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The stimulation of insulin secretion by glucose can be modulated by multiple nutritive, hor-
monal, and pharmacological inputs. Fatty acids potentiate insulin secretion through the gener-
ation of intracellular signaling molecules and through the activation of cell surface receptors. The
G-protein–coupled receptor 40 (GPR40), also known as free fatty acid receptor 1 (we will use
GPR40 in this review), has emerged as an important component in the fatty acid augmentation of
insulin secretion. By signaling predominantly through Gaq/11, GPR40 increases intracellular
calcium and activates phospholipases to generate diacylglycerols resulting in increased insulin
secretion. Synthetic small-molecule agonists of GPR40 enhance insulin secretion in a glucose-
dependent manner in vitro and in vivo with a mechanism similar to that found with fatty acids.
GPR40 agonists have shown efficacy in increasing insulin secretion and lowering blood glucose
in rodent models of type 2 diabetes. Recent phase I and phase II clinical trials in humans have
shown that the GPR40 agonist TAK-875 reduces fasting and postprandial blood glucose and
lowers HbA1c with efficacy equal to that of the sulfonylurea glimepiride without inducing hy-
poglycemia or evidence of tachyphylaxis. These data suggest that targeting the GPR40 receptor
can be a viable therapeutic option for the treatment of type 2 diabetes.
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b
-Cells in islets of Langerhans secrete
insulin in response to increased
blood glucose. An acute increase in

glucose evokes a rapid release of insulin
that is sustained for a short period, desig-
nated as the 1st phase, followed by an
extended period of lower secretion (2nd
phase) that accounts for the majority of
insulin secretion. Progressive reduction in
b-cell mass or secretory capacity causes ab-
normalities of glucose metabolism, result-
ing in diabetes and its complications.

Insulin secretion from b-cells is pri-
marily controlled through the uptake and
metabolism of glucose, resulting in a rapid
increase inATP-to-ADP ratio and closure of
the KATP channel with membrane depolar-
ization through inhibition of K+

flux. This
results in the activation of the voltage-
dependent calcium channel with calcium
influx and fusion of insulin containing
granules and insulin release. This basal

mechanism is primarily responsible for
the rapid, first phase of insulin secretion.
Glucose-derived pyruvate can also enter
into the tricarboxylic acid cycle via pyru-
vate dehydrogenase (PDH) and pyruvate
carboxylase, which can impact on insulin
secretion by increasing levels of cataplerosis-
derived signaling molecules such as oxalo-
acetate, citrate, glutamate, and NADPH
(rev. in 1). Additional nutritive and non-
nutritive factors, including cAMP, amino
acids, and fatty acids, can directly or in-
directly modulate insulin secretion (2).

Fatty acids and modulation of insulin
release
Fatty acids play a complex role in the
physiology of insulin secretion and also
participate in the disruption of b-cell func-
tion and mass that leads to type 2 diabetes.
Exposure ofb-cells to fatty acid in vitro and
in vivo has a biphasic effect. Acutely,

exposure to fatty acids does not stimulate
insulin release; rather, fatty acids are able to
dose dependently increase the amount of
insulin secretedwhen exposed to increased
glucose concentrations. Moreover, fatty
acids are important to maintaining normal
insulin secretion. McGarry and colleagues
(3) showed that reducing fatty acid levels in
fasted rats by inhibiting lipolysis by nico-
tinic acid significantly reduced subsequent
glucose-stimulated insulin secretion. In
contrast, elevation of circulating fatty acid
levelsmarkedly increased second-phase in-
sulin release (3). In contrast, chronic expo-
sure to elevated fatty acids has a detrimental
effect on b-cell function with elevations
in basal insulin secretion but reduced
glucose-stimulated release. In addition, fatty
acids can result in significant decreases in
insulin secretion as a result of b-cell death
(4) or potentially b-cell dedifferentiation
(5), leading to the development of type 2
diabetes.

Oxidation of fatty acids is not required
for enhancement of insulin secretion as in-
hibition of carnitine palmatoyltransferase-1
(CPT-1), responsible for the import of
fatty acids (6) into the mitochondria for
oxidation, results in enhanced glucose-
stimulated insulin secretion in palmitate-
treated cells. The long-chain acyl-CoA
(LC-CoA) model of glucose-stimulated
insulin secretion predicts that cytoplasmic
malonyl-CoA, derived from elevated levels
of citrate after glucose exposure, inhibits
CPT-1, inhibiting LC-CoA uptake and
fatty acid oxidation resulting in increases
in cytoplasmic LC-CoA levels (7). The im-
portance of LC-CoA in potentiation of in-
sulin secretion is highlighted by studies
that show that reducing LC-CoA through
increased catabolism or by the inhibition
of the formation of LC-CoA by triacsin-C
inhibition of Acyl-CoA synthase elimi-
nates the ability of fatty acids to enhance
insulin secretion (8).

