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Abstract

Type 2 diabetes is characterized by impaired glucose homeostasis due to defects in insulin secretion, insulin resistance and
the incretin response. GPR40 (FFAR1 or FFA1) is a G-protein-coupled receptor (GPCR), primarily expressed in insulin-
producing pancreatic -cells and incretin-producing enteroendocrine cells of the small intestine. Several GPR40 agonists,
including AMG 837 and TAK-875, have been disclosed, but no GPR40 synthetic agonists have been reported that engage
both the insulinogenic and incretinogenic axes. In this report we provide a molecular explanation and describe the
discovery of a unique and potent class of GPR40 full agonists that engages the enteroinsular axis to promote dramatic
improvement in glucose control in rodents. GPR40 full agonists AM-1638 and AM-6226 stimulate GLP-1 and GIP secretion
from intestinal enteroendocrine cells and increase GSIS from pancreatic islets, leading to enhanced glucose control in the
high fat fed, streptozotocin treated and NONcNZO10/Lt) mouse models of type 2 diabetes. The improvement in
hyperglycemia by AM-1638 was reduced in the presence of the GLP-1 receptor antagonist Ex(9-39)NH,.

Citation: Luo J, Swaminath G, Brown SP, Zhang J, Guo Q, et al. (2012) A Potent Class of GPR40 Full Agonists Engages the Enterolnsular Axis to Promote Glucose
Control in Rodents. PLoS ONE 7(10): e46300. doi:10.1371/journal.pone.0046300

Editor: Francis C. Lynn, University of British Columbia, Canada
Received June 5, 2012; Accepted August 29, 2012; Published October 9, 2012

Copyright: © 2012 Luo et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by Amgen Inc., which played a role in study design, data collection and analysis, decision to publish, and preparation of the
manuscript.

Competing Interests: All authors were employed by and shareholders in Amgen during the study period. Patents filed or issued: U.S. Patent No. 7,649,110, U.S.
Patent No. 7,816,367, U.S. Patent No. 8,030,354 and WO 2005/086661. This does not alter the authors’ adherence to all the PLOS ONE policies on sharing data and
materials.

* E-mail: dclin@amgen.com

® These authors contributed equally to this work.

Introduction

GPR40 is a 7-transmembrane receptor that responds to a
plethora of long-chain fatty acids [1,2]. GPR40 is expressed on gut
enteroendocrine cells [3,4] and pancreatic B-cells [1,5], key cell
types that respond to nutrients and modulate whole body glucose
homeostasis. Stimulation of the GPR40 pathway in these cells
results in elevated serum levels of the incretins GLP-1 (glucagon-
like peptide 1) and GIP (glucose-dependent insulinotropic poly-
peptide), and insulin. Mimetics and secretagogues of insulin are a
mainstay of the diabetic pharmacopeia while mimetics and
stabilizers of GLP-1 are gaining increased acceptance [6,7]. By
combining the activity along both of these axes into one molecular
entity, synthetic agonists that target GPR40 represent a novel
approach for glycemic control. However, to date, no GPR40
agonists have been described which both increase incretin levels
and insulin levels. We describe the discovery and characterization
of a novel class of GPR40 full agonists with improved pharma-
cology compared to the clinical candidate, AMG 837.

GPR40 has gained considerable interest as a target for type 2
diabetes from pharmaceutical companies, investigators and the
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medical community [8,9]. Because the actions of GPR40 to
stimulate insulin secretion from pancreatic B-cells are dependent
on elevated glucose levels [1], the risk of hypoglycemic episodes
following GPR40 agonist treatment is low. In rodents, deletion of
GPR40 results in reduced insulin levels in response to both acute
lipid stimuli [10] and after long-term high fat feeding [11].
Additionally, GPR40 null mice displayed a reduced incretin
response to free fatty acids [3] and impaired glucose and arginine
induced insulin secretion i vivo [12]. In humans, a GPR40 variant
(Gly180Ser) was described which was linked to a reduced insulin
secretory capacity [13]. These studies support efforts to discover
novel GPR40 agonists for therapeutic use in type 2 diabetes.
Previous disclosures have described the discovery of orally
bioavailable GPR40 agonists that displayed efficacy in a variety of
rodent diabetic models without exhibiting hypoglycemia [14-17].
Two of these molecules, AMG 837 [17,18] and TAK-875 [16,19],
were selected for further clinical evaluation as antihyperglycemic
agents. TAK-875 was found to improve glycemic parameters in
type 2 diabetic subjects, but not in healthy volunteers [19].
Similarly, in phase 1 clinical trials in healthy volunteers, AMG 837
did not lower glucose or increase insulin levels (Amgen, data on
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file). While both agonists enhance insulin secretion from pancre-
atic B-cells and lower post-prandial glucose in non-clinical models,
neither these nor other reported synthetic GPR40 agonists have
been shown to significantly improve incretin levels # wivo,
including in phase 2 clinical trials of 12-weeks in duration with
TAK-875 [20,21]. GPR40 full agonists, discovered and described
here, represent a unique class of GPR40 agonists with greater
glucose lowering efficacy in rodents.

Results

Discovery of AM-1638 and AM-6226

Characterization of AMG 837 in an assay monitoring calcium
flux in CHO cells (a CHO cell line stably expressing GPR40)
revealed that it displays partial agonist activity against GPR40
(figure 1A, AMG 837 EC5,=0.12%20.01 pM, n=26, 29% E,.«)
compared to the natural free fatty acid ligands, confirming
previously published results of partial agonism [17]. In another
GPR40 stable cell line derived from A9 cells (A9_GPR40) [17],
the maximal activity of AMG-837 was 2-fold lower than that of
several fatty acid natural ligands, including arachidonic, oleic, and
linoleic acids (figure 1D). We confirmed that other published
synthetic agonists, GW-9508 [22] and TUG-424 [23] were also
partial agonists (figure S1). Since GPR40 agonists with greater
intrinsic activity may have improved anti-diabetic properties, we
focused our efforts to discover potent synthetic full agonists.

