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GPR40 Is Necessary but Not Sufficient for Fatty Acid
Stimulation of Insulin Secretion In Vivo
Martin G. Latour,1 Thierry Alquier,1 Elizabeth Oseid,2 Caroline Tremblay,1 Thomas L. Jetton,3
Jian Luo,4 Daniel C.-H. Lin,4 and Vincent Poitout1,5

Long-chain fatty acids amplify insulin secretion from the
pancreatic ␤-cell. The G-protein– coupled receptor GPR40
is specifically expressed in ␤-cells and is activated by fatty
acids; however, its role in acute regulation of insulin
secretion in vivo remains unclear. To this aim, we generated GPR40 knockout (KO) mice and examined glucose
homeostasis, insulin secretion in response to glucose and
Intralipid in vivo, and insulin secretion in vitro after shortand long-term exposure to fatty acids. Our results show
that GPR40 KO mice have essentially normal glucose tolerance and insulin secretion in response to glucose. Insulin
secretion in response to Intralipid was reduced by ⬃50%.
In isolated islets, insulin secretion in response to glucose
and other secretagogues was unaltered, but fatty acid
potentiation of insulin release was markedly reduced. The
G␣q/11 inhibitor YM-254890 dose-dependently reduced
palmitate potentiation of glucose-induced insulin secretion. Islets from GPR40 KO mice were as sensitive to fatty
acid inhibition of insulin secretion upon prolonged exposure as islets from wild-type animals. We conclude that
GPR40 contributes approximately half of the full acute
insulin secretory response to fatty acids in mice but does
not play a role in the mechanisms by which fatty acids
chronically impair insulin secretion. Diabetes 56:1087–1094,
2007

L

ong-chain fatty acids are essential regulators of
normal pancreatic ␤-cell function and are likely
to play a role in the pathogenesis of ␤-cell dysfunction in type 2 diabetes (rev. in 1). Under
normal circumstances, fatty acids do not initiate insulin
release but amplify glucose-stimulated insulin secretion
(GSIS) (2–5). Fatty acid potentiation of insulin secretion
has physiological implications, particularly after a period
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lated that the effects of fatty acids on the ␤-cell were
mediated by their intracellular metabolism and the generation of lipid-derived signals which, in turn, potentiate
GSIS (2,7). According to this hypothesis, fatty acids are
transported across the plasma membrane and activated
into their long-chain coenzyme A esters, which in turn
modulate a number of intracellular targets that influence
insulin secretion. Moreover, evidence suggests that intracellular fatty acid metabolism is a key component of both
nutrient- and non–nutrient-induced insulin secretion (7).
In contrast to their acute, stimulatory effect on GSIS,
prolonged exposure to elevated levels of fatty acids impairs ␤-cell function, including insulin secretion, gene
expression, and survival (rev. in 1). Although the mechanisms of these effects remain poorly understood, they have
been proposed to also involve intracellular metabolism of
fatty acids and the generation of lipid-derived metabolites
(8).
The models described above have been challenged by
the observation that fatty acids activate the G-protein–
coupled receptor (GPCR) GPR40 (9 –11), also referred to
as the free fatty acid 1 receptor (FFA1R) (12,13). GPR40
belongs to a class of GPCRs with high structural conservation, of which GPR41 and GPR43 (FFA2R) are activated
by short-chain fatty acids (14,15). GPR40 is highly expressed in pancreatic ␤-cells and insulin-secreting cell
lines (9 –11) but not in any other tissues tested except the
ileum (9) and some areas of the brain (10). Using a
ligand-fishing strategy, it was shown that fatty acids increase intracellular calcium concentrations ([Ca2⫹]i) in
GPR40-expressing cells. A wide range of saturated fatty
acids from C6 to C20, unsaturated fatty acids from C18 to
C22, and some ecosanoids elicited a calcium response,
with a half-maximal concentration in the range of 1–100
mol/l. In general, fatty acids that activated GPR40 in
transfected cells also induced an increase in [Ca2⫹]i and
amplified GSIS in the MIN6 pancreatic ␤-cell line. A
physiological role for GPR40 is suggested by the observations that loss of function of GPR40 via small interfering
RNA (9,16), antisense oligonucleotides (13), pharmacological inhibition (17), or gene deletion in the mouse (18)
suppresses fatty acid potentiation of GSIS in vitro. However, whether GPR40 signaling is important for stimulation
of insulin secretion by fatty acids in vivo remains unknown. Using mice with targeted deletion of GPR40, the
present study aimed to examine the role of GPR40 in acute
regulation of insulin secretion in vivo and in vitro, as well
as its implication in long-term inhibition of insulin secretion by fatty acids.
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FIG. 1. Generation of GPR40 KO mice. Structure of the targeting vector (A) and representative PCR analysis of tail DNA (B). bp, base pair; L,
molecular weight marker; NTC, no-template control.

