H]+, 373.2028; found 
373.2021. 

4.8.15. (R)-(3,4-dihydroquinolin-1(2H)-yl)(1-(1-phenylethyl)-1H- 
imidazol-5-yl)methanone (15o) 

Light white solid; yield: 64.8%; 1H NMR (400 MHz, DMSO‑d6) δ 8.11 
(s, 1H), 7.40–7.32 (m, 2H), 7.32–7.26 (m, 1H), 7.18 (d, J = 7.2 Hz, 2H), 
7.14 (d, J = 7.5 Hz, 1H), 6.99 (t, J = 7.1 Hz, 1H), 6.86 (t, J = 7.3 Hz, 1H), 
6.79 (s, 1H), 6.47 (d, J = 8.0 Hz, 1H), 5.89 (q, J = 7.1 Hz, 1H), 3.84 (dt, 
J = 12.4, 6.1 Hz, 1H), 3.41 (ddd, J = 12.8, 7.4, 5.5 Hz, 1H), 2.77–2.58 
(m, 2H), 1.83 (d, J = 7.2 Hz, 3H), 1.77–1.58 (m, 2H). 13C NMR (100 
MHz, DMSO‑d6) δ 161.1, 142.4, 138.6, 137.9, 132.9, 131.2, 128.7 (2C), 
128.6, 127.8, 126.2, 126.2 (2C), 125.3, 124.5, 124.3, 54.8, 44.7, 25.9, 
23.4, 21.2. HRMS calcd for C21H22N3O, [M + H]+, 332.1763; found 
332.1760. 

4.8.16. (R)-(2,3-dihydro-4H-benzo[b][1,4]oxazin-4-yl)(1-(1- 
phenylethyl)-1H-imidazol-5-yl)methanone (15p) 

Light white solid; yield: 69.1%; 1H NMR (400 MHz, DMSO‑d6) δ 8.20 
(s, 1H), 7.33 (t, J = 7.3 Hz, 2H), 7.28 (d, J = 7.1 Hz, 1H), 7.24 (s, 1H), 
7.19 (d, J = 8.0 Hz, 1H), 7.14 (d, J = 7.2 Hz, 2H), 7.02–6.94 (m, 1H), 
6.87–6.81 (m, 1H), 6.73 (t, J = 7.7 Hz, 1H), 5.86 (q, J = 7.1 Hz, 1H), 
4.21–4.12 (m, 1H), 3.92–3.83 (m, 1H), 3.68–3.47 (m, 2H), 1.85 (d, J =
7.1 Hz, 3H). 13C NMR (100 MHz, DMSO‑d6) δ 160.3, 145.9, 142.6, 
138.8, 133.6, 128.7 (2C), 127.8, 126.0 (2C), 125.4, 125.2, 125.1, 123.7, 
119.6, 117.0, 65.4, 54.9, 44.1, 21.3. HRMS calcd for C20H19N3O2Na, [M 
+ Na]+, 356.1375; found 356.1381. 

4.9. General procedure for the synthesis of compounds 17a-f 

To a solution of ethyl 1H-imidazole-5-carboxylate (1 equiv) 16 and 
the substituted benzyl bromide (1 equiv) in Tetrahydrofuran was added 
10%NaOH and tetra-n-butylammonium bromide (0.2 equiv) at 0 ◦C. The 
reaction was stirred for 6–8 h and was then concentrated under reduced 
pressure. The residue was extracted with EtOAc and then brine. The 
organic phase was dried over Na2SO4 overnight and and the solvent was 
removed in vaccuo. The crude product was purified by silica gel column 
chromatography to yield the target product 17a-f. 

4.9.1. Ethyl 1-(2,4-dichlorobenzyl)-1H-imidazole-5-carboxylate (17d) 
1H NMR (400 MHz, DMSO‑d6) δ 8.08 (s, 1H), 7.77 (d, J = 0.8 Hz, 

1H), 7.70 (d, J = 2.1 Hz, 1H), 7.38 (dd, J = 8.4, 2.1 Hz, 1H), 6.52 (d, J =
8.4 Hz, 1H), 5.59 (s, 2H), 4.15 (q, J = 7.1 Hz, 2H), 1.16 (t, J = 7.1 Hz, 
3H). 