Further examination of our collection of GPR40 agonists
synthesized during the discovery of the partial agonist AMG 837
[18] with this CHO-GPR40 stable cell line provided us with our
mitial  full agonist lead (*)-AM-8596 (figure 1B,C;
EC50=1.5%20.17 uM, n =15, 98% E,,..). Interestingly, evaluation
of the single enantiomers of this full agonist lead (*)-AM-8596
revealed that the (5)-AM-8596 enantiomer was a partial agonist
(EC50=0.65%£0.03 uM, n=35, 30% E..,) while the less potent
enantiomer, (R)- AM-8596, displayed the desired properties of full
agonism (EC50=3.8£0.54 pM, n =10, 98% E,,..), prompting us
to explore this chemical lead for further optimization of its
properties.

Addition of a fluoro substituent to the terminal aryl ring and
exchange of the propynyl moiety of (R)-AM-8596 for a trans-1-
propenyl group provided AM-8182 that displays a modest increase
in potency and maintains full agonism (Figure 1B,C;
EC50=2.4%20.1 uM, n=16, 106% E,.,). Three further chemical
modifications: exchange of the #rans-propenyl group for a
cyclopropane, relocation of the ether linkage from a para- to an
ortho-orientation on the central phenyl ring, and addition of a 5,5-
dimethylcyclopent-1-enyl group to the biphenyl moiety led to the
discovery of the potent full agonist AM-1638 (Figure 1B, C;
0.16%£0.01 pM, n=21, 100% E,,,,). Further optimization of AM-
1638 resulted in the discovery of AM-6226 (Figure 2B, C;
EC5,=0.13%20.03 uM, n=21, 105% E.y).

Characterization of AM-1638 and AM-6226 in vitro

We characterized AM-1638 and AM-6226 in a number of
assays to confirm their properties. The second messenger inositol
phosphate was measured in response to the leads as well as AM-
1638 and AM-6226; both agonists had intrinisic activity similar to
the endogenous fatty acid ligands with ~2-fold greater intrinsic
activity than AMG 837 (figure 1D). Half-maximal potency in this
assay format was 13.1+1.1 nM (n=12) and 5.7£0.8 nM (n=11)
for AM-1638 and AM-6226, respectively. The greater potency of
AM-1638 and AM-6226 in the inositol phosphate assay compared
to the aequorin Ca®* flux assay is likely due to the fact that that the
inositol phosphate assay measures second messenger levels
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accumulated over an l-hour period, while the aequorin assay
measures Ca”* levels over a 20-second interval immediately after
addition of compounds.

Transient transfection of GPR40 at reduced levels allows for
clear differentiation of full and partial agonists [17]. CHO cells
were transiently transfected with aequorin and 10-fold dilutions of
GPR40 expression plasmid in parallel, but the total amount of
plasmid DNA was kept constant by adding the appropriate
amount of empty vector DNA. In this assay format, AM-1638 and
AM-6226 displayed greater intrinisic efficacy than AMG 837 and
this difference magnified at reduced receptor expression levels.
The maximal efficacy of AMG 837 was ~60%, ~20% and ~5%
of the maximal efficacy of AM-1638 and AM-6226 when 5, 0.5
and 0.05 ug of GPR40 expression plasmid were transfected,
respectively (figures 1E, F, and G).

Competition binding experiments using radiolabelled AMG 837
or AM-1638 were performed. Unlabelled AMG 837 displaced *H-
AMG 837, but not “H-AM-1638. Conversely, unlabelled AM-
1638 or AM-6226 displaced *H-AM-1638, but not *H-AMG-837.
These results revealed that AM-1638 and AM-6226 binds to a site
distinct from that which AMG 837 binds (figure 1 H,I), further
underscoring the unique properties of this set of agonists.
Additionally, AMG 837 and AM-1638/AM-6226 act as positive
allosteric modulators to one another and those data are the subject
of an additional report [24].

To explore the specificity of AM-1638 and AM-6226, we tested
their activity on receptors related to GPR40. In the aequorin
assay, AM-1638 and AM-6226 did not activate the receptors
GPR41 (FFAR3) and GPR43 (FFAR2) up to 10 uM, but had
weak activity on the lipid activated receptor GPR120 (ECs,
~5 uM) (figure S2). Both agonists did not activate PPAR alpha,
delta, or gamma at concentrations up to 10 uM (figure S2).

Stimulation of Second Messengers and Secretion of
Insulin, GLP-1 and GIP in Primary Cells

The divergent pharmacology displayed by GPR40 full agonists
AM-1638 and AM-6226 from AMG 837 motivated us to elucidate
these compounds’ effects on isolated primary cells, which would
more closely mimic the endogenous receptor expression levels.
Mouse islets were isolated and potentiation of insulin secretion at
16.7 mM glucose was tested with different doses of AMG 837,
AM-1638 and AM-6226. Both AM-1638 and AM-6226 increased
insulin secretion 34 fold from that of AMG 837 (figure 2A). The
potency of AM-1638 and AM-6226 in this assay was
EC5(,=0.99+0.15 uM (n=6) and EC;5,=0.94+0.6 pM (n=3),
respectively. Because AM-1638 and AM-6226 had overall similar
properties in recombinant-cell expressing GPR40 functional assays
and mouse islets, we focused most of the subsequent experiments
on AM-1638.

