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ABSTRACT

GPR40 is a G protein-coupled receptor (GPCR) whose endog-
enous ligands have recently been identified as medium- and
long-chain free fatty acids (FFAs), and it is thought to play an
important role in insulin release. Despite recent research ef-
forts, much still remains unclear in our understanding of its
pharmacology, mainly because the receptor-ligand interaction
has not been analyzed directly. To study the pharmacology
of GPR40 in a more direct fashion, we developed a flow
cytometry-based binding assay. FLAG-tagged GPR40 pro-
tein was expressed in Sf9 cells, solubilized, immobilized on
immunomagnetic beads, and labeled with the fluorescent
probe C1-BODIPY-C12. Flow cytometry analysis showed
that C1-BODIPY-C12 specifically labels a single class of
binding site in a saturable and reversible manner with an
apparent dissociation constant of ~3 uM. The FFAs that
activate GPR40 competed with C1-BODIPY-C12 binding;

thus, medium- to long-chain FFAs could compete, whereas
short-chain FFAs and methyl linoleate had no inhibitory ef-
fect. Furthermore, ligands that are known to activate GPR40
competed for binding in a concentration-dependent manner.
All the ligands that inhibited the binding promoted phosphor-
ylation of extracellular signal-regulated kinase (ERK)-1/2
in human embryonic kidney (HEK) 293 cells that expressed
GPR40 and [Ca®"]; responses in mouse insulinoma (MING)
cells that natively express GPR40; however, pioglitazone, a
thiazolidinedione that failed to compete for the binding, did
not activate ERK or [Ca®*]; response. This study showed that
a flow cytometry-based binding assay can successfully iden-
tify direct interactions between GPR40 and its ligands. This
approach would be of value in studying the pharmacology of
GPCRs.

Free fatty acids (FFAs) have been demonstrated as ligands
for orphan GPCRs (GPR40, GPR41, GPR43, GPR84, and
GPR120) and have been proposed to play important roles in
a various physiological responses (Briscoe et al., 2003; Brown
et al., 2003; Itoh et al., 2003; Kotarsky et al., 2003; Le Poul et
al., 2003; Nilsson et al., 2003; Hirasawa et al., 2005; Wang et
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al., 2006). They are activated by FFAs of different chain
lengths with varying degrees of specificity, such that GPR40
(known as free fatty acid receptor 1; FFAR1), GPR84, and
GPR120 prefer medium- to long-chain fatty acids (Itoh et al.,
2003; Hirasawa et al., 2005; Wang et al., 2006), whereas
GPR41 and GPR43, which are now called FFAR3 and
FFAR2, respectively, prefer chain lengths of C2 to C5 (Le
Poul et al., 2003; Nilsson et al., 2003). GPR40 is coupled to
G,, which results in the activation of phospholipase C (Hardy
et al., 2005) and subsequent increases in the intracellular
calcium concentration ([Ca®*],) (Itoh et al., 2003). In addi-
tion, GPR40 has been reported to promote the phosphoryla-
tion of ERK-1/2 (Yonezawa et al., 2008). GPR40 mRNA is
expressed primarily in the pancreas, brain, and monocytes
(Briscoe et al., 2003; Itoh et al., 2003). A number of in vitro

ABBREVIATIONS: FFA, free fatty acid; GPCR, G protein-coupled receptor; FFAR, free fatty acid receptor; ERK, extracellular regulated kinase;
BODIPY, 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene; C1-BODIPY-C12, 4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-
dodecanoic acid; C4-BODIPY-C9, 5-butyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene-3-nonanoic acid; C8-BODIPY-C5, 4,4-difluoro-5-octyl-4-
bora-3a,4a-diaza-s-indacene-3-pentanoic acid; BODIPY-C5, 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoic acid; GW9508,
3-[4-({[3-(phenyloxy)phenyllmethyl}amino)phenyl]propanocic acid; MEDICA16, 8,8’ -tetramethyl hexadecanedioic acid; hGPR40, human GPR40;
DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; Dox, doxycycline; PBS, phosphate-buffered saline; LA, linolenic acid;

MING6, mouse insulinoma cell line.
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and in vivo studies have now demonstrated that FFAs promote
glucose-stimulated insulin secretion in pancreatic p-cells via
GPR40 (Briscoe et al., 2003; Itoh et al., 2003; Poitout, 2003;
Steneberg et al., 2005; Feng et al., 2006); therefore, research
into GPR40 has the potential to lead to the development of
antidiabetes drugs.

Despite intensive research efforts, the pharmacology of
GPRA40 is not yet fully understood because most of the data
that have been collected were obtained by monitoring the
GPR40-mediated second messengers, and direct analysis of
the receptor-ligand relationship has not yet been performed.
The development of a direct binding assay for GPR40 (and
other FFARs) has been hindered mainly by the lack of spe-
cific labeled probes. Here, we show that some fluorescent-
labeled FFAs can specifically label GPR40. Furthermore, we
show that a flow cytometry-based binding assay that uses
one of these ligands, C1-BODIPY-C12, as a specific probe can
be used to monitor successfully the interaction of GPR40 with
its ligands.

Materials and Methods

Materials. Fluorescent-labeled FFA analogs were purchased from
Invitrogen (Carlsbad, CA) (Table 1). They included: 4,4-difluoro-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY), 4,4-difluoro-
5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanocic acid (C1-BODIPY-
C12), 5-butyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene-3-nonanoic

TABLE 1
The chemical structures of BODIPY and BODIPY-FFA derivatives

acid (C4-BODIPY-C9), 4,4-difluoro-5-octyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoic acid (C8-BODIPY-C5), and 4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoic acid (BODIPY-
C5). Troglitazone was a gift from Daiichi Sankyo Co., Ltd. (Tokyo,
Japan). Pioglitazone and rosiglitazone were purchased from Alexis
Biochemicals (San Diego, CA). Ciglitazone and MEDICA16 were
purchased from Sigma (St. Louis, MO). GW9508 was synthesized
according to the previously reported procedure (Garrido et al., 2006)
and purchased from Namiki Shoji Co., Ltd. (Tokyo, Japan). The
FLAG-human GPR40 (hGPR40)/pcDNA5/FRT/TO plasmid was pre-
pared as described previously (Hirasawa et al., 2008). In brief,
hGPR40 ¢cDNA was obtained by polymerase chain reaction using
genomic DNA as a template and ligated into the multicloning site of
the mammalian expression vector pcDNA5/FRT/TO (Invitrogen) to-
gether with an N-terminal FLAG-tag. All other materials were from
standard sources and of the highest purity commercially available.

Cell Culture. The Flp-In T-REx 293 cells (Invitrogen) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) that
had been supplemented with 10% fetal bovine serum (FBS), 10 pg/ml
blasticidin S (Funakoshi, Tokyo, Japan) and 100 ug/ml Zeocin (In-
vitrogen). In this study, we used FBS, which we had confirmed to
have no inducible effect for T-REx system. MING6 cells were cultured
in DMEM containing 25 mM glucose supplemented with 10% fetal
calf serum, 60 uM B-mercaptoethanol, and 0.5% streptomycin and
penicillin sulfate. All mammalian cells were grown at 37°C in a
humidified atmosphere of 5% C0./95% air. The Spodoptera frugi-
perda ovarian (Sf9) cells were cultured in Grace’s medium (Invitro-
gen) that had been supplemented with 10% FBS and grown in
monolayer culture at 27°C in 200-ml flasks.

Compound Name

Structure

BODIPY
N "\B/"
F/ \F
BODIPY-C5 NG N OH
20
F F 0
C8-BODIPY-C5 N_ N OH
4 B\F
C4-BODIPY-C9

C1-BODIPY-C12
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T-REx Expression System. We used Flp-In T-REx 293 cells to
develop stable cell lines (T-Rex hGPR40) in which the expression of
GPR40 could be induced with doxycycline (Dox). Cells were trans-
fected with FLAG-hGPR40/pcDNA5/FRT/TO using Lipofectamine
reagent (Invitrogen), and selected with DMEM that had been sup-
plemented with 10% FBS, 10 pg/ml blasticidin S, and 100 pg/ml
hygromycin B (Sigma). GPR40 protein expression was induced with
10 pg/ml Dox for 24 h.

ERK Assay. Activation of ERK-1/2 in T-REx hGPR40 cells was
assayed by Western blotting as described previously (Hirasawa et
al., 2008). In brief, cells were serum-starved for 2 h and treated with
each compound that was being tested at a concentration of 100 uM.
After 10 min of incubation with each compound, total cell extracts
were prepared and subjected to Western blotting using anti-phos-
pho- and anti-total-kinase antibodies.

Baculovirus Expression System. To construct the pBAC-FLAG-
hGPR40 plasmid, the FLAG-hGPR40 ¢cDNA fragment was prepared
from the FLAG-hGPR40/pcDNA5/FRT/TO plasmid and inserted into
the pBAC transfer plasmid (Takara Bio, Shiga, Japan). To generate
recombinant baculovirus, Sf9 cells were cotransfected with the pBAC-
FLAG-hGPR40 plasmid and BacVector-1000 Triple Cut Virus DNA
(Novagen, Madison, WI). The recombinant baculovirus was then puri-
fied by plaque assay. For expression, the Sf9 cells were grown to a
density of 60 to 70% and then infected with recombinant baculovirus at
a multiplicity of infection of 10 for 72 h.