LC-CoAs have a variety of metabolic
fates but by themselves can function as
metabolic regulators and signaling mole-
cules. LC-CoAs have been proposed to
modulate KATP activity. Some studies
have suggested that LC-CoAs activate
KATP (9), while others suggest that
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decreases in LC-CoA concentration en-
hance the closure of KATP channels
(10,11) increasing depolarization of the
membrane. Generation of phosphatidic
acid and diacylglycerols may also be
important end products of LC-CoA
metabolism that participate in glucose-
stimulated insulin secretion. Diacylglycerol
levels increase after glucose exposure
(12), which in turn can activate protein
kinase C as well as modulate proteins on
insulin secretory granules, both of which
have been shown to improve insulin se-
cretion (7). A recent study has suggested
that diacylglycerol activation of other
protein kinase pathways may also be im-
portant for augmenting insulin secretion
(see below).

G-protein–coupled receptors and
fatty acid augmentation of insulin
secretion
High-throughput screening assays have
allowed identification of endogenous li-
gands for G-protein–coupled receptors
(GPCRs) (13). These screening method-
ologies have allowed the further identifi-
cation of GPCRs, which respond to fatty
acids with individual GPCRs showing rel-
ative selectivity to fatty acid chain length
and degree of saturation (14). GPR40 is
highly expressed inb-cells and has turned
out to be a key proteinmediating free fatty
acid potentiation of insulin and an attrac-
tive target to enhance insulin secretion in
patients with type 2 diabetes. GPR40 is a
member of a subfamily of homologous,
intronless GPCRs residing on chromo-
some 19q13.1, which include GPR41,
GPR42, and GPR43 (15). Subsequent
studies from two groups identified free
fatty acids as ligands for the GPR40 pro-
tein (16,17), and GPR40 shows higher af-
finity for longer-chain fatty acids with a
half-maximal effective concentration
(EC50) in the 1–2 mmol/L range (17,18).

GPR40 appears to play an important
role in the fatty acid–mediated augmen-
tation in insulin secretion. siRNA or
oligonucleotide-mediated reduction of
GPR40 in b-cell lines or isolated mouse
islets reduced fatty acid augmentation of
insulin secretion (19–21). Similarly, dis-
ruption of GPR40 in mice (GPR402/2) re-
duces fatty acid induction of insulin
secretion (22,23) in vivo. Conversely,
transgenic overexpression of GPR40 re-
sults inmice improved glucose-stimulated
insulin secretion in both wild-type and di-
abetic mice (24). Islets isolated from these
animals showed a robust response to pal-
mitic acid in vitro comparedwith controls.

The results from these studies suggest that
~50% of the augmentation of insulin se-
cretion by fatty acids is mediated by
GPR40.

Fatty acid binding to GPR40 appears
to activate theGaq/11-protein complex result-
ing in activation of phospholipase C (PLC)
(16,23). PLC hydrolyses phosphoinositol-
containing membrane lipids to generate
inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol. IP3 in turn appears to me-
diate the increase in intracellular Ca2+ levels
that occurs after GPR40 activation (18).
Recent studies by the Poitout group (25)
suggest that the generation of diacylgly-
cerol may be the key event after GPR40
activation. They showed that islets de-
rived from mice with genetic disruption
of GPR40 (GPR402/2) responded nor-
mally to glucose but showed no increase
in insulin secretion after oleic acid ex-
posure. However, treatment with cell-
permeable diacylglycerol robustly increased
second-phase insulin secretion in both
wild-type and GPR402 /2 islets. Fatty
acids induce the phosphorylation and ac-
tivation of phospholipase D1 (PKD1),
which seems to modulate the reorganiza-
tion of the cortical actin network that un-
derlies second-phase insulin secretion
(25). “Knockdown” of PKD1 protein in-
hibits the fatty acid augmentation of in-
sulin secretion. What remains uncertain
is how activation of GPR40-mediated ac-
tivation of Gaq/11 results in increases in
PLC activity and whether PKD activation
is the only way that DAG levels increase
in response to glucose stimulation in
b-cells.

