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The endogenous ligands for free fatty acid receptor 1 (FFA1) are
medium and longer chain free fatty acids. However, a range of
selective, small molecule ligands have recently been developed as
tool compounds to explore the therapeutic potential of this recep-
tor, whereas clinically employed thiazolidinedione “glitazone”
drugs are also agonists at FFA1.Eachof these classes of agonistwas
able topromotephosphorylationof theERK1/2mitogen-activated
protein (MAP) kinases in cells able to express human FFA1 on
demand.However, althoughboth lauricacidandthesyntheticago-
nist GW9508Xproduced rapid and transient ERK1/2MAPkinase
phosphorylation, the thiazolidinedione rosiglitazone produced
responses that were sustained for a substantially longer period.
Despite this difference, the effects of each ligand required FFA1
and were transduced in each case predominantly via G proteins of
the G�q/G�11 family. Different glitazone drugs also displayed
markedlydifferent efficacyandkineticsof sustainabilityofERK1/2
MAPkinasephosphorylation.Anumberoforthostericbindingsite
mutants of FFA1 were generated, and despite variations in the
changes of potency andefficacyof the three ligandclasses indiffer-
ent functional end point assays, these were consistent with rosigli-
tazone also binding at the orthosteric site. Four distinct polymor-
phic variants of human FFA1 have been described. Despite
previous indications that these display differences in function and
pharmacology, they all responded in entirely equivalent ways to
lauric acid, rosiglitazone, and GW9508X in measures of ERK1/2
MAP kinase phosphorylation, enhancement of binding of
[35S]GTP�S (guanosine 5�-O-(3-[35S]thio)triphosphate) to G�q,
and elevation of intracellular [Ca2�], suggesting that individuals
expressing each variant are likely to respond equivalently to ortho-
steric agonists of FFA1.

Fatty acids have long been known to produce a variety of
effects in the body. However, until recently, these actions were
thought to be mediated exclusively via regulation of cellular
metabolism. Thus, the recent identification and deorphaniza-

tion (1–5) of the free fatty acid (FFA)3 family (reviewed in Refs.
6 and 7) of G protein-coupled receptors (GPCRs) has prompted
re-evaluation of the mechanism of action of FFAs in health and
disease. The initial deorphanization studies of free fatty acid
receptor 1 (FFA14), which at that time was designated GPR40
(1–3), also demonstrated expression of receptor mRNA in the
pancreas, and further analysis showed levels to be enriched in
islets and, in particular, the insulin-producing �-cells (1, 2).
Coupled with the long appreciated effects of fatty acids to ele-
vate glucose-dependent insulin secretion, this suggested FFA1/
GPR40 as a potential target for the treatment of diabetes
(7–10). This has resulted in efforts to identify small molecule
ligands able to act as selective agonists or antagonists of FFA1
(11–16) to act as tool compounds and the generation of knock-
out lines of mice (15, 17–19) to explore the physiological func-
tion of FFA1. FFA1 expression has also been detected in various
pancreatic-derived cell lines, including MIN6, �-TC-3, HIT-
T15, and INS-1E (1–3, 20), and such lines have also, therefore,
been used widely to explore the function of this receptor. The
action of the thiazolidinedione “glitazone” drugs as agonists at
FFA1 (3, 21) is of particular interest because although a number
have been employed clinically, they are well established as reg-
ulators of the peroxisome proliferator-activated receptor �
(PPAR�) group of nuclear receptors (22), and this is assumed to
be their key site of action. However, it is also well established
that glitazones can rapidly generate a series of intracellular sig-
nals, including activation of the ERK1/2MAP kinases (23) that,
kinetically, appear unlikely to reflect actions toward PPAR�.
Combinations ofmutagenesis andmolecularmodeling of FFA1
(16, 24) have implicated key residues involved in the binding
and function of both fatty acids and structurally related, syn-
thetic small agonist ligands, but the relevance of these residues
to the binding and function at glitazones at FFA1 remains
unknown.
Recently, a series of polymorphic variants, D175N (25),

G180S (26), and R211H (27), of human (h)FFA1 have been
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described and, in each case, some element of the response of the
variant receptor or physiological function of individuals
expressing the variant has been described to be different from
the predominant form. Linkage of polymorphisms of GPCRs to
altered physiological response or drug treatment may provide
validation of the encoded proteins as therapeutic drug targets
and are an underpinning driver of expectations for the concepts
of personalized medicine (28). Here, therefore, as well as
exploring potential functional differences between the different
classes of FFA1 agonists and comparing the response of glita-
zone drugs with both the fatty acid lauric acid and the best
studied small molecule agonist GW9508X (11, 12) at a number
of orthosteric binding pocket mutations, we have also explored
potential variation in the signaling characteristics of the three
ligand classes at each of the currently reported open reading
frame polymorphisms of hFFA1.

EXPERIMENTAL PROCEDURES

Materials—Tissue culture reagents were from Invitrogen
(Paisley, Strathclyde, UK). All ligands and experimental

reagents were from Sigma-Aldrich (Dorset, UK) with the
following exceptions: rosiglitazone, troglitazone, ciglita-
zone, and pioglitazone were fromAxxora (Nottingham, UK);
T0070907 and GW9662 were from Calbiochem (Notting-
ham, UK); GW1100 and GW9508X were a generous gift
from Dr. Andrew J. Brown (GlaxoSmithKline, Stevenage,
UK); YM-254890 (29) was a gift from Astellas Pharmaceuti-
cals (Tsukuba, Japan); and the radiochemical [35S]GTP�S
and ERK1/2 SureFire AlphaScreen kits were from
PerkinElmer Life Sciences (Buckinghamshire, UK). Phos-
pho-specific and total anti-ERK1/2 antibodies were from
Cell Signaling (Boston, MA). Antiserum directed against
green fluorescent protein and cross-reactive with enhanced
yellow fluorescent protein (eYFP) was produced in-house.
The Proteome Profiler human phospho-kinase array kit was
from R&D Systems (Minneapolis, MN).
Site-directedMutagenesis—Human FFA1was fused via the C

terminus to eYFP or G�q and, in the case of hFFA1-eYFP, sub-
cloned into pcDNA5/FRT/TO (Invitrogen), as described previ-