To understand the effects on the kinetics of insulin secretion,
AM-1638 and AMG 837 were tested at 10 uM in an islet
perifusion system in the presence of both 3 mM and 16.7 mM
glucose. Under conditions containing 3 mM glucose, neither
AMG 837 nor AM-1638 stimulated insulin compared to the
vehicle control (figure 2B). In the presence of 16.7 mM glucose,
AM-1638 and AMG 837 increased both first and second phase
insulin secretion, but the total amount of insulin secreted was
greater for AM-1638 in both phases (t = 20-30 minutes, figure 2B).
That AM-1638 did not potentiate GSIS at 3 mM glucose indicates
that the glucose-dependent aspects of AM-1638 on pancreatic -
cell msulin secretion were maintained. These effects were specific
to GPR40, as islets isolated from GPR40 knockout mice did not
respond to AM-1638 or AM-6226, but did respond to Exendin-4,
which exerts its effects via GLP-1R (figure 2C).
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Figure 1. In vitro characterization of AM-1638 and AM-6226 and comparison to AMG 837. (A) Aequorin Ca** assay comparing AMG 837 to
natural fatty acid ligands DHA, a-LNN and arachidonic acid. (B) Chemical structures of the key compounds synthesized during the medicinal
chemistry effort that led to the discovery of AM-1638 and AM-6226. (C) Aequorin Ca** flux with key synthetic agonists and fatty acids. (D) Inositol
phosphate assay with key synthetic agonists and fatty acids. (E-G) Plasmid titration experiments to examine agonist activity under conditions with
reduced receptor levels, where either 5000 ng (E), 500 ng (F) or 50 ng (G) of GPR40 (FFAR1) expression plasmid was co-transfected with aequorin
expression plasmids into CHO cells. (H) Competition binding experiment with *H-AMG 837. (I) Competition binding experiment with *H-AM-1638.
doi:10.1371/journal.pone.0046300.9001
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Figure 2. Activity of AM-1638 and AM-6226 in primary cells. (A) GSIS assay in mouse islets incubated with a dose response of compounds in
the presence of 16.7 mM glucose. (B) Mouse islet perifusion assay. The glucose concentration was raised from 3 mM to 16.7 mM at t=20 minutes
and returned to 3 mM glucose at t=30 minutes. 10 uM compound was perifused through the entire experiment. (C) GSIS assay with islets from wild
type or GPR40 knock-out mice. (D) Inositol phosphate assay with dispersed human islet cells. (E) GSIS assay with human islets incubated with GPR40
agonists and 12.5 mM glucose. (F) GLP-1 secretion assay with fetal rat intestinal cells. (G) GIP-1 secretion assay with fetal rat intestinal cells. (H) Inositol
phosphate accumulation assay using the mouse GLUTag enteroendocrine L-cell line. Statistical significance is denoted by *(p<<0.05), **(p<<0.01),
***(p<<0.001) and ****(p<<0.0001), as determined by one-way or two-way ANOVA, and are color-coded to treatment in the figure legends. For (A), (B),
(F), (G), and (H) statistical comparisons were made to AMG 837 treatment. For (C) and (E) statistical comparisons were made to vehicle treatment.
doi:10.1371/journal.pone.0046300.g002
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These results were extended to isolated primary human islets
cells. Measuring the accumulation of the second messenger inositol
phosphate in response to agonist treatment, we observed that both
AM-1638 and AM-6226 potently stimulated IP production in
human islets with ~8-10xgreater efficacy than AMG 837
(figure 2D). Stimulation of insulin secretion at 12.5 mM glucose
was also significantly greater for AM-6226 than AMG 837
(figure 2E), suggesting again the potential therapeutic use of these
molecules with greater anti-diabetic properties.

Increased GLP-1 and GIP would be expected to have additional
benefits in type 2 diabetics [25]. While GPR40 is co-expressed
with both GLP-1 and GIP in gut enteroendocrine cells [3,4], no
synthetic GPR40 agonists have been shown to induce secretion of
these peptide hormones. We tested for potential effects on incretin
secretion i vitro by using cells isolated from fetal rat intestines [26].
Dose responses measuring GLP-1 and GIP secretion into the
culture media following incubation with AM-1638 and AMG 837
demonstrated that both agonists could stimulate GLP-1 release
vitro but the magnitude of effect was greater with AM-1638
(figure 2F,G). The murine enteroendocrine GLUTag cell line
expresses GPR40[27], and in an inositol phosphate accumulation
assay with GLUTag cells, AM-1638 and AM-6226 had markedly
enhanced activity (3—4 fold increase) compared to AMG 837
(figure 2H). Taken together, these results demonstrate greater
insulin and incretin stimulation by AM-1638/AM-6226, indicat-
ing that this class of agonists may have enhanced anti-hypergly-
cemic activity i vivo compared to the class represented by AMG
837.

Enhanced Anti-diabetic Efficacy of AM-1638 in Rodent
Models

The impressive i vitro profile of AM-1638 warranted further
examination in diabetic rodent models i vivo. AM-1638 possessed
pharmacokinetic properties suitable for oral dosing in the rat,
mouse, beagle dog and cynomolgus monkey [28]. We first
evaluated @ wvivo pharmacology in the high-fat fed, low-dose
streptozotocin-treated mouse model of type 2 diabetes [29]. This
model was chosen since it features both insulin resistance and
reduced B-cell capacity, two hallmarks of type 2 diabetes.

AM-1638 was dosed at 10, 30, 60 and 100 mg/kg followed by
an oral glucose tolerance test (OGTT). Glucose AUC following
improved 15, 23, 35 and 48% at 10, 30, 60 and 100 mg/kg AM-
1638, respectively (figure 3A,B). These effects were compared in
parallel to AMG 837; preliminary experiments indicated that
AMG 837 was maximally efficacious at doses =60 mg/kg in this
model. Following a single 100 mg/kg dose, AMG 837 improved
post-challenge glucose AUC by 19% (figure 3A,B). Thus, the
greater intrinsic activity of AM-1638 in vitro translated to improved
glucose control n vivo.

In order to understand the mechanisms underlying the
improved glucose clearance, we measured insulin levels in
response to AM-1638 treatment. AM-1638 at the higher doses
stimulated greater insulin secretion 1.5-2.2 fold greater than AMG
837 (figure 3C,D). In order to verify that sufficient drug levels of
both AM-1638 and AMG-837 were present, we measured plasma
drug levels at the time of glucose challenge (I1-hour post drug
administration). The free drug level in plasma at 100 mg/kg AM-
1638 and AMG 837 were 363+48 and 82666 nM, respectively
(figure 3E) which exceeded the EC5, values for these agonists on
the mouse GPR40 inositol phosphate accumulation assay (AM-
1638: EC50=12.9*1.4 nM (n=2); AMG 837: 11.0£0.05 nM
(n=2)).