Is there a potential for adverse
effects of prolonged stimulation of
GPR40?
Numerous studies in vivo and in vitro
have shown that prolonged exposure to
fatty acids, with or without elevated glu-
cose, results in b-cell secretory defects
and direct toxic effects that result in
b-cell death (4). Studies in humans
suggest a genetic predisposition in sus-
ceptibility to the effects of fatty acids, as
first-degree relatives of type 2 diabetic pa-
tients without evidence of disease were
significantly more susceptible to the im-
pairment of insulin secretion by eleva-
tions of plasma fatty acids (26). Given
the effect of prolonged exposure of fatty
acids, divergent studies in animals with
disruption of GPR40 gave rise to a con-
troversy about the potential role of
GPR40 to mediate the “toxic” effects of
fatty acids. In an initial study, Steneberg

et al. (27) showed that disruption of
GPR40 in b-cells reduced the ability of
fatty acids to potentiate insulin secretion,
as would be predicted by the in vitro bi-
ology of the receptors. But disruption of
GPR40 protected the mice from the ad-
verse effects of prolonged exposure to
fatty acids and the detrimental effects
of a high-fat diet on insulin secretion.
This earlier study suggested that a
GPR40 antagonist might be a viable target
for diabetes treatment. Subsequent stud-
ies by two groups were unable to replicate
these findings (28,29) with similar im-
pairment of islet function after in vitro
and in vivo exposure to fatty acids. Latour
et al. (23) usedmice with whole-body dis-
ruption of GPR40 and examined glucose
homeostasis and insulin secretion in vivo
and dynamics of insulin secretion in vitro
after short- and long-term exposure to
fatty acids. GPR402/2 mice were pheno-
typically similar to the wild-type animals
and showed no changes in glucose or in-
sulin levels at baseline or in response to a
glucose tolerance test. Infusion of fatty
acids in the form of intralipid augmented
insulin secretion in wild-type mice, but
this effect was reduced by 50% in
GPR402 /2 mice. Islets isolated from
wild-type and GPR402/2 mice showed
identical insulin secretion in response to
acute increases in media glucose and to
depolarization with KCl. However, fatty
acid potentiation of insulin release was re-
duced in the GPR402/2-derived islets but
showed a similar decrease in insulin se-
cretion after incubationwith palmitic acid
for 72 h. The reason for these discrepant
findings is not clear, though potential rea-
sons have previously been outlined (30).

In vivo pharmacology of GPR40
agonists in rodent models
The development of synthetic agonists to
GPR40 with salutary effects on insulin
secretion in vitro and in vivo has demon-
strated that activation of the receptor ap-
pears to be a viable option for diabetes
treatment. A large number of synthetic
agonists for the GPR40 receptor have
been developed, several of which appear
to recapitulate the actions of fatty acids to
potentiate insulin secretion (19,31–51).
Based on the original observation ofKotarsky
(52) that some thiazolidinediones could
activate surface receptors later identified
as GPR40, Tan et al. (45) screened a library
of thiazolidinediones and optimized a lead
candidate (Cpd-B). These molecules en-
hanced insulin secretion in islets isolated
from wild-type mice but was inactive in
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islets fromGPR402/2mice. Importantly, ex-
posure of both wild-type and GPR402/2

islets showed reduced insulin secretion
after 3 days’ exposure to free fatty acids,
while exposure to Cpd-B had no effect
on insulin secretion. Similarly, an orally
active (2,3-dihydro-1-benzofuran-3-yl)acetic
acid derivative showed a dose-dependent
reduction in glucose levels in Goto-Kakizaki
(GK) rats, a type 2 diabetic model with im-
paired glucose-dependent insulin secre-
tion. Similar results have been found with
other agonists (36,41). Finally, Tsujihata
et al. (46) examined the effect of TAK-
875, an orally bioactive GPR40 agonist
with an EC50 for receptor activation of
72 nmol/L. As with Cpd-B, prolonged ex-
posure of rat islets to TAK-875 did not
affect glucose-mediated insulin secretion.
Rats rendered glucose intolerant by re-
peated-dose administration of low doses
of streptozotocin showed a dose-dependent
improvement in glucose tolerance. Simi-
larly, TAK-875 increased insulin levels
and decreased plasma glucose concentra-
tions in Zucker diabetic fatty rats, a model
of insulin-resistant type 2 diabetes. In
aggregate, these studies provide further
evidence that chronic activation of GPR40
does not mediate fatty acid toxicity in
b-cells.