FIGURE 1. FFA1 receptor agonists stimulate phosphorylation of the ERK1/2 MAP kinases with different kinetics. Cells treated with doxycycline for 48 h
to induce expression of hFFA1-eYFP were processed to detect both phosphorylated (upper panels) and total levels (lower panels) of the ERK1/2 MAP
kinases. FBS was employed as a positive control to cause phosphorylation of ERK1/2. A, cells were treated with either lauric acid (100 �M) (panel i) or
GW9508X (10 �M) (panel ii) for varying times or with varying concentrations of lauric acid (panel iii) or GW9508X (panel iv) for 10 min (n � 3– 4). IB,
immunoblot. B, cells were treated with rosiglitazone (100 �M) for varying times (panel i) or with varying concentrations of rosiglitazone for 30 min (panel
ii) and were processed as in A. WT, wild type.
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ously (30). Individual binding site mutations and polymor-
phisms were introduced into pcDNA5/FRT/TO-hFFA1-eYFP
or pcDNA3/hFFA1-G�q using the QuikChange� II site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA) according to
the manufacturer’s instructions.
Cell Culture and Generation of Stable Flp-In T-REx HEK293

Cells—Cells were maintained in Dulbecco’s modified Eagle’s
mediumwithout sodium pyruvate (Invitrogen, catalog number
41965) supplemented with 10% (v/v) dialyzed fetal bovine
serum, 1% penicillin/streptomycinmixture, and 10 �g/ml blas-
ticidin at 37 °C in a humidified atmosphere of air/CO2 (19:1).
Inducible Flp-In T-REx HEK293 cells were generated for
hFFA1-eYFP and the various bindingmutants andhumanpoly-

morphisms. Briefly, cells were
transfected with a mixture contain-
ing the desired receptor cDNA in
pcDNA5/FRT/TO vector and the
pOG44 vector (1:9) using Effect-
ene� transfection reagent (Qiagen,
West Sussex, UK) according to the
manufacturer’s instructions. Cell
maintenance and selection were as
described elsewhere (30). Antibiot-
ic-resistant clones were screened
for receptor expression by both flu-
orescence and Western blotting.
To induce expression of receptors
cloned into the Flp-In locus, cells
were treatedwith 0.5�g/ml doxycy-
cline as indicated.
Cell Stimulations and Protein

Assays—Cell stimulations and
lysates were prepared for Western
blotting, AlphaScreen, and Pro-
teome Profiler experiments in a
similar manner. Briefly, cells were
plated on poly-D-lysine-coated
plates (6- and 12-well tissue culture

grade plates except AlphaScreen, which required 40,000 cells/
well of a 96-well plate) and simultaneously induced with 0.5
�g/ml doxycycline as required. Before stimulation, cells were
serum-starved either overnight or for 4 h (Alpha-
Screen) in cell culture medium lacking dialyzed fetal bovine
serum (FBS).
Stimulation of cells was arrested on ice, and cells were

washed twice with ice-cold phosphate-buffered saline. For
detection of hFFA1-eYFP or ERK1/2 by immunoblot, lysates
were harvested in ice-cold radioimmunoprecipitation assay
buffer (50 mM HEPES, 150 mM NaCl, 1% Triton X-100, and
0.5% sodium deoxycholate supplemented with 10 mM NaF, 5
mM EDTA, 10 mM NaH2PO4, 5% ethylene glycol, 1 mM
Na3VO4, and a protease inhibitor mixture (Complete; Roche
Diagnostics, Herfordshire, UK, pH 7.4), rocked for 30 min at
4 °C, and transferred to microcentrifuge tubes for centrifuga-
tion at 4 °C and 14,000 � g for 15 min to pellet insoluble cell
debris. Supernatant was diluted in Laemmli buffer (63mMTris,
50 mM dithiothreitol, 80 mM SDS, 10% glycerol, pH 6.8, with
0.004% bromphenol blue) and either boiled for 5 min (ERK1/2)
or heated to 65 °C degrees (hFFA1 receptor detection). SDS-
PAGE and Western blotting were performed as described
recently (31). For SureFire pERK1/2 and Proteome Profiler
experiments, cells were lysed in appropriate lysis buffers pro-
vided with the kits, and samples were processed according to
the manufacturer’s instructions.
Immunocytochemistry and Live Cell Imaging—For immuno-

cytochemistry and live cell imaging, hFFA1-eYFP Flp-In T-REx
HEK293 cells were plated on poly-D-lysine-coated coverslips in
the presence or absence of 0.5 �g/ml doxycycline for incuba-
tion times as indicated. To determine localization and extent of
ERK1/2 phosphorylation, cells were stimulated with ligand as
indicated and then fixed with 4% (v/v) formaldehyde solution

FIGURE 2. hFFA agonists acutely promote phosphorylation of the ERK1/2 MAP kinases via activation of
G�q/G�11. Cells were induced with doxycycline to induce expression of hFFA1-eYFP, as in Fig. 1, and then
treated with or without inhibitors to block activation of G�q/G�11 (20 nM YM-254890 for 40 min, YM), G�i/G�o
(25 ng/ml for 16 h; pertussis toxin, PTox), FFA1 (10 �M GW1100 (GW) for 40 min), or PPAR� (1 �M T0070907 or
GW9662 for 40 min). Cells were then stimulated with lauric acid (100 �M, 10 min), rosiglitazone (100 �M, 30 min),
or GW9508X (10 �M, 10 min). Samples were processed to detect phosphorylated (upper panels) and total (lower
panels) levels of the ERK1/2 MAP kinases (n � 3). IB, immunoblot.

