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ABSTRACT: We recently reported the discovery of a potent
GPR40 full agonist AM-1638 (1). Herein, we describe our
efforts in improving the drug-like properties of the full agonists
through the systematic introduction of polar groups in the C-,
D-, and A-rings. This led to the discovery of new GPR40 full
agonists with significantly improved pharmacokinetic propeties.
Compound 8 and 20 also showed potent in vivo efficacy in oral
glucose tolerance tests in mice in addition to the improvement in properties.
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Type 2 diabetes is characterized by impaired glucose
homeostasis due to insulin resistance and insufficient

secretion of insulin from the pancreas.1 Consequently, blood
glucose increases and is a major risk factor for microvascular
and macrovascular complications including retinopathy, nephr-
opathy, neuropathy, and accelerated cardiovascular disease.2−4

Treating type 2 diabetes remains a significant medical need to
this day.
GPR40 (FFA1) belongs to Class A of the G-protein coupled

receptor (GPCR) family. It is primarily expressed in pancreatic
islet β-cells and also in enteroendocrine cells. GPR40 is not
only involved in direct potentiation of glucose-stimulated
insulin secretion in pancreatic islet β-cells but also stimulates
GLP-1 release from enteroendocrine L-cells.5 The dual
mechanism of action provides a compelling rationale to
develop GPR40 agonists as glucose-dependent insulin
secretagogues for the treatment of type 2 diabetes.6−8

Consequently, it has attracted interest from many in the
pharmaceutical community.9−11

We previously described a GPR40 full agonist AM-1638
(1)12,13 (Figure 1), which displayed superior antidiabetic
efficacy in several rodent models. However, AM-1638 (1) is
very lipophilic and has unsatisfactory physicochemical proper-
ties such as a calculated CLogP of 9.3. AM-1638 (1) exhibits
clearance of 0.91 L/(h·kg) and a half-life of 1.8 h in rat. We

hoped to reduce the CLogP and improve the pharmacokinetic
profile of this class of GPR40 agonists by introducing polarity
throughout the structure including the C-ring, D-ring, and the
A-ring.14,15

An aequorin assay13 was used to evaluate the potency of
newly synthesized GPR40 agonists. GPR40 couples primarily to
Gq and elicits a calcium response. The assay was performed
with cells stably overexpressing the GPR40 receptor to examine
the extent of calcium release upon activation by the synthetic
GPR40 agonists.
To introduce polarity into the C-ring of AM-1638 (1), we

decided to explore the use of pyridine as a replacement for the
phenyl group. This strategy has been applied in a different
GPR40 scaffold by Ulven et al.16 Methoxy-pyridines were
employed as the C-ring with the ring nitrogen at the ortho,
meta, and para positions relative to the B-ring (Table 1).17 The
ortho- and meta-pyridines (compounds 3 and 4, Table 1) were
investigated with the tert-butyl group in place of the D-ring.
Both 3 and 4 were less potent as compared to their nonpyridine
analogue 2. This strategy was revisited after the more potent
dimethyl cyclopentenyl D-ring was discovered. Compound 5
with a 2′-fluoro-5′-methoxy pyridine C-ring maintained both
the potency and efficacy in the aequorin assay compared to
AM-1638 (1), while lowering the CLogP by 0.7 unit.
Subsequently, the 2′-fluoro-5′-methoxy pyridine C-ring was
combined with the best head groups and the 2,2-dimethylcy-
clopentyl D-ring to evaluate its impact on pharmacokinetic
profile (Table 2).
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Figure 1. GPR40 full agonist AM-1638 (1).
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Compound 7 with the 2′-fluoro-5′-methoxy pyridine C-ring
showed improved metabolic stability, clearance, and half-life

compared to its 2′-fluoro-5′-methoxy phenyl C-ring analogue 6.
The addition of a fluorine atom onto the headgroup resulted in

Table 1. Replacing the C-Ring with Various Methoxy Pyridines

aMean of at least two runs; mean standard deviation is ±14%. b% Maximal efficacy compared to AM-1638 (1). cCalculated from ChemBioDraw
Ultra 12.0 by CambridgeSoft.

