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ABSTRACT
A classical drug repurposing approach was applied to find new putative GPR40 allosteric binders. A two-
step computational protocol was set up, based on an initial pharmacophoric-based virtual screening of
the DrugBank database of known drugs, followed by docking simulations to confirm the interactions
between the prioritised compounds and GPR40. The best-ranked entries showed binding poses compar-
able to that of TAK-875, a known allosteric agonist of GPR40. Three of them (tazarotenic acid, bezafibrate,
and efaproxiral) affect insulin secretion in pancreatic INS-1 832/13 b-cells with EC50 in the nanomolar con-
centration (5.73, 14.2, and 13.5 nM, respectively). Given the involvement of GPR40 in type 2 diabetes, the
new GPR40 modulators represent a promising tool for therapeutic intervention towards this disease. The
ability to affect GPR40 was further assessed in human breast cancer MCF-7 cells in which this receptor
positively regulates growth activities (EC50 values were 5.6, 21, and 14nM, respectively).
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1. Introduction

Drug repurposing or drug repositioning approaches have been
applied in recent years with the aim of facilitating the drug dis-
covery process. In fact, existing drugs or drug candidates, whose
ADME-Tox properties have been already explored by previous
research, can be moved towards new possible therapeutic applica-
tions. Following this way, the time- and money-consuming steps
of the classical drug design process to access and pass phases of
clinical trials are significantly alleviated1,2.

The seven-transmembrane receptor GPR40 (FFA1/FFAR1) is
highly expressed in pancreatic b-cells as well as in intestinal epi-
thelium and is activated by physiological concentrations of both
free and conjugated fatty acids3–5. Activation of GPR40 enhances
glucose-stimulated insulin secretion (GSIS) but does not affect
insulin secretion at low glucose concentrations6. Enhancement of
GSIS by GPR40 has been confirmed in vitro, in INS-832/13 cell line
harbouring human insulin clone4,5, in vivo and in clinical trials7,8.
These considerations led to the conclusion that agonists of the
GPR40 receptor can be profitable tools for the treatment of type 2
diabetes (T2D) and related diseases9.

The most intriguing compound able to act as an allosteric
agonist of GPR40 is TAK-87510 that accessed phase III clinical trials
as an antidiabetic and antihyperglycemic agent. However, liver
toxicity caused the termination of clinical studies, although the
significant beneficial effects in diabetic patients. Fortunately, an
in-depth analysis of experimental results on TAK-875 strongly sug-
gested that compound attrition was caused by off-target effects
(in particular, inhibition of hepatobiliary transporters) and was
independent of targeting GPR40. These considerations have

consolidated the foundations of further development of GPR40
agonists11.

Therefore, to identify new small molecules able to modulate
the activity of GPR40, a pharmacophore-based virtual screening
approach, refined by molecular docking simulations, has been
applied to chemical databases of known drugs or compounds in
the clinical phase to possibly reposition several database entries
as GPR40 allosteric ligands.

The best-scored compounds resulting from the two-step
pharmacophore- and docking-based virtual screening protocol
underwent biological tests using INS-1 832/13 cells as an in vitro
model of insulin secretion. The compounds’ ability to affect GPR40
was further assessed in a human breast cancer cell line (MCF-7) in
which this receptor positively regulates growth activities12,13.

The biological assays showed that two propanoic acid derivatives
of the fibrate class of compounds (namely, bezafibrate and efaproxi-
ral) and the acetylenic retinoid derivative tazarotenic acid were
active as GPR40 agonists, thus supporting the computational results.