Preparation of the GPR40-Bead Complex. GPR40 was com-
plexed to magnetic beads according to the following procedure. Cells
that had been infected with recombinant baculovirus were collected
and solubilized with 1% digitonin/PBS that contained 1% protease
inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). The lysates were
centrifuged in a microcentrifuge for 5 min at 15,000 rpm to sediment
the insoluble material. The soluble fraction was removed and incu-
bated with 4 pg of anti-FLAG M2 antibody (Sigma) for 1 h on a
rotator at 4°C. After 1 h of incubation with 15 ul of Magnabind
protein G beads (Pierce, Rockford, IL), the GPR40-bead complex was
collected using an external magnetic field and transferred into 170 ul
of 1% digitonin/PBS that contained 1% protease inhibitor cocktail.
For some Western blotting experiments, the GPR40-bead complex

Anti-FLAG antibody

Protein G

y

GPR40

Fig. 1. Schematic diagram of the GPR40-bead complex. The solubilized
FLAG-tagged GPR40 fusion protein is depicted as a snakeview GPR40
with an oval FLAG-tag at its N terminus. Solubilized GPR40 protein was
immobilized on protein G magnetic beads via an anti-FLAG antibody.
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that had been collected was heated with SDS-polyacrylamide gel
electrophoresis sample buffer for 5 min at 70°C, the beads were
removed using an external magnetic field, and the supernatant was
analyzed.

Flow Cytometry Analysis. The fluorescence emissions were an-
alyzed using a FACSCalibur (BD Biosciences, San Jose, CA). For the
binding analysis, samples of the GPR40-bead complex that had been
resuspended in 1% digitonin/PBS that contained 1% protease inhib-
itor cocktail were used. Thirty thousand events were analyzed per
sample, using forward scatter versus side scatter dot-plot gating to
resolve the primary population of bead particles. The data were
collected from FL1 (BODIPY fluorescence) in log mode. The data
were normalized by using fluorescence calibration beads (BD Bio-
sciences, San Jose, CA).

Flow Cytometry-Based Binding Assay. A 10-ul aliquot of the
bead complex (~8.8 X 10* counts/ul) was incubated for 5 min at room
temperature in a 3.5-ml U-bottomed plastic tube with test com-
pounds that had been diluted with 0.1% digitonin/PBS containing 1%
protease inhibitor cocktail. Each BODIPY-labeled FFA was diluted
in 0.1% digitonin/PBS containing 1% protease inhibitor cocktail and
added to the bead-complex. After the samples had been allowed to
equilibrate for 5 min, their fluorescence was measured using the
FACSCalibur.

250 (kD)
150
100
75
50
37
-¢— GPR40
25
20
15
whole cell IP
P & &P
E L E
& oéo oéo Q& oé‘o &
S S
L& LS
o°° o°°

Fig. 2. Immunoblot analysis of FLAG-tagged GPR40 protein with an anti-
FLAG antibody. Left, whole-cell lysates were prepared from uninfected Sf9
cells, and cells that had been infected with either recombinant or nonrecom-
binant baculovirus. Right (IP, immunoprecipitation), the supernatant was
collected after immunoprecipitation of cell lysates under the condition de-
scribed under Materials and Methods. Both whole-cell lysates and superna-
tant were analyzed by immunoblotting using an anti-FLAG antibody. Rep-
resentative results from one of the three independent experiments are
shown. Two additional experiments gave similar results.
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Fig. 3. Effects of BODIPY-FFAs on GPR40. A, effects of BODIPY-FFAs
on ERK-1/2 activation in T-REx hGPR40 cells. T-REx hGPR40 cells that
had been incubated with Dox [M, induction (+)] or without Dox [[J,
induction (—)] for 24 h were stimulated with each compound at a concen-
tration of 100 uM. Cell lysates were analyzed by immunoblotting using
anti-phospho- and anti-total-kinase antibodies. The amount of phosphor-
ylated ERK-1/2 was normalized to the amount of total ERK-1/2. Then the
data were expressed as -fold difference relative to the amount of ERK-1/2
phosphorylation that was obtained in the presence of phorbol 12-myris-
tate 13-acetate (PMA). Results are means + S.E. of three independent
experiments. Significant differences (¥, p < 0.05; **, p < 0.01) between
treatment with the control (DMSO only) and with the compound. B,
interaction of BODIPY-FFAs with solubilized GPR40 protein that had
been immobilized on the beads. BODIPY-FFAs (3 uM) were added to the

The reversibility of binding was monitored in following procedure.
In brief, GPR40-bead complex was preincubated for 5 min with
C1-BODIPY-C12 until equilibrium was obtained. After the addition
of 100 uM troglitazone at the 0-s time point, the fluorescence inten-
sity was monitored. Data were best fitted using a two-phase expo-
nential decay function.

[Ca®*], Measurement. [Ca®*], were recorded by conventional
Ca’* imaging method using an image processor (Argus 50;
Hamamatsu Photonics, Hamamatsu, Japan). For [Ca®']; measure-
ment, MIN6 cells were loaded with fura-2 acetoxymethyl ester
(fura-2 AM; Dojindo, Tokyo, Japan) by incubation in 2 uM fura-2
acetoxymethyl ester for 30 min at 37°C. [Ca®']; measurement was
performed at 30°C in Tyrode’s solution. Fluorescence of fura-2 was
measured by applying UV light at 340 and 380 nm alternatively and
by leading emission light through a 505-nm dichroic mirror (DCLP;
Omega Optical, Brattleboro, VT). Fluorescence was detected by an
SPD-CCD camera (MC681APD-R0OBO; Texas Instruments, Dallas,
TX). Ca?* images were acquired at intervals of 20 s and processed to
calculate Fy,o/F.5, later using NIH Image (http:/rsbweb.nih.gov/
nih-image/).

Data Analysis. Curve fitting and parameter estimations were
performed by using the Igor Pro 3.1.4 software (WaveMetrics, Lake
Oswego, OR). The level of significance for the difference between sets
of data was assessed using an unpaired Student’s ¢ test. Data were
expressed as means = S.E. p < 0.05 was considered statistically
significant.

Results

Analysis of the GPR40-Bead Complex. The first step in
the development of the binding assay was to immobilize
solubilized FLAG-tagged GPR40 protein on magnetic protein
G beads via an anti-FLAG antibody, as shown in Fig. 1. To
determine whether the GPR40 protein was enriched and
immobilized on the beads, Western blotting was performed.
The first three lanes of Fig. 2, left, show the Western blotting
of whole-cell lysates. The anti-FLAG antibody detected a
protein of approximately 30 kDa and a smear of proteins
from 75 to 250 kDa in the lysate from cells that had been
infected with the recombinant baculovirus, which expressed
FLAG-tagged GPR40. These proteins were not detected in
the lysates from cells that were uninfected or that had been
infected with nonrecombinant baculovirus.

The Western blotting performed on the supernatant col-
lected after removing beads from the GPR40-bead complex
was shown in Fig. 2, right. For the samples that were derived
from either uninfected cells or cells that had been infected
with nonrecombinant baculovirus, Western blotting with the
anti-FLAG antibody showed that there were several bands in
common between these two samples, which presumably cor-
respond to proteins that are bound nonspecifically by the
antibody. In contrast, the anti-FLAG antibody produced very
strong signals at approximately 30 kDa and in a smear from

GPR40-bead complex. After 5 min of incubation at room temperature,
fluorescence was measured by flow cytometry. Results are means *= S.E.
of three independent experiments. Significant difference (x, p < 0.05)
between samples from uninfected cells or cells that had been infected
with the nonrecombinant and cells that had been infected with the
recombinant baculovirus. C, inhibition effects of C8-BODIPY-C5 on LA-
induced ERK-1/2 activation in T-REx hGPR40 cells. T-REx hGPR40 cells
that had been incubated with Dox for 24 h were stimulated with LA at a
concentration of 100 uM. After stimulation with LA, cells were loaded for
5 min with C8-BODIPY-C5 at the concentrations of 10 and 100 uM.
Results are means + S.E. of three independent experiments. Significant
differences (*, p < 0.05) between treatment with the control (LA only) and
with the C8-BODIPY-C5.
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Fig. 4. Flow cytometry-based binding of GPR40 with C1-BODIPY-C12. A,
saturation of C1-BODIPY-C12 binding sites. Increasing concentrations of
C1-BODIPY-C12 were incubated with the GPR40-bead complex for 5 min
at room temperature: total binding (@), nonspecific binding in the pres-
ence of 100 uM troglitazone (A), specific binding (O). Results are given as
means + S.E. of three independent experiments. B, reversibility of spe-
cific C1-BODIPY-C12 binding to GPR40-bead complex. GPR40-bead com-
plex were preincubated with C1-BODIPY-C12 until equilibrium was ob-
tained. Dissociation reaction was initiated by adding 100 pM (final
concentration) troglitazone at the indicated time point (0 s). The data
shown, which are expressed as means of 110 to 124 beads, are the results
from a representative experiment. Data were best fitted using a two-
phase exponential decay function. Representative results from one of the
three independent experiments are shown. Two additional experiments
gave similar results. C, competition curves of C1-BODIPY-C12 with li-
gands. Concentration-dependent inhibition of C1-BODIPY-C12 (3 uM)
binding to the GPR40-bead complex by LA and chemical compounds as
monitored by flow cytometry: pioglitazone (A), ciglitazone (O), rosiglita-
zone (M), troglitazone (A), GW9508 (V), MEDICA16 (¥), and LA ([).
Results are given as means = S.E. of three independent experiments.
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75 to 250 kDa in the sample from the cells that had been
infected with the recombinant baculovirus. The results con-
firmed that GPR40 protein that had been prepared from cells
that had been infected with recombinant baculovirus was
enriched by using immunomagnetic beads.