Table 2. Methoxy Pyridine Replacement Improved the Pharmacokinetics of the GPR40 Agonists

aMean of at least two runs; mean standard deviation is ±14%. b% Maximal efficacy compared to AM-1638 (1). cMetabolic stability in clearance
intrinsic: CL intrinsic (μL/min/mg) = {ln 100 − ln[(conc. after the metabolic reaction)/(conc. at initial 1 μM) × 100]}/[30 min]/[0.25 (mg/mL)
human or rat liver microsomes] × 1000 at 37 °C. dIV dose: 0.5 mg/kg. n = 2; PO dose: 2.0 mg/kg. n = 3. eCalculated from ChemBioDraw Ultra
12.0 by CambridgeSoft.
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compound 8, which further increased the half-life (4.6 h) and
oral bioavailability (98%) compared to those of compound 7
while maintaining good metabolic stability. Both 7 and 8 have
lower CLogP values due to the pyridine C-ring.
Given the excellent pharmacokinetic profile of compound 8,

it was dosed in high fat fed/STZ type II diabetic mice.5

Compound 8 demonstrated a dose-proportional decrease in
blood glucose levels with comparable efficacy at 30 mg/kg
compared to a maximally efficacious dose of 60 mg/kg AM-
1638 (1) during an oral glucose tolerance test (Figure 2).
Compound 8 also stimulated dose-dependent GLP-1 release,
reconfirming the dual mechanism of action of GPR40.18

Polar groups were also evaluated at the D-ring (Table 3).
Compound 9 had a less lipophilic neopentyl group replacing
the 2,2-dimethylcyclopentyl group. However, it displayed
higher clearance in rat. The addition of a fluorine to the
neopentyl group was tolerated in compound 10. A methoxy
replacement of the fluorine (compound 11) further reduced
the CLogP to 7.7 and led to a reduced clearance and a longer in
vivo half-life in rats compared to those of compound 6. Ethoxy
replacement (12) did not significantly change the potency or
DMPK profile compared to that of compound 11. Constraining
the ethoxy dimethylpropyl group into a dimethyltetrahydropyr-
an D-ring (13) led to a decrease in potency. Compound 14, a
diastereomer of 11, suffered a 10-fold loss in potency thus
indicating the importance of the methoxy-bearing stereogenic
center. These agonists suggested that the methoxy dimethyl-
propyl group in compound 11 could be a good functionality to
combine with the best findings in other areas of the GPR40
molecules.
Seeking additional areas to introduce polarity, we also

investigated into the A-ring (Table 4). Among the analogues
with 2,2-dimethylcyclopentyl group as the D-ring, introducing
an additional pyridine as the A-ring significantly lowered the
clearance to 0.086 L/(h·kg) and extended the half-life to 9.7 h
(compound 15). Substitution at the benzylic position of the
pyridine A-ring was explored. Exchanging the cyclopropyl
group to an ethyl group (16) was less advantageous and
resulted in a nearly 1.5-fold increase in clearance. Trimming the

cyclopropyl group down to a methyl (17) led to a 3-fold drop
in potency.
Replacing the D-ring of 15 with the methoxy dimethylpropyl

group led to compound 20 with the lowest clearance of 0.061
L/(h·kg) among the compounds shown in Table 4. In addition,
compound 20 has a long half-life (8.1 h) and good oral
bioavailability of 54%. The improved pharmacokinetics
correlated well with the improved CLogP value (6.0) of
compound 20, which is more than 3 units lower than that of
AM-1638 (1).
To further confirm that these compounds are full agonists

and that the signaling of the receptor is indeed through Gq that
results in accumulation of IP3, an upstream signal preceding
calcium release, we performed an IP3 assay on transfected A9
cells stably overexpressing the GPR40 receptor. While the
aequorin assay was performed on cells that express low levels of
the FFA1 receptor, the IP3 assays were performed on cells
stably expressing the FFA1 receptor at high levels. This
accounts for the increased potency shift in IP3 assay compared
to aequorin assay. The use of different expression level of
receptor helps to delineate if the compound is a true full agonist
or not. All compounds in Table 4 were confirmed to be full
agonists in both the aqeuorin and the IP3 assays. Compound 20
has the same potency (162 nM) as AM-1638 (1) (161 nM) in
aequorin assay, but it is much more potent in IP3 assay (0.6
nM) than AM-1638 (1) (13 nM).

