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of type 2 diabetes.

The G-protein-coupled receptor 40 (GPR40) is an attractive molecular target for the treatment of
type 2 diabetes mellitus. Previously, based on the natural oleic acid substrate, an exogenous
ligand for this receptor, named AV1, was synthesized. In this context, here we validated the
activity of AV1 as a full agonist, while the corresponding catechol analogue, named AV2, was
investigated for the first time. The ligand-protein interaction between this new molecule and the
receptor was highlighted in the lower portion of the GPR40 groove that generally accommodates
DC260126. The functional assays performed have demonstrated that AV2 is a suitable GPR40
partial agonist, showing a therapeutic potential and representing a useful tool in the management

2009 Elsevier Ltd. All rights reserved.

Targets to treat type 2 diabetes mellitus (T2DM), as well as
obesity and other comorbidities, are still an unmet medical need.!
The deorphanization of several G-protein' coupled receptors
(GPCRs) led to the discovery of new and exciting drugs in the
field of diabetes and particular interest is on the GPR40.2 Its
signal transduction is complex and involves the activation of Gq
and Gs proteins in a tissue-dependent manner. Moreover, GPR40
is also functionally linked to biased agonism (ligand-specific
responses) by the B-arrestin 2-mediated insulinotropic signaling
axis.> GPR40 deletion decreases glucose-stimulated insulin
secretion (GSIS) in vivo without affecting islets’ metabolism.
Islets from GPR40 knockout mice, display lower insulin release
in response to fatty acids, suggesting a central role of the receptor
in the regulation of insulin secretion.* The endogenous ligands of
GPR40, such as_palmitic, oleic, linoleic, and linolenic acids
prefer the orthosteric binding site of it.5 In this view, several
academic groups and pharmaceutical companies designed new
and interesting hydrophobic compounds bearing a typical
structural triad constituted by a heteroaryl chain, a spacer
(bearing a heteroatom such as -O- or -NH) and an acid head.? In
addition, AMG 837 was also validated as a selective GPR40
agonist.® Under this scheme, several structure-activity
relationships were established to develop additional agonists,
such as GW9508. In 2010, the discovery of TAK-875 by Takeda
highlighted high activity and selectivity for GPR40 receptor
(human EC5,=0.014 uM — human K=0.038 uM).
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This compound was indicated as an ago-allosteric modulator of
GPR40 by exerting its effect cooperatively with endogenous
plasma free fatty acids (FFAs) in human patients, as well as in
diabetic animals.” In our previous study, quercetin/oleic acid
hybrid molecule AV1 was able to evocate insulin release by both
pancreatic islets and in vitro B-cells system.!® Herein we further
studied AV1 in the INS-1 832/13 P-cells in vitro model
validating it as a full agonist of GPR40. This was achieved by
using the inhibitor DC260126 which not only negatively
modulated oleic acid-induced GPR40 mRNA expression,'»!? but
it was also predicted to bind the same groove on GPR40, where
AV1 accommodates.!® Additionally, the corresponding catechol
analogue AV2 was also evaluated and demonstrated to be a
GPRA40 partial agonist.

Several studies present in literature confirmed the multiple
biological activities of quercetin.’®* In this field, the hybrid
molecule, obtained through condensation with oleic acid, was
able to improve insulin secretion via GPR40. In the case of AV1,
the protection of catechol moiety with a diphenyl methyl ketal
group abrogated the antioxidant activity but favored the
interaction with a new allosteric site on GPR40. In alternative,
the synthesis of AV2 was performed by a bio-catalytic process.
In only one step, involving the C-3 position of quercetin and
using pancreatic porcine lipase (PPL), quercetin-3-oleate (AV2)
was obtained in high yield and allowed to recycle the enzyme for
five times."# (Figure 1).
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Figure 1. Synthesis of the GPR40 ligands. a) quercetin (1 eq), a,0-
dichlorodiphenylmethane (1 eq), 170-180-C, 10 min. b) procedure to obtain
AV1: oleic acid (1 eq), NN’-dicyclohexylcarbodiimide (1.2 eq),
dimethylaminopyridine (catalytic amount) in dry dichloromethane at 0° C for
30 min, then AV solution in dry dichloromethane was added dropwise, at 25
°C, overnight under nitrogen atmosphere. c¢) procedure to obtain AV2:
quercetin (1 eq), oleic acid (1 eq), pancreatic porcine lipase (130 mg per 100
mg of quercetin), acetone, 48 h.

