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Abstract: GPR119 is a rhodopsin-like GPCR expressed in pancreatic
�-cells and incretin releasing cells in the GI tract. As with incretins,
GPR119 increases cAMP levels in these cell types, thus making it a
highly attractive potential target for the treatment of diabetes. The
discovery of the first reported potent agonist of GPR119, 2-fluoro-4-
methanesulfonyl-phenyl)-{6-[4-(3-isopropyl-[1,2,4]oxadiazol-5-yl)-pi-
peridin-1-yl]-5-nitro-pyrimidin-4-yl}-amine (8g, AR231453), is de-
scribed starting from an initial inverse agonist screening hit. Compound
8g showed in vivo activity in rodents and was active in an oral glucose
tolerance test in mice following oral administration.

Injectable peptide agonists of the glucagon-like peptide-
1a (GLP-1) receptor, such as exendin-4 (exenatide), amplify glu-
cose-dependent insulin release and preserve pancreatic �-cell
mass and have shown promise as antidiabetic agents; exenatide
has been approved for this indication.1 These compounds elevate
intracellular cAMP levels in �-cells via stimulation of the GLP-1
receptor (GLP-1R), which is positively coupled to adenylate
cyclase (GRs). GLP-1R is a class B (secretin-like) G-protein
coupled receptor (GPCR), and it has proven difficult over the
years to identify nonpeptide agonist ligands of this subfamily
that may be suitable for oral administration. As a result, we
were interested in identifying novel, class A (rhodopsin-like)
GRs-coupled GPCRs that would have similar �-cell expression
and G-protein coupling to GLP-1R. From this effort, we
identified GPR119 (recently termed glucose-dependent insuli-
notropic receptor, or GDIR) as a constitutively active, �-cell-
expressed receptor capable of elevating intracellular cAMP
levels in both transfected CHO cells or pancreatic �-cell lines.2

Additionally, we showed that GPR119 could stimulate incretin
hormone release from cells localized in the GI tract, demonstrat-
ing that the receptor can regulate glucose homeostasis by
multiple mechanisms.3 Thus, our early target localization and
validation studies suggested that GPR119 would be an attractive
target for the treatment of type 2 diabetes, and we assumed that
it may also be more amenable to the discovery of orally acting
small molecule agonists as a result of its phylogenicity.

It has proven difficult to investigate functional aspects of
GPR119 with native ligands, in part because the reported

endogenously expressed modulators are neither potent nor
selective. GPR119 is activated by phospholipids and lipid
amides, such as oleoyl ethanolamide, in vitro,4,5 but it remains
unclear as to whether these are physiologically relevant ligands.
A possible role for lipid amides in the activation of GPR119 is
supported by its phylogenetic proximity to cannabinoid recep-
tors,6 however the potency of GPR119-interacting lipid amides
is somewhat weak and they are also known to modulate other
biological targets, including PPARR nuclear receptors and
TRPV1 channels.7 Lipid amides might also be expected to
possess poor stability in vivo. Hence, to confirm early data with
molecular biological tools and to enable proof of principle in
appropriate pharmacological models, we required a potent and
selective agonist of the receptor. A preliminary report of the
discovery of weak GPR119 agonists has recently appeared,8 but
we herein describe the identification of the first highly potent
ligands for GPR119 for use in target validation studies.