FIGURE 3. Sustained phosphorylation of the ERK1/2 MAP kinases via acti-
vation of FFA1 by rosiglitazone does not reflect activation of PPAR�.
Cells were untreated (�dox) or induced with doxycycline (�dox and all other
sets) to induce expression of hFFA1-eYFP. They were then treated with inhib-
itors to potentially block activation of FFA1 (10 �M GW1100), G�q/G�11 (20 nM

YM-254890), G�i/G�o (PTox), or PPAR� (1 �M T0070907) as in Fig. 2. Cells were
then stimulated with rosiglitazone (100 �M) for varying times and processed
to detect phosphorylated ERK1/2 MAP kinases. In each case, the effect of FBS
was also assessed following stimulation for 5 min and in the presence of
relevant inhibitors. IB, immunoblot.
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before immunostaining with the same pERK1/2 antibody as for
Western blots and an Alexa Fluor-594 anti-mouse secondary
antibody. Hoechst 33342 was used for nuclear staining. For live
cell imaging of receptor expression, coverslips were placed into
a microscope chamber containing physiological saline solution
(130 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM
HEPES, 10 mM D-glucose, pH 7.4), illuminated with an ultra
high point intensity 75-watt xenon arc lamp (Optosource,
Cairn Research, Faversham, Kent, UK) at 500 nm, and imaged
using a Nikon Diaphot inverted microscope equipped with a
Nikon�40 oil immersion Fluor objective lens (NA� 1.3) and a
monochromator (Optoscan, Cairn Research). Fluorescence
emission at 535 nm was monitored using a high resolution
interline transfer-cooled digital CCD camera (Cool Snap-HQ,
Roper Scientific/Photometrics, Tucson, AZ). MetaMorph
imaging software (Universal Imaging Corp., Downing, PA) was
used for control of the monochromator and CCD camera and
for processing of the cell image data. MetaMorph software was
used to analyze the images.
Calcium Assays—Population cell calcium changes were

assessed in Flp-In T-REx HEK293 cells harboring hFFA1-eYFP
and polymorphisms/binding mutants that were treated with or
without 0.5 �g/ml doxycycline. Cells were grown in poly-D-
lysine-coated wells of a 96-well microtiter plate. 24 h after
induction, cells were loaded with the calcium-sensitive dye
Fura-2, as described previously (32), and the response to FFA1
ligands was assessed using a FLEXStation (Molecular Devices,
Sunnydale, CA).
[35S]GTP�S Incorporation Assays—For hFFA1 activation

experiments, HEK293 cells were transfected with 5 �g of wild
type or mutant hFFA1-G�q fusion receptor cDNA, and mem-
branes were prepared after 24 h, as described elsewhere (21).
[35S]GTP�S binding experiments were initiated by the addition
of 5�g of cell membranes to an assay buffer (20mMHEPES, pH
7.4, 3 mM MgCl2, 100 mM NaCl, 1 �M GDP, 0.2 mM ascorbic
acid, and 50 nCi of [35S]GTP�S) containing the given concen-
tration of agonist. Each reaction was performed in the presence
of 10 �M fatty acid-free bovine serum albumin as we have pre-
viously demonstrated that this step is required to prevent FFA1
binding of endogenous agonists released by membrane prepa-
ration (21). Nonspecific binding was determined in the above
conditions with the addition of 100 �MGTP�S. Reactions were
incubated for 30 min at 30 °C and were terminated by the addi-
tion of 500 �l of ice-cold buffer containing 20 mM HEPES, pH
7.4, 3 mM MgCl2, 100 mM NaCl, and 0.2 mM ascorbic acid. The
samples were centrifuged at 14,000 � g for 10 min at 4 °C. The
resulting pellets were resuspended in solubilization buffer (100
mM Tris, 200 mM NaCl, 1 mM EDTA, and 1.25% Nonidet P-40)
plus 0.2% SDS. Samples were precleared with Pansorbin fol-
lowed by immunoprecipitation with C-terminal Gq/G11 anti-

serum CQ (33). Finally, the immunocomplexes were washed
once with solubilization buffer, and bound [35S]GTP�S was
estimated by liquid scintillation spectrometry.
Data Analysis—Densitometry was performed on pERK1/2

Western blots and x-ray films from Proteome Profiler experi-
ments using Quantity One software (Bio-Rad). All data were
quantified and analyzed using GraphPad Prism 4.0 and are
expressed as mean � S.E. Differences were considered statisti-
cally significant when p� 0.05 according to Student’s unpaired
t test or one-way analysis of variance with Bonferroni’s correc-
tion for multiple comparisons, as appropriate.

RESULTS

hFFA1 was C-terminally tagged with eYFP and cloned into
the Flp-In locus of Flp-In T-REx HEK293 cells as described
previously (21). Expression of hFFA1-eYFP could not be
detected in the absence of inducer (supplemental Fig. 1), but the
addition of doxycycline (0.5�g/ml) for varying times resulted in
expression of proteins with apparent mass close to 70 kDa in
lysates of these cells that were detected by an in-house-gener-
ated anti-green fluorescent protein antiserum and that reached
maximal levels within 36 h (supplemental Fig. 1A) and were
sustained for at least 72 h (data not shown). Fluorescence imag-
ing of these cells showed the expressed eYFP-tagged receptor to
be located predominantly at the cell surface (supplemental Fig.
1B). We have previously used these cells (21) in intracellular
[Ca2�] imaging studies to confirm that medium and longer
chain free fatty acids (1–3), certain synthetic ligands including
GW9508X (11), and a number of thiazolidinedione drugs (3),
including rosiglitazone and troglitazone (21), act as agonists for
hFFA1-eYFP.
Many GPCRs are able to cause phosphorylation and activa-

tion of the ERK1/2 MAP kinases (34, 35). hFFA1-eYFP also
produced stimulation of ERK1/2 MAP kinase phosphorylation
from a very low basal level in response to either lauric acid as a
typical free fatty acid or GW9508X as a prototypic, selective
smallmolecule agonist (Fig. 1A). In both cases, phosphorylation
of these kinases was rapid, reaching a maximal level within
5–10 min of exposure to the ligand, and transient, returning to
close to basal levels within 60 min (Fig. 1A). As reported by
others using assays based on the elevation of intracellular
[Ca2�], lauric acid, as with other medium chain free fatty acids
(1), displayed relatively poor potency (pEC50 � 4.7), whereas
GW9508Xwas significantlymore potent (pEC50� 6.5) (11, 24).
Such extensive but transient activation of the ERK1/2 MAP
kinases in response to lauric acid andGW9508Xwas confirmed
via immunocytochemistry studies in which both ligands caused
rapid activation and nuclear localization of the ERK1/2 MAP
kinases, whereas the reduction in these signals at longer time
points was again evident (supplemental Fig. 2A). By contrast,