We previously demonstrated that the exposure of INS-1
832/13 B cells to AV1 affected GSIS in a dose-dependent manner
with peak response at 10 uM, while treatment with the analog
AV2, in the same range of AV1 doses, did not show, under
similar experimental conditions, any appreciable release of
insulin from this cell population.
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Figure 2. Dose-response curves insulin secretion under GSIS condition with
A) AV1 and B) AV2 treatment

To better characterize the impact of these compounds on
GSIS, we performed a separate series of experiments exposing
INS-1 832/13 B-cells to AV1 or AV2 at the doses ranging from
20 to 40 uM for 5 min. Both compounds were able to increase
insulin output from this cell population under GSIS condition.
However, while AV1 generated a maximal response, AV2
showed a partial efficacy (Figure 2). To define the
pharmacodynamics profile of AVI1, INS-1 832/13 B-cells were
exposed to a fixed dose (8 uM) of DC260126, a known
antagonist of GPR40, 30 min before treatment with 10 uM AV1
upon GSIS condition. As shown in Figure 3A the exposure of
cell cultures to DC260126 influenced the enabler effect of AV1
on GSIS leading to a dramatic decrease of the hormone secretion
compared to cell cultures treated with 10 pM AV 1 alone.

This result suggested that the effect of AV1 on insulin release
was due to an agonist activity on GPR40. Similar results were
observed upon pre-treatment with DC260126 of cell cultures
exposed to 40 uM AV?2 (Figure 3B).
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Figure 3. Functional

assays
compounds, A) AV1 and B) AV2, with antagonist DC260126.

of quercetin-oleate hybrid

The different pharmacodynamics profile of AV2 prompted us
to evaluate it as partial agonist of the GPR40 receptor. INS-1
832/13 B cells were then exposed to a fixed amount of AV2 (40
puM)  immediately - before co-application of increasing
concentrations of AV1 (2.5, 5, 10 and 20 uM) and then the
insulin secretion was evaluated upon GSIS condition. At the
lowest dose (2.5 uM) of AV1, we observed that the concomitant
exposure of this cell population to both compounds led to an
increase of the insulin secretion upon GSIS conditions which was
significantly greater than that for AV1 alone, suggesting an
additive effect of AV2. On the other hand, at higher response
dose (20 pM) of AV1, AV2 showed antagonist activity,
producing a net decrease of the AV1-mediated insulin secretion
upon GSIS condition (Figure 4A). Similar results were also
observed exposing INS-1 832/13 B cells to low fixed
concentration of AV2 equal to its ECsy value (21 pM)
immediately = before = co-administration = of  increasing
concentrations of AV1 (from 2.5 up to 20 pM), further
confirming the dual functional profile of AV2. However, a shift
of the additive effect was detected when cell cultures were
concomitantly challenged with 10 uM AV1, suggesting that AV2
exerted its partial agonistic activity in a dose-dependent fashion.
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Figure 4. AV2 as a suitable GPR40 partial agonist either at A) 40 uM and at
B) 21 uM in presence of a dose curve of AV1.