2. Material and methods

2.1. Chemicals and instruments

The retinoic acid receptors (RARs) pan-antagonist 4-(13H-
10,11,12,13-tetrahydro-10,10,13,13,15 pentamethyldinaphtho[2,3-
b][1,2-e][1,4]diazepin-7-yl)benzoic acid (LE540) and the retinoid X
receptors (RXRs) pan-antagonist 4-(7,7,10,10-tetramethyl-5-propyl-
7,8,9,10-tetrahydro-5H-benzo[b]naphtho[2,3-e][1,4]diazepin-12-yl)
benzoic acid (HX-603) were synthesised according to previous lit-
erature14–16 and dissolved in DMSO. DMSO and 3-(4,5-

CONTACT Erika Cione erika.cione@unical.it Department of Pharmacy, Health and Nutritional Sciences (Department of Excellence 2018-2022), University of
Calabria, via Savinio, Rende I-87036, Italy; Fabrizio Manetti fabrizio.manetti@unisi.it Department of Biotechnology, Chemistry and Pharmacy (Department of
Excellence 2018-2022), University of Siena, via Aldo Moro 2, Siena I-53100, Italy
� 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY
2021, VOL. 36, NO. 1, 377–383
https://doi.org/10.1080/14756366.2020.1864629

http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2020.1864629&domain=pdf&date_stamp=2021-12-08
http://orcid.org/0000-0002-0562-0597
http://orcid.org/0000-0002-6747-1013
http://orcid.org/0000-0002-9598-2339
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com


dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma Aldrich (St. Louis, MO). A microtitre plate
reader (Synergy H1 by BioTek, Winooski, VT) was used for the bio-
logical assays.

2.2. Biological assays

2.2.1. Cell Cultures
The clonal rat INS-1 832/13 b-cell line (a gift from Dr. C. Newgard,
Duke University, Durham, NC) was maintained in RPMI 1640 with
10% foetal bovine serum (FBS), 11mM glucose, 10mM HEPES,
2mM L-glutamine, 1mM sodium pyruvate, 50 mM b-mercaptoetha-
nol, 100U penicillin/mL, and 100U streptomycin/mL
(Thermofisher, Milan, Italy).

Human breast adenocarcinoma MCF-7 (ERa-positive) cell line
was grown in Dulbecco’s modified Eagle’s medium-F12 plus gluta-
max containing 5% FBS and 1mg/mL penicillin-streptomycin
(Thermofisher). According to our previous protocols, both cell lines
were incubated in 5% CO2 at 37 �C. Media were refreshed every
2–3 days. Cells were sub-cultured when reached >70% confluence.
The cell lines used were kept without serum during the experi-
mental procedure to avoid endogenous retinoid synthesis17.

2.2.2. Glucose stimulating insulin secretion (GSIS) from INS-1 832/
13 b-cells
Pancreatic INS-1 832/13 b-cells were plated in 24 wells plates with
RPMI-1640, 11mM glucose, 10% FBS at 5� 105 cells mL�1 density.
The next day, the medium was switched to 5mM glucose and
10% FBS. After 16 h incubation, cells were washed with phos-
phate-buffered saline (PBS) and the GSIS was performed. In the
GSIS, secretion media HBSS with 20mM Hepes and 1% BSA, pH
7.2, containing 3mM glucose, was added to the cells in presence
of double IC50 concentration of RAR and RXR antagonists (LE540
and HX-603, respectively), diluted in DMSO. DC260126 (12mM)
was added 30min before treatments in HBSS 3mM glucose (the
final DMSO concentration was 0.03%). After 2 h, the HBSS was
replaced by fresh secretion media HBSS containing 23mM glu-
cose. GSIS was performed with the test compounds tazarotenic
acid, efaproxiral, and bezafibrate (1–100 nM) for 5min incubation.
The amount of insulin in the cell medium was analysed by insulin
ELISA kit (Calbiotech Inc) in agreement with the manufacturer’s
instructions and our previous work18. Briefly, the medium was
spun 5min at 2,500 rpm, 4 �C, to pellet down cellular debris and
immediately assayed or frozen in liquid N2 first and �80 �C succes-
sively, for no longer than 1 week.

2.2.3. Cell growth assay on MCF-7 cells
Selected compounds (tazarotenic acid, efaproxiral, and bezafi-
brate) were tested for in vitro activity in MCF-7 cell line, using the
MTT assay. The MCF-7 cells were seeded in a 96-well plate
(1� 103 cells/well) and then incubated at 37 �C under 5% CO2 for
24 h. Pre-treatment with double IC50 concentration of RAR and
RXR antagonists diluted in DMSO, was added 120min before
treatments. DC260126 (a GPR40 antagonist, 12mM) was added
30min before treatments (the final DMSO concentration was
0.03%). Stock solutions of each compound were then added to
the plates with concentrations ranging from 1nM to 100mM
(1:105 dilutions) and the plates were incubated for 24 h. Cell viabil-
ity was then measured by the MTT assay that is based on the
reduction of the tetrazolium salt by live cells during growth19.
Absorbance was read at 570 nm, and the EC50 values were

calculated using GraphPad Prism v 5.0.0 software (GraphPad
Software Inc., La Jolla, CA).