4.9.2. Ethyl 1-(2,5-dichlorobenzyl)-1H-imidazole-5-carboxylate (17e) 
1H NMR (400 MHz, DMSO‑d6) δ 8.09 (s, 1H), 7.78 (d, J = 0.8 Hz, 

1H), 7.57 (d, J = 8.5 Hz, 1H), 7.43 (dd, J = 8.5, 2.5 Hz, 1H), 6.49 (d, J =
2.5 Hz, 1H), 5.61 (s, 2H), 4.16 (q, J = 7.1 Hz, 2H), 1.16 (t, J = 7.1 Hz, 

3H). 

4.10. General procedure for the synthesis of compounds 18 a-f 

Sodium hydroxide (2 N) was added to a solution of intermediate 17a- 
f (1 equiv.) in methanol at ambient temperature. The reaction mixture 
was stirred for 6 h and the methanol was removed by rotary evaporation. 
The resultant mixture was adjusted to pH = 5–6 with 1 N HCl solution. 
The precipitated white solid was collected by filtration and dried to give 
the 18a-f. 

4.11. General procedure for the synthesis of compounds 19a-f 

HATU (1.1 equiv.) and DIEA (2 equiv.) were added to a solution of 
the intermediate acid compound 18a-f (1 equiv.) and 1-Cyclopropyl- 
1,2,3,4-tetrahydro-quinoxaline 12 (1 equiv.) in anhydrous DMF. The so
lution was heated to 70 ◦C for 6 h and then cooled to room temperature. 
The reaction mixture was poured into ice water, and the resulting solid 
was filtered. The crude product was purified by silica gel column 
chromatography to give the target product 19a-f. 

4.11.1. (1-benzyl-1H-imidazol-5-yl)(4-cyclopropyl-3,4- 
dihydroquinoxalin-1(2H)-yl)methanone (19a) 

Light white solid; yield: 73.1%; 1H (400 MHz, DMSO‑d6) δ 7.98 (s, 
1H), 7.39–7.24 (m, 3H), 7.13 (d, J = 7.4 Hz, 3H), 6.99 (t, J = 7.7 Hz, 
1H), 6.88 (s, 1H), 6.66 (d, J = 7.6 Hz, 1H), 6.45 (t, J = 7.5 Hz, 1H), 5.35 
(s, 2H), 3.74 (t, J = 5.2 Hz, 2H), 3.12 (t, J = 5.3 Hz, 2H), 2.40 (ddd, J =
10.1, 6.7, 3.7 Hz, 1H), 0.81 (q, J = 6.5 Hz, 2H), 0.59–0.46 (m, 2H). 13C 
NMR (100 MHz, DMSO‑d6) δ 159.8, 140.9, 139.5, 137.5, 133.5, 128.7 
(2C), 127.8, 127.3 (2C), 125.6, 125.0, 124.9, 123.7, 115.9, 113.0, 48.6, 
48.1, 43.0, 31.2, 7.7 (2C). HRMS calcd for C22H23N4O, [M + H]+, 
359.1872; found 359.1872. 

4.11.2. (4-cyclopropyl-3,4-dihydroquinoxalin-1(2H)-yl)(1-(4- 
fluorobenzyl)-1H-imidazol-5-yl)methanone (19b) 

Light white solid; yield: 71.3%; 1H NMR (400 MHz, DMSO‑d6) δ 7.98 
(s, 1H), 7.27–7.10 (m, 5H), 7.00 (t, J = 7.8 Hz, 1H), 6.88 (s, 1H), 
6.71–6.63 (m, 1H), 6.46 (t, J = 7.5 Hz, 1H), 5.34 (s, 2H), 3.75 (t, J = 5.4 
Hz, 2H), 3.14 (t, J = 5.3 Hz, 2H), 2.43–2.36 (m, 1H), 0.82 (q, J = 6.4 Hz, 
2H), 0.60–0.49 (m, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 159.8, 140.9, 
139.6, 133.8, 133.7, 133.6, 129.7, 129.6, 125.7, 124.9, 124.9, 123.8, 
115.9, 115.6, 115.4, 113.0, 48.1, 47.9, 43.0, 31.2, 7.7 (2C). HRMS calcd 
for C22H22FN4O, [M + H]+, 377.1778; found 377.1792. 