During the last years, new classes of medications have been
developed for patients suffering of T2DM. Among them, just to
name a few: sodium-glucose co-transporter-2 (SGLT2) inhibitors
(of this latter ADRs were recently recognized),’S DPP-IV
inhibitors, and incretin mimetics.'® In this frame, the GPR40
receptor is an attractive molecular target in T2DM
pharmacotherapy as it is involved in both insulin and GPL-1
release from P-pancreatic and enteroendocrine cells, respectively.
Both preclinical and clinical studies have shown that activation
of GPR40 improves glycemic control. However, the recent
termination of phase III clinical trials using the GPR40 agonist
TAK-875 (fasiglifam) has raised important questions concerning
the long-term safety and feasibility of targeting GPR40.17 Oleic
acid was known to be a natural GPR40 ligand and our previous
findings suggested that this molecule represented a good driver
forward GPR40 when it is conjugated with quercetin.!® Of note,
oleic acid and its derivatives (oleoylethanolamide and 2-
oleoylglycerol) improve postprandial triglyceride levels and
GLP-1 response in insulin-resistant subjects and upregulate
GLUT?2 expression.!®

In the attempt to formulate a hypothesis about the binding
mode of AV2 and DC260126 on GPR40, docking simulations
have been performed with the same computational protocol
already applied to AV1. Previous calculations!® led us to
hypothesize that AV1 could be accommodated within the long
transmembrane crevice constituted by TM4 and TMS5 as the
lateral walls, and by TM3 as the back wall, and occupied by the
oleoyl-glycerol moiety of the X-ray complex between GPR40
and TAK-875 (4phu within the protein data bank).!%?% These data
suggested for the first time!! that this binding site could recognize
exogenous ligands, in agreement with experimental results on
other GPR40 agonists appeared at the same time. Subsequent
studies supported this hypothesis by providing X-ray complexes
where a GPR40 full agonist (namely, the dihydro chromene
AP8" or the benzofuran “compound 1”)!7 was embedded within
the same binding groove (5tzy or Skw2, respectively, within the
protein data bank).

Results of docking calculations showed that also the GPR40
antagonist DC260126 could occupy the portion of the GPR40
groove just above the intracellular loop 2 (ICL2). In particular,
one oxygen atom of the sulfonyl moiety of DC260126 made a
bifurcated hydrogen bond with the basic side chain of Arg37
(Figure 5A), as already found for the 5-OH group of the
quercetin core of AV1 and AV2. Moreover, the second sulfonyl
oxygen atom interacted with the backbone NH of Alall6. The
fluorophenyl group pointed behind TM3 towards a region of
space delimited by Argl04, Arg218, and Arg22l. It is very
important to note that the Arg side chains created a small pocket
characterized by a high fluorophilic character that generated
favorable polar interactions between the aromatic F-C aromatic
substituent and the guanidinium side chains of Arg residues?!-??
thus providing high stabilization to the DC260126-GPR40
complex. The central phenyl ring of DC260126 was
superimposable to the O=C4-C3-(OC=0) ester of AV2 (Figure
5B), while its butyl chain occupied part of the groove where the
long hydrophobic appendage of AV2 was found. Overall, results
from docking calculations showed that the portion of the GPR40
binding pocket that was occupied by AV2 roughly
accommodated both DC260126 in the lower portion (close to the
ICL2) and the oleoyl derivative in the upper part (Figure 5C).

’

Figure 5. Docking analyses. A) Graphical representation of the best-ranked
docked pose of the GPCR40 antagonist DC260126 (atom type ball and stick
notation) within the allosteric binding site able to accommodate AV2. Hydrogen
bonds (black dotted lines) are found between the sulfonyl group and Arg37 and
Alall6. Favorable polar interactions are also found between the fluoride
substituent and a fluorophilic cage constituted by Arg side chains. B) Comparison
between the best docked pose of AV2 (atom type ball and stick notation) with that
of the oleoyl derivative (orange) found in the X-ray complex between GPR40 and
TAK-875 (4phu in the protein data bank), as well as the GPR40 antagonist
DC260126 (green). The 5-OH of the AV2 quercetin core is superposed to one of
the sulfonyl oxygens of DC260126 (1); the O=C4-(C-O-C=0) ester moiety of AV2
matched the central phenyl ring of DC260126 (2); the butyl chain of DC260126 is
superposed to the lower part of the oleoyl derivative and to the proximal portion of
the AV2 alkyl chain (3). Overall, the region of space occupied by AV2 is similar to
that where both DC260126 (below) and the oleoyl derivative are accommodated.
C) Graphical representation of AV2, DC260126, and the oleoyl derivative (see Fig.
2 for colors) within the GPR40 groove delimited by TM4, TM3, and TMS (from
left to right in the picture), and by ICL2.