A high-throughput screen of our compound collection, using a
96-well Flashplate membrane cyclase assay, capable of detecting
both agonist and inverse agonist responses,9 identified 1 (Figure
1) as a single tractable hit. The hit molecule was considered to be
somewhat unpromising as it was an inverse agonist of the receptor
(IC50 ) 84 nM; n ) 17), whereas all the preliminary data described
above suggested that an agonist would be required to have a
positive effect on modulation of insulin secretion and hence in
diabetes models. In addition, 1 contained both an undesirable
aromatic nitro group and a labile ester group. As expected, no
parent compound remained 15 min after intravenous administration
of 1 to rats and the major circulating metabolite was the carboxylic
acid resulting from ethyl ester hydrolysis, which proved to be
inactive at the receptor in our cyclase assay. However, the nitro-
pyrimidine core structure lent itself to parallel synthesis approaches,
and we therefore set out to try and generate agonist tools based on
the premise that, historically, nonpeptide agonists of rhodopsin-
like GPCRs reported in the literature have borne a remarkable
structural similarity to antagonists or inverse agonists of the same
receptor, as has been discussed previously.10 It was clear from the
lack of activity of a number of related compounds in our compound
collection that the piperidine ester function was making a significant
contribution to the observed activity, so despite the obvious
metabolic liability, we initially elected to keep this group in place
while examining the SAR at the opposite end of the molecule in
the search for an agonist starting point.

Using the simple synthetic procedure outlined in Scheme 1,11

we replaced the trifluoromethyl pyrazole with a series of aryl ethers
(Scheme 1, X ) O). Reasonable inverse agonist activity was
retained in the screening assay with a range of phenyl ethers
substituted with simple halo-, trifluoromethyl-, cyano-, or alkyl ether
groups (e.g., 4a), but no agonists were identified among the first
several dozen analogues prepared. However, when the phenyl group
was substituted in the 4-position with a more complex keto-ester
group, we obtained 4d, our first example of a GPR119 agonist.
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Figure 1. Structure of the inverse agonist screening hit.
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Although we had succeeded in inverting the functional activity in
our favor, we had done so at the expense of incorporating a second
labile ester group into the molecule. Some simple examination of
the SAR from the same early focused library showed that neither
a simple ketone (4b) nor an ether (4c, 4f) were sufficient to provide
agonist activity, but a ketone further displaced from the ring (4e)
also produced the desired functional response. We thus hypoth-
esized that a hydrogen-bond accepting group was required for
measurable agonist activity but that its optimal position was still
undetermined. Hence we focused our further efforts on substituted
phenyl analogues incorporating this type of feature with a view to
more closely defining the H-bonding acceptor requirements and
identifying a more stable agonist trigger group so that we could
return to addressing the stability issues at the other end of the
molecule. Extensive parallel SAR work led to the identification of
multiple agonist triggers, selected examples of which are shown
in Table 1 and include sulfones, sulfonamides, and various
5-membered heterocycles. The best activity was seen when such
a group was attached to the 4-position of the phenyl ring. In
addition, with the appropriate trigger in place, agonist activity was
maintained with either an ether or aniline linker (4, X ) O or NH).

Although our HTS assay had served its purpose of enabling us
to identify agonist molecules, the reproducibility of the assay and
hence the ability to obtain truly quantitative data was relatively
poor as a result of the requirement for transient transfection of the
receptor prior to each preparation of membranes; cells expressing
the receptor at high levels were also prone to apoptosis. This is
believed to be an artifact of receptor overexpression (many times
higher than under physiological conditions) and was cell type
dependent. Clear agonism or inverse agonism could be readily
determined, but it was difficult to rapidly and accurately determine
structural features that would enhance potency as the generation
of high quality data (SD < 0.4 log units) required too many
replicates. Hence we changed our assay platform to a melanophore
dispersion assay. The melanophore assay uses Xenopus cells, which
when transiently transfected with GPCRs can engage their existing
intracellular machinery to respond to receptor activation by changes
in pigment trafficking. This results in an apparent color change

that can be quantified by simple measurement of light trans-
mission in high-throughput format to produce concentra-
tion-response curves. These cells are particularly suited to
measuring Gi or Gs coupled GPCR activation (producing pigment
aggregation and dispersion respectively).12 This assay switch
provided data that proved to be significantly more reproducible
and consequently more suitable for more subtle SAR examination.