4.11.3. (1-(2-chlorobenzyl)-1H-imidazol-5-yl)(4-cyclopropyl-3,4- 
dihydroquinoxalin-1(2H)-yl)methanone (19c) 

Light white solid; yield: 66.7%; 1H NMR (400 MHz, DMSO‑d6) δ 7.98 
(s, 1H), 7.25–7.10 (m, 5H), 7.04–6.96 (m, 1H), 6.88 (s, 1H), 6.67 (d, J =
7.3 Hz, 1H), 6.46 (t, J = 7.3 Hz, 1H), 5.34 (s, 2H), 3.75 (t, J = 5.4 Hz, 
2H), 3.14 (t, J = 5.4 Hz, 2H), 2.44–2.36 (m, 1H), 0.85–0.78 (m, 2H), 
0.58–0.52 (m, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 159.5, 141.6, 
139.6, 135.1, 133.6, 131.7, 129.5, 128.4, 127.6, 125.9, 125.7, 125.1, 
124.8, 123.8, 116.0, 113.0, 48.1, 46. 7, 43.2, 31.2, 7.8 (2C). HRMS calcd 
for C22H22ClN4O, [M + H]+, 393.1482; found 393.1476. 

4.11.4. (4-cyclopropyl-3,4-dihydroquinoxalin-1(2H)-yl)(1-(2,4- 
dichlorobenzyl)-1H-imidazol-5-yl)methanone (19d) 

Light white solid; yield: 69.4%; 1H NMR (400 MHz, DMSO‑d6) δ 7.93 
(s, 1H), 7.67 (d, J = 2.1 Hz, 1H), 7.42 (dd, J = 8.4, 2.1 Hz, 1H), 7.16 (d, J 
= 8.2 Hz, 1H), 7.01 (dd, J = 11.3, 4.2 Hz, 1H), 6.96 (s, 1H), 6.88 (d, J =
7.9 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H), 6.52 (t, J = 7.6 Hz, 1H), 5.47 (s, 
2H), 3.81 (t, J = 5.3 Hz, 2H), 3.20 (t, J = 5.3 Hz, 2H), 2.46–2.36 (m, 1H), 
0.88–0.78 (m, 2H), 0.61–0.50 (m, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 
159.4, 141.6, 139.6, 134.3, 133.7, 133.1, 132.7, 129.8, 128.9, 127.7, 
125.8, 125.0, 124.8, 123.8, 116.0, 113.0, 48.1, 46.3, 43.1, 31.2, 7.7 
(2C).HRMS calcd for C22H21Cl2N4O, [M + H]+, 427.1092; found 
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427.1075. 

4.11.5. (4-cyclopropyl-3,4-dihydroquinoxalin-1(2H)-yl)(1-(2,5- 
dichlorobenzyl)-1H-imidazol-5-yl)methanone (19e) 

Light white solid; yield: 72.1%; 1H NMR (400 MHz, DMSO‑d6) δ 7.95 
(s, 1H), 7.55 (d, J = 8.5 Hz, 1H), 7.44 (dd, J = 8.5, 2.5 Hz, 1H), 7.16 (d, J 
= 7.9 Hz, 1H), 7.03 (t, J = 7.7 Hz, 1H), 6.95 (s, 1H), 6.87 (d, J = 7.8 Hz, 
1H), 6.76 (d, J = 2.4 Hz, 1H), 6.52 (t, J = 7.4 Hz, 1H), 5.49 (s, 2H), 3.82 
(t, J = 5.4 Hz, 2H), 3.25 (t, J = 5.4 Hz, 2H), 2.46–2.36 (m, 1H), 0.83 (q, J 
= 6.5 Hz, 2H), 0.62–0.51 (m, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 
159.4, 141.7, 139.7, 137.4, 133.7, 132.1, 131.2, 130.4, 129.3, 127.9, 
125.9, 124.9, 124.8, 123.8, 115.9, 113.1, 48.2, 46.5, 43.0, 31.2, 7.7 
(2C).HRMS calcd for C22H21Cl2N4O, [M + H]+, 427.1092; found 
427.1082. 