In the present study, we evaluated the pharmacology of
quercetin esters AV1 and AV2. For both compounds, we
demonstrated an agonist profile versus GPR40 (Figure 2).
However, an analysis of dose-response curves revealed that while
AV1 generated a maximal response, AV2 demonstrated a partial
efficacy on insulin secretion under GSIS condition, thus profiling
them as a full and a partial agonist, respectively. The fact that the
exposure of INS-1 832/13 fB-cells to DC260126 blocked the
facilitatory effect of AV1 on GSIS, is indicative that both
compounds shared the same binding and confirmed that the
insulin secretagogue action of AV1 is due to an agonist activity
on GPR40 (Figure 4A and B). Moreover, the evidence of the dual
pharmacodynamic profile displayed by AV2 is worthy of note.
Indeed, the effect of this compound on GSIS was additive at low
doses of AV1 and antagonistic over higher AV1 dose (Figure 4A
and B). Although there is considerable evidence from rodent
models of T2DM and early phase clinical trials in patients with
T2DM to support the use of GPR40 full agonists to potentiate
insulin secretion and improve glucose tolerance, concerns exist as
to whether chronic activation of GPR40 mediates deleterious
effects of FFAs.2” On the other hand, abnormalities of fatty-acid
metabolism are also increasingly recognized as key components
of the pathogenesis of the metabolic syndrome and T2DM. Fat-
feeding and raised levels of circulating FFAs are clearly
sufficient to induce peripheral and hepatic insulin resistance.
Accumulation of lipids inside muscle cells and specific increases
in muscle long-chain fatty acyl-CoA content have been
implicated in causing insulin resistance.?* In this scenario the
dual pharmacodynamic profile of AV2 might be a useful tool in
the therapy management of T2DM since it can be used to both
activate GPR40 giving a desired submaximal response and
reduce the overstimulation of the receptor when excess amounts



of endogenous ligands are present. GPR40 is a clinically
validated target in T2DM treatment and from medicinal chemist
viewpoint, more derivatives were synthesized and assayed, but
failed the clinical trials especially for their hepatotoxicity. In this
context, hybrid molecules bearing oleic acid, which is an
endogenous GPR40 ligand, can represent an alternative strategy
to develop GPR40 agonists. Hence, the synthesized quercetin-3-
oleoyl hybrids bind a new pocket of GPR40 receptor highlighting
a possible pharmacological strategy for the management of
T2DM. Molecular docking simulations suggested that both
quercetin derivatives AV1 and AV2 could occupy the same
allosteric binding site hypothesized for the GPR40 antagonist
DC260126 and recently demonstrated to accommodate new
GPRA40 allosteric agonists. The finding that AV2 acts as partial
agonist of GPR40 elects this molecule a promising approach in
the therapy of T2DM because of its potential beneficial effect
beyond improvement of insulin secretion.

Acknowledgments

The authors are grateful to Ministero dell’Istruzione,
dell'Universita e della Ricerca (MIUR) (Rome) for “Dipartimento
di Eccellenza grant 2018-2022” at both Departments. Santa
Chiara Lab is also acknowledged for the use of the Schrodinger
suite.

References and notes

1. Zimmet, P.Z., Magliano, D.J., Herman, W.H., Shaw, J.E., 2014.
Diabetes: a 21st century challenge. Lancet Diabetes Endocrinol. 2,
56-64.

2. Li, Z., Xu, X., Huang, W., Qian, H., 2018. Free Fatty Acid
Receptor 1 (FFARI) as an Emerging Therapeutic Target for Type 2
Diabetes Mellitus: Recent Progress and Prevailing Challenges. Med
Res Rev. 38(2), 381-425.