The increase in insulin secretion by GPR40 agonists is due to
direct stimulation of GPR40 receptors on pancreatic B-cells, but
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may also be derived from stimulation of the gut peptides GLP-1
and GIP, which subsequently act on the GLP-1 and GIP G
protein-coupled receptors found on pancreatic B-cells. AM-1638
and AMG 837 were also tested for stimulation of secretion of
the incretins GLP-1 in HF/STZ mice. A single dose of AM-
1638 or AMG 837 was administered by oral gavage, and blood
GLP-1, insulin and glucose levels were measured at various
time-points following dosing. No glucose challenge was per-
formed in order to isolate the effects of the compounds alone.
The full agonist AM-1638 differentiated itself from the AMG
837 by exhibiting a markedly greater increase in both plasma
GLP-1 and insulin levels (figure 4A,B). While plasma glucose
levels trended higher in vehicle treated animals, stabilized blood
glucose levels were observed in both the AMG 837 and AM-
1638 treated groups (figure 4C). AM-1638 also stimulated
secretion of GIP following a single oral dose (figure 4D). The
increase in GLP-1 and GIP by AM-1638 likely contributed to
the enhanced insulin response observed during the glucose
challenge (figure 3C.,D).

AM-1638 Enhances Incretin and Insulin Secretion in
NONcNZO10/Lt) Mice

In order to confirm and expand these results to a different
rodent type 2 diabetes model, we tested the effects of AM-1638
in the NONcNZO10/LtJ] (RCS10) mouse model of diabetes.
NONcNZO10/LtJ] mice retain an intact leptin pathway but
contain polygenic defects contributing to moderate and mature
onset obesity and diabetes [30,31]. Treatment with a single
60 mg/kg oral dose of AM-1638 resulted in almost complete
suppression of glucose excursions during an oral glucose
tolerance test (figure 5A,B). Glucose AUC was reduced 26%
when compared to that with vehicle treatment (figure 5B).
Similar to that observed in high-fat fed, low-dose streptozotocin-
treated mice, both insulin and GLP-1 levels 15 minutes after
glucose challenge were significantly increased in AM-1638
treated NONcNZO10/LtJ mice when compared to vehicle
treated animals and baseline levels (figure 5C,D). GIP levels
appeared elevated in AM-1638 treated animals, but when
compared to vehicle treated mice this value did not reach
statistical significance (figure 5E). Taken together, these results
demonstrate that AM-1638 acts on both intestinal L-cells and
pancreatic B-cells to ultimately stimulate insulin secretion and
improve glucose homeostasis.

Evaluation of AM-1638 in GPR40 Null Mice or in the
Presence of GLP-1 Receptor Antagonist Exendin(9-
39)NH,

GPR40 null mice were used to understand whether the effect of
AM-1638 was mediated through GPR40 i viwe. Wild type and
GPR40 knockout mice were tested in an OGT'T following a single
dose of AM-1638 or sitagliptin, which exerts its effects via
inhibition of DPP-IV [32]. The improvement in pre- (before
glucose-bolus) and post-challenge glucose levels were evident in
wild type but not GPR40 knockout mice, while the effect of
sitagliptin was maintained in both (figure 6A,B,C). Agonism of
GPR120 has been reported to mediate GLP-1 secretion [33,34],
and because AM-1638 and AM-6226 have weak activity on
GPR120 (EC5¢ ~ 5 uM, figure S2), it was important to determine
whether the increase in GLP-1 i vivo was dependent on GPR40. A
single dose of AM-1638 at 100 mg/kg elicited an increase in
plasma GLP-1 levels in wild type but not GPR40 knockout mice
(figure 6D). In toto, these results indicate that the pharmacology of
AM-1638 is specific to GPR40 m vivo.
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Figure 3. Enhanced /n vivo efficacy of AM-1638 compared to AMG 837 in HF/STZ type 2 diabetic mice. Drug treatment was administered
1-hour prior to an oral glucose bolus. (A) Glucose levels during an OGTT in high-fat fed, streptozotocin treated type 2 diabetic mice. (B) Glucose AUC
values. (C) Change in plasma insulin levels from baseline during an OGTT (D) Insulin AUC (E) Unbound (free) plasma drug concentration in plasma 1-
hour following drug dose, as determined by MS. 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 one-way or two-way ANOVA, and are color-coded to the treatment in the figure legends.

doi:10.1371/journal.pone.0046300.9003

In order to understand the contribution of the GLP-1
pathway to the improvement in glycemia observed with AM-
1638, we tested the effect of the GLP-1R antagonist Exendin(9—
39)NH, [35,36] on AM-1638 activity. Exendin(9-39)NH, was
dosed 15 minutes prior to dosing with either vehicle or AM-
1638 in wild type C57/BI6 mice. An intraperitoneal rather than
oral glucose challenge was performed in order to bypass the
incretin effect of an oral glucose administration. AM-1638 alone
resulted in a marked improvement in glucose levels and an

PLOS ONE | www.plosone.org

increase in insulin levels, but both of these effects were blunted
in the presence of Exendin(9-39)NH, (figure 6 E, F, G).
Glucose AUC was reduced ~53% in the presence of AM-1638,
but resulted in a ~25% glucose AUC reduction in the presence
of exendin(9-39)NH, (figure 6F) These data indicate that an
intact GLP-1R pathway contributes to the efficacy of AM-1638
in this setting.
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Discussion

A new class of GPR40 full agonists, represented by AM-1638
and AM-6226, provides access to a powerful dual mechanism for
maintaining glycemic control (figure 7). Two hallmarks of type 2
diabetes are decreased insulin secretion and a reduced incretin
effect. GPR40 full agonists present an opportunity to overcome
both of these defects with a single pharmacological agent by
increasing insulin secretion in pancreatic B-cells, and inducing
GLP-1 and GIP secretion from intestinal enteroendocrine cells.
GPR40 partial agonists, such as AMG-837, appear to engage the
single pancreatic B-cell axis to increase GSIS and lower prandial
glucose levels (figure 7). AM-1638 is the first synthetic GPR40
agonist that is reported to increase incretin levels in non-clinical
models i vivo. Thus, GPR40 full agonists could benefit from the
additional actions of GLP-1, which include suppression of
glucagon levels, increased satiety, weight loss and beneficial effects
on the cardiovascular system [25,37].