FIGURE 4. Different thiazolidinedione drugs provide distinct kinetics and efficacy of ERK1/2 MAP kinase phosphorylation but produce similar overall
regulation of a series of phospho-proteins. Cells as in Fig. 1 were treated with doxycycline for 48 h to induce expression of hFFA1-eYFP. A, the cells were
exposed to a range of thiazolidinedione drugs, rosiglitazone (100 �M), ciglitazone (100 �M), troglitazone (10 �M), and pioglitazone (100 �M) for varying times
and then processed to detect phosphorylated ERK1/2 MAP kinases (n � 3). Stimulation of the cells with FBS for 5 min provided a positive control. B, the pERK1/2
SureFire AlphaScreen assay was used to quantify ERK1/2 activation over a 3-h period. (n � 3). RLU, relative light units. C, concentration-response curves for
pERK1/2 in response to various thiazolidinediones measured at 15 min of stimulation (n � 3). In B and C, the error bars indicate S.E. D, quantification of
phosphorylation of various kinases and kinase targets by lauric acid (100 �M), rosiglitazone (100 �M), or GW9508X (10 �M) in the absence (light bars, �dox) or
presence (dark bars, �dox) of doxycycline. Shown are results from selected targets; data reflect an individual experiment representative of two performed.
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the addition of rosiglitazone (pEC50 � 5.0), although producing
a slightly less rapid elevation of ERK1/2 MAP kinase phos-
phorylation, resulted in a sustained response in which max-
imum signal was maintained throughout the 60-min period
(Fig. 1B) and for up to 3 h (data not shown but see later). As
a slower and more sustained profile of ERK1/2 activation has
been linked in some situations with �-arrestin scaffolding
and cytosolic retention of ERK1/2 (35, 36), we next examined
the subcellular localization of ERK1/2 by immunocytochem-
istry. Staining of ERK1/2 MAP kinase phosphorylation in
response to rosiglitazone was consistent with the time
course observed in immunoblots (supplemental Fig. 2B);
however, activated ERK1/2 was found to be nucleus-local-
ized at both 5 min and 30 min, arguing against a substantial
role for �-arrestin in producing the altered time course. As

with the effects of lauric acid and
GW9508X, the induced expres-
sion of hFFA1-eYFP was required
for both rapid andmore prolonged
ERK1/2 MAP kinase activity in
response to rosiglitazone in Flp-In
T-REx HEK293 cells that harbored
hFFA1-eYFP at the inducible
locus (supplemental Fig. 2B).

Although FFA1 is considered to
couple predominantly to members
of the G�q family of G proteins (1,
6), there are many avenues and
pathways by which activation of a
GPCR can result in ERK1/2 MAP
kinase activation (34, 35, 37). To
explore this, the mechanism(s) of
rapid activation of the ERK1/2MAP
kinases in response to lauric acid,
GW9508X, and rosiglitazone was
determined. In each case, activation
was almost eliminated by treatment
of the cells with the selective G�q/
G�11 inhibitor YM-254890 (20 nM)
(29) (Fig. 2) but maintained,
although somewhat reduced, fol-
lowing pretreatment of the cells
with pertussis toxin (25 ng/ml, 16 h)
(Fig. 2), which causes ADP-ribosyl-
ation of members of the Gi/Go G
protein group and prevents their
potential activation by GPCRs.
Furthermore, although thiazo-
lidinediones are known as direct
activators of the PPAR� group of
nuclear receptors (22, 38, 39), the
PPAR� antagonists T0070907 and
GW9662 (40) were both without
effect on rosiglitazone-mediated
ERK1/2 MAP kinase phosphoryla-
tion (Fig. 2). As anticipated, how-
ever, the selective FFA1 receptor
antagonist GW1100 (11, 21)

blocked the effect of each of the three classes of agonist ligand
(Fig. 2). Interestingly, although pretreatment with either
GW1100 or YM-254890 fully blocked both initial and sustained
ERK1/2 MAP kinase phosphorylation in response to rosiglita-
zone (Fig. 3), pretreatment with pertussis toxin resulted in inhi-
bition of the sustained and maintained elevation of ERK1/2
MAP kinase phosphorylation and may suggest a role of Gi-
family proteins in this element of the function of rosiglitazone
(Fig. 3). Immunocytochemistry studies (supplemental Fig. 3
and data not shown) also confirmed the lack of effect of the
PPAR� antagonist T0070907 in preventing short or longer
term ERK1/2 phosphorylation in response to rosiglitazone. In
no case did inhibitor treatment alter the subcellular localization
of activated ERK1/2MAPkinases (supplemental Fig. 3 and data
not shown).

FIGURE 5. Selective effects of hFFA1 binding pocket mutants on the function of lauric acid, GW9508X and
rosiglitazone. A, receptor activation by rosiglitazone or GW9508X was measured in [35S]GTP�S incorporation
assays performed on membranes prepared from HEK293 cells transfected with G�q fusion proteins of wild type
(WT) hFFA1 and H137A, R183A, N244A, R258A, and R183A,R258A receptor mutants (n � 2–7). B, wild type,
H137A, R183A, N244A, R258A, and R183A,R258A hFFA1-eYFP were produced and used to generate Flp-In
T-REx HEK293 cells. Each receptor construct was detected only following treatment of the cells with doxycy-
cline. C, the effect of the above mutations was then tested in cell population calcium assays in response to lauric
acid and rosiglitazone (n � 2– 6). In A and C, the error bars indicate S.E.
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A series of thiazolidinedione drugs was then tested for their
capacity to promote and maintain ERK1/2 MAP kinase phos-
phorylation status in hFFA1-eYFP-expressing cells. Troglita-
zone, ciglitazone, and pioglitazone all produced relatively rapid
activation of the ERK1/2 MAP kinases, but restoration to basal
levels of phosphorylation followed a clear profile in which tro-
glitazone and ciglitazone were more rapid than pioglitazone
(Fig. 4A). Furthermore, although maintaining the signal for the
most extended period, rosiglitazone appeared to be a partial
agonist for ERK1/2 MAP kinase activation at early time points
when compared with ciglitazone, whereas both rosiglitazone
and ciglitazone were markedly more efficacious than troglita-
zone and pioglitazone (Fig. 4A). Amajor limitation of immuno-
blotting studies to identify phosphorylated forms of ERK1/2
MAP kinases is the very limited dynamic range of the signal. As
such, to further explore the apparent partial agonism of piogli-
tazone and troglitazone, we repeated such studies using the
bead-based SureFire ERK AlphaScreen assay. These studies
confirmed the relatively weak partial agonism of both troglita-
zone and pioglitazone (Fig. 4B) and the markedly prolonged
duration of signal induced by rosiglitazone when compared
with ciglitazone (Fig. 4B). Concentration-response curves were
then constructed for each of the glitazones at a single time point
of 15 min using the SureFire ERK AlphaScreen assay. In agree-
ment with the previously reported potencies of rosiglitazone
and troglitazone for [35S]GTP�S binding (21), troglitazone dis-
played greater potency (although as noted above, substantially
reduced efficacy) than rosiglitazone for pERK1/2 production,
and both were more potent than ciglitazone and pioglitazone
(Fig. 4C). The rank order of potencies is: troglitazone (5.72 �
0.07) 	 rosiglitazone (4.94 � 0.07) 	 ciglitazone (4.37 �
0.06) 	 pioglitazone (3.09 � 0.93).
Although ERK1/2 MAP kinase phosphorylation is often