3. Mancini, A.D., Bertrand, G., Vivot, K., Carpentier, E., Tremblay,
C., Ghislain, J., Bouvier, M., Poitout, V., 2015. Beta-arrestin
recruitment and biased agonism at free fatty acid receptor 1. J Biol.
Chem. 290(34), 21131-21140.

4. Alquier, T., Peyot, M., Latour, M.G., Kebedel, M., Sorensen, C.M.,
Gesta, S., Kahn, R., Smith, R.D., Jetton, T.L., Metz, T.O., Prentkil,
M., Poitout, V., 2009. Deletion of GPCR40 impairs glucose-
induced insulin secretion 4n vivo in mice without affecting
intracellular fuel metabolism in islets. Diabetes 58, 2607-2615.

5. Feng, D.D., Luo, Z., Roh, S., Hernandez, M., Tawadros, N.,
Keating, D.J., Chen, C.,; 2006. Reduction in Voltage-Gated K
Currents in Primary Cultured Rat Pancreatic-Cells by Linoleic
Acids. Endocrinology 147(2), 674-682.

6. Houze, J.B., Zhu, L., Sun, Y., Akerman, M., Qiu, W., Zhang, A.J.,
Sharma, R:; Schmitt, M., Wang, Y., Liu, J., Medina, J.C., Reagan,
J.D., Luo, J., Tonn, G., Zhang, J., Lu, J.Y., Chen, M., Lopez, E.,
Nguyen, K., Yang, L., Tang, L., Tian, H., Shuttleworth, S.J., Lin,
D.C., 2012. AMG 837: a potent, orally bioavailable GPCR40
agonist. Bioorg Med Chem Lett 22(2), 1267-1270.

7. ' Rodrigues, D.A., de Sena M. Pinheiro, P., Ferreira, T.T.S.C., Thota,
S., Fraga, C.A.M., 2018. Structural Basis for the Agonist Action at
Free Fatty Acid Receptor 1 (FFA1R or GPCR40). Chem Biol Drug
Des 91(3), 668-680.

8. Negoro, N., Sasaki, S., Mikami, S., Ito, M., Suzuki, M., Tsujihata,
Y., Ito, R., Harada, A., Takeuchi, K., Suzuki, N., Miyazaki, J.,
Santou, T., Odani, T., Kanzaki, N., Funami, M., Tanaka, T.,
Kogame, A., Matsunaga, S., Yasuma, T., Momose, Y., 2010.
Discovery of TAK-875: A Potent, Selective, and Orally
Bioavailable GPCR40 Agonist. ACS Med. Chem. Lett. 1, 290-294.

9. Kim, M., Gu, G.J,, Koh, Y., Lee, S., Rang Na, Y., Seok, S.H., Lim,
K., 2018. Fasiglifam (TAK-875), a G Protein-Coupled Receptor 40
(GPCR40) Agonist, May Induce Hepatotoxicity Through Reactive
Oxygen Species Generation in a GPCR40-Dependent Manner.
Biomol Ther 2018, 1-9.

10. Badolato, M., Carullo, G., Perri, M., Cione, E., Manetti, F., Di
Gioia, M.L., Brizzi, A., Caroleo, M.C., Aiello, F., 2017.
Quercetin/oleic acid-based G-protein-coupled receptor 40 ligands

as new insulin secretion modulators. Future Med Chem. 9(16),
1873-1885.

11. Mohammad, S., 2016. GPCR40 Agonists for the Treatment of Type
2 Diabetes Mellitus: Benefits and Challenges. Curr Drug Targets
17(11), 1292-1300.