Fluorescent Ligands for GPR40. To develop a binding
assay with the GPR40-bead complex, we examined a variety
of radiolabeled ligands, which included [*H]rosiglitazone, but
it was difficult to detect specific binding (data not shown). In
an attempt to find a fluorescence-labeled probe that allowed
the detection of GPR40, we then examined the effects of
BODIPY-FFAs on ERK-1/2 activation in T-Rex hGPRA40 cells,
in which GPR40 expression can be induced by Dox. As shown
in Fig. 3A, C4-BODIPY-C9 and C1-BODIPY-C12, but not
BODIPY, BODIPY-C5, or C8-BODIPY-C5, resulted in potent
ERK-1/2 activation after Dox induction. These two com-
pounds activated ERK-1/2 to a degree similar to that of
linolenic acid (LA), which is the natural ligand for GPR40.
Furthermore, we examined whether these BODIPY com-
pounds could specifically label GPR40 protein that had been
immobilized on the immunomagnetic beads. We performed
flow cytometry analysis with beads that had been prepared
with lysates from either uninfected Sf9 cells, cells that had
been infected with nonrecombinant baculovirus, or cells that
had been infected with recombinant baculovirus. As shown in
Fig. 3B, C8-BODIPY-C5, C4-BODIPY-C9, and C1-BODIPY-
C12, but not BODIPY or BODIPY-C5, showed strong fluores-
cence intensity with beads to which GPR40 protein was
bound but not with beads that had been incubated with
lysate from either the uninfected cells or cells that had been
infected with the nonrecombinant baculovirus. Similar fluo-
rescence intensity was observed with C8-BODIPY-C5, C4-
BODIPY-C9, and C1-BODIPY-C12, but only C4-BODIPY-C9
and C1-BODIPY-C12, not C8-BODIPY-C5, activated ERK-
1/2. Hence, we further examined whether C8-BODIPY-C5
acts as an antagonist for GPR40. As shown in Fig. 3C, C8-
BODIPY-C5 inhibited LA-induced ERK-1/2 phosphorylation
in a concentration-dependent manner, indicating that C8-
BODIPY-C5 may act as an antagonist for GPR40. These
results indicated that C8-BODIPY-C5, C4-BODIPY-C9, and
C1-BODIPY-C12 could specifically label solubilized GPR40
protein that had been immobilized on immunomagnetic
beads; however, C8-BODIPY-C5 has an antagonistic effect,
whereas C4-BODIPY-C9 and C1-BODIPY-C12 have agonis-
tic effects, respectively.

Flow Cytometry-Based Binding Assay. Using these
BODIPY compounds, we performed saturation experiments.
The relative fluorescence intensity of the BODIPY compound
that was bound to the GPR40-bead complex was determined
at five different concentrations ranging from 1 to 10 uM.
Nonspecific binding was determined in the presence of 100
uM troglitazone, which is known to activate GPR40 (Stod-
dart et al., 2007). Because the three BODIPY compounds
showed similar specific binding (in a typical study, specific
binding was approximately 20% of total binding at 7 uM
BODIPY compound), we used C1-BODIPY-C12 as a specific
probe in the following experiments. As shown in Fig. 4A,
C1-BODIPY-C12 binding was saturable, with an apparent
equilibrium dissociation constant (K,) of 2.7 = 0.7 uM (n =
3). In addition, the reversibility of specific C1-BODIPY-C12
binding was assessed. As shown in Fig. 4B, addition of 100
uM troglitazone at equilibrium produced a rapid dissociation
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(apparent half-time of dissociation was ~15 s) of the bound
C1-BODIPY-C12, demonstrating the reversibility of C1-
BODIPY-C12 binding. After approximately 60 s, almost 25%
of the C1-BODIPY-C12 was dissociated.

The ability of FFAs to compete for C1-BODIPY-C12 bind-
ing sites was examined. FFAs competed for the C1-BODIPY-
C12 binding sites in a concentration-dependent manner, and
apparent inhibitory binding activities were detected in satu-
rated FFAs of C12 and C16 length and in C18 length unsat-
urated FFAs. However, methyl-linoleate did not show any
inhibitory activity, which suggests that the carboxyl group is
indispensable for this interaction. Some eicosanoids also
showed inhibitory activity at levels that were comparable
with those of long-chain FFAs. The apparent K, values that
were obtained are summarized in Table 2.

We then examined whether the binding to GPR40 of the
chemical compounds MEDICA16, GW9508, rosiglitazone, and
troglitazone, which were previously shown to activate GPR40
(Kotarsky et al., 2003; Stoddart et al., 2007; Sum et al., 2007),
could be monitored by this flow cytometry-based binding assay.
As shown in Fig. 4C, these compounds, together with an addi-
tional thiazolidinedione, ciglitazone, inhibited the C1-BODIPY-
C12 binding in a concentration-dependent manner; however,
another thiazolidinedione that was examined, pioglitazone, had
no effect on the C1-BODIPY-C12 binding. We further examined
whether the binding profile of these compounds correlated with
GPR40-mediated ERK activation in T-REx hGPR40 cells as
well as with the [Ca®"]; response in MING6 cells, which endog-
enously express GPR40. MEDICA16, GW9508, and all the thia-
zolidinediones that had been shown to inhibit the binding of
C1-BODIPY-C12 were found to activate ERK-1/2 in cells ex-
pressing GPR40 (Fig. 5), and they also increased [Ca®']; in
MING cells (Fig. 6A and B). On the other hand, pioglitazone,
which had been shown to have no direct effect on C1-BODIPY-
C12 binding, did not activate the GPR40-mediated ERK-1/2
(Fig. 5) or [Ca*"]; response (Fig. 6, A and B). Thus, the binding
profile of the chemical compounds obtained by C1-BODIPY-C12
binding assay seemed to correlate well with their biological
effect via GPR40.

Discussion

This study demonstrated that specific C1-BODIPY-C12
binding sites that were identified by a flow cytometry-based
assay had the characteristics that were expected for binding

TABLE 2

Comparison of FFA potencies between the competition binding assay,
and the [Ca®"]; assay for GPR40

Apparent IC;, values were converted to apparent K; values using the Cheng-Prusoff
equation (Cheng and Prusoff, 1973). Results are means + S.E. of three independent
experiments. EC;, values were adapted from Itoh et al. (2003).

Compound K, ECs
M

Caprylic acid (C8) Inactive >300
Lauric acid (C12) 58 = 0.9 57+x14
Palmitic acid (C16) 24+16 6.8 *05
Elaidic acid (C18:1) 29+11 47+ 04
Oleic acid (C18:1) 1.3 +1.0 2.0+0.3
a-Linolenic acid (C18:3) 2.6 04 2.0 +03
y-Linolenic acid (C18:3) 2.8 +0.5 4616
Methyl linoleate Inactive Inactive
Eicosapentaenoic acid (C20:5) 3.1+1.0 2.3 +04
Docosahexaenoic acid (C22:6) 3.3+1.0 1.1+0.3

sites on the FFAR GPR40. The binding of C1-BODIPY-C12
was of apparently high affinity and was saturable. FFAs
competed for the C1-BODIPY-C12 binding sites in a concen-
tration-dependent manner. In addition, as summarized in
Table 2, there was good agreement between the apparent K;
values (obtained using the flow cytometry-based binding as-
say) and apparent EC,, values (obtained by [Ca®']; monitor-
ing) that were estimated for the FFAs. Thus, the binding
properties of the C1-BODIPY-C12 binding sites closely re-
sembled those of GPR40 as delineated by pharmacological
procedures ([Ca?'],) in CHO cells that stably express human
GPR40 (Itoh et al., 2003), although both parameters were
apparent. Furthermore, the binding profile of not only the
FFAs but also the synthetic chemical compounds correlated
well with their ability to stimulate ERK-1/2 activity; thus, all
the synthetic chemical compounds that inhibited the binding
of C1-BODIPY-C12 were shown to activate ERK-1/2 in cells
that expressed GPR40, whereas the thiazolidinedione that
had no direct effect on the C1-BODIPY-C12 binding (piogli-
tazone) did not activate the GPR40-mediated ERK response.
Moreover, these ligand binding profiles were also found to
correlate well with their effect on [Ca®*]; response in MIN6
cells.