2.2.4. Statistical analysis
Results were expressed as mean± SD from three independent
experiments. Statistical differences were determined by one-way
analysis of variance (ANOVA) using Graph Pad 5.0 software fol-
lowed by Tukey’s method. Differences were considered statistically
significant for p< 0.05 (�), p< 0.01 (��), p< 0.001 (���).

2.3. Computational details

The structure of GPR40 co-crystallised with TAK-875 (resolution
2.33 Å, protein data bank entry 4phu)20 was refined by application
of the Protein Preparation Wizard (software Maestro, release 2019-
1)21 to assign bond orders, add hydrogen atoms, adjust missing
side chains, cap termini, and generate tautomeric states. Next, the
Develop Pharmacophore Model routine of the software Phase was
applied to the GPR40/TAK-875 complex to generate automatically
a pharmacophoric model that comprised excluded volumes. The
resulting model was constituted by five features: one negative
ionic group, two hydrophobics, and two aromatic rings. On the
other hand, the sd file containing all the about 14,000 compound
structures stored in the DrugBank database22 was downloaded
and converted into a Phase database. For each compound, pos-
sible ionisation and tautomeric states were generated by Epik soft-
ware (pH ranging from 6.0 to 8.0), together with 200
conformations. Phase was also used to filter the DrugBank data-
base with the pharmacophoric model, using default screening set-
tings. As a result, the resulting 36 putative hit compounds were
ranked by decreasing Phase Screen Score, from 0.98 to 0.84.
Expectedly, the best-ranked compound found by the pharmaco-
phore-based virtual screening was TAK-875, thus suggesting that
the entire computational protocol could be a reliable tool for the
identification of new GPR40 allosteric ligands. The next positions
of the ranking list were occupied by tazarotenic acid, efaproxiral,
and bezafibrate. To find their binding pose and interaction pattern
with GPR40, such compounds were submitted to docking simula-
tions (software Glide) into the TAK-875 binding site. For this pur-
pose, the shape and properties of the receptor were codified
within a grid that was built around the co-crystallised ligand.
Rotation of hydroxyl and thiol groups of GPR40 included in the
grid box was allowed during grid generation. The resulting recep-
tor grid was then used to find suitable positions for docked
ligands and score the ligand/GPR40 interactions found in that
pose. The reliability of Glide-based docking calculations on the
allosteric binding site of TAK-875 was previously verified23.

Molecular dynamics simulations were performed to check for
the stability of the docked complexes. Before simulations, docking
complex between GPR40 and tazarotenic acid (taken as a repre-
sentative example) was solvated in a box of explicit water mole-
cules containing counterions to neutralize the charge.
Subsequently, the overall system was relaxed through energy
minimization, heated to 300 K and equilibrated to finally produce
a 100 ns MD trajectory.

The three putative new GPR40 allosteric ligands were pur-
chased by chemical vendors (tazarotenic acid: Cayman Chemical,
item no. 21367, purity � 98%; efaproxiral: MedChemExpress, cat.
no. HY-13619, purity � 99.9%; bezafibrate: Cayman Chemical, item
no. 10009145, purity � 98%) and submitted to biological
evaluation.
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3. Results and discussion