With a clear indication that agonist molecules could be identified
within the series and a new assay in hand, we now sought to replace
the ester group to provide more metabolically stable compounds.
As the ester group had proven important for the initial hit
identification, we elected first to replace it with a highly conserva-
tive isosteric replacement. The oxadiazole ring can provide all of
the hydrogen bond donor and acceptor capabilities of the ester itself,
and so we prepared a series of such derivatives as outlined in
Scheme 2. Reaction of a series of alkyl and aryl nitriles with
hydroxylamine provided hydroxyamidine intermediates, which
were condensed directly with 1-Boc-ethyl piperidine-4-carboxylate.
Removal of the Boc-protecting group under acidic conditions
provided the oxadiazole building blocks 5. Reaction of 5 with 2
under similar conditions as used previously to incorporate pip-
eridines provided the intermediates 6, which upon displacement
of the second chloro- group from the pyrimidine with aniline-4-
methyl sulfone under microwave irradiation conditions duly
provided the target compounds 7. As can be seen in Table 2,
keeping constant the aniline sulfone group which we had previously
shown to enable good agonist activity, allowed the identification
of a number of more potent agonist molecules. The SAR of the
alkyl substituent on the oxadiazole portion was particularly
remarkable. Increasing the size of this substituent from methyl to
ethyl provided a more than 25-fold improvement in agonist potency.
The addition of more carbon atoms to the chain in a linear manner
did not provide any further improvements in activity, whereas the
inclusion of R-branching (but not �-branching) in this group again
gave a significant improvement in potency. In addition to alkyl

Scheme 1. Two Step Synthesis of Nitropyrimidine Core
Compoundsa

a Reagents and conditions: (a) Ethyl piperidine-4-carboxylate, iPrNEt,
DCM, 0 °C, 91%. (b) Ph(R)XH (X ) O or NH) dioxin: DMF (5/1, v/v),
microwave heating, 20-65%.

Table 1. Activity of Compounds 4a-4k in a Membrane cAMP
Flashplate Assay

compd no. R X IC50/EC50 (µM)a function

4a 4-Br O 0.05 inverse agonist
4b 4-COEt O n.e.
4c 4-(CH2)2OMe O n.e.
4d 4-COCH2CO2Me O 1.0 agonist
4e 4-(CH2)2COMe O 1.7 agonist
4f 4-O(CH2)2OMe O 0.5 inverse agonist
4g 4-SO2Me O 1.9 agonist
4h 4-SO2NH2 O 3.0 agonist
4i 4-(1-(1,2,4-triazole)) O 2.5 agonist
4j 4-SO2Me N 1.2 agonist
4k 4-(1-(1,2,4-triazole)) N 0.4 agonist

a Data from the flashplate assay were not run with sufficient replicates
to be regarded as truly quantitative (usually n ) 1 or n ) 2), and so standard
error data are not applicable.

Scheme 2. Preparation of Oxadiazole Analoguesa

a Reagents and conditions: (a) NH2OH.HCl, Na2CO3, H2O/EtOH. (b) 1-Boc-
ethyl piperidine-4-carboxylate, NaH, THF, 4 M HCl/dioxan. (c) 2, iPrNEt,
DCM, 0 °C, 91%. (d) 4-MeSO2PhNH2, dioxane: DMF (5/1, v/v), microwave,
180 °C, 300s. (e) R′NH2, K2CO3, dioxane, microwave, 250 °C, 300s.
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groups in this position, we also examined a range of aryl groups
(two examples of which are shown in Table 2), but no further
compounds were identified that matched the single-digit nanomolar
potency of 7f or 7g. Subsequently, alternative heterocycles were
also examined in place of the oxadiazole in 7 (including the
isomeric oxadiazoles) and the SAR for compounds of this type
will be reported elsewhere.