This study showed that the assay we developed can di-
rectly monitor the interaction between the FFAR GPR40 and
its ligands. Besides GPR40, we have recently succeeded in
monitoring the interaction between the FFAR GPR120 and
its ligands by this technique (T. Hara, A. Mirasawa, Q. Sun,
T. Koshimizu, T. Awaji, and G. Tsujimoto, manuscript in
preparation). In addition to these FFARs, we had confirmed
that this assay was applicable to other GPCRs (such as
adrenergic receptors) in a preliminary series of experiments
(data not shown). Hence, this technique seems to be applied
for GPCRs in general.
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Fig. 5. Effects of ligands on ERK-1/2 activity in T-REx hGPR40 cells.
T-REx hGPR40 cells that had been incubated with Dox [M, induction (+)]
or without Dox [[], induction (—)] were stimulated with each compound at
the concentrations of 10 and 100 uM. Cell lysates were analyzed by
immunoblotting using anti-phospho- and anti-total-kinase antibodies.
The amount of phosphorylated ERK-1/2 was normalized to the amount of
total ERK-1/2. Then the data were expressed as a -fold difference relative
to the amount of ERK-1/2 phosphorylation that was obtained in the
presence of PMA. Results are means + S.E. of three independent exper-
iments. Significant differences (+*, p < 0.01) between treatment with the
control (DMSO only) and with the compound.
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This flow cytometry-based assay has advantages and dis-
advantages compared with other established methods. Sim-
ilar to radioligand binding assay, this technique also requires
specific probe to label the receptor, a fluorescent one in this
case. Becasue this technique assesses the receptor-ligand
interaction by monitoring the fluorescent emission, and the
fluorescent measurement is less rigorous in quantifying the
probe-labeled receptor compared with other methods (such as
radioligand binding assay), the pharmacological parameters
on receptor-ligand interactions obtained by this technique
should be considered as “apparent” ones. Despite these prob-
lems, this technique has several advantages. As described in
this study, the radioligand binding assay with [*H]rosiglita-
zone on the putative membrane preparation of the cloned
GPR40 could not detect the receptor-ligand interactions,
mainly because of its high nonspecific binding. The reasons
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Fig. 6. Effects of chemical compounds on [Ca®*]; in MING6 cells. MIN6
cells were stimulated with each chemical compounds (100 uM). A, the
representative results shown, which are expressed as means of five to six
cells, are obtained from one of three independent experiments. Two
additional experiments gave similar results. The time point when indi-
cated compounds were administered was considered 0 s. B, the maximum
response of [Ca®"]; induced by indicated compounds between 0 and 10
min was summarized. Results are means + S.E. of three independent
experiments. The data were normalized to the maximum response ob-
served from DMSO. Significant differences (*, p < 0.05; **, p < 0.01)
between treatment with the control (DMSO only) and that with the
indicated compound.
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for the successful monitoring by the flow cytometry-based
binding assay would include that this technique uses the
immunopurified receptor protein, which may minimize the
nonspecific binding of probe. In addition, this assay measures
fluorescent intensity continuously and does not need to sep-
arate the free and bound ligands. With these advantages and
disadvantages, the availability of the direct flow cytometry-
based binding assay will make it possible to perform further
pharmacological characterization of GPCRs, especially those
difficult to be monitored by other methods. In addition, the
assay should prove useful for high-throughput screening of
ligands for such GPCRs.
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Abstract We have recently found that GPR120, which is
abundantly expressed in intestine, functions as a receptor
for unsaturated long-chain free fatty acids (FFAs) and that
GPR120 stimulation promotes the secretion of glucagons-
like peptide-1 (GLP-1) in the mouse (Hirasawa et al., Nat
Med 11:90-94, 2005). In this study, we cloned and
characterized rat GPR120 (rGPR120), and then we exam-
ined the in vivo effects of acute and long-term administra-
tion of the natural ligand «-linolenic acid (x-LA). The
cloned rat GPR120 complimentary DNA had a seven
transmembrane structure, and a homology comparison of
human, mouse, and rat GPR120 revealed that the rat
GPR120 (rGPR120) shares 85 and 98% sequence identity
with the human and mouse GPR120 proteins, respectively.
The tissue distribution and ligand properties of rGPR120
were similar to those of mouse GPR120. In addition, «-LA
provoked a transient increase in [Ca®']; levels in HEK293
cells expressing rGPR120. Furthermore, administration of
a-LA to the rat increased plasma GLP-1 levels, and long-
term administration of «-LA led to proliferation of
pancreatic 3 cells, probably because of the enhanced
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GLP-1 secretion. These results show that rat GPR120 is a
G-protein-coupled receptor whose ligand is a free fatty
acid, and it may play an important role in the FFA-
associated physiological responses.

Keywords Rat - GPR120 - Free fatty acid - GLP-1 -
Ca®" signaling - Pancreatic islet

Abbreviations
FFA free fatty acid

FFAR free fatty acid receptor
GPCR G-protein-coupled receptor
GLP-1 glucagon-like peptide-1
oa-LA «-linolenic acid

OA octanoic acid

rGPR120 rat GPR120

Introduction

Free fatty acids (FFAs) are now known to act as
endogenous signaling molecules that play a variety of roles
in physiological regulation. They carry out their functions
via G-protein-coupled receptors (GPCRs) such as the
GPR40 family (Briscoe et al. 2003; Brown et al. 2003;
Itoh et al. 2003; Le Poul et al. 2003; Xiong et al. 2004).
GPRA40 prefers to interact with fatty acids with a medium-
to long-chain length (Briscoe et al. 2003; Itoh et al. 2003);
it has also been called the free fatty acid receptor 1
(FFAR1). GPR41 and GPR43 prefer chain lengths of
between two to five carbonyl groups (Brown et al. 2003);
they are now referred to as FFAR3 and FFAR2, respective-
ly. GPR40 couples to Gq (Latour et al. 2007; Stoddart et al.
2007), which results in activation of phospholipase C
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(Fujiwara et al. 2005; Shapiro et al. 2005) and subsequent
increases in intracellular calcium concentration ([Ca®'];
Briscoe et al. 2003; Itoh et al. 2003). GPR40 has also been
reported to inhibit the activity of potassium channels via a
cAMP-dependent pathway (Feng et al. 2006).

We recently showed that an orphan GPCR, GPR120,
which is abundantly expressed in the intestine, also functions
as a receptor for unsaturated long-chain FFAs such as «-
linolenic acid («-LA) and docosahexaenoic acid (Hirasawa et
al. 2005). Furthermore, we demonstrated that the stimulation
of GPR120 by FFAs promotes secretion of glucagon-like
peptide-1 (GLP-1) and cholecystokinin (Hirasawa et al.
2005; Tanaka et al. 2007) and activates the extracellular
signal-regulated kinase cascade (Hirasawa et al. 2005). In
addition, FFAs were found to inhibit serum-deprivation-
induced apoptosis through GPR120 in the murine enter-
oendocrine cell line STC-1 (Katsuma et al. 2005).

GLP-1 is a potent intestinal insulinotropic hormone
(incretin; Schmidt et al. 1985) that can be secreted from
specialized enteroendocrine cells (L-cells) to digest fat
(Herrmann et al. 1995); our study mentioned above showed
that this response is mediated via GPR120 (Hirasawa et al.
2005). Furthermore, we showed that administration of -
LA, the natural ligand for GPR120, to the colon induces
GLP-1 secretion (Adachi et al. 2006; Hirasawa et al. 2005).
GLP-1 acutely lowers plasma glucose levels in rodents
(Wang and Brubaker 2002) and even in type 1 and type 2
diabetic patients (Dupre et al. 1995; Nauck et al. 1993).
Previous in vivo studies showed that GLP-1 and exendin-4,
a long-acting and potent GLP-1 receptor agonist, may
improve glucose tolerance in animal models of diabetes
(Xu et al. 1999). Moreover, GLP-1 receptor agonists
enhance the proliferation, differentiation, and regeneration
of pancreatic B-cells (Brubaker and Drucker 2004; de la
Tour et al. 2001).

Previous studies of GPR120 were performed mostly in
the mouse. For pharmacological studies, however, rat is
frequently used to evaluate drugs as well as disease models.
However, the rat and mouse are not always the same with
regard to nutrition and/or metabolism, and receptor phar-
macology in particular. Free fatty acid metabolism can be
markedly different depending on the species (Kushiro et al.
2004; Hirai et al. 1983), and GPR120 is the receptor whose
ligand is free fatty acid. In addition, many previous studies
have shown that amino acid difference (even a single amino
acid) can cause dramatic pharmacological variation be-
tween species homologues of the same GPCR (Ghanekar et
al. 1997; Shibata et al. 1995; Hirasawa et al. 1994,
Oksenberg et al. 1992). Furthermore, ligand-receptor
relationship of a given GPCR cannot be extrapolated across
species without independent validation even in the context
of very high interspecies sequence identity. In this study,
hence, we aimed to clone and characterize rat GPR120

@ Springer

(rGPR120), and we further examined the physiological role
of GPR120 in the rat.