assessed as a convenient end point of signal generation via
GPCR activation, a series of complex kinase cascades and inter-
related pathways may also be potentially regulated. To explore
this for ligands at hFFA1-eYFP, analysis of the phosphorylation
status of a wide range of kinases and kinase targets was assessed
in response to lauric acid, GW9508X, and rosiglitazone follow-
ing treatment of cells for 5 or 45 min using a human phospho-
kinase array that allows simultaneous assessment of the phos-
phorylation status of 38 kinases and other cellular proteins
based on a dot blot array of 46 phospho-specific antibodies
(Proteome Profiler human phospho-kinase array, R&D Sys-
tems). All three ligands induced FFA1-specific enhanced phos-
phorylation of a number of other potential targets including
p38MAPK� (Fig. 4D) and N-terminal c-Jun kinase (JNK) (Fig.
4D), although in the case of JNK, this was not observed at 5min
but only at the later time point. As expected, not all targets on
the kinase arraywere phosphorylated in response to ligands (for
example, Akt) (Fig. 4D and data not shown) or in a hFFA1-
specific manner (for example, RSK1/2 and AMPK�2) (Fig. 4D),
where equal signals above basal were produced both with and
without induction of expression of the receptor andwere there-
fore considered to reflect off-target mechanisms. Enhanced
p38MAPK� was also detected in response to each ligand with-
out induction of FFA1-eYFP expression (Fig. 4D), but in this
case, substantially greater levels of phosphorylation were pro-

duced following receptor induction (Fig. 4D). Despite the dif-
ferent kinetic profile of ERK1/2 activation seen in the previous
experiments for rosiglitazone, the unbiased screen of kinase
targets failed to identify differential signal pathway activation.
Thus, taken together with the results of the inhibitor studies in
Figs. 2 and 3, it seems that rosiglitazone activates ERK1/2 and
related kinase targets through the same pathway as GW9508X
and lauric acid but with a different time course of stimulation.
Key residues of the binding pocket of FFA1 for GW9508X

identified by Sum et al. (24) include Arg183 (position 5.39 in the
nomenclature of (41)), Asn244 (6.55), Arg258 (7.35), and His137
(4.56), whereas for linoleic acid, the same amino acids, except

FIGURE 6. Orthosteric binding site mutants of FFA1 display different
responses to rosiglitazone when compared with lauric acid or GW9508X.
Cells induced to express wild type (WT) hFFA1-eYFP or each of the individual
mutants were then used to monitor potential activation of the ERK1/2 MAP
kinases using the SureFire AlphaScreen assay. Response to the ligands was
measured at 15 min of stimulation (n � 3). The error bars indicate S.E.
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His137, were also predicted to be of major importance (24). We
mutated each of these residues individually to Ala, as well as
generating a double R183A,R258A mutant, initially in the con-
text of hFFA1-G�q fusion proteins (21). Each of these was
expressed transiently in HEK293 cells, and following mem-
brane preparation, [35S]GTP�S binding studies were per-
formed with an associated G�q immunoprecipitation step (21).
Both GW9508X (pEC50 � 6.01 � 0.16) and rosiglitazone
(pEC50 � 5.17 � 0.16) enhanced binding of [35S]GTP�S in a
concentration-dependent manner in samples containing

wild type hFFA1-G�q. By contrast,
although H137A hFFA1-G�q
responded to GW9508X with sim-
ilar potency (pEC50 � 6.31 � 0.29)
as the wild type hFFA1 construct,
the efficacy of GW9508X in this
assay was greatly reduced (Fig.
5A). N244A hFFA1-G�q displayed
a significant response to
GW9508X only at concentrations
at and above 1 �M, and this pre-
vented accurate assessment of
EC50 (Fig. 5A). However, best esti-
mates suggested that the N244A
mutation reduced the potency of
GW9508X by �100-fold. No signif-
icant response to GW9508X could
be recorded in such [35S]GTP�S
binding studies employing mem-
branes transfected to express
R183A hFFA1-G�q, R258A hFFA1-
G�q, or R183A,R258A hFFA1-G�q
(Fig. 5A). Apart from a weak
response via H137A hFFA1-G�q, of
the constructs generated, only wild
type hFFA1-G�q was able to
respond significantly to rosiglita-
zone in this assay at concentrations
that were practical to employ (Fig.
5A). To explore the functionality of
the hFFA1 receptormore fully, each
of the abovemutants was also intro-
duced into hFFA1 in the context of
C-terminally eYFP-tagged forms.
These were employed to produce
further stable and inducible Flp-In
T-REx HEK293 cell lines, able to
express the construct only upon the
addition of doxycycline (Fig. 5B). As
with wild type hFFA1-eYFP, when
induced, each of these mutants was
present predominantly at the cell
surface (Fig. 5B). In contrast to the
[35S]GTP�Sbinding studies,H137A
hFFA1-eYFP produced a robust,
concentration-dependent elevation
of [Ca2�] in response to both lauric
acid (pEC50 � 4.91 � 0.08) and ros-

iglitazone with little difference in the potency of either ligand
when compared with wild type (lauric acid pEC50 � 5.08 � 0.1,
rosiglitazone � 4.26 � 0.20) (Fig. 5C). However, at concentra-
tions below 30 �M, lauric acid was unable to cause a substantial
elevation of intracellular [Ca2�] via any of the other mutants
(Fig. 5C), whereas the apparent potency of rosiglitazone at
N244A hFFA1 was not different from that at H137A hFFA1
(Fig. 5C). Again responses to rosiglitazone were lacking in cells
expressing alanine mutations at either or both of Arg183 and
Arg258 (Fig. 5C).

