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Abstract

:

The identification and three step synthesis of 3-O-protocatechuoylceanothic acid, a novel and natural GPR120 agonist, is described. This ceanothane-type triterpenoid was identified from the components of Ziziphus jujuba roots and was found to be a new GPR120 agonist with a novel structure. We synthetically converted ceanothic acid, which does not have GPR120 agonist activity, into 3-O-protocatechuoylceanothic acid in three steps. In addition, we present the corrected NMR spectrum of 3-O-protocatechuoylceanothic acid based on our synthesis.
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1. Introduction


In recent years, G protein-coupled receptors (GPCRs), which are activated by fatty acids and their metabolites, have evolved as novel molecular targets for the treatment of metabolic diseases [1]. GPR120, first discovered in 2005, is one of the GPCRs that is activated by an omega-3 fatty acid [2,3,4,5]. The activation of GPR120 increases glucose transportation from adipocytes to somatic cells resulting in a decrease of the glucose levels in obese/diabetic rats and also inhibits inflammatory responses of macrophages, thus imparting an anti-inflammatory effect [4,5,6]. Because a number of metabolic diseases, including type-2 diabetes and insulin resistance, are closely related to the chronic inflammatory response, these pharmacological functions of GPR120 have recently encouraged many pharmaceutical companies to choose GRP120 as a novel target for the treatment of metabolic diseases [2,7]. Although the activation of GPR120 is considered important for the treatment of metabolic diseases, only a few GPR120 agonists [5,8,9,10,11,12,13,14,15,16] have been reported so far (Figure 1). In our pursuit of developing a novel GPR120 agonist, we identified a natural GPR120 agonist with a novel skeletal backbone. The identified natural agonist, 3-O-protocatechuoylceanothic acid (1), could be synthesized in three steps from a triterpene that had no GPR120 agonist activity.




2. Results and Discussion


Omega-3 fatty acids consist of lipophilic carboxylic acid moieties. Since GPR120 is activated by omega-3 fatty acids [2,3,4,5], we assumed that carboxylic acids possessing a relevant lipophilic backbone could also activate GPR120. Consequently, we screened 25 triterpenoids with relevant structural features which were isolated from the traditional medicinal plant Ziziphus jujuba (Figure S1) [17]. GPR120 as a GPCR is mainly coupled with Gαq protein [3,4,5]. To investigate the GPR120 agonist activities of the isolated 25 triterpenoids, we examined the Gαq-mediated intracellular calcium ([Ca2+]i) release after exposing hGPR120-CHO cells to a known GPR120 agonist, GW-9508, or to the isolated components (Figure 2a) [18]. The intracellular calcium ([Ca2+]i) was significantly increased by five natural triterpenoids, namely, S4, S7, S12, 3-O-Protocatechuoylceanothic acid (1), and S16; the other components did not have any significant effects. In order to clarify whether the enhanced [Ca2+]i is mediated through GPR120 signaling, we further tested the ligand activity in the Gα16-CHO cells (Figure 2b). Triterpenoids S4, S7, and S16 increased [Ca2+]i in these cells, and the fluorescence intensity was almost comparable to that observed in the hGPR120-CHO cells. However, triterpenoids S12 and 1 only marginally increased [Ca2+]i in the Gα16-CHO cells, indicating that these components were selective agonists of GPR120. 3-O-Protocatechuoylceanothic acid (1) was found to be the most potent component based on the [Ca2+] FLIPR assay (Figure 2a,b). However, the paucity of 3-O-protocatechuoylceanothic acid (1) (5.8 mg from 7.5 kg air-dried Ziziphus jujuba roots [17]) limited further studies on important aspects such as the medicinal chemistry of this natural and novel GPR120 agonists. Thus, we extensively investigated the synthetic routes for efficiently obtaining 3-O-protocatechuoylceanothic acid 1 in sufficient yields. Fortunately, we found a structural similarity between 1 and ceanothic acid (2) (Figure 2c), although 2 did not possess any GPR120 agonist activity. Thus, we focused on converting 2 into 1, as the yield of 2 isolated from Ziziphus jujuba (14.5 g from 7.5 kg air-dried Ziziphus jujuba roots [17]) was significantly high.