Materials and methods

Materials

Antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Free fatty acids and the other chemicals
were from Sigma (St. Louis, MO, USA).

Cloning and in vitro characterization of rGPR120

RNA preparation

Male Wistar rats (8 weeks old) were purchased from SLC
Japan (Hamamatsu, Japan). The rats were anesthetized with
an intraperitoneal injection of sodium pentobarbital (50 mg/
kg body weight). Cerebellum, cerebral, cortex, pons/
medulla oblongata mesocephalon, striatum, thalamus, hy-
pothalamus, thymus, heart, spleen, pancreas, lung, stomach,
duodenum, jejunum, ileum, cecum, colon, rectum, liver,
kidney, and adrenal gland were surgically removed and
frozen in liquid nitrogen. Total RNA was extracted using
Isogen reagent (Nippon Gene, Tokyo, Japan).

Reverse transcription—polymerase chain reaction

Reverse transcription reaction was performed using the
Superscript-Il enzyme (Invitrogen, Carlsbad, CA, USA).
Quantitative detection of specific messenger RNA (mRNA)
transcripts was carried out by real-time polymerase chain
reaction (PCR) using the DNA Engine Opticon2 System
and the DyNAmo HS SYBR Green qPCR kit (Bio-Rad,
Tokyo, Japan; Hirasawa et al. 2005) with primers for
rGPR120 (forward primer: ccaaccgcataggagaaatc, reverse
primer: gaaggaaaccatgagcagga).

Cloning of rat GPR40 and GPRI20

The coding regions of rat GPR40 (rGPR40) and GPR120
(rGPR120) were obtained by PCR amplification using
genome and colon complimentary DNA (cDNA) as
templates, respectively. PCR was performed using primers
for rGPR40 (forward primer: aagaggaacagtgacgagagg,
reverse primer: ctccagaggtggetgetact) and for rGPR120
(forward primer: gcagatgaacgctctcacag, reverse primer:
tacctggcaccagcagttag). Amplified fragments were cloned
into pGEM-T easy by TA cloning kit (Promega Japan,
Tokyo, Japan) and sequenced. The rGPR40 and rGPR120
cDNAs were subcloned into the pcDNAS/FRT/TO vector
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(Invitrogen) to give the plasmids rGPR40/pcDNAS5/FRT/
TO and rGPR120/pcDNAS5/FRT/TO, respectively.

Expression of rGPR40 and rGPRI120

We used Flp-In™ T-REx™-293 cells (Invitrogen) to develop
stable cell lines for rGPR40 and rGPR120. Flp-In™ T-
REx™.-293 cells were routinely cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) supplemented
with 10% fetal bovine serum (FBS), 10 pg/ml blasticidin S
(Funakoshi, Tokyo, Japan), and 100 pg/ml zeocin (Invitro-
gen). They were transfected using Lipofectamine™ Reagent
(Invitrogen) with rGPR40/pcDNAS/FRT/TO or rGPR120/
pcDNAS/FRT/TO. They were first selected and then main-
tained in DMEM supplemented with 10% FBS, 10 pg/ml
blasticidin S, and 100 pg/ml hygromycin B (Invitrogen),
thus, establishing the stable cell lines rGPR120/T-REX-293
and rGPR40/T-REX-293.

2
Measurement of [Ca”" ],

[Ca®"); assays were carried out as described previously
(Hirasawa et al. 2005). rGPR120/T-REX-293 and rGPR40/
T-REX-293 were seeded into 96-well black plates without
FBS. The [Ca®']; was measured using a fluorometric
imaging plate reader (FLIPR; Molecular Devices, Sunnyvale,
CA, USA) and a FLIPR Calcium 3 Assay kit (Molecular
Devices). FFAs were tested at a final concentration between
30 nM and 100 uM.

In vivo study

Acute administration of o-LA

Male Wistar rats (8 weeks old) were maintained in a
temperature-controlled room (23°C) on a 12-h light/dark
cycle. This study was approved by the Kyoto University
Animal Care and Use Committee. The animals were fed a
standard rodent chow diet (MF; Oriental Yeast, Osaka,
Japan), and had free access to food and water. The animals
fasted for at least 18 h before the experiments. x-LA was
used as a test fatty acid, and polyethylene glycol (PEG) 400
(Sigma) was used as vehicle solution for administration to
animals (Adachi et al. 2006; Hirasawa et al. 2005). Oral
fatty acid administration (3 pmol/100 pl, a-LA or vehicle,
n=12 each) was performed 5 min before administration of
glucose, and then rats were orally administered of glucose.
Rats were anaesthetized with sodium pentobarbital (60 mg/
kg body weight), and blood samples were collected from
the portal vein 15 min after fatty acid administration and
centrifuged. Plasma obtained from blood samples was used
to measure GLP-1 levels. The plasma level of GLP-1 was
measured using blood samples and GLP-1 enzyme-linked
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immunosorbent assay (ELISA) kit (Wako Pure Chemical,
Osaka, Japan).

Long-term administration of o-LA

Male SD rats (4 weeks old) were purchased from Kiwa
experimental animal (Wakayama, Japan). The animals were
maintained in a temperature-controlled room (23°C) on a
12-h light/dark cycle. This study was approved by the
Kyoto University Animal Care and Use Committee. The
animals were fed a high-fat rodent chow diet (Quick Fat;
Crea Japan, Osaka, Japan), and they had free access to food
and tap water. Octanoic acid (OA) and x-LA were used as
test fatty acids, and PEG400 was used as a vehicle solution
for administration to the animals. Oral administration of
fatty acids (3 umol/100 pl, x-LA, OA or vehicle, n=
8 each) was performed everyday for 4 weeks. After 4 weeks,
the animals were fasted for at least 18 h before scarification,
and they were then anaesthetized with sodium pentobarbital
(60 mg/kg body weight). Blood samples were obtained
from heart and centrifuged. The plasma obtained from these
blood samples was used for the measurement of GLP-1 and
insulin level. GLP-1 and insulin were measured from blood
samples using GLP-1 ELISA kit or Revis Insulin Kit
(Shibayagi, Maebashi, Japan), respectively, as described
above.

After collection of blood, the pancreas was removed and
fixed in 10% formalin solution (Nakalai Tesque, Kyoto,
Japan). A piece of the pancreas was embedded in OCT
compound (Sakura Finetechnical Tokyo, Japan). Frozen
continuous sections (20 pm) were cut, and immunostaining
of each section was performed using an anti-insulin
antibody and an anti-ki67 antibody. In a series of random
fields from regions 5 to 10 of the insulin-positive area
(pancreatic islet), ki67-positive cells were counted, and data
were represented as the number of ki67-positive cells in a
pancreatic islet.

Statistical analysis

Results were expressed as mean+SEM. Statistical signifi-
cance was evaluated using analysis of variance, and
statistical significance was defined as p<0.05.

Results

Cloning of rGPR120

An approximately 1-kb DNA fragment was PCR-amplified
from rat colon cDNA using two primers designed from the

putative rGPR120 sequence. The DNA sequence is unique
and shares greater than 85% sequence identity to the human
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and mouse GPR120 sequences, suggesting that it is indeed
a rGPR120 cDNA fragment. Our cDNA sequence of
rGPR120 has been submitted to the DNA Data Bank of
Japan (Accession no.: AB207868). The complete coding
region of the rGPR120 ¢cDNA encodes a putative protein of
361 amino acids. Homology comparison among human,
mouse, and rat GPR120 revealed that the rat GPR120
shares 85 and 98% amino acid sequence identity with the
human and mouse GPR120, respectively (Fig. 1).

Tissue distribution of rGPR120

Analysis of the tissue distribution of the rGPR120 mRNA
real-time polymerase chain reaction with reverse transcrip-
tion (RT-PCR) showed abundant expression of rGprl20
mRNA in the rat intestinal tract (Fig. 2).

[Ca**]; response

Effects of FFAs on the elevation of [Ca®']; levels were
examined in rGPR120/T-REX-293 and rGPR40/T-REX-
293 cells preloaded with the Ca**-sensitive fluorescent dye
Fluo-4 and then measured using the FLIPR. T-REX-293
cells, rGPR120/T-REX-293, and rGPR40/T-REX-293 cells
without doxycycline induction did not elicit a [Ca®");
response by o-LA. In contrast, when the rGPR120/T-
REX-293 or rGPR40/T-REX-293 cells were induced by
doxycycline, 100 uM of x-LA caused a rapid increase in
[Ca*']. To compare the potency of fatty acids in the
elevation of [Ca®');, the total fatty acid concentration—
[Ca*"); response relationships for OA, lauric acid, linoleic
acid, and «-LA were determined for rtGPR120 and rGPR40

Fig. 1 Homology in the de-
duced amino acid sequences of
rGPR120, hGPR120, and
mGPR120. Putative transmem-
brane regions are underlined,

hGPR120 ------

MGPR120 --------

(Fig. 3). «-LA was the most potent for both rtGPR120 and
rGPR40, with a pEC50 of 5.06+0.03 (n=3) and 4.83+0.02
(n=3), respectively. As shown in Fig. 3, only linoleic acid
and «-LA provoked transient increases in [Ca®*); in
rGPR120/T-REX-293 cells. By contrast, lauric acid could
provoke [Ca®*]; in rGPR40/T-REX-293 cells.