FIGURE 7. Polymorphic variants of hFFA1 regulate intracellular Ca2� and stimulate binding of
[35S]GTP�S equally in response to both lauric acid and rosiglitazone. Three distinct polymorphic variants
of hFFA1, D175N, G180S, and R211H, have been described. A, each of these variants was generated in the
context of the hFFA1-G�q fusion proteins. Receptor activation in response to rosiglitazone was measured by
[35S]GTP�S incorporation in membranes prepared from HEK293 transfected with each G�q fusion protein (n �
3–5). hFFA1-eYFP forms of these variants were generated and cloned into the Flp-In locus of Flp-In T-REx
HEK293 cells. Cells were exposed to doxycycline (0.5 �g) for varying periods of time. WT, wild type. B and C,
lysates of these cells were resolved by SDS-PAGE and immunoblotted (IB) with an anti-green fluorescent
protein (anti-GFP) antiserum (B), or cells were grown on glass coverslips and then imaged (C). D, the effect of the
above polymorphisms was then tested in cell population calcium assays in response to varying concentrations
of lauric acid and rosiglitazone (n � 3– 6). In A and D, the error bars indicate S.E.
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A similar general pattern was noted in SureFire ERK Alpha-
Screen assays (Fig. 6). Responses to GW9508X were lacking at
Ala mutants of either or both Arg183 and Arg258, were of
reduced efficacy but similar potency atH137AhFFA1 (pEC50�
6.97 � 0.16), and were of markedly reduced potency, although
as the data were fitted poorly, this was impossible to assess
accurately, at N244A hFFA1 when compared with wild type
(pEC50 � 6.32 � 0.13) (Fig. 6). These observations were essen-
tially replicated when using lauric acid as ligand (Fig. 6). How-
ever, rosiglitazone provided a different pattern. Now both at
H137A hFFA1 (pEC50 � 5.81� 0.09) and,more surprisingly, at
R258A hFFA1 (pEC50 � 5.72 � 0.08), rosiglitazone acted as a
partial agonist and, indeed, in both situations displayed
enhanced potency when compared with wild type hFFA1
(pEC50 � 4.76 � 0.12) (Fig. 6).

Recently, three distinct polymorphic variants of hFFA1,
D175N (5.31) (25), G180S (5.36) (26), and R211H (5.67) (27)
have been reported. The G180S polymorphism is located close
to Arg183 (5.39), D175N is within the second extracellular loop
and is close to Glu172 (5.28), which, in concert with Arg183
(5.39), is reported to generate an ionic lock that may restrain
FFA1 in an inactive state (42), whereas R211H (5.67) is within
the proximal section of the third intracellular loop and may,
therefore, contribute to G protein coupling and selectivity. As
such, we also generated each of these variants, initially again
within the context of hFFA1-G�q fusion proteins. Following
transient transfection into HEK293 cells and membrane prep-
aration, rosiglitazone was equipotent and displayed equal effi-
cacy in promoting binding of [35S]GTP�S to the G protein ele-
ment of each of these variants (Fig. 7A and Table 1). Following
production of eYFP-tagged forms of each polymorphic variant
and the generation of Flp-In T-REx HEK293 cells to allow for
their inducible expression, each variant was again undetectable
in the absence of doxycycline and turned on rapidly and to
similar levels in response to doxycycline (Fig. 7B). Equally, each
variant displayed a similar, predominantly plasma membrane-
delineated, pattern of expression (Fig. 7C). In both single cell
imaging (data not shown) and cell population (Fig. 7D) [Ca2�]
measurements, lauric acid and rosiglitazone produced equiva-
lent responses at each variant (Table 2). When examining
ERK1/2 MAP kinase phosphorylation, each variant responded
to both lauric acid and GW9508X without detectable differ-
ences in concentration dependence (data not shown) or the
time scale of activation or maintenance of ERK1/2 phosphoryl-
ation (Fig. 8), and this was also true for responses to rosiglita-
zone (Fig. 8). Finally, we examined the G protein-coupling pro-
file of each polymorphic variant because Asn175 hFFA1 was

previously reported to respond less efficaciously via the Gi/o
pathway (25). Similarly, there were no detected differences in
the mechanism of ERK1/2 MAP kinase phosphorylation
between the variants (Fig. 9) in that the effect of each ligandwas
blocked by both the FFA1 antagonist GW1100 and the G�q/
G�11 inhibitor YM-254890 and only impaired to a limited
extent by pertussis toxin pretreatment. Thus, despite the clini-
cal and pharmacological studies suggesting functional differ-
ences for each of the polymorphic variants of FFA1, thorough
pharmacological characterization failed to unveil differential
pharmacology.

DISCUSSION

hFFA1 (also known as GPR40) was originally identified as an
orphan seven-transmembrane-element protein and likely
GPCR based on sequence similarity with other rhodopsin fam-
ily or class A GPCRs (43). Specific attention to its potential as a
therapeutic target for the treatment of type 2 diabetes was
driven by a combination of the known effect of fatty acids to
elevate glucose-dependent insulin secretion and expression of
FFA1 receptor mRNA in the insulin-producing �-cells of the
pancreas (1, 2). This has resulted in the search for, and identi-
fication of, novel and selective ligands for FFA1 via both tradi-
tional function-based screening of chemical libraries (11–15)
and virtual screening of the receptor based on the generation of
receptor homology and pharmacophore models (16). Studies
using both knockdown of FFA1 levels in pancreatic cell lines (2,
20, 44, 45) and FFA1 knock-out lines of mice (15, 17, 46, 47)
have provided further support for this receptor as an important
regulator of insulin secretion and in the effects of fatty acids.
However, as there are both positive effects of fatty acids in pro-
moting insulin release acutely but also potentially negative
effects of long term elevation of fatty acids on the function and
viability of pancreatic �-cells (48, 49), there are differing views
as to whether agonism or antagonism of FFA1 might prove to
be the most effective treatment (6, 47). As well as the FFA1-
selective, synthetic smallmolecule ligands identified recently, it
has been known for some time that thiazolidinedione glitazone
drugs that are used clinically in the treatment of diabetes can
also act as FFA1 agonists (3, 21), although their clinical effec-
tiveness is generally considered to reflect activation of PPAR�.
Recently, we have made considerable use of Flp-In T-REx