3.1. Virtual screening based on a pharmacophoric model and
molecular docking simulations

The X-ray crystallographic three-dimensional coordinates of the
structure of human GPR40 bound to allosteric agonist TAK-875
(also known as fasiglifam, Figure 2) were used to set up a virtual
screening approach aimed at finding a new putative allosteric lig-
and of the target. For this purpose, a three-dimensional pharma-
cophoric model was generated automatically by Phase software24

taking into account complementarity between chemical features
of both TAK-875 and GPR40. Excluded volumes, which represent
regions of space occupied by portions of GPR40 and thus forbid-
den to putative ligands, were also added to the model. The result-
ing pharmacophore was constituted by five chemical features
(Figure 1(A)): a negative ionic group (N9) corresponding to the ter-
minal carboxyl substituent of TAK-875, two hydrophobics (H8 and
H7, respectively) that represent the dihydrofuran ring and one of
the two methyl groups of the xylenyl moiety, and two aromatic
ring features (R11 and R10, respectively) that codify for the

presence of the condensed and the central phenyl rings of TAK-
875. The terminal methanesulfonylpropoxy chain of the ligand,
which was exposed to the solvent without interactions with
GPR40, did not contribute to generating portions of the pharma-
cophoric model.

Next, following a classical drug repositioning or repurposing
approach often applied in medicinal chemistry projects, the
pharmacophore was used as a three-dimensional filter to screen
in silico the DrugBank database22. The latter is a bioinformatics
and cheminformatics database that contains about 14,000 entries
mainly including approved and discovery-phase drugs. Within the
virtual screening procedure, the Phase ligand screening routine
was applied, forcing the software to keep only those compounds
able to match, with their chemical groups, all the five features of
the pharmacophore. As a result, a list of 36 putative new GPR40
allosteric ligands was generated. Among them, as expected, TAK-
875 was found as the best-ranked hit compound, thus suggesting
that the pharmacophore is a reliable model for identifying new
allosteric ligand of GPR40. Additional three compounds (Figure 2)
occupied the first positions of the ranking list: tazarotenic acid, an

Figure 1. Graphical representation of the interaction pattern between the five feature pharmacophoric model for GPR40 allosteric ligands and the co-crystallized TAK-
875 (A) or tazarotenic acid (B) that was identified by a pharmacophore-based virtual screening approach. N9 (the orange sphere) is a negative ionic group; H7 and H8
(the green spheres) are hydrophobics; R10 and R11 (the orange circles) are aromatic rings. Large grey spheres are regions of space where the chemical group corre-
sponding to the pharmacophoric feature can be accommodated. On the contrary, small grey spheres represent regions of space where parts of the macromolecule are
located and that are forbidden to ligands (excluded volumes).

Figure 2. Structure of TAK-875 (the co-crystallized ligand of GPR40), the diarylethynyl derivative tazarotenic acid, and the two phenoxyacetic derivatives belonging to
the fibrate class of compounds.
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acetylenic derivative belonging to the retinoid class of compounds,
which is reminiscent of GPR40 agonists bearing a diaryl ethynyl scaf-
fold, such as TUG-42425 and similar compounds; bezafibrate and
efaproxiral, two propanoic acid derivatives belonging to the fibrate
class of compounds that share their phenoxyacetic acid substructure
with many GPR40 ligands recently appeared in the literature26–30.
These three compounds showed a very good match with the
pharmacophore. As an example, tazarotenic acid mapped the nega-
tive ionic region N9 with its carboxyl terminus (Figure 1(B)), while
the two aromatic ring regions R11 and R10 were filled by the pyri-
dine and the condensed phenyl ring, respectively. Moreover, one of

the methyl groups of the gem-dimethyl moiety of the dihydrothio-
chromenyl nucleus mapped the hydrophobic region H7. Finally, the
hydrophobic region H8 was filled by part of the pyridine nucleus. It
is worth noting that, differently from many GPR40 agonists that suf-
fered from high molecular weight and lipophilicity29, the three com-
pounds showed molecular weight values between 323 (tazarotenic
acid) and 362 (efaproxiral), while their clogP values (calculated with
ChemAxon software) were in the range between 3.52 (bezafibrate)
and 4.33 (tazarotenic acid). The corresponding values for TAK-875
were 525 and 3.99, respectively. Moreover, tazarotenic acid, efaproxi-
ral, and bezafibrate share the additional advantage to be achiral
molecules.