Human studies with the GPR40
agonist TAK-875
TAK-875 is the first GPR40 agonist to be
tested for efficacy in humans. Initial stud-
ies showed the compound to be rapidly
absorbed with a half-life of 28–30 h and
clearance primarily through glucouroni-
dation in the liver with minimal urinary
clearance (40). A phase I, randomized
14-day exposure study in two patients
with diabetes showed a dose-dependent
reduction in fasting and postglucose chal-
lenge glucose levels and increases in post–
oral glucose tolerance test C-peptide levels
in the serum (53).

Based on these favorable results, a 12-
week, double-blind, placebo-controlled
phase II study was performed in type 2
diabetic subjects that compared daily ad-
ministration of TAK-875 and glimepiride
with placebo (54). Subjects with an
HbA1c between 7.5 and 10.9% who were
either drug naïve (24) or on metformin-
alone therapy (76%) were randomized to
either placebo (n = 61), TAK-875 (6.25,
25, 50, 100, or 200 mg) (n = 303), or
glimepiride (4 mg) (n = 62). At the end
of treatment, HbA1c levels fell signifi-
cantly from baseline in the TAK-875
group between 20.65 6 0.114 and

21.12% 6 0.113%, which was similar
to glimepiride, which fell 21.05 6 111%.
Both active treatment groups showed more
efficacy than placebo (20.13 6 115%).
There were consistent, significant changes
induced in fasting blood glucose by TAK-
875 at doses.50 mg/day, and these were
similar to changes seen in glimepiride-
treated subjects. The onset of action was
rapid, with changes in fasting blood glu-
cose occurring in the first 2 weeks of treat-
ment. Importantly, there does not appear
to be a waning of efficacy with time, sug-
gesting that the GPR40 agonist does not
induce b-cell dysfunction with prolonged
treatment, arguing against a potential ad-
verse effect of the compounds with pro-
longed exposure.

The data from measurements of fast-
ing and glucose-stimulated insulin levels
suggest that the mechanism of action of
TAK-875 is due to enhancement of insulin
secretion. Insulin sensitivity, as assessed by
the Matsuda index (55), did not change
from baseline in any treatment group.
Higher doses of TAK-875 (25, 100, and
200 mg/day) appeared to enhance b-cell
insulin secretion as assessed by a significant
increase in the C-peptide–to–glucose ratio
at the 30-min time point during the oral
glucose tolerance test. Despite glimepiride
being an insulin secretagogue, no effect was
seen in the glimepiride-treated subjects
compared with placebo subjects. This was
attributed to the fact that the test was per-
formed 24 h after the last dose of medica-
tion where the significantly longer half-life
of TAK-875 compared with glimepiride
may provide residual effects (40).

The adverse effect profile was similar
between the treatment groups with the
exception of a significantly higher rate of
hypoglycemia and significant weight gain
in the glimepiride group compared with
placebo. There was no significant weight
change in the TAK-875 group compared
with baseline, but a small, significant
weight gain was seen compared with the
placebo group, which demonstrated a
small weight loss over the 12-week treat-
ment period. There was not a significant
impact of TAK-875 on blood pressure or
lipid parameters over the treatment pe-
riod. The positive results will be further
explored in ongoing phase III clinical
trials to fully understand the safety and
efficacy of GPR40 agonists in the treat-
ment of type 2 diabetes.

Conclusions
The identification of GPR40 has led to a
new understanding about the acute effects

of fatty acids to increase insulin secretion
from b-cells after stimulation with glucose.
The data suggest that half of the augmenta-
tion of the secondphase of insulin secretion
by fatty acids is mediated by GPR40 signal-
ing (Fig. 1). Additional studies will be
needed to clarify additional details of the
mechanisms by which GPR40 signaling in-
creases insulin secretion. Are fatty acids
that serve as ligands derived from plasma
or could they be mobilized from b-cells
and act in an autocrine or paracrine man-
ner? Increases in diacylglycerol seem to
play an important role in mediating at least
part of the downstream GPR40 signaling.
Are the diacylglycerols exclusively gener-
ated by PLC, or are there additional path-
ways? How do fatty acids, independent
of GPR40, enhance insulin secretion? De-
spite these unanswered questions, the ev-
idence from both animal models and in
initial human clinical trials suggests that
GPR40 agonists effectively increase glucose-
dependent insulin secretion with minimal
risk of hypoglycemia or evidence of b-cell
toxicity.
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insulin granule movement, which augments
insulin release.
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