In contrast to AM-1638, the partial agonist AMG 837 does not
substantially increase GLP-1 or GIP levels i vivo. This is not likely
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due to a lack of exposure of AMG 837 to the enteroendocrine cells
in the gut, as the compound was dosed by oral gavage at doses as
high as 100 mg/kg. Possibly, there are lower GPR40 receptor
levels on enteroendocrine cells compared to islet B-cells and/or the
cellular mechanisms that promote incretin secretion are unique
from those that promote insulin secretion. In this context, only a
GPR40 full agonist, such as AM-1638 or the fatty acid natural
ligands, can appropriately engage GLP-1 and GIP secretion. The
GLP-1 pathway contributes to the enhanced efficacy of AM-1638
since the improvement in glycemia was reduced in the presence of
the GLP-1R antagonist (figure 6E-G). Overall, the greater m vivo
efficacy of AM-1638 compared to AMG 837 is likely a result of
enhanced stimulation of both the enteroendocrine and [-cell axes.
Consistent with this, in isolated settings, such as in the mouse L-
cell line GLUTag or with purified human or rodent islets, AM-
1638 and AM-6226 stimulated a greater second messenger
response compared to AMG 837 (figure 2).

Combination therapy is thought to provide improved glycemic
control due to the ability of multiple therapies to influence several
diabetic defects. Full agonists of GPR40 offer a unique dual-
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doi:10.1371/journal.pone.0046300.9g005

mechanism to address deficiencies in both insulin and incretin
release. Based on the mechanism-of-action, combination of
GPR40 full agonists with a DPP-IV inhibitor may provide even
greater glucose control by stabilizing elevated GLP-1 levels.
Further, we expect GPR40 full agonists to potentially also induce
secretion of other gut hormones, such as peptide YY and
cholecystokinin [38,39], which may exert additional benefits for
type 2 diabetic patients.

We expect that other partial agonists with intrinsic activity
equivalent to that of AMG 837, such as GW-9508[22] and TUG-
424(23], will have similar pharmacological properties to AMG
837, when properly controlled for drug exposure. Side-by-side
pharmacological experiments of AMG 837 and TAK-875 have
not been described, although their chemical structures appear
similar (figure S1). Tsujihata et al compared TAK-875 to oleic and
palmitic acids in a CHO cell line expressing GPR40[40]. While
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the maximal efficacy appeared similar in that assay, it is possible
that the specific CHO cell clone studied overexpresses GPR40, so
a difference between partial and full agonists may be masked.
Further studies with TAK-875 in systems where GPR40 levels are
reduced, such as those described here (¢ figures 1E, F, G), will be
useful. In phase 1 clinical trials in healthy volunteers, both TAK-
875[19] and AMG 837 (data on file, Amgen) did not improve
glucose levels or increase insulin levels in healthy volunteers. While
TAK-875 did improve glycemic parameters in type 2 diabetic
patients, these improvements were associated with an increase in
plasma insulin but not associated with a change in incretin levels
[20,21]. Based on the enhanced activity and engagement of the
incretin axis by the class of molecules defined by AM-1638, greater
clinical efficacy may be observed with this class of agonists.
While a single dose of AM-1638 provides clear advantages for
glycemic control, important questions remain to be answered. The
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Figure 6. Specificity of AM-1638 to GPR40 (FFAR1) /n vivo and effect of the GLP-1R antagonist GLP-1(9-39)NH,. An OGTT was
performed in (A) wild type or (B) GPR40 null mice following a single oral dose of AM-1638 or sitagliptin. Glucose was dosed 1-hr post drug treatment.
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doi:10.1371/journal.pone.0046300.9g006
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effects of longer term dosing and sustainability of glycemic
improvement by AM-1638/AM-6226 are important areas of
investigation. Given that type 2 diabetics often have reduced
numbers of functioning pancreatic B-cells, the effects of AM-1638
and AM-6226 or other full agonists on B-cells following long-term
dosing is of considerable interest. Partial agonists such as AMG
837 have sustained anti-diabetic effects following 21-day, ¢d dosing
in Zucker fatty rats [17] and similar experiments will need to be
performed for GPR40 full agonists. Isolated pancreatic islets from
both wild type and GPR40 null mice were susceptible to
lipotoxicity i wvitro, suggesting GPR40 is not involved in the ill-
effects of prolonged exposures to elevated fatty acids [10].
Nonetheless, prolonged GPR40 agonism may result in both
beneficial and harmful consequences on pancreatic B-cells [41-43]
and will be important to study in an i vive setting. The level of
agonism, in terms of both maximal level and duration of exposure,
may tip the balance of beneficial and harmful effects in either
direction.

While here we have reported the engineering and characteristics
of potent, full GPR40 agonists, this research opens doors for
targeting GPR40 with other classes of ligands. In recent years the
plasticity of GPCR ligand-receptor interactions has gained
appreciation [44]. In this light, engineering a GPR40 super-
agonist (greater E,,, than fatty acid ligands) can be envisioned
which may result in enhanced glucose control. While tachyphy-
laxis, loss of glucose-dependence in insulin secretion from islets, or
potential harmful consequences on the pancreatic B-cell would
continue to be a concern, some of these might be less evident on
intestinal enteroendocrine cells given their rapid turnover.

In addition to the enhanced functional activity, AM-1638 and
AM-6226 also bind to a distinct site on GPR40 from AMG 837, as
determined by competition binding experiments (figure 1H, I). In
fact, the AMG 837 and AM-1638 classes of agonists act as positive
allosteric modulators to each other as well as the fatty acid natural
ligands, and these data are the subject of an additional report [24].
This feature further underscores the uniqueness of this class of
molecules and can be further exploited to understand the
pharmacology of GPR40. We speculate that combination of the
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two molecules, either through co-administration or engineered in
the form of single molecular entity (dualsteric agonist), may
provide additional therapeutic benefit. Additionally, because AM-
1638/6226 and AMG 837 can positively cooperate with the fatty
acid orthosteric agonists, the activity of AM-1638/6226 and AMG
837 on GPR40 in vivo may be influenced by the presence of free
fatty acids, and vice versa. Future studies should examine the effect
of co-administering AMG 837 and AM-1638/6226 with a lipid
infusion or a mixed meal. Additionally, the pharmacology of AMG
837 and AM-1638/6226 on islet insulin secretion i vivo as a
function of varying serum free fatty acid concentrations and/or
different types of free fatty acids is an area of focus.

In conclusion, we have discovered a potent, efficacious class of
GPR40 agonists with enhanced efficacy compared to AMG 837.
Undoubtedly, these agonists will open new doors of investigation
into GPR40 pharmacology and potential therapies for type 2
diabetes.