HEK293 cells to explore the pharmacology and regulation of a
range of GPCRs (21, 31, 32, 50, 51). As these allow tight regula-
tion of expression of proteins located at the Flp-In locus, they

TABLE 1
Potency and efficacy of rosiglitazone at hFFA1 polymorphic variants
fused to G�q in 
35S�GTP�S binding assays
Membranes of HEK293 cells transfected to express variants of hFFA1 fused to G�q
were employed in 
35S�GTP�S binding studies as described under “Experimental
Procedures.” Data are means � S.E. from between 3 and 5 individual experiments.
WT, wild type.

hFFA1 variant pEC50 Efficacy (% of basal)
FFA1WT-G�q 5.20 � 0.12 162.8 � 4.0
FFA1 D175N-G�q 5.69 � 0.35 150 � 7.6
FFA1 G180S-G�q 5.36 � 0.26 140 � 4.3
FFA1 R211H-G�q 5.46 � 0.39 146 � 8.5

TABLE 2
Potency and efficacy of lauric acid and rosiglitazone at inducible
hFFA1 polymorphic variants in population calcium assays
Variants of hFFA1-eYFP were expressed from the Flp-In locus of Flp-In T-REx
HEK293 cells by treatment with doxycycline (0.5mg/ml, 48 h). Cells were then used
to measure ligand regulation of intracellular 
Ca2�� levels. Data are means � S.E.
from between 3 and 5 individual experiments. WT, wild type.

hFFA1
variant

Lauric acid Rosiglitazone

pEC50
Efficacy

(% of wild type) pEC50
Efficacy

(% of wild type)
FFA1WT 5.09 � 0.11 100 4.51 � 0.4 100
FFA1 D175N 5.37 � 0.23 95 � 9 4.77 � 0.28 121 � 23
FFA1 G180S 5.01 � 0.16 91 � 10 4.00 � 0.57 126 � 87
FFA1 R211H 5.38 � 0.24 78 � 9 4.77 � 0.36 97 � 23
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have particular value in circum-
stances in which ligands might be
pleiotropic and regulate cellular
function by a range of mechanisms,
as is the case for both free fatty acids
and thiazolidinediones (7). Indeed,
initial generation of Flp-In T-REx
HEK293 cells that allowed inducible
expression of hFFA1-eYFP allowed
us to demonstrate that rapid eleva-
tion of intracellular [Ca2�] in
response to either troglitazone or
rosiglitazone required expression of
the receptor construct (21). This
was equally true when activation of
the ERK1/2MAP kinases was meas-
ured in response to these ligands
but, importantly, also demonstrated
that phosphorylation of certain
kinases, e.g. RSK1/2, by FFA1
ligands did not reflect activation of
the receptor.
Intriguingly, in these studies, the

kinetics of phosphorylation of the
ERK1/2 MAP kinases was markedly
different when employing rosiglita-
zone when compared with proto-
typic examples of free fatty acids and
synthetic small molecules. Two dis-
tinct differences were noted. Firstly,
in response to rosiglitazone, the
onset of activation was somewhat
delayed. This could be interpreted
to reflect a slow on-rate of rosiglita-
zone, but as elevation of intracellu-
lar [Ca2�] in response to rosiglita-
zone was just as rapid as in response
to lauric acid and these two ligands
display similar (although modest)
potency at FFA1, this seems
unlikely. Secondly, and more obvi-
ously, phosphorylation of the
ERK1/2 MAP kinases was sustained
for a substantially longer period in
response to rosiglitazone than to
either lauric acid or GW9508X.
Although phosphorylation of the
ERK1/2MAPkinaseswasmore pro-
longed in response to rosiglitazone,
the mechanism responsible for acti-
vation appears to be the same. In
each case, pretreatment of the cells
with the selective G�q/G�11 inhibi-
tor YM-254890 (29) almost fully
blocked the FFA1-mediated effect
of the ligand. In a number of situa-
tions, sustained ERK1/2 MAP
kinase phosphorylation has been

Glitazones and FFA1

17536 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 26 • JUNE 26, 2009



shown to reflect interactions of the receptor with a �-arrestin
(35). Such examples have been important in understanding the
contribution of �-arrestins to the generation of novel signals
(36) as opposed to their initially established role in the termi-
nation of GPCR-and G protein-mediated signaling (52). The
basis for the prolonged effect of rosiglitazone remains to be
clearly established, but as the activated ERK1/2 was not seques-
tered in the cytosol and activation was blocked in the presence
of YM-254890, it does appear to be G protein-mediated rather
than �-arrestin-mediated. Furthermore, it was interesting to
note that not all the glitazone ligands were able to maintain
ERK1/2 MAP kinase phosphorylation as effectively. These
results indicate clearly that not all FFA1 agonists should be
considered as functionally equivalent, although ligands from
each of the three classes were also able to promote increases in
both intracellular [Ca2�] and stimulated binding of
[35S]GTP�S to G�q, whereas for free fatty acids and the best
studied synthetic agonist, the mode of binding is well estab-
lished (24).
Although activation of the ERK1/2 MAP kinases is routinely

monitored via immunoblotting studies employing antisera that
specifically identify an adjacent pair of Thr and Tyr residues
that become phosphorylated to promote activation, the
dynamic range of such assays, as with other immunoblots, is

limited. We also, therefore,
employed the SureFire ERK
AlphaScreen assay. This approach
provided a much greater dynamic
range and demonstrated much
more clearly the differences in both
the efficacy and the different kinet-
ics of ERK1/2MAPkinase phospho-
rylation produced by different thia-
zolidinediones, including the two,
rosiglitazone (AvandiaTM) and pio-
glitazone (ActosTM in the United
States, GlustinTM in Europe), that
have been used in clinical settings.
The basis for these differences in
regulation of the ERK1/2 MAP
kinases by individual glitazone
drugs will be explored more fully in
future studies.
The binding pocket for the

endogenous ligand linoleic acid has
previously been explored by Sum et
al. (24), but no relevant information
was available for the glitazones.We,
therefore, took advantage of the
efforts of Sum and colleagues (16,
24) by generating Flp-In T-REx
HEK293 cell lines able to express a
range of binding pocket mutants of