We anticipated that the direct esterification of 2 (Figure 3) would conveniently provide 1. In addition, we anticipated some structural variation of the benzene-moiety upon esterification, as it was identified as a key unit for the GPR120 agonist activity of 1. However, the semi-synthesis of 1 via direct esterification of 2 with benzoic acid 3 was not successful. Numerous attempts to achieve the esterification of 2 under various reaction conditions consistently resulted in complex mixtures, including self-polymerized products and regioisomers.



Following the failure of direct esterification, we focused on the facile and concomitant protection of both carboxylic acid of 2 and the catechol moiety of 3, before being subjected to esterification. For this purpose, we first protected the two carboxylic acid groups on 2 without etherification of the free hydroxyl group. In addition, the benzoyl ester group between 2 and 3 should be tolerated during the late deprotection of these two esters. Thus, we proceeded with the allyl protection of the two carboxylic acids because it could preserve the chemoselectivity during both protection and deprotection of the acids. In addition, the allyl-protected acid and catechol can be globally deprotected at the final stage. The synthesis of 1 commenced with allyl protection of the two carboxylic acids of 2, as shown in Scheme 1. The allyl ester 4 was efficiently formed, with the free hydroxyl group remaining intact. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI)-mediated coupling of alcohol 4 and benzoic acid 5 [19] produced tetra-allyl protected ester 6 in 90% yield in two steps. Finally, global allyl-deprotection of ester 6 with Pd(0) catalyst in the presence of N-Me-aniline effectively produced 1 in 96% yield. Unfortunately, the NMR spectrum of 1 synthesized by us was not identical to its reported spectral data [17]. However, to our delight, the NMR spectrum of alternatively isolated 1 [17] from Ziziphus jujuba roots was identical to that of chemically synthesized 1. Moreover, the HPLC analysis also supported that both synthesized and isolated 1 were identical. Thus, herein, we also report the corrected NMR chemical shifts of 1 (Table S1).




3. Materials and Methods


3.1. Biology


Analysis of GPR120 Ligand Activity


The increase in GPR120-mediated intracellular Ca2+ was measured by the [Ca2+] FLIPR assay as described previously [18]. Briefly, CHO cells overexpressing hGPR120 (hGPR120-CHO) and Gα16 (Gα16-CHO) were seeded (5 × 104 cells of each type) in 96-well plates and cultured overnight. Then, the final volume was adjusted to 200 μL using the assay buffer of the [Ca2+] FLIPR assay kit (Molecular Devices). hGPR120-CHO cells were incubated with 1 or 10 µM GW-9508 (positive control) or 28 natural triterpenoids (30 µM) for 1 h at 37 °C. Using FlexStation, the intracellular Ca2+ concentration was measured for 3 min at intervals of 2.5 s, after setting the excitation, emission, and cut-off at 485, 525, and 515 nm, respectively. Data are expressed as the mean ± standard deviation. The statistical difference between each group was analyzed using a Student’s t-test.





3.2. Chemistry


3.2.1. General Information


Unless noted otherwise, all starting materials and reagents were obtained from commercial suppliers and were used without further purification. Tetrahydrofuran was distilled from sodium benzophenone ketyl. Dichloromethane was freshly distilled from calcium hydride. All solvents used for routine isolation of products and chromatography were reagent grade and glass distilled. Reaction flasks were dried at 100 °C. Air and moisture sensitive reactions were performed under an argon atmosphere. Flash column chromatography was performed using silica gel 60 (230–400 mesh, Merck, Kenilworth, NJ, USA) with the indicated solvents. Thin-layer chromatography was performed using 0.25 mm silica gel plates (Merck, Kenilworth, NJ, USA). Optical rotations were measured with JASCO P-2000 digital polarimeter (Tokyo, Japan) at ambient temperature using cylindrical cell of 10 mm or 100 mm pathlength. Infrared spectra were recorded on a JASCO FT-IR-4200 spectrometer (Tokyo, Japan). High resolution mass spectra were obtained with Agilent Q TOF 6530 (Santa Clara, CA, USA). 1H and 13C NMR spectra were recorded using BRUKER AVANCE-800 (Billerica, MA, USA). Chemical shifts are expressed in parts per million (ppm, δ) downfield from tetramethylsilane and are referenced to the deuterated solvent (CHCl3, 1H δ 7.24, 13C δ 77.0; pyridine, 1H δ 8.69, 7.55 and 7.18, 13C δ 149.7, 135.5 and 123.4). 1H-NMR data were reported in the order of chemical shift, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet and/or multiple resonances), coupling constant in hertz (Hz) and number of protons. High performance liquid chromatography (HPLC) experiments were performed with Waters 1525 binary pump (Milford, MA, USA) and Waters 2489 UV/Visible detector (Milford, MA, USA) at 35 °C.