Materials and Methods

GPR40 Agonist Synthesis

AMG 837 and all AM- compounds were synthesized by the
Amgen Therapeutics Discovery Department, South San Fran-
cisco, CA. Detailed synthesis and analytical properties are
included in the Materials and Methods S1 available online.
Synthesis of AMG 837 was conducted as described [18]. TUG-
424 and GW-9508 were purchased from Tocris Bioscience and
Caymen Chemicals, respectively.

In vitro Assays

GPR40 aequorin, plasmid titration, and inositol phosphate
assays were performed as described [17]. For aequorin assays, in
addition to transient transfection of GPR40 into CHO cells, a
CHO cell line stably expressing both GPR40 and aequorin was
generated. GLUTag cells were obtained under a license from Dr.
Daniel Drucker, University of Toronto. Competition binding
experiments were performed using membranes prepared from

A9_GPR40 cells [17]. Radio-labeled probes, "H-AMG 837
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(specific activity of 52.3 Ci/mmol) and *H-AM-1638 (31.4 Ci/
mmol), were custom synthesized at Movarek. Competition binding
assays were carried out in 20 mM Hepes pH 7.5, 5 mM MgCl,,
100 mM NaCl and 0.1% (w/v) free fatty acid BSA and bound
radioligand was collected on 96-well GF/C filter plates.

Primary Cell Assays

Mouse islets were isolated and tested for stimulation of GSIS as
described [17]. Human islets were purchased from Prodo labs or
were obtained from the National Institutes of Health and Juvenile
Diabetes Research Foundation supported Islet Cell Resource
Consortium (http://icr.coh.org). Islet inositol phosphate assays
were performed on islets cells that had been dispersed with trypsin.
10,000 islet cells were plated/well of a 96-well plate and were
loaded with *H-myo-inositol (0.5 uCi/well) in RPMI overnight
prior to treatment. The next day, response to different stimuli was
tested in HBSS containing 10 mM LiCl and 0.1% HSA (w/v) for
1 hour at 37°C.. Accumulated *H-inositol phosphate was measured
after capture to SPA beads. Islet perifusion experiments were
performed on mouse islets loaded into a Brandel Suprafusion
system. Twenty islets were size-matched and loaded per perifusion
chamber. Islets were perifused in KRBH containing, sequentially,
3 mM glucose, then 3 mM glucose containing 10 pM drug,
16.7 mM glucose containing 10 pM drug and finally returned to
3 mM glucose containing 10 pM drug. Insulin was measured
using an insulin ELISA kit (Alpco). Fetal rat intestinal cells were
isolated from el9-day old fetuses of pregnant Sprague-Dawley
rats. Briefly, fetal intestines were isolated and digested in HBSS
buffer containing 0.5 mg/ml collagenase (Sigma), 0.5 mg/ml of
hyaluronidase (Sigma) and 0.05 mg/ml of deoxyribonuclease I
(Roche) for 30 minutes at 37°C. The digestion was quenched using
HBSS containing 15% FBS. Fetal rat intestinal cells were washed
and cultured overnight in DMEM containing 5% FBS in 96-well
plates. To test for secretion of GLP-1 and GIP in response to
treatments, we incubated cells for 1 hour with treatments in
KRBH buffer containing 0.05% BSA (w/v). GLP-1 and GIPI
secreted into the media was measured using ELISA kits specific for
GLP-1 (Linco) or GIP (Millipore).

Rodent Experiments

All procedures on animals were approved by the Amgen San
Francisco Institutional Animal Care and Use Committee (ap-
proved protocols #11-04 and #2007-00106). The Amgen San
Francisco vivarium is an AAALAC accredited facility. Animals
were housed under a 12-h light, 12-h dark cycle (lights-on 0600 h
and lights-off 1800 h) and were allowed ad libidum access to chow
and water. The HF/STZ mice were established as previously
described [29]. Briefly, C57BL/6j mice (Jackson labs) at 4 weeks of
age were fed a high-fat diet (BioServ S1850, 35% fat) for 3-weeks
and then injected with 95 mg/kg streptozotocin (Sigma) i to
induce beta cell dysfunction. The animals continued on the same
high fat diet for 3-6 additional weeks. Animals were then
randomized into treatment groups based on fasting blood glucose
and insulin measures. NONcNZO10/LtJ (RCS10) male mice
(Jackson labs) were used at 12-weeks of age and randomized for
treatment based on fasting glucose levels. For OGTT experiments,
drugs were formulated in 1% HPMC, 10% HPbCD, 1% Tween-
80 and dosed via oral gavage. Glucose was administered at 2 g/kg
I-hour post drug dose by oral gavage.
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IPGTT experiments with Ex(9-39)NH, (Bachem) were per-
formed with male C57BL/6j (n=6-7/group) at 26-weeks of age.
Ex(9-39)NHy was formulated in PBS containing 0.1%BSA and
dosed 2 at 300 pg/kg. Fifteen minutes later, animals were dosed
with vehicle or AM-1638 by oral gavage. Glucose was adminis-
tered by # injection at 2 g/kg 30-minutes following the AM-1638
or vehicle dose.

For all glucose tolerance tests, glucose and insulin measurements
were taken from tail vein samples at various time-points. Blood
glucose values were measured on an Accu-Chek glucometer
(Roche Diagnostics), while insulin levels were determined using an

ELISA (Alpco).

Statistical Analysis

Data were plotted as the mean = SEM. One-way or two-way
ANOVA were carried out using Prism (GraphPad Software) and
statistical significance was considered meaningful at p<<0.05.

Supporting Information

Figure S1 AMG 837, GW-9508 and TUG-424 are partial
agonists. (A) Structure of selected GPR40 agonists. (B) GPR40
agonists were tested in parallel i vitro in an inositol phosphate
accumulation assay in A9 cells stably expressing GPR40.