12. Lu, J, Byrne, N., Wang, J., Bricogne, G., Brown, F.K., Chobanian,
H.R., Colletti, S.L., Di Salvo, J., Thomas-Fowlkes, B., Guo, Y.,
Hall, D.L., Hadix, J., Hastings, N.B., Hermes, J.D., Ho, T.,
Howard, A.D., Josien, H., Kornienko, M., Lumb, K.J., Miller,
M.W., Patel, S.B., Pio, B., Plummer, C.W., Sherborne, B.S., Sheth,
P., Souza, S., Tummala, S., Vonrhein, C., Webb, M., Allen, S.J.,
Johnston, J.M., Weinglass, A.B., Sharma, S., Soisson, S:M., 2017.
Structural basis for the cooperative allosteric activation of the free
fatty acid receptor GPCR40. Nature Struct. Mol. Biol. 24, 570-577.

13. D’Andrea, G., 2015. Quercetin: A flavonol with multifaceted
therapeutic applications? Fitoterapia 106, 256-271.

14. Carullo, G., Aiello, F., 2018. Quercetin-3-oleate. Molbank 3,
M1006.

15. Vasapollo, P., Cione, E., Luciani, F:, Gallelli, L., 2018. Generalized
Intense Pruritus During Canagliflozin Treatment: Is it an Adverse
Drug Reaction? Curr. Drug Saf. 13(1), 38-40.

16. Sharma, D., Verma, S., Vaidya, S., Kalia, K., Tiwari, V., 2018.
Recent updates on GLP-1 agonists: Current advancements &
challenges. Biomed Pharmacother. 108, 952-962.

17. Ho, J.D., Chau, B., Rodgers, L., Lu, F., Wilbur, K.L., Otto, K.A.,
Chen, Y., Song, M., Riley, J.P., Yang, H., Reynolds, N.A., Kahl,
S.D., Lewis, A.P., Groshong, C., Madsen, R.E., Conners, K.,
Lineswala, J.P:, Gheyi, T., Decipulo Saflor, M., Lee, M.R., Benach,
J., Baker, K.A., Montrose-Rafizadeh, C., Genin, M.J., Miller, A.R.,
Hamdouchi, C., 2018. Structural basis for GPCR40 allosteric
agonism and incretin stimulation. Nat. Commun. 9, 1645.

18. Santos, L.R.B., Rebelato, E., Graciano, M.F.R., Abdulkader, F.,
Curi, R., Carpinelli, A.R., 2011. Oleic acid modulates metabolic
substrate channeling during glucose-stimulated insulin secretion via
NAD(P)H oxidase. Endocrinology 152(10), 3614-3621.

19. Srivastava, A., Yano, J., Hirozane, Y., Kefala, G., Gruswitz, F.,
Snell, G., Lane, W., Ivetac, A., Aertgeerts, K., Nguyen, J.,
Jennings, A., Okada, K., 2014. High-resolution structure of the
human GPR40 receptor bound to allosteric agonist TAK-875.
Nature 513, 124-127.

20. Andersen, A., Lund, A., Knop, F.K., Vilsboll, T., 2018. Glucagon-
like peptide 1 in health and disease. Nat Rev Endocrinol 14, 390-
403.

21. Miiller, K., Faeh, C., Diederich, F., 2007. Fluorine in
Pharmaceuticals: Looking Beyond Intuition. Science 317 (5846),
1881-1886.

22. Morgenthaler, M., Aebi, J.D., Griininger, F., Mona, D., Wagner,
B., Kansy, M., Diederich, F., 2008. A fluorine scan of non-
peptidic inhibitors of neprilysin: Fluorophobic and fluorophilic
regions in an enzyme active site. J Fluor Chem. 129(9), 852-865.

23. Krssak, M., Falk Petersen, K., Dresner, A., Di Pietro, L., Vogel,
SM., Rothman, D.L., Shulman, G.I., Roden, M., 1999.
Intramyocellular lipid concentrations are correlated with insulin
sensitivity in humans: a 1H NMR spectroscopy study. Diabetologia
42, 113-116.

Supplementary Material

Chemical syntheses, molecular docking calculations and
biological assays

Click here to remove instruction text...