To further check the hypothesis that such compounds could act
as GPR40 allosteric ligands, they were submitted to molecular dock-
ing calculations to identify their binding pose within the allosteric
binding site on GPR40. As an example of the results, the carboxylate
oxygens of tazarotenic acid in its best orientation made hydrogen
bonds and salt bridges with the side chain of Arg183 and Arg258,
as well as with the phenolic substituent of Phe91 (Figure 3). The
pyridine ring is embedded within a lipophilic cage delimited by
Phe87, Leu171, and Trp174, while the terminal dihydrothiochromenyl
edge contacted Val81, Val84, Leu138, and Phe142.

MD simulations could offer preliminary information about the
time-dependent stability of final complexed states of these three
new binders. To assess the stability of the docked complexes and
to obtain further information about ligand-protein interactions,
MD simulations were performed by using Desmond software. The
evolution of the RMSD calculated on the ligand atoms of the com-
plex during MD simulation time with respect to the last frame of
minimization showed a 0.94 Å mean value with a 0.2 standard
deviation, thus suggesting a significant stability of the complex.

The production phases of the MD trajectories were then sub-
mitted to cluster analysis to evaluate the most frequent interac-
tions made by the compound within the binding sites. An
extended network of both hydrogen bonds and salt bridges was
confirmed between the terminal carboxylate moiety and the side
chains of Arg183 and Arg258. An additional anchor point

Figure 3. Graphical interaction of the interaction pattern of tazarotenic acid (ball
and stick notation, green) within the allosteric binding site of GPR40 (for the
sake of clarity, only a few amino acids are displayed). The carboxylate group
serves as anchor point of the ligand by binding the guanidino side chains of
Arg183 and Arg258, as well as the phenolic substituent of Phe91. The central
pyridine ring makes hydrophobic interactions with the aromatic side chains of
Phe87 and Trp174, as well as with the alkyl side chain of Leu171. Finally, the ter-
minal condensed moiety points towards the solvent interface and shows add-
itional hydrophobic contacts with Phe142, Leu138, Val84, and Val81.

Figure 4. (A) Dose response curve of tazarotenic acid and its EC50 value. (B) Percentage of insulin release at different concentrations. Tukey’s multiple comparison test
is shown.
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consisting in a parallel q stacking was found between the pyridine
ring of the ligand and the side chain of Phe87.

Upon prioritisation of the first ranked compounds, the final
step of the virtual screening protocol was their purchase from
chemical vendors and submission to biological assays.

3.2. Insulin secretion from INS-1 832/13 b-cells

Compounds prioritised with the virtual screening procedure were
dissolved in DMSO and evaluated for their activity on insulin secre-
tion. This assay measures insulin release under GSIS conditions. The
functional tests were carried out using one of the most physiologic-
ally relevant in vitro b-cell models for studying human insulin secre-
tion. The INS-1 832/13 cell line is a genetically modified INS-1 cell
subclone selected for its robust glucose responsiveness over the
physiological range of glucose concentrations (3–23mM) retaining a
differentiated cell phenotype over more than 6 months in culture.
These characteristics made this cell line a widely used tool for study-
ing various aspects of b-cell function and are advantageous in com-
pound screening approaches. Therefore, the molecules were
screened for insulin secretion. To avoid interferences with activation
of RAR and RXR by tazarotenic acid and bezafibrate (this latter indir-
ectly since the inhibition involved its obligate RXR partners), the cell
line was exposed to specific antagonists as pre-treatment for
120min. Insulin levels were measured in conditioned medium of
INS-1 832/13 b-cell line treated with vehicle or various concentra-
tions (from 0 to 100nM) of tazarotenic acid, efaproxiral, and bezafi-
brate by two-site immunoassay.

Tazarotenic acid, a third-generation acetylenic retinoid, is the
drug generated by hydrolytic cleavage of the corresponding ethyl
ester prodrug tazarotene. It has been approved for dermatologic
use31, in topical applications for the treatment of psoriasis and
acne. This retinoid showed the best activity on insulin secretion

with an EC50 ¼ 5.73 nM (the dose-response graph is shown in
Figure 4(A)), similar to that found in cell growth assay on MCF-7
cells (5.6 nM, Table 1). There was a corresponding significant dose-
dependent increase in insulin secretion percentage, confirmed by
Tukey’s multiple comparison test to control (Figure 4(B)).