(TTF)

Figure S2 AM-1638 and AM-6226 tested on GPR4l,
GPR43, GPR120 and PPAR-gamma assays. AM-1638 and
AM-6226 were tested against various receptors in cell-based
assays. (A) GPR41 (FFAR3) aequorin assay. GPR41 was force
coupled to the calcium signaling pathway by co-transfecting the
cells with Ggmyris. (B) GPR43 (FFAR2) acquorin assay. The short
chain fatty acid propionate acts as a natural agonist ligand for
GPR41 and GPR43. (C) GPR120 aequorin assay. The unsatu-
rated fatty acids o-LNN and DHA act as natural agonist ligands
for GPR120. (D) PPAR-gamma luciferase assay using the
thiazolidinedione rosiglitazone as a positive control. AM-1638
and AM-6226 also did not activate PPAR-alpha and PPAR-delta
in luciferase reporter assays in concentrations up to 10 uM (F. Li
and DCH Lin, data not shown).

(TIF)

Materials and Methods S1 Chemical Synthesis of AMG
837, AM-1638, AM-6226, AM-8596, AM-8182, *H-AM-
1638 and *H-AMG 837. Additional materials and methods
describing the chemical syntheses of key GPR40 (FFAR1) agonists
studied in this report.

(DOC)

Acknowledgments

The authors thank Barry Friedrichsen for critical review of the manuscript.

Author Contributions

Conceived and designed the experiments: JL. GS SPB PJD SW MT
DCHL. Performed the experiments: GS SPB JZ QG MC KN TT LM PJD
MV MT FL RZ DCHL. Analyzed the data: JL. GS SPB PJD JBH SW MT
BS DCHL. Contributed reagents/materials/analysis tools: SPB PJD.
Wrote the paper: SPB DCHL.

2. Briscoe CP, Tadayyon M, Andrews JL, Benson WG, Chambers JK, et al. (2003)
The orphan G protein-coupled receptor GPR40 is activated by medium and
long chain fatty acids. J Biol Chem 278: 11303-11311.

October 2012 | Volume 7 | Issue 10 | e46300



20.

21.

22.

. Edfalk S, Steneberg P, Edlund H (2008) Gpr40 is expressed in enteroendocrine

cells and mediates free fatty acid stimulation of incretin secretion. Diabetes 57:

2280-2287.

. Parker HE, Habib AM, Rogers GJ, Gribble FM, Reimann F (2009) Nutrient-

dependent secretion of glucose-dependent insulinotropic polypeptide from
primary murine K cells. Diabetologia 52: 289-298.

. Tomita T, Masuzaki H, Noguchi M, Iwakura H, Fujikura J, et al. (2005) GPR40

gene expression in human pancreas and insulinoma. Biochem Biophys Res
Commun 338: 1788-1790.

. Davidson JA (2010) Incorporating incretin-based therapies into clinical practice:

differences between glucagon-like Peptide 1 receptor agonists and dipeptidyl
peptidase 4 inhibitors. Mayo Clin Proc 85: S27-37.

. Peters A (2010) Incretin-based therapies: review of current clinical trial data.

Am J Med 123: S28-37.

. Hara T, Hirasawa A, Ichimura A, Kimura I, Tsujimoto G (2011) Free fatty acid

receptors FFAR1 and GPR120 as novel therapeutic targets for metabolic
disorders. J Pharm Sci 100: 3594-3601.

. Telvekar VN, Kundaikar HS (2008) GPR40 carboxylic acid receptor family and

diabetes: a new drug target. Curr Drug Targets 9: 899-910.

. Latour MG, Alquier T, Oseid E, Tremblay C, Jetton TL, et al. (2007) GPR40 is

necessary but not sufficient for fatty acid stimulation of insulin secretion in vivo.

Diabetes 56: 1087-1094.

. Kebede M, Alquier T, Latour MG, Semache M, Tremblay C, et al. (2008) The

fatty acid receptor GPR40 plays a role in insulin secretion in vivo after high-fat
feeding. Diabetes 57: 2432-2437.

. Alquier T, Peyot ML, Latour MG, Kebede M, Sorensen CM, et al. (2009)

Deletion of GPR40 impairs glucose-induced insulin secretion in vivo in mice
without affecting intracellular fuel metabolism in islets. Diabetes 58: 2607-2615.

. Vettor R, Granzotto M, De Stefani D, Trevellin E, Rossato M, et al. (2008)

Loss-of-function mutation of the GPR40 gene associates with abnormal
stimulated insulin secretion by acting on intracellular calcium mobilization.
J Clin Endocrinol Metab 93: 3541-3550.

. Tan CP, Feng Y, Zhou YP, Eiermann GJ, Petrov A, et al. (2008) Selective small-

molecule agonists of G protein-coupled receptor 40 promote glucose-dependent
insulin secretion and reduce blood glucose in mice. Diabetes 57: 2211-2219.

. Tikhonova IG, Sum CS, Neumann S, Engel S, Raaka BM, et al. (2008)

Discovery of novel agonists and antagonists of the free fatty acid receptor 1

(FFAR1) using virtual screening. J Med Chem 51: 625-633.

. Negoro N, Sasaki S, Mikami S, Ito M, Suzuki M, et al. (2010) Discovery of

TAK-875: A Potent, Selective, and Orally Bioavailable GPR40 Agonist. ACS
Medicinal Chemistry Letters 1: 290-294.

. Lin DC, Zhang J, Zhuang R, Li F, Nguyen K, et al. (2011) AMG 837: A Novel

GPR40/FFA1 Agonist that Enhances Insulin Secretion and Lowers Glucose
Levels in Rodents. PLoS One 6: €27270.

. Houze JB, Zhu L, Sun Y, Akerman M, Qiu W, et al. (2012) AMG 837: a potent,

orally bioavailable GPR40 agonist. Bioorg Med Chem Lett 22: 1267-1270.

. Naik H, Vakilynejad M, Wu J, Viswanathan P, Dote N, et al. (2012) Safety,

tolerability, pharmacokinetics, and pharmacodynamic properties of the GPR40
agonist TAK-875: results from a double-blind, placebo-controlled single oral
dose rising study in healthy volunteers. J Clin Pharmacol 52: 1007-1016.
Araki T, Hirayama M, Hiroi S, Kaku K (2011) GPR40-induced insulin secretion
by the novel agonist TAK-875: first clinical findings in patients with type 2
diabetes. Diabetes Obes Metab.

Burant CF, Viswanathan P, Marcinak J, Cao C, Vakilynejad M, et al. (2012)
TAK-875 versus placebo or glimepiride in type 2 diabetes mellitus: a phase 2,
randomised, double-blind, placebo-controlled trial. Lancet.