Acute administration of a-LA

The plasma GLP-1 level after fatty acid administration was
measured. Add-on administration of «-LA significantly
enhanced the plasma GLP-1 level over that measured after
vehicle treatment (Fig. 4a).

Long-term «-LA administration

Plasma GLP-1 and insulin levels on administration of fatty
acid for 4 weeks while feeding with a high-fat diet were
measured. The plasma GLP-1 level was not significantly
different between OA-administered rats and those receiving
vehicle, but x-LA treatment increased the plasma GLP-1 level
significantly more than OA or vehicle treatment (Fig. 4b).
Moreover, the plasma insulin level was higher for «-LA
treatment than for OA and vehicle treatment (Fig. 4c).

The in vivo effect of long-term stimulation of GPR120
on pancreatic 3 cells was examined by performing
immunohistochemical analysis. Figure 5a shows immunos-
taining using anti-insulin and anti-ki67 antibody of the rat
pancreas, to which, vehicle, OA, or x-LA was administered
for 4 weeks. The number of ki67-positive cells in the
insulin-positive area (pancreatic islet) revealed that the
number of ki67-positive cells was increased after x-LA

rGPR120 MSPECAQTTGPGPSRTPD-VNRTHFPFFSDVKGDHRLVLSVLETTVLGLIFVVSLLGNVC 60
RAA-DA-L-SLE-A-~-R-==-=m=nmceannn AAV----- V---A---mnnnn 60
------ 2 P e T -1 1]

™1

rGPR120 ALVLVVRRRRRGATVSLVLNLFCADLLFTSAIPLVLVVRWTEAWLLGPVVCHLLFYVMTM 120

. . . hGPR120 ----- AC------- AC-—m - e m e me e e mmdememmmmmeeeon A--—-m - L 120
and amino acid residues that are MGPRLZO - ——- A 120
identical with those of the other T™M2 TM™M3
proteins sequence are indicated rGPR120 SGSVTILTLAAVSLERMVCIVRLRRGLSGPGRRTQAALLAFIWGYSALAALPLCILFRVV 180
by a dash hGPR120 --------------------o H-Q--VR----- AR-V---L------ Veomo oo VF---- 180
MGPR12() —-cwmcccmmmcmccccmcc i h i eccmccmcaccccccc-mcccmdcccme——————- 180
T™4
rGPR120 PQRLPGGDQEIPICTLDWPNRIGEISWDVFFVTLNFLVPGLVIVISYSKILQITKASRKR 240
hGPR120 -----=--=--- [ JEDUPEPES, U o1 > Sy 240
MGPR120 === == === = == = = == = == o o @ n e Cmemememoooo 240
™S
rGPR120 LTLSLAYSESHQIRVSQQDYRLFRTLFLLMVSFFIMWSPIIITILLILIQNFRQDLVIWE 300
hGPR120 ---------——-—-—~--— -~ e U U o Keoooomem 300
MGPRI20 === = = = == = = = == = = = e 300
™6 ™7
TYGPR120 SLFFWVVAFTFANSALNPILYNMSLFRSEWRKIFCCFFFPEKGAIFTETSIRRNDLSVIS 360
hGPR120 ----------------------- T-C-N--K------ W------- L-D--V------ I-- 360
MGPR120 --------~--~---—~-~--—~—~—~—-< N--mmommmmmmmmmeeem o D-=Veooaaocaa 360
rGPR120 T 361
hGPR120 G 361
mGPR120 S§ 361
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Fig. 2 Distribution of mRNA encoding rGPR120 in rat tissues.
cDNAs from the reverse transcription of mRNAs from multiple tissues
of three Male Wistar rats were analyzed by DNA Engine Opticon2

administration, compared with vehicle or OA administra-
tion, in the pancreatic islet (Fig. 5b).

Discussion

In this study, we, for the first time, cloned and characterized
GPR120 in rat (rGPR120). The open reading frame of
rGPR120 mRNA encodes a 361-amino acid protein that has
high homology to the human and mouse GPRI120. In
addition, the pharmacology and ligand properties of the
rGPR120 expressed in vitro exhibit strong similarity to
those of the human and mouse GPR120 (Hirasawa et al.
2005). We examined the effect of FFAs on rGPR120; x-LA
raised [Ca®"]; but not OA in HEK293 cells expressing
rGPR120. Additionally, the pharmacological characteristics
of rGPR120 and rGPR40 differ at the lauric acid, suggest-
ing that there exists a pharmacological difference between

Fig. 3 Free-fatty-acid-induced
concentration—{Ca*"}; response
relationships in HEK293 cells
expressing rtGPR40 (a) and
rGPR120 (b). The indicated
concentrations of fatty acids
(OA, C8, open triangle; lauric
acid, C12, closed triangle; lino-
leic acid, C18:2, open circle; -
LA, C18:3, closed circle) were
added, and [Ca™"]; response was
measured as described under
“Materials and methods™

a rGPR40
15,000

Fluorescence change

wx’f&fg"@*fy P ““&‘dé"

System and the DyNAmo HS SYBR Green qPCR kit. Data represent
the ratios of rGPR120 and rat glyceraldehyde-3-phosphate dehydro-
genase (rGAPDH) cDNAs. Data shown are representative experiments

rGPR40 and rGPR120. This kind of pharmacological
difference has been noticed in the mouse and human
counterparts; thus, mouse and human GPR40 can be
activated by medium- and long-chain free fatty acids with
chain length above 10, including lauric acid (Briscoe et al.
2003; Itoh et al. 2003), while mouse GPR120 cannot be
activated by free fatty acids with chain length less than 14
(Hirasawa et al. 2005).

Next, we examined in vivo function of rGPR120,
especially focusing on GLP-1 secretion. It is already known
that FFAs induce GLP-1 secretion in rat fetal intestine
(Rocca and Brubaker 1995) and that stimulation of
GPR120 by FFAs promotes the secretion of GLP-1 in the
mouse (Hirasawa et al. 2005). We, hence, examined the
effect of acute and long-term administration of x-LA on
GLP-1 secretion. Acute administration of «-LA increased
plasma GLP-1 levels. Interestingly, long-term administra-
tion of «-LA led to enhanced insulin secretion and

b rGPR120
50001 A s
- CI12

40001 O ci18:2

@ Ci83

1 0 __'- T T T T
1 10 100 1 10 100
[Ligand] (uM) [Ligand] (uM)
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Fig. 4 Plasma GLP-1 and insulin levels after acute (a) and long-term
(b, ¢) oral administration of free fatty acids in the rat. a Fifteen
minutes after administration of «-LA (3 pmol/100 pl) or vehicle
(PEG400, 100 pl; n=12 each), blood samples were collected, and the
plasma obtained was used for the measurement of GLP-1 levels. b, ¢
Oral administration of fatty acids («x-LA, OA, 3 pmol/100 pl) or

proliferation of pancreatic 3 cell in rats that were fed a
high-fat diet (Figs. 4 and 5). Although there were no
differences in body weight or fasting plasma glucose levels
among «-LA, OA, and vehicle-treated rats, plasma GLP-1
and insulin levels were significantly increased in rats
treated with «-LA. Proliferation of pancreatic 3 cells is
known to be regulated by many factors including hypogly-
cemia (Kassem et al. 2000), growth hormones (Nielsen et
al. 1989), IGF-1 (Hugl et al. 1998), placental lactogens
(Vasavada et al. 2000), prolactin (Brelje et al. 1994), and
insulin-resistant states (Pick et al. 1998). Recently, GLP-1

Insulin-Antibody

Fig. 5 Effect of long-term administration of free fatty acids on the
proliferation of pancreatic 3 cells. a Pancreatic islet histology.
Immunohistochemisty of pancreatic secretion from rats orally admin-
istered a-LA (3 umol/100 pl, top row) or vehicle (PEG400, 100 ul,
bottom row) for 4 weeks, with insulin antibody (left column) or ki67

@ Springer

vehicle (PEG400, 100 pl; n=8 each) was performed everyday for
4 weeks. After 4 weeks, the animals were fasted for at least 18 h, and
blood samples were collected, and the plasma obtained was used for
the measurement of GLP-1 and insulin levels. Data are shown as
mean+SEM. *p<0.05, **p<0.01 compared with vehicle administra-
tion. ¥p<0.01 compared with OA administration

was added to this list when exendin-4, a long-acting GLP-1
agonist, was found to stimulate proliferation of 3 cells in
the rat (Xu et al. 1999). Furthermore, potentiation of
endogenous postprandial levels of GLP-1 by inhibiting
dipeptidyl peptidase-IV (DPPIV), which rapidly degrades
GLP-1, has also been shown to expand 3 cell mass (Baggio
and Drucker 2006). Although the present study did not
clearly show the detailed mechanism for proliferation of
pancreatic  cells after long-term treatment with «-LA, it
would be plausible to hypothesize that enhancement of the
GPR120-GLP-1 cascade by «-LA may lead to this result,

Ki67-Antibody

8 - *1
5
;§ 1 1
g4 -
~
g |
3
3 "
i 3
_/"; 1
100 jm 0
Vehicle OA a-LA

antibody (right column). Arrows show pancreatic islets. b Number of
ki67-positive cells in pancreatic islets. In a series of random fields
from ten regions, ki67-positive cells in pancreatic islets were counted.
Data are shown as mean+SEM (n=5). *p<0.01 compared with
vehicle administration. p<0.01 compared with OA administration
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as we confirmed that long-term treatment with «-LA did
not affect the DPPIV activity at all in the present study (data
not shown). Clearly, further studies using genetically
modified animals or specific pharmacological tools would
be required to test this important hypothesis.