4.11.6. (4-cyclopropyl-3,4-dihydroquinoxalin-1(2H)-yl)(1-(2,4- 
difluorobenzyl)-1H-imidazol-5-yl)methanone (19f) 

Light white solid; yield: 61.6%; 1H NMR (400 MHz, DMSO‑d6) δ 7.92 
(s, 1H), 7.33–7.24 (m, 1H), 7.19–6.98 (m, 4H), 6.89 (s, 1H), 6.76 (d, J =
7.3 Hz, 1H), 6.49 (t, J = 7.6 Hz, 1H), 5.41 (s, 2H), 3.78 (t, J = 5.4 Hz, 
2H), 3.19 (t, J = 5.3 Hz, 2H), 2.45–2.36 (m, 1H), 0.82 (q, J = 6.5 Hz, 
2H), 0.56 (dd, J = 6.4, 3.6 Hz, 2H). 13C NMR (100 MHz, DMSO‑d6) δ 
159.5, 141.2, 139.6, 133.3, 131.1, 131.0, 125.7, 125.0, 124.8, 123.7, 
120.9, 120.8, 115.9, 113.0, 111.8, 104.2, 56.0, 48.1, 42.5, 31.18, 7.7 
(2C). HRMS calcd for C22H21F2N4O, [M + H]+, 395.1683; found 
395.1672. 

4.12. Cell-Based TGR5 agonism assay 

A lentivirus expressing human TGR5 (NM_001077191.1) and mouse 
(NM_174985) were obtained from Hanbio Biotechnology Co. Ltd. 
HEK293T cells were transfected with lentivirus and a stable cell line was 
isolated using drug selection following standard techniques. LCA and 
INT-777 was used as reference compounds. The test compounds and 
reference compounds were prepared in DMSO at stock solutions of 10 
mM. TGR5-mediated cAMP generation was assayed using a HTRF (Ho
mogeneous Time-Resolved Fluorescence) detection method (HTRF 
cAMP dynamic 2 Assay Kit; Cisbio cat # 62AM4PEB) according to the 
manufacturer’s protocol. 

4.13. FXR activity assay 

Biotinylated SRC1 peptide (5′-biotin-CPSSHSSLTERHKILHRLL
QEGSPS-CONH2) was synthesized by GL Biochem (Shanghai) Ltd. 
(China). Human FXR ligand binding domain (GST-FXRαLBD) was 
expressed and purified by Shanghai Shengong Biotechonology 
(Shanghai, China). The assay mixture contained 10 nM GST- FXRαLBD, 
100 nM biotin-SRC1, 0.83 nM Eu-labeled anti-GST, and 41.75 nM 
Streptavidin-XL665 (Cisbio, USA) in HTRF buffer. The HTRF buffer was 
composed of 50 mM Hepes pH 7.0, 125 mM KF, 0.125% CHAPS, and 
0.05% dry milk. The white 384-well microplates were incubated at room 
temperature and then read with a CLARIOstar Microplate Reader (BMG 
LABTECH) and calculated using the equation (665 nm/620 nm) * 
10,000. 

4.14. Oral Glucose Tolerance Test (OGTT) 

Male C57L/6J mice (6–8 weeks old) were obtained from Beijing Vital 
River Laboratory Animal Technologies Co. Ltd and randomly assigned to 
3 groups (n = 8 in each group). Overnight-fasted C57L/6J mice were 
orally administered the vehicle (0.25% CMC) or test compounds 19d 
and 19e at 30 mg/kg, followed by an oral glucose load (4 g/kg) at 60 
min post compound dose. Blood glucose levels were measured via blood 
drops obtained by clipping the tail of the mice before compound dosing 
and 0, 15, 30, 60, and 120 min post glucose loading. Blood glucose levels 
and Glucose AUC were carried out in GraphPad Prism. 

4.15. GLP-1 secretion 

To examine the in vivo effect of compound 19d on GLP-1 secretion, 
vehicle (0.25% CMC) or test compound 19d at 30 mg/kg was admin
istered orally to overnight-fasted eight-week-old wild-typ (WT) (C57BL/ 
6J) or TGR5− /− mice (TGR5 KO). 1 h later, all of the mice were received 
an oral glucose (2.0 g/kg) challenge. Blood samples were collected at 5 
min after the glucose challenge and placed into eppendorf tubes con
taining the dipeptidyl peptidase IV (DPP IV) inhibitor with a final con
centration of 1% blood samples and 25 mg/mL EDTA to measure serum 
active GLP-1[7–36 amide] levels. 
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