3.2.2. Experimental Part


Diallyl (1R,2S,5aR,5bR,7aS,10R,12bR)-2-hydroxy-3,3,5a,5b,12b-pentamethyl-10-(prop-1-en-2- yl)octadecahydrodicyclopenta[a,i]phenanthrene-1,7a(1H)-dicarboxylate (4). To a solution of ceanothic aid (2) (0.45 g, 0.92 mmol) in dry DMF (9.2 mL) were added allyl bromide (0.40 mL, 4.62 mmol) and K2CO3 (0.64 g, 4.62 mmol) at room temperature. After stirring overnight, the reaction mixture was quenched with 1N HCl and extracted with Et2O (10 mL × 3). The combined organic layer was washed with brine, dried over MgSO4 and concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc/Hexane = 1:10) to give 0.51 g (97%) of ester 4 as white amorphous powder. [α]D20 = +25.31 (c 1.00, CHCl3); 1H NMR (800 MHz, CDCl3) δ 5.90 (ddt, J = 17.0, 10.4, 6.2 Hz, 1H), 5.89 (ddt, J = 17.2, 10.5, 5.7 Hz, 1H), 5.31 (ddt, J = 17.2, 1.6, 1.5 Hz, 1H), 5.30 (ddt, J = 17.2, 1.6, 1.5 Hz, 1H), 5.20 (dd, J = 10.3, 1.0 Hz, 1H), 5.20 (dd, J = 10.4, 1.2 Hz, 1H), 4.69 (d, J = 1.8 Hz, 1H), 4.58–4.51 (m, 4H), 4.46 (ddt, J = 12.8, 6.1, 1.1 Hz, 1H), 4.14 (s, 1H), 2.96 (td, J = 10.8, 5.1 Hz, 1H), 2.58 (s, 1H), 2.25–2.22 (m, 1H), 2.15 (td, J = 12.7, 3.7 Hz, 1H), 1.92–1.82 (m, 2H), 1.69 (s, 1H), 1.64 (s, 3H), 1.61 (dd, J = 11.7, 3.1 Hz, 1H), 1.61–1.58 (m, 1H), 1.53 (t, J = 11.4 Hz, 1H), 1.48–1.45 (m, 1H), 1.43 (s, 1H), 1.42–1.29 (m, 9H), 1.12–1.09 (m, 1H), 1.09 (s, 3H), 0.94–0.91 (m, 1H), 1.04 (s, 3H), 0.90 (s, 3H), 0.88 (s, 6H); 13C NMR (200 MHz, CDCl3) δ 175.7, 174.5, 150.3, 132.5, 132.1, 119.1, 118.1, 109.6, 84.9, 65.5, 65.4, 64.6, 56.6, 56.5, 49.6, 49.5, 46.9, 44.6, 43.3, 42.9, 41.7, 38.5, 37.0, 33.9, 32.2, 30.7, 30.5, 29.7, 25.2, 23.4, 19.4, 19.2, 18.5, 18.4, 16.5, 14.7; IR (thin film, neat) νmax 2947, 2869, 1722, 1644, 1455, 1173, 987, 932 cm−1; LR-MS (ESI+) m/z 584 (M + NH4+); HR-MS (ESI+) calcd for C36H58NO5 (M + NH4+) 584.4310; found 584.4312.