Having identified a stable replacement for the ester group,
we turned our attention back to the other end of the molecule
to re-examine whether our previous SAR observations still held
true. The compounds 8a-8i were all prepared from the same
intermediate (6, R ) iPr) by nucleophilic displacement of the
pyrimidine chloro- group with various anilines, with the
exception of 8d, which was prepared from 8e by oxidation of
the thioether group to the sulfoxide with meta-chloro-perbenzoic
acid. As can be seen from Table 3, no further improvement in
potency was observed by increasing the size of the sulfone alkyl
group. Interestingly, the sulfoxide 8d was comparable in potency
to 7f, whereas the thioether analogue 8e was significantly less
potent, re-emphasizing the preference for a good hydrogen bond

acceptor in this region of the molecule. Addition of a further
fluoro-substituent onto this aryl ring provided two additional
compounds with improved potency, with 8g (AR231453) being
the first subnanomolar agonist compound that we had observed.
Replacement of the sulfone with sulfonamides did not provide
any further improvement, and although a similar SAR was
observed with other oxadiazoles in place of the iPr oxadiazole
in this series, once more, no real potency advantage ensued.

Further profiling of 8g showed it to be a highly selective ligand
for GPR119 with no off-target activity across a 76 receptor and
enzyme profiling panel (CEREP), which included the known
incretin receptors and no activity against 140 known and orphan
GPCRs in melanophore dispersion assays in-house. In addition,
8g had no activity against dipeptidyl peptidase-4, a well validated
target for the treatment of diabetes. Importantly for a pharmaco-
logical tool, 8g had activity across species, albeit with somewhat
lower potency in rodents (EC50 in melanophore for other species
tested: cynomologus monkey GPR119 ) 0.4 nM; mouse GPR119
) 12 nM; rat GPR119 ) 14 nM; dog GPR119 ) 1.6 nM). Across
all species, 8g displayed a significantly greater level of efficacy in
these assays than the putative endogenous ligand oleoyl ethano-
lamide and has since become our standard compound for compar-
ing the efficacy of other series of compounds at the receptor.
Comparative efficacy studies of a number of naturally occurring
lipid amides will be detailed in further reports from our laboratories.

Compound 8g did not inhibit any of the major CYP enzymes
and had no activity up to 10 µM at the hERG channel in a
patch clamp assay. Furthermore, excellent exposure was ob-
served after oral administration to C57/bl6J mice (10 mg/kg po
dose: tmax ) 0.5 h, Cmax ) 4975 ng/mL (9.84 µM), AUC )
19803 h ·ng/mL, t1/2 ) 3.4 h; %F was not calculated as the iv
PK profile was not determined in mouse), making this a
promising tool for studying the function of GPR119 in this
species. As has been recently reported,2 8g stimulated cAMP
production via endogenously expressed GPR119 in the �-cell-
like hamster insulinoma line HIT-T15, with an EC50 of 4.7 nM,
a value comparable to the EC50 observed in cell lines overex-
pressing the cloned rodent receptors.

As can be seen in Figure 2, the in vivo effect of 8g was similar
in terms of % inhibition of glucose AUC in an oral glucose
tolerance test (oGTT) in both C57/bl6J mice and Sprague-
Dawley rats at a dose of 3 mg/kg ip despite the clear species
differences in the magnitude of the glucose excursion. This
similarity may be expected in light of the similar potency and
efficacy of 8g versus both mouse and rat GPR119. In addition, 8g
improved oral glucose tolerance in wild-type C57/bl6J mice after
per oral administration (Figure 3). Importantly, in terms of target
validation, 8g also enhanced glucose-dependent insulin release and

Table 2. Agonist Activity of Selected Oxadiazole Analogues in the
Melanophore Dispersion Assay12

compd no. R EC50 (nM) log SD (n)a

7a Me 260 0.26 (8)
7b Et 10 0.19 (8)
7c nPr 430 0.28 (4)
7d cPr 25 0.20 (8)
7e CH2

cPr 160 0.13 (3)
7f iPr 5.8 0.12 (5)
7g tBu 1.5 0.38 (3)
7h 3-pyridyl 660 0.28 (7)
7i 3-CF3-Ph 24 0.27 (3)

a The standard deviation from the mean of the EC50 value. The number
of determinations is shown in parentheses.