Figure 2. In vivo results of dosing compound 8 in a HF/STZ type II
diabetic model in mice. Compound 8 lowered blood glucose in a dose-
dependent manner. Statistical significance compared to vehicle
treatment is denoted by *(p < 0.05), **(p < 0.01), ***(p < 0.001),
and ****(p < 0.0001), as determined by two-way ANOVA, and is
color-coded to the treatment in the figure legends.

Table 3. Polar Group Introduction at the D-Ring

aMean of at least two runs; mean standard deviation is ±14%. b%
Maximal efficacy compared to AM-1638 (1). cIV dose: 0.5 mg/kg. n =
2. dCalculated from ChemBioDraw Ultra 12.0 by CambridgeSoft.
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A few of the constrained head groups15 were combined with
the findings in the C-ring and D-ring to form compounds 18,
19, 21, and 22. They generally showed improved clearance over
AM-1638 (1) with the exception of compound 22; however,
they did not show superiority over compounds 15 and 20.
Compound 20 had a desirable combination of potency,

CLogP, and pharmacokinetics. It was scaled up for further
studies through the synthesis shown in Scheme 1. Dimethyl 4-
hydroxyisophthalate 23 was converted to triflate 24. Subse-
quent palladium-catalyzed Suzuki coupling with (5-fluoro-2-
methoxypyridin-4-yl) boronic acid yielded biphenyl 25.
Selective hydrolysis of the less-hindered ester in 25 resulted

in compound 26, and subsequent reduction of the carboxylic
acid in 26 led to alcohol 27. tert-Butyl lithium addition to the
ester in 27 generated ketone 28. Then it was converted to diol
29 through reduction of the ketone in 28 followed by chiral
separation. The benzylic alcohol in 29 was selectively protected
as a TBS ether, and then the secondary hydroxy group in 29
was protected as a methyl ether. After deprotection of the TBS
group in 30, the benzylic alcohol in 31 was converted to a
bromide 32, which would be used to couple to headgroup 38.
To synthesize headgroup 38, 2-fluoroisonicotinaldehyde 33

was condensed with Meldrum’s acid to generate compound 34.
1,4-Addition of cyclopropyl magnesium bromide to 34 and

Table 4. Polar and Constrained Groups Introduction at the Head Group

aMean of at least two runs; mean standard deviation is ±14%. b% Maximal efficacy compared to AM-1638 (1). cMean of at least two runs; mean
standard deviation is ±10%. dIV dose: 0.5 mg/kg. n = 2; PO dose: 2.0 mg/kg. n = 3. eCalculated from ChemBioDraw Ultra 12.0 by CambridgeSoft.
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decarboxylation generated acid 35, which was chirally separated
to obtain the desired enantiomer 36. The fluoro-pyridine in 36
was hydrolyzed to form pyridone 37. Esterification of
compound 37 led to headgroup 38. Coupling of 38 with tail
group 32 facilitated by silver carbonate formed the O-alkylated
compound 39, and it was subsequently hydrolyzed with lithium
hydroxide to give compound 20.
The in vivo efficacy of compound 20 was demonstrated in a

BDF-DIO model19 in mice (Figure 3). At a low dose of 0.3
mg/kg, it lowered the blood glucose significantly during an oral
glucose tolerance test. At 3 mg/kg, it showed comparable

glucose-lowering effect similar to that of compound 8 at 30
mg/kg. Though compound 20 had no further increase in
efficacy from 3 to 10 mg/kg, the blood glucose levels were not
dropped lower into a hypoglycemic range. This result indicates
that targeting GPR40 might provide a potential advantage as
diabetes therapeutics in terms of hypoglycemic control. The
potent in vivo efficacy of compound 20 is consistent with its
potent in vitro activity as well as its superior pharmacokinetics.
In conclusion, lipophilicity oftentimes correlates with high

metabolism and poor oral absorption. Our strategy of
improving the lipophilicity of the GPR40 agonists through
introducing polar groups in the C-ring, D-ring, and A-ring led
to the discovery of a number of compounds with improved
pharmacokinetics compared to AM-1638 (1). The improved
pharmacokinetics generally correlated well with lowered
calculated CLogP values. In addition, compounds 8 and 20
displayed potent glucose-lowering efficacy in mouse models.
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