Diallyl (1R,2S,5aR,5bR,7aS,10R,12bR)-2-((3,4-bis(allyloxy)benzoyl)oxy)-3,3,5a,5b,12b-pentamethyl-10- (prop-1-en-2-yl)octadecahydrodicyclopenta[a,i]phenanthrene-1,7a(1H)-dicarboxylate (6). To a solution of diester alcohol 4 (0.45 g, 0.79 mmol), benzoic acid 5 (0.24 g, 1.03 mmol), and DMAP (0.19 g, 1.59 mmol) in CH2Cl2 (7.9 mL) was added EDC∙HCl (0.30 g, 1.59 mmol) at room temperature. After stirring for 2 h, the reaction mixture was quenched with 1N HCl and extracted with CH2Cl2 (10 mL × 3). The combined organic layer was washed with aqueous NaHCO3, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc/Hexane = 1:20) to give 0.58 g (93%) of ester 6 as a colorless oil. [α]D20 = −22.23 (c 1.00, CHCl3); 1H NMR (800 MHz, CDCl3) δ 7.58 (dd, J = 8.4, 2.0 Hz, 1H), 7.52 (d, J = 2.0 Hz, 1H), 6.86 (d, J = 8.5 Hz, 1H), 6.04 (ddt, J = 17.1, 10.6, 5.3 Hz, 2H), 5.93 (ddt, J = 17.1, 10.5, 6.2 Hz, 1H), 5.90 (ddt, J = 17.2, 10.5, 5.7 Hz, 1H), 5.41 (dtd, J = 17.3, 1.5, 1.4 Hz, 1H), 5.40 (dq, J = 17.3, 1.5 Hz, 1H), 5.33 (dd, J = 9.7, 1.4 Hz, 1H), 5.31 (ddt, J = 10.1, 2.4, 1.3 Hz, 1H), 5.29 (dd, J = 10.6, 1.4 Hz, 1H), 5.27 (s, 1H), 5.27 (dd, J = 10.6, 1.4 Hz, 1H), 5.22 (dd, J = 10.3, 1.1 Hz, 1H), 5.21 (dd, J = 10.4, 1.3 Hz, 1H), 4.70 (d, J = 1.6 Hz, 1H), 4.64 (dt, J = 5.2, 1.4 Hz, 2H), 4.62 (dt, J = 5.3, 1.5 Hz, 2H), 4.62–4.60 (m, 1H), 4.59–4.56 (m, 2H), 4.55–4.49 (m, 2H), 2.96 (td, J = 11.0, 5.0 Hz, 1H), 2.72 (s, 1H), 2.25 (dd, J = 12.2, 3.3 Hz, 1H), 2.18 (td, J = 12.7, 3.6 Hz, 1H), 1.92–1.85 (m, 2H), 1.72 (dd, J = 10.2, 4.9 Hz, 1H), 1.65 (s, 3H), 1.61 (dd, J = 13.3, 2.3 Hz, 1H), 1.53 (d, J = 11.4 Hz, 1H), 1.52–1.48 (m, 1H), 1.48–1.36, (m, 7H), 1.36–1.31 (m, 3H), 1.24 (s, 3H), 1.14–1.10 (m, 1H), 1.09 (s, 3H), 0.99–0.95 (m, 1H), 0.94 (s, 3H), 0.91 (s, 3H), 0.90 (s, 3H); 13C NMR (200 MHz, CDCl3) δ 175.7, 173.5, 165.6, 152.5, 150.3, 147.9, 133.0, 132.6, 132.5, 132.0, 123.5, 122.8, 119.3, 118.1 (2C), 118.0, 114.6, 112.4, 109.6, 85.6, 69.8, 69.6, 65.7, 64.6, 63.2, 56.5, 56.4, 49.7, 49. 4, 46.9, 44.7, 43.3, 42.9, 41.7, 38.5, 37. 0, 33.9, 32.2, 30.6, 30.2, 29.8, 25.2, 23.3, 19.9, 19.4, 18.4, 18.2, 16.5, 14.7; IR (thin film, neat) νmax 2946, 2869, 1723, 1600, 1427, 1270, 1203, 1131, 986, 929 cm−1; LR-MS (ESI+) m/z 783 (M + H+); HR-MS (ESI+) calcd for C49H67O8 (M + H+) 783.4830; found 783.4827.