In terms of concentration, these data are similar to that of the
clinical bioavailability of tazarotenic acid in trans-epidermal admin-
istration (from 2 to 5.4 ng/mL)32.

In a similar way, the two propionic acid derivatives efaproxiral
and bezafibrate were found to increase insulin secretion in a
dose-dependent manner. Efaproxiral is an investigational drug
analogue of bezafibrate and binds to haemoglobin subunits33. It
was applied as radio sensitiser in radiation anticancer therapy
because of the non-covalent binding to haemoglobin results in
facilitating the release of oxygen from the haemoglobin/oxygen
complex, thus increasing the oxygen level in tumour cells (i.e. cru-
cial for the effectiveness of radiation therapy), independently from
blood–brain barrier penetration. However, results from a phase III
trial led to study discontinuation34.

On the other hand, bezafibrate is a second line antilipemic agent
that belongs to the class of phenoxyacetic acid derivatives, and tar-
gets peroxisome proliferator-activated receptor (PPAR) isoforms35.

Both efaproxiral and bezafibrate showed a similar profile and
EC50 values (14.2 nM, Figure 5(A), and 13.5 nM, Figure 6(A),
respectively). There was a corresponding significant dose-depend-
ent increase in insulin secretion percentage caused by the two
compounds and confirmed by Tukey’s Multiple Comparison Test
in comparison to control (Figures 5(B) and 6(B), respectively).

Overall, experimental evidence strongly indicated that tazarotenic
acid, efaproxiral, and bezafibrate acted by inducing cell growth and
enhancing insulin secretion. To validate GPR40 as a target for the
compounds under investigation, pre-treatment with the known
GPR40 antagonist DC260126 (12lM) abolished cell response, in
terms of either insulin release or cell growth (Figure 7(A,B), respect-
ively). In fact, the results of treatment with each of the three com-
pounds (100nM) were comparable with those of a DMSO treatment.

It is worth noting that all three compounds herein tested
accessed clinical trials. Tazarotenic acid and bezafibrate passed to
market for the treatment of acne and hyperlipidaemia,

Table 1. Cell viability assay (MTT) in MCF-7 cells.

Compound EC50 (nM)

Tazarotenic acid 5.6
Efaproxiral 21
Bezafibrate 14

Figure 5. (A) Dose response curve of efaproxiral and its EC50 value. (B) Percentage of insulin release at different concentrations. Tukey’s multiple comparison test is shown.
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respectively. On the contrary, the development of efaproxiral was
discontinued upon discouraging results from a phase III clinical
trial. In addition, a phase III clinical trial started very recently
(March 16, 2020)36 where bezafibrate is evaluated for primary
sclerosing cholangitis which is an additional T2D risk factor37.

3.3. Cell growth assay in MCF-7 cells

The existence of GPR40 in the human breast cancer cell line MCF-
7 is well known and its induction positively regulates cell growth
activities12,13. The three compounds promoted MCF-7 cell prolifer-
ation. To avoid interferences with activation of RAR and RXR by
tazarotenic acid and bezafibrate (this latter indirectly since the
inhibition involved its obligate RXR partner), the cell line was
exposed to specific antagonists as pre-treatment for 120min. The
EC50 values have been calculated for each compound and
reported in Table 1.

4. Conclusions

A virtual screening approach based on the pharmacophoric gener-
ation and molecular docking simulations was applied for the dis-
covery of new GPR40 allosteric agonists with activity on insulin
release. Three compounds have been prioritised by the

pharmacophore model that was used as a three-dimensional
query to filter the DrugBank database of known drugs. Next, inter-
actions of the best-ranked compounds with the allosteric binding
site of GPR40, which also accommodates the agonist TAK-875,
were identified by docking calculations. Tazarotenic acid, bezafi-
brate, and efaproxiral were found to induce cell growth and
increase insulin secretion mediated by GPR40 activation. Based on
these results, the compounds could be considered as promising
starting points for the identification of new allosteric agonists of
GPR40 whose development will be of pivotal importance for the
treatment of type 2 diabetes and related diseases.
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