In summary, we have, for the first time, cloned and
characterized rat GPR120. Enhanced GLP-1 secretion was
found to be induced by the oral administration of x-LA, a
natural ligand for GPR120. Moreover, the long-term
administration of a-LA leads to enhanced insulin secretion
and proliferation of pancreatic 8 cells. This study provides
an important therapeutic suggestion that GPR120-mediated
GLP-1 secretion, induced by either food or drugs, may be
important not only to enhance the endogenous postprandial
levels of GLP-1 but also in regenerating P cells in diabetes.
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Abstract The ingestion of fat induces secretion of the gut
peptide hormone cholecystokinin (CCK); however, the
mechanism responsible for lipid-induced CCK release
remains unknown. Recently, a group of free fatty acid (FFA)
receptors, which includes the long-chain FFA receptors
GPR120 and GPR40, has been identified. In this study, we
examined whether these FFA receptors mediate lipid-induced
CCK release in the mouse. We first observed that intra-gastric
administration of long-chain FFAs increased plasma CCK
levels. Using mouse enteroendocrine STC-1 cells as a model
system, we further studied the mechanism of this FFA-
induced CCK secretion. Long-chain FFAs promoted CCK
secretion from STC-1 cells, which was abolished either by
removal of extracellular Ca®*or by the L-type Ca*channel
blocker nicardipine. Furthermore, this FFA-induced CCK
secretion was specifically inhibited by transfection of
GPR120-specific, but not GPR40-specific, short hairpin
RNA. These results indicate that long-chain FFAs induce
CCK secretion through GPR120-coupled Ca**signaling.
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Introduction

The presence of ingested nutrients, particularly fat, in the
proximal small intestine induces secretion of the gut
hormone cholecystokinin (CCK) from specialized enter-
oendocrine cells (I-cells) (Liddle 1997). CCK is important
in digestion because it plays a key role in regulating a range
of intestinal responses, which include stimulation of
pancreatic secretion, gall bladder emptying, and inhibition
of gastric motility (Higham et al. 1997; Hopman et al.
1985; Liddle 1997; Liddle et al. 1986; Smith and Gibbs
1994). Collectively, these responses help to integrate and
optimize the digestion of fat.

The signal transduction pathway for free fatty acid (FFA)-
induced CCK secretion in enteroendocrine cells involves an
increase in intracellular Ca*'concentration (McLaughlin
et al. 1998; Sidhu et al. 2000), but it is not known whether
signal transduction begins at the cell surface or intracellu-
larly. Because fatty acids rapidly cross the cell membrane,
an intracellular receptor or channel stimulated by FFAs or
FFA metabolites cannot be ruled out (Sidhu et al. 2000).
Interestingly, fatty acid-induced CCK secretion has been
shown to be dependent on chain length; only test meals
containing fatty acids with a chain length of greater than 11
carbon atoms induce CCK secretion in human volunteers
(McLaughlin et al. 1999). This chain length dependency is
also observed in enteroendocrine cell line models, namely,
STC-1 cells (McLaughlin et al. 1998; Sidhu et al. 2000)
and GLUTag (Sidhu et al. 2000) cells. This dependency
suggests that the detection mechanism for fatty acid is
sensitive to the chemical structure of the molecule, and
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hence, may rely on one or more specific fatty acid
receptors.

Recently, a group of G-protein-coupled fatty acid receptors
mediating a variety of FFA-induced regulatory functions has
been described (Brown et al. 2003; Hirasawa et al. 2005; Itoh
et al. 2003; Wang et al. 2006). GPR40 and GPR120 are
activated by medium and long-chain FFAs, whereas GPR41
and GPR43 can be activated by short-chain FFAs (Brown
et al. 2003). GPR40, which is preferentially expressed in
pancreatic beta-cells, mediates the majority of the effects of
FFAs on insulin secretion (Itoh et al. 2003). On the other
hand, GPR120, which is abundantly expressed in the
intestine, functions as a receptor for unsaturated long-chain
FFAs and promotes the secretion of glucagon-like peptide-1
(GLP-1) (Hirasawa et al. 2005). In addition to the similar
pharmacological properties, long-chain FFA receptors
GPR40 and GPR120 are similar in the subcellular localiza-
tion. Regarding the cellular localization, we had previously
reported that GPR120-GFP fusion protein was observed on
the cell surface in the HEK293 cells when stably (and also
transiently) expressed (Hirasawa et al. 2005). Also, GPR40
was reported to be localized on the cell surface in the HeLa
cells when stably expressed (Salehi et al. 2005). In addition
to these observations on cloned receptors, GPR40 was
reported to be located on the cell surface in pancreatic beta
cells by using specific antibody (Salehi et al. 2005). Regard-
ing GPR120, so far, no report is available on its subcellular
localization in native cells. Our preliminary study with specific
antibody indicated that GPR120 are localized on the cell
surface in mouse adipocytes (manuscript in preparation). In
the present study, we investigated the molecular mechanism of
FFA-induced CCK secretion, with particular emphasis on the
FFA receptors GPR40 and GPR120.

Materials and methods

Chemicals

Thapsigargin was purchased from Nacalai Tesque (Kyoto,
Japan). Bombesin was from Peptide Institute (Minoh, Japan).
H-89 was from BIOMOL (Plymouth Meeting, PA). All other
chemicals were from Sigma-Aldrich (St. Louis, MO).

In vivo experiments

Animals

Male C57BL/6J mice (8 weeks old) were purchased from
SLC Japan (Hamamatsu, Japan). The animals were main-
tained in a temperature-controlled room (20~23°C) subjected
to a 12-h light/dark cycle. The animals were fed a standard
rodent chow diet (MF, Oriental Yeast, Osaka, Japan) and had
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free access to food and water. This study was approved by the
Kyoto University Animal Care and Use Committee.

In vivo administration study was performed according to
the previous study (Adachi et al. 2006; Hirasawa et al.
2005). Briefly, the animals fasted for at least 18 h before
experiments and were anesthetized with sodium pentobar-
bital (60 mg/kg body weight). «-Linolenic acid, octanoic
acid (100 nmol/g body weight) in PEG, or PEG was
administered directly into gastro with gastric needle or into
jejunum with cannula. Blood were collected from the portal
vein 5 min after administration. Plasma was obtained from
trunk blood to measure CCK.

In vitro experiments
Cell culture

Murine enteroendocrine STC-1 cells were maintained in
Dulbecco’s modified Eagle’s medium containing 15% (v/v)
horse serum and 5% (v/v) fetal bovine serum (Sidhu et al.
2000).

Construction and transfection of short hairpin RNA
(shRNA)

Short hairpin RNA (shRNA) against mouse GPR40 and
GPR120 were constructed and transfected as previously
described (Katsuma et al. 2005). The sequences of shRNA
expression vectors pSi-GPR120 or pSi-GPR40 are 5'-
GGGCGACCACCGGTTGGTGTTCAAGAGACAC
CAACCGGTGGTCGCCCTTTTTT-3' and 5'-CGCCA
GTTGTGACATTCTTTTCAAGAGAAAGAATGTCA
CAACTGGCGTTTTTT-3', respectively. Briefly, DNA oli-
gonucleotides targeting GPR120 and GPR40 were first
synthesized and inserted into the short interfering RNA
expression vector pSilencerl.0 (Applied Biosystems Japan,
Tokyo, Japan), and plasmids were transfected into STC-1
cells with Lipofectamine 2000 (Invitrogen Japan, Tokyo,
Japan).

Real-time RT-PCR

Total RNA was extracted, and reverse-transcription reactions
were performed using the Superscript-II enzyme (Invitrogen
Japan). Quantitative detection of specific mRNA transcripts
was carried out by real-time polymerase chain reaction (PCR)
using DNA Engine Opticon2 System and DyNAmo HS
SYBR Green qPCR kit (BIO-RAD Japan, Tokyo, Japan).