3-O-Protocatechuoylceanothic Acid (1). To a solution of ester 6 (0.50 g, 0.64 mmol) and N-methylaniline (0.35 mL, 3.19 mmol) in dry THF (6.4 mL) was added Pd(PPh3)4 (0.15 g, 0.13 mmol) at room temperature. After stirring for 2 h, the reaction mixture was quenched with 1N HCl and extracted with EtOAc (10 mL × 3). The combined organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc/Hexane = 1:3 to CH2Cl2/MeOH = 16:1) to give 0.38 g (96%) of 3-O-Protocatechuoylceanothic Acid (1) as yellowish powder. [α]D20 = −17.19 (c 1.10, CHCl3); 1H NMR (800 MHz, Pyridine-d5) δ 8.07 (d, J = 2.1 Hz, 1H), 7.86 (dd, J = 8.2, 2.1 Hz, 1H), 7.28 (d, J = 8.2 Hz, 1H), 5.89 (s, 1H), 4.82 (s, 1H), 4.62 (s, 1H), 3.46 (td, J = 10.8, 5.0 Hz, 1H), 3.07 (s, 1H), 2.74 (td, J = 12.7, 3.6 Hz, 1H), 2.56 (dt, J = 12.8, 3.3 Hz, 1H), 2.23–2.17 (m, 2H), 2.13–2.08 (m, 2H), 2.07 (dd, J = 12.5, 2.6 Hz, 1H), 1.97–1.93 (m, 1H), 1.85 (td, J = 13.5, 3.6 Hz, 1H), 1.65 (t, J = 11.3 Hz, 1H), 1.63 (s, 3H), 1.54 (qd, J = 12.8, 4.3 Hz, 1H), 1.52–1.49 (m, 1H), 1.49 (s, 3H), 1.47–1.42 (m, 3H), 1.39–1.35 (m, 3H), 1.31 (qd, J = 13.1, 4.3 Hz, 1H), 1.18 (dd, J = 13.7, 3.0 Hz, 1H), 1.12 (s, 3H), 1.09 (s, 3H), 1.02 (s, 3H), 1.00 (s, 3H); 13C NMR (200 MHz, Pyridine-d5) δ 178.8, 176.6, 166.3, 152.5, 151.0, 147.0, 123.0, 122.1, 117.5, 116.2, 109.7, 85.6, 64.0, 56.7, 56.5, 49.5, 49.4, 47.4, 45.2, 43.6, 43.4, 42.0, 38.9, 37.4, 34.5, 32.8, 31.2, 30.5, 30.4, 26.1, 24.1, 20.1, 19.5, 18.6, 18.4, 16.9, 14.9; IR (thin film, neat) νmax 3686, 2946, 2871, 1697, 1523, 1066, 1038, 1018 cm−1; LR-MS (ESI−) m/z 621 (M − H+); HR-MS (ESI−) calcd for C37H49O8 (M − H+) 621.3433; found 621.3443.






4. Conclusions


In summary, we identified a novel and natural GPR120 agonist, 3-O-protocatechuoylceanothic acid (1), which is a ceanothane-type triterpene. We also synthesized 1 from ceanothic acid (2) in three steps, which enabled us to overcome the potential difficulties due to the paucity of 1. The key features of our synthesis include the elaborate acid protection of di-acid 2 and catechol and the facile global deprotection of the four allyl groups of 6, keeping the other functional groups intact. Further evaluation of the biological activity and medicinal chemistry of 3-O-protocatechuoylceanothic acid (1), including the structure-activity relationship, is underway.








Supplementary Materials


The following are available online. Figure S1. Structures of the triterpenoids; Table S1. Corrected NMR chemical shifts of 3-O-protocatechuoylceanothic acid (1); Table S2. [Ca2+]i in hGPR120-CHO cells; Table S3. Comparison of [Ca2+]i between hGPR120-CHO cells and Gα16-CHO cells; The 1H and 13C NMR spectra of 4, 6 and 1 and HPLC analysis of synthetic and natural 1.





Author Contributions


Conceptualization, Y.-G.S.; formal analysis, J.G.P. and K.B.K.; investigation, C.L. and J.G.P.; data curation, C.L. and J.G.P.; writing—original draft preparation, C.L. and Y.-G.S.; writing—review and editing, C.L. and Y.-G.S.; supervision, Y.-G.S.; project administration, Y.-G.S.




Funding


This research was supported by the National Research Foundation of Korea, grant number 2019M3A9A8067070 and by the by the GRRC program of Gyeonggi province, grant number GRRC-CHA2017-B02.