Briscoe CP, Peat AJ, McKeown SC, Corbett DF, Goetz AS, et al. (2006)
Pharmacological regulation of insulin secretion in MING6 cells through the fatty
acid receptor GPR40: identification of agonist and antagonist small molecules.
Br J Pharmacol 148: 619-628.

. Christiansen E, Urban C, Merten N, Liebscher K, Karlsen KK, et al. (2008)

Discovery of potent and selective agonists for the free fatty acid receptor 1
(FFA(1)/ GPR40), a potential target for the treatment of type II diabetes. ] Med
Chem 51: 7061-7064.

PLOS ONE | www.plosone.org

12

27.

28.

29.

31.

32.

33.

34.

36.

38.

39.

40.

41.

42.

43.

44.

GPR40 (FFAR1) Full Agonists AM-1638 and AM-6226

. Lin D, Guo Q, Luo J, Zhang J, Nguyen K, et al. (2012) Identification and

Pharmacological Characterization of Multiple Allosteric Binding Sites on the
FFA1 Receptor. Mol Pharmacol.

. Drucker DJ, Nauck MA (2006) The incretin system: glucagon-like peptide-1

receptor agonists and dipeptidyl peptidase-4 inhibitors in type 2 diabetes. Lancet
368: 1696-1705.

. Brubaker PL, Vranic M (1987) Fetal rat intestinal cells in monolayer culture: a

new in vitro system to study the glucagon-like immunoreactive peptides.
Endocrinology 120: 1976-1985.

Takoubov R, Izzo A, Yeung A, Whiteside CI, Brubaker PL (2007) Protein kinase
Czeta is required for oleic acid-induced secretion of glucagon-like peptide-1 by
intestinal endocrine L cells. Endocrinology 148: 1089-1098.

Brown SP, Dransfield PJ, Vimolratana M, Jiao X, Zhu L, et al. (2012) Discovery
of AM-1638: A Potent and Orally Bioavailable GPR40/FFA1 Full Agonist. ACS
Medicinal Chemistry Letters.

Luo J, Quan J, Tsai J, Hobensack CK, Sullivan C, et al. (1998) Nongenetic
mouse models of non-insulin-dependent diabetes mellitus. Metabolism 47: 663
668.

. Cho YR, Kim HJ, Park SY, Ko HJ, Hong EG, et al. (2007) Hyperglycemia,

maturity-onset obesity, and insulin resistance in NONcNZO10/Lt] males, a new
mouse model of type 2 diabetes. Am J Physiol Endocrinol Metab 293: E327—
336.

Leiter EH, Reifsnyder PC, Zhang W, Pan HJ, Xiao Q, et al. (2006) Differential
endocrine responses to rosiglitazone therapy in new mouse models of type 2
diabetes. Endocrinology 147: 919-926.

Kim D, Wang L, Beconi M, Eiermann GJ, Fisher MH, et al. (2005) (2R)-4-oxo-
4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]triazolo[4,3-a] pyrazin -7(8H)-yl]-1-
(2,4,5-trifluorophenyl)butan-2-amine: a potent, orally active dipeptidyl peptidase
IV inhibitor for the treatment of type 2 diabetes. ] Med Chem 48: 141-151.
Hirasawa A, Tsumaya K, Awaji T, Katsuma S, Adachi T, et al. (2005) Free fatty
acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120.
Nat Med 11: 90-94.

Ichimura A, Hirasawa A, Poulain-Godefroy O, Bonnefond A, Hara T, et al.
(2012) Dysfunction of lipid sensor GPR120 leads to obesity in both mouse and
human. Nature 483: 350-354.

Goke R, Fehmann HC, Linn T, Schmidt H, Krause M, et al. (1993) Exendin-4
is a high potency agonist and truncated exendin-(9-39)-amide an antagonist at
the glucagon-like peptide 1-(7-36)-amide receptor of insulin-secreting beta-cells.

J Biol Chem 268: 19650-19655.

Thorens B, Porret A, Buhler L, Deng SP, Morel P, et al. (1993) Cloning and
functional expression of the human islet GLP-1 receptor. Demonstration that
exendin-4 is an agonist and exendin-(9-39) an antagonist of the receptor.
Diabetes 42: 1678-1682.

. Mundil D, Cameron-Vendrig A, Husain M (2012) GLP-1 receptor agonists: a

clinical perspective on cardiovascular effects. Diab Vasc Dis Res 9: 95-108.
Liou AP, Lu X, Sei Y, Zhao X, Pechhold S, et al. (2011) The G-protein-coupled
receptor GPR40 directly mediates long-chain fatty acid-induced secretion of
cholecystokinin. Gastroenterology 140: 903-912.

Sykaras AG, Demenis C, Case RM, McLaughlin JT, Smith CP (2012) Duodenal
Enteroendocrine I-Cells Contain mRNA Transcripts Encoding Key Endocan-
nabinoid and Fatty Acid Receptors. PLoS One 7: ¢42373.

Tsujihata Y, Ito R, Suzuki M, Harada A, Negoro N, et al. (2011) TAK-875, an
Orally Available GPR40/FFA1 Agonist Enhances Glucose-Dependent Insulin
Secretion and Improves Both Postprandial and Fasting Hyperglycemia in Type
2 Diabetic Rats. J Pharmacol Exp Ther.

Alquier T, Poitout V (2009) GPR40: good cop, bad cop? Diabetes 58: 1035
1036.

Steneberg P, Rubins N, Bartoov-Shifman R, Walker MD, Edlund H (2005) The
FFA receptor GPR40 links hyperinsulinemia, hepatic steatosis, and impaired
glucose homeostasis in mouse. Cell Metab 1: 245-258.

Nagasumi K, Esaki R, Iwachidow K, Yasuhara Y, Ogi K, et al. (2009)
Overexpression of GPR40 in pancreatic beta-cells augments glucose-stimulated
insulin secretion and improves glucose tolerance in normal and diabetic mice.
Diabetes 58: 1067-1076.

Smith NJ, Bennett KA, Milligan G (2011) When simple agonism is not enough:
emerging modalities of GPCR ligands. Mol Cell Endocrinol 331: 241-247.

October 2012 | Volume 7 | Issue 10 | e46300