FFA stimulation

FFA stimulation study was performed as described previ-
ously (Hirasawa et al. 2005). Measurements of CCK were
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carried out 24-48 h after seeding STC-1 cells at 1x10°
cells’/cm® on 12-well plates. We washed STC-1 cells three
times with Hank’s balanced salt solution, transferred them
to growth medium and incubated them for 60 min at 37°C
in Hank’s balanced salt solution containing fatty acid and
other reagents. After incubation, conditioned medium was
collected to measure CCK.

Quantification of CCK

CCK concentration in the plasma and conditioned medium
was measured by specific cholecystokinin octapeptide (26—
33) enzyme immunoassay (Phoenix Pharmaceuticals, Bel-
mont, CA).

Monitoring of [Ca’* ]i in STC-1 cells

To confirm the depletion of intracellular Ca*“stores by the
treatment of thapsigargin, [Ca®']i was measured as previ-
ously described (Sidhu et al. 2000). Briefly, STC-1 cells in
cover-glass-bottom culture dish were incubated with 4 uM
fura-2 AM dissolved in the buffer (mM: 140 NaCl, 4.5 KCl,
10 Hepes acid, 10 Hepes salt, 1.2 CaCl,, 1.2 MgCl,, and 10
glucose) containing Pluronic acid (0.025%) with or without
1 uM thapsigargin for 45 min. After the cells were washed
twice with buffer, changes in [Ca®*]i were monitored every
4 s by fluorescence spectrophotometer (OLYMPUS, Tokyo,
Japan) at the excitation wavelengths of 340 and 380 nm.
All studies were carried out at room temperature.

Statistical analysis

We used one-way or two-way analysis of variance (ANOVA)
to evaluate treatment effects. p<0.05 was considered
significant. All statistics were run with R (R Development
Core Team (2005). R: A language and environment for
statistical computing. These analyses were performed using
R, which is available at the Comprehensive R Archive
Network site (http://www.cran.r-project.org)).

Results and discussion

FFA promotes CCK secretion in vivo and in STC-1 cells

We first examined the effect of «-linolenic acid (C18:3) on
CCK secretion in mice. Five minutes after intra-gastric
administration of «-linolenic acid (100 nmol/g body weight)
in C57/BL6 mice, the plasma concentrations of CCK were
significantly higher than in mice treated with octanoic acid
(C8) or vehicle (Fig. 1). Intra-gastric administration (but not
direct administration of «-linolenic acid into the jejunum via
a cannula) stimulated CCK secretion (Fig. 1). This difference
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@ octanoic acid
u g-linolenic acid

g 150
&
O 100
3
= 50
0
intra-gastric intra-jejunum
administration administration

Fig. 1 Effect of FFA administration on plasma CCK concentrations in
mice. Plasma CCK concentrations were monitored after intra-gastric
administration or intra-jejunum administration of vehicle (PEG),
octanoic acid, and o-linolenic acid (100 nmol/g body weight) in
C57/BL6 mice. Data are shown as means+SEM (n=5). *p<0.01 vs
vehicle, 1p<0.005 vs octanoic acid

may reflect variability in the regional distribution of cells
containing CCK (I-cells), as CCK-immunoreactive cells are
reported to be located in higher numbers in the pylorus and
upper small intestine than in the duodenum or jejunum in
C57BL/6 mice (Ku et al. 2003). This in vivo study indicates
that the chain length dependency of fatty acid on CCK
secretion, which was observed in human as mentioned in the
Introduction section (McLaughlin et al. 1999), was also
noted in mouse.

We next examined the mechanism of FFA-stimulated
CCK secretion using mouse enteroendocrine STC-1 cells as
a model system. Sixty minutes after administration, 10 pM
o-linolenic acid, 10 pM palmitoleic acid (C16:1), and
octanoic acid (at either 10 or 100 uM) had no significant
effect on CCK secretion, but 100 uM of x-linolenic acid or
palmitoleic acid potently promoted CCK secretion in STC-
1 cells (Fig. 2). This result confirmed the chain length
dependency of fatty acids on CCK secretion in STC-1 cells,
as observed in in vivo study.

FFA promotes CCK secretion through GPR120 in STC-1
cells

To determine whether the medium- and long-chain FFA
receptors, GPR120 and GPR40, were involved in «-linolenic
acid-stimulated CCK secretion in STC-1 cells, we examined
the inhibitory effect of short hairpin RNAs (shRNAs) on o-
linolenic acid-stimulated CCK secretion. First, we examined
the effect of shRNA on either GPR40 or GPR120 mRNA
expression. Real-time reverse transcriptase (RT)-PCR of the
STC-1 cells showed that transfection with GPR120-specific
shRNA reduced GPR120 mRNA expression by 27+4%
(n=3) with little effect on GPR40 mRNA expression; on the
other hand, GPR40-specific shRNA reduced GPR40 mRNA
expression by 23+0.1% (n=3) with little effect on GPR120
mRNA expression. Furthermore, transfection with GPR120-

157 @ Springer



526

Naunyn-Schmiedeberg’s Arch Pharmacol (2008) 377:523-527

2

v
=

-
=

CCK secretion (ng/ml)
) w
S s

p—
=

=

Fig. 2 Effect of FFA administration on CCK secretion in STC-1 cells.
CCK secretion from STC-1 cells was measured after administration of
100 or 10 uM «-linolenic acid, oleic acid, palmitoleic acid, octanoic
acid, and vehicle (DMSO). Data are shown as means+SEM (n=3). *p<
0.01, **p<0.005 vs vehicle

specific shRNA, but not with GPR40-specific shRNA,
significantly (~30%) suppressed «-linolenic acid-stimulated
CCK secretion (Fig. 3). This result indicated that long-chain
FFA-stimulated CCK secretion in STC-1 cells occurs mainly
through GPR120 but not through GPR40.

FFA-promoted CCK secretion is dependent on extracellular
Ca”"entry via L-type Ca”>*channels

We next examined the signal pathway for FFA-stimulated
CCK secretion in STC-1 cells using an extracellular Ca®*-
free medium, nicardipine (L-type Ca®'channel blocker), or
thapsigargin (an agent that selectively inhibits endoplasmic
reticulum Ca”**ATPase). A high concentration of K'(50 mM)
potently stimulated CCK secretion, which was completely
suppressed by either removal of extracellular Ca>*or addition
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)
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Control shGPR40 shGPR120
Fig. 3 Effect of GPR40- or GPR120-specific shRNA on FFA-induced
CCK secretion in STC-1cells. CCK secretion was measured after
administration of vehicle or 100 uM «-linolenic acid in STC-1 cells
transfected with GPR40- or GPR120-specific shRNA. Data are shown
as means£SEM (n=6). *p<0.05 vs control
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of 1 uM nicardipine; however, treatment with 1 pM thapsi-
gargin had no inhibitory effect on K'-induced CCK secretion
(Fig. 4). Similarly, Ca®'-free medium or nicardipine almost
abolished «-linolenic acid-stimulated CCK secretion, but
treatment of thapsigargin (1 uM, 45 min) did not affect -
linolenic acid-stimulated CCK secretion at all (Fig. 4). The
depletion of intracellular Ca®*stores by thapsigargin was
confirmed by observing that 1 1M bombesin-induced [Ca’"]
i response was abolished in STC-1 cells (data not shown).
These results show that FFA-induced CCK secretion in STC-
1 cells may be mainly dependent on Ca*‘influx through L-
type Ca’"channels, rather than Ca® mobilization from
intracellular Ca*"stores. Furthermore, 50 uM protein kinase
A (PKA) inhibitor H-89 abolished «-linolenic acid-stimulated
CCK secretion (Fig. 4), indicating that PKA is involved in
pathway for GPR120-mediated L-type Ca®'channel activa-
tion in STC-1 cells. Similar activation of depolarization-
induced L-type Ca®’channel by protein kinase A was
recently observed in GH3 cells (Vela et al. 2007).

Taken together, the present study indicates that long-
chain FFAs induce CCK secretion through GPR120-
coupled Ca®‘signaling and that this mechanism may
underlie the physiological regulation of CCK secretion in
response to the ingestion of fat. Also, following from our
previous study (Hirasawa et al. 2005), the present study
shows that FFAs promote the secretion of gut peptides
(GLP-1 and CCK) by an increase in [Ca>']i; this may be
coupled to GPR120, but not GPR40, in vivo as well as in

50

CCK secretion (ng/ml)

KCl o-linolenic acid
Fig. 4 Effect of Ca®" free buffer, nicardipine, thapsigargin and H-89
on FFA-induced CCK secretion in STC-1 cells. CCK secretion from
STC-1 cells was measured after administration of 50 mM KCI or
100 uM «-linolenic acid with treatment of Ca®*-free buffer, 1 pM
nicardipine, 1 uM thapsigargin, 50 pM H-89. Data are shown as
means+SEM (n=3). *p<0.01, **p<0.001 vs control
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