Table 3. Agonist Activity of Isopropyl Oxadiazole Analogues in the
Melanophore Dispersion Assay12

compd no. R′ EC50 (nM) log SD (n)a

8a 4-(SO2Et)-Ph 17 0.15 (3)
8b 4-(SO2

nPr)-Ph 4.7 0.4 (5)
8c 4-(SO2

iPr)-Ph 7.8 0.44 (7)
8d 4-(SOEt)-Ph 17.1 0.15 (3)
8e 4-(SEt)-Ph 110 0.17 (2)
8f 3-F, 4-(SO2Me)-Ph 3.4 0.44 (3)
8g 2-F, 4-(SO2Me)-Ph 0.68 0.37 (569)
8h 2-F, 4-(SO2Et)-Ph 7.0 0.14 (2)
8i 2-F, (4-SO2

iPr)-Ph 7.9 0.24 (6)
a The standard deviation from the mean of the EC50 value. The number

of determinations is shown in parentheses.

Figure 2. The effect of compound 8g on oral glucose tolerance in mouse and rat following ip administration.
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improved oral glucose tolerance in wild-type C57/bl6J mice but
not in GPR119-deficient mice at a dose of 20 mg/kg po, clearly
demonstrating the receptor dependence of the observed effects.2

Diabetic KK/Ay mice were also highly responsive to 8g. It should
be noted, however, that a statistically significant effect on glucose
excursion in an oGTT following oral administration of 8g was not
observed in rats, although a trend toward efficacy was seen at a
dose of 30 mg/kg (data not shown). We believe that this lack of a
consistent effect results from the combination of a narrower window
for measuring the decrease in glucose excursion in rats as well as
the significantly poorer exposure for 8g in rat compared to mouse
following oral administration (10 mg/kg po dose: tmax ) 1 h, Cmax

) 126 ng/mL (0.250 µM), AUC ) 263 h ·ng/mL, t1/2 ) 1.1 h, F
) 12%). Taken together with the molecular biological data, these
pharmacological studies with a selective receptor agonist strongly
suggest that targeting GPR119 will be a useful approach to provide
novel antidiabetic agents acting in a glucose-dependent fashion.

In summary, the manipulation of our initial inverse agonist
screening hit to provide an orally bioavailable pharmacological
tool compound has been outlined. The incorporation of a
hydrogen-bond acceptor group to the southern portion around
the nitro pyrimidine core was required but was not always
sufficient for agonist activity. Replacement of the ester function
in the original hit with an isosteric oxadiazole provided useful
improvements in stability, and the inclusion of small branched
alkyl groups on this oxadiazole gave compounds with increased
activity. Finally fluorination on the southern ring provided a
further enhancement in potency, resulting in the identification
of 8g, which has proven to be an excellent tool compound for
target validation studies in mice. In addition, we have shown
that it is possible to identify orally bioavailable agonists of the
receptor, which may make GPR119 a more attractive target for
future drug development then other GRs-coupled receptors
expressed on pancreatic �-cells such as GLP-1R. Further SAR
enhancements leading to the identification of a first clinical
candidate for GPR119 will be reported in due course.

Supporting Information Available: Synthetic experimental
procedures, overexpression of GPR119 in RIN5F cells can amplify
insulin secretion in the presence of high concentrations of glucose,
examples of dose-response curves for an inverse agonist (4a) and
an agonist (4i) molecule in the cAMP membrane flashplate assay,
data showing correlation of two assay platforms used and reproduc-
ibility of the melanophore assay. This material is available free of
charge via the Internet at http://pubs.acs.org.

Note Added after ASAP Publication.
This manuscript published ASAP on August 13, 2008 with

an error in Table 3. The revised version was published on
August 19, 2008.
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Figure 3. The effect of compound 8g on oral glucose tolerance in
mouse after oral administration.
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