Acknowledgments


We thank Keon Wook Kang of Seoul National University for his helpful discussions in analysis of biological data and preparation of manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rayasam, G.V.; Tulasi, V.K.; Davis, J.A.; Bansal, V.S. Fatty acid receptors as new therapeutic targets for diabetes. Expert Opin. Ther. Tar. 2007, 11, 661–671. [Google Scholar] [CrossRef]

	



Cintra, D.E.; Ropelle, E.R.; Moraes, J.C.; Pauli, J.R.; Morari, J.; de Souza, C.T.; Grimaldi, R.; Stahl, M.; Carvalheira, J.B.; Saad, M.J.; et al. Unsaturated fatty acids revert diet-induced hypothalamic inflammation in obesity. PLoS ONE 2012, 7, e30571. [Google Scholar] [CrossRef] [PubMed]

	



Hirasawa, A.; Tsumaya, K.; Awaji, T.; Katsuma, S.; Adachi, T.; Yamada, M.; Sugimoto, Y.; Miyazaki, S.; Tsujimoto, G. Free fatty acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120. Nat. Med. 2005, 11, 90–94. [Google Scholar] [CrossRef] [PubMed]

	



Oh, D.Y.; Talukdar, S.; Bae, E.J.; Imamura, T.; Morinaga, H.; Fan, W.; Li, P.; Lu, W.J.; Watkins, S.M.; Olefsky, J.M. GPR120 is an omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cell 2010, 142, 687–698. [Google Scholar] [CrossRef] [PubMed]

	



Oh, D.Y.; Walenta, E.; Akiyama, T.E.; Lagakos, W.S.; Lackey, D.; Pessentheiner, A.R.; Sasik, R.; Hah, N.; Chi, T.J.; Cox, J.M.; et al. A GPR120-selective agonist improves insulin resistance and chronic inflammation in obese mice. Nat. Med. 2014, 20, 942–947. [Google Scholar] [CrossRef] [PubMed]

	



Ichimura, A.; Hirasawa, A.; Poulain-Godefroy, O.; Bonnefond, A.; Hara, T.; Yengo, L.; Kimura, I.; Leloire, A.; Liu, N.; Iida, K.; et al. Dysfunction of lipid sensor GPR120 leads to obesity in both mouse and human. Nature 2012, 483, 350–354. [Google Scholar] [CrossRef] [PubMed]

	



Milligan, G.; Alvarez-Curto, E.; Hudson, B.D.; Prihandoko, R.; Tobin, A.B. FFA4/GPR120: Pharmacology and therapeutic opportunities. Trends Pharmacol. Sci. 2017, 38, 809–821. [Google Scholar] [CrossRef] [PubMed]

	



Briscoe, C.P.; Peat, A.J.; McKeown, S.C.; Corbett, D.F.; Goetz, A.S.; Littleton, T.R.; McCoy, D.C.; Kenakin, T.P.; Andrews, J.L.; Ammala, C.; et al. Pharmacological regulation of insulin secretion in MIN6 cells through the fatty acid receptor GPR40: Identification of agonist and antagonist small molecules. Br. J. Pharmacol. 2006, 148, 619–628. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, T.; Igari, S.-I.; Hirasawa, A.; Hata, M.; Ishiguro, M.; Fujieda, H.; Itoh, Y.; Hirano, T.; Nakagawa, H.; Ogura, M.; et al. Identification of G protein-coupled receptor 120-selective agonists derived from PPARγ agonists. J. Med. Chem. 2008, 51, 7640–7644. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.; Hirasawa, A.; Hara, T.; Kimura, I.; Adachi, T.; Awaji, T.; Ishiguro, M.; Suzuki, T.; Miyata, N.; Tsujimoto, G. Structure-activity relationships of GPR120 agonists based on a docking simulation. Mol. Pharmacol. 2010, 78, 804–810. [Google Scholar] [CrossRef] [PubMed]

	



Shimpukade, B.; Hudson, B.D.; Hovgaard, C.K.; Milligan, G.; Ulven, T. Discovery of a potent and selective GPR120 agonist. J. Med. Chem. 2012, 55, 4511–4515. [Google Scholar] [CrossRef] [PubMed]

	



Martin, C.; Passilly-Degrace, P.; Chevrot, M.; Ancel, D.; Sparks, S.M.; Drucker, D.J.; Besnard, P. Lipid-mediated release of GLP-1 by mouse taste buds from circumvallate papillae: Putative involvement of GPR120 and impact on taste sensitivity. J. Lipid Res. 2012, 53, 2256–2265. [Google Scholar] [CrossRef] [PubMed]