hFFA1-eYFP on demand. Furthermore, because previous work
fromSumand colleagues (16) was restricted tomeasurement of
the elevation of [Ca2�]i and we have recently demonstrated
differential pharmacological outcomes bymeasuring a series of
distinct end points when studying orthosteric binding site
mutants of the related receptors FFA2 and FFA3 (32), in these
studies, we measured [Ca2�]i, ERK1/2 MAP kinase phospho-
rylation, and stimulation of binding of [35S]GTP�S. As antici-
pated from the studies of Sum et al. (24), the double
R183A,R258A hFFA1mutant was entirely unable to respond to
any of the FFA1 ligand classes in any assay format, consistent
with the importance of the carboxylate function of the free fatty
acids and small molecule agonists such as GW9508X. We pre-
sume that the 2,4-dione function of the thiazolidinediones is
coordinated to Arg183 and Arg258 in a similar manner and that
this provides orientation of these ligands. Thiazolidinediones
can exist in a number of distinct tautomeric states, and an
amide-iminol tautomerization to generate form 5 in Ref. 53 is
likely to be promoted in polar solvents. The charge provided by
Arg183 and/or Arg258 would further stabilize and drive tautom-
erism toward this state. Such effects also reinforce the view that
thiazolidinediones act as orthosteric FFA1 ligands. Interest-
ingly, although the effect of the H137Amutation was shown by
Sum et al. (24) to have only a marginal effect on the potency of

FIGURE 8. Lack of variation in pERK1/2 responsiveness of polymorphic variants of hFFA1. Expression of D175N hFFA1-eYFP, G180S hFFA1-eYFP, or R211H
hFFA1-eYFP was induced in appropriate Flp-In T-REx HEK293 cells by exposure to doxycycline (0.5 �g/ml, 48 h). Each variant responded to lauric acid (100 �M),
to GW9508X (10 �M), and to rosiglitazone (100 �M) with no detectable differences in the time scale of activation or maintenance of ERK1/2 MAP kinase
phosphorylation (upper panels). Total levels of ERK1/2 MAP kinases (lower panels) were assessed as loading controls (n � 3). IB, immunoblots.

FIGURE 9. Polymorphic variants of hFFA1 all regulate ERK1/2 MAP kinase phosphorylation predomi-
nantly via activation of G�q/G�11. Expression of D175N hFFA1-eYFP, G180S hFFA1-eYFP, or R211H hFFA1-
eYFP was induced in appropriate Flp-In T-REx HEK293 cells by exposure to doxycycline (0.5 �g/ml, 48 h). The
ability of each variant to promote phosphorylation of the ERK1/2 MAP kinases was assessed following exposure
to vehicle (1% dimethyl sulfoxide (DMSO)) or lauric acid (100 �M, 10 min) following treatment of the cells with
(�) or without (�) the inhibitors YM-254890 (YM, 20 nM, 40 min), pertussis toxin (PTox, 25 ng/ml, 16 h), or
GW1100 (GW, 10 �M, 40 min). Total levels of ERK1/2 MAP kinases (lower panels) were assessed as loading
controls. Immunoblots (IB) are representative of experiments performed on three separate occasions. WT, wild
type.
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linoleic acid but a large effect on the potency of GW9508X, in
our [35S]GTP�S binding studies, the potency of GW9508X was
unaffected, whereas efficacy was greatly reduced. Similarly, in
ERK1/2MAPkinase assays, although efficacy ofGW9508Xwas
reduced, potency was actually increased slightly. The basis for
these apparent discrepancies is not clear. Furthermore, in var-
ious assays, N244A hFFA1 displayed substantially reduced
potency for all the ligand classes in each assay conducted and, in
the case of lauric acid and rosiglitazone that have relatively low
potency at wild type FFA1, this made function difficult to
observe at any ligand concentration that could be employed.
This should also be contrastedwith the results of Sum et al. (24)
in which the N244A mutant also displayed reduced potency
but, at least for linoleic acid, this was reported to be only some
4-fold. Clearly, measures of efficacy are difficult to compare
between assays and between studies. It is not surprising that an
amplified, downstream end point, such as [Ca2�]i, should dis-
play higher relative efficacy for mutant forms of the receptor
than an early step in signal transduction such as the binding of
[35S]GTP�S and, thus, we have avoided attempting to make
potentially confusing and misleading cross-assay and cross-
study comparisons of this parameter.
A further area of interest in current hFFA1 receptor studies is

the potential for variation in function between polymorphic
variants. D175N (25), G180S (26), and R211H (25, 27) variants
have been reported. The R211H polymorphism has been sug-
gested to contribute to the variation of insulin secretory capac-
ity in Japanese men (25), although this clinical effect was not
found in later studies (26), nor was alteration in allelic fre-
quency observed in type 2 diabetics (25) or subjects with abnor-
malities in glucose metabolism (26). In the case of the D175N
variant, which was very infrequent in the population studied by
Hamid et al. (25), 5,8,11-eicosatriynoic acid displayed lower
efficacy to stimulate inositol phosphate production when FFA1
was co-expressedwith a chimericGprotein that traffickedGi/o-
mediated signaling through phospholipase C� (54). Mean-
while, the most recently described polymorphism, G180S
FFA1, has been reported as a reduction in function variant in
response to oleic acid and linked to reduced insulin secretion in
a small number of Gly/Ser heterozygotes (26). Despite these
observations, we were unable to note any substantial variation
in Flp-In T-REx HEK293 cells andmembranes of HEK293 cells
that expressed any of these variants when compared with the
wild type hFFA1 receptor sequence in response to the range of
agonists examined in any of the assays we employed. Clearly,
although factors other than basic pharmacological responses to
the sequence alterations may be important for the reported
variation in function in individuals, the current studies do not
provide support for previous indications of variations in the
response of these polymorphisms in biochemical studies using
transfected cells. Although numerous polymorphic variants
within the open reading frame sequences of a wide range of
GPCRs have been reported (55), their relevance to function is
often unclear or hotly debated (28, 56).
These studies provide detailed insight into the mode of

action of three distinct classes of ligands that act as agonists of
FFA1. Despite the distinctiveness of the kinetics and, indeed,
the efficacy of different glitazone ligands as regulators of ERK

MAP kinase phosphorylation status, there is no indication that
these should be considered as anything other than orthosteric
agonistswith respect to free fatty acids. The current studies also
question the basis of reported variation in pharmacology and
function of the currently described polymorphic variants of this
GPCR.
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