	



Hudson, B.D.; Shimpukade, B.; Mackenzie, A.E.; Butcher, A.J.; Pediani, J.D.; Christiansen, E.; Heathcote, H.; Tobin, A.B.; Ulven, T.; Milligan, G. The pharmacology of TUG-891, a potent and selective agonist of the free fatty acid receptor 4 (FFA4/GPR120), demonstrates both potential opportunity and possible challenges to therapeutic agonism. Mol. Pharmacol. 2013, 84, 710–725. [Google Scholar] [CrossRef] [PubMed]

	



Sparks, S.M.; Chen, G.; Collins, J.L.; Danger, D.; Dock, S.T.; Jayawickreme, C.; Jenkinson, S.; Laudeman, C.; Leesnitzer, M.A.; Liang, X.; et al. Identification of diarylsulfonamides as agonists of the free fatty acid receptor 4 (FFA4/GPR120). Bioorg. Med. Chem. Lett. 2014, 24, 3100–3103. [Google Scholar] [CrossRef] [PubMed]

	



Azevedo, C.M.; Watterson, K.R.; Wargent, E.T.; Hansen, S.V.; Hudson, B.D.; Kępczyńska, M.A.; Dunlop, J.; Shimpukade, B.; Christiansen, E.; Milligan, G.; et al. Non-acidic free fatty acid receptor 4 agonists with antidiabetic activity. J. Med. Chem. 2016, 59, 8868–8878. [Google Scholar] [CrossRef] [PubMed]

	



Kaku, K.; Enya, K.; Nakaya, R.; Ohira, T.; Matsuno, R. Long-term safety and efficacy of fasiglifam (TAK-875), a G-protein-coupled receptor 40 agonist, as monotherapy and combination therapy in japanese patients with type 2 diabetes: A 52-week open-label phase III study. Diabetes Obes. Metab. 2016, 18, 925–929. [Google Scholar] [CrossRef] [PubMed]

	



Kang, K.B.; Kim, J.W.; Oh, W.K.; Kim, J.; Sung, S.H. Cytotoxic ceanothane-and lupane-type triterpenoids from the roots of Ziziphus jujuba. J. Nat. Prod. 2016, 79, 2364–2375. [Google Scholar] [CrossRef] [PubMed]

	



Park, M.; Kim, J.; Phuong, N.T.; Park, J.G.; Park, J.-H.; Kim, Y.-C.; Baek, M.C.; Lim, S.C.; Kang, K.W. Involvement of the P2X7 receptor in the migration and metastasis of tamoxifen-resistant breast cancer: Effects on small extracellular vesicles production. Sci. Rep. 2019, 9, 11587. [Google Scholar] [CrossRef] [PubMed]

	



Liu, K.-C.; Fang, J.-M.; Jan, J.-T.; Cheng, T.-J.R.; Wang, S.-Y.; Yang, S.-T.; Cheng, Y.-S.E.; Wong, C.-H. Enhanced anti-influenza agents conjugated with anti-inflammatory activity. J. Med. Chem. 2012, 55, 8493–8501. [Google Scholar] [CrossRef] [PubMed]












	
	
Sample Availability: Samples of the compounds 4, 6, and 1 are available from the authors.












[image: Molecules 24 03487 g001 550] 





Figure 1. Structures of the reported GPR120 agonists. 
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Figure 2. (a) GPR120 agonist activity of 25 triterpenoids isolated from Ziziphus jujuba. ([Ca2+]i in hGPR120-CHO cells); (b) Comparison of GPR120 agonist activity between hGPR120-CHO cells and Gα16-CHO cells ([Ca2+]i in hGPR120-CHO cells and [Ca2+]i in Gα16-CHO cells). The statistical difference between each group was analyzed using a Student’s t-test (* p < 0.05, ** p < 0.001, compared with hGPR120-CHO cells); (c) Structures of 3-O-protocatechuoylceanothic acid (1) and ceanothic acid (2). 
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Figure 3. Initial strategy for the direct esterification of ceanothic acid (2) and benzoic acid 3. 
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Scheme 1. Semi-synthesis of 3-O-protocatechuoylceanothic acid (1) from ceanothic acid (2). 
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