RESEARCH DESIGN AND METHODS
Generation and genotyping of GPR40ⴚ/ⴚ animals. GPR40⫺/⫺ (knockout
[KO]) mice on a mixed C57BL/6/129 background were generated by homologous recombination in embryonic stem cells at Lexicon Genetics (The
Woodlands, TX). Exon 2 of the GPR40 gene was replaced with a LacZ gene
(Fig. 1A). Pups were screened by PCR of genomic DNA as shown in Fig. 1B.
Wild-type (WT) littermates were used as controls. For experiments shown in
Fig. 4C, 8- to 10-week-old male C57BL/6 mice were purchased from Charles
River Laboratories (Wilmington, MA). Animals were housed on a 12-h light/
dark cycle with free access to water and standard laboratory chow. All
procedures using animals were approved by the institutional animal care and
use committee.
Assessment of glucose homeostasis. A cohort of male and female KO and
WT mice were studied longitudinally from 6 to 24 weeks of age. Weight and
fasting blood glucose were measured weekly. Oral glucose tolerance was
assessed at 6 and 13 weeks of age in overnight-fasted animals by measuring
tail blood glucose 0, 15, 30, 60, 90, and 120 min after oral administration of 1
g/kg glucose by gavage. Insulin tolerance was measured at 8 and 14 weeks of
age in overnight-fasted animals by measuring tail blood glucose 0, 30, 60, and
120 min after intraperitoneal injection of 0.75 units/kg insulin. Fasting blood
samples were taken at 8, 14, and 24 weeks of age for plasma insulin and free
fatty acid (FFA) determinations. The animals were killed at 24 weeks of age
and their pancreas removed for histological examination. Insulin secretion in
response to intravenous glucose or Intralipid (Fresenius Kabi, Uppsula,
Sweden; 100 l of a 20% solution preceded by 20 units of heparin) administration was examined on a second group of 13-week-old animals. Intralipid is
a soybean oil emulsion that generates a mixture of mostly unsaturated fatty
acids (19). Mice were anesthetized by intraperitoneal injection of pentobarbital (75 mg/kg), and a catheter was inserted into the right jugular vein. Thirty
minutes after the catheterization, a bolus of glucose (0.5 g/kg) or Intralipid
was injected into the jugular catheter. Blood samples were drawn 0, 2.5, 5, 15,
30, 45, and 60 min after the injection. Erythrocytes were resuspended with
sterile saline containing 5 units/ml heparin and reinjected. Plasma glucose was
measured using a portable meter (Accu-check Advantage; Roche, Manheim,
Germany). Plasma FFAs were measured using the Half-Micro test (Roche).
Plasma insulin was measured using the Ultra Sensitive Rat Insulin ELISA Kit
(Crystal Chem, Downers Grove, IL) with mouse insulin standards.
Measurements of ␤-cell surface area. Pancreata were fixed in 4% buffered
paraformaldehyde and embedded in paraffin. Sections were rehydrated,
blocked, and immunostained with guinea pig anti-insulin IgG (Linco Research,
St. Chalres, MO) followed by donkey anti– guinea pig IgG-alkaline phosphatase (Jackson Immunoresearch, West Grove, PA). Following development
with Vector Red substrate (Vector Laboratories, Burlingame, CA), sections
were counterstained with hematoxylin, cleared, and mounted in Permount
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(Fisher Scientific, Worcester, MA). The proportion of islet ␤-cell surface area
versus surface area of the whole pancreas was determined as described (20).
Islet isolation and culture. Islets were isolated from 8- to 10-week old
animals by collagenase digestion and handpicking under a stereomicroscope
as described (21). For experiments shown in Fig. 5, islets were cultured for 1 h
in RPMI-1640 containing 10% fetal bovine serum, 100 units/ml penicillin, 100
g/ml streptomycin, and 11.1 mmol/l glucose before assessment of insulin
secretion. For experiments shown in Fig. 6, islets were cultured overnight in
the medium described above, then suspended in fresh media and incubated in
various experimental conditions as described in RESULTS. Preparation of
culture media containing fatty acids has been described (22). The final molar
ratio of fatty acid–to–BSA was 5:1. All control conditions contained the same
amount of BSA and vehicle (EtOH:H2O; 1:1) as those with fatty acids.
Insulin secretion and insulin content in isolated islets. Insulin secretion
was assessed in 1-h static incubations as described (21). Briefly, batches of 10
islets each were washed twice in Krebs-Ringer buffer containing 0.1% BSA and
2.8 mmol/l glucose for 20 min at 37°C, then incubated for 1 h in the presence
of various secretagogues as described in RESULTS. Each condition was run in
triplicate. Intracellular insulin content was measured after acid-alcohol extraction. Insulin was measured by radioimmunoassay (Linco Research).
Expression of data and statistics. Data are expressed as the mean ⫾ SE.
Intergroup comparisons were performed by ANOVA followed by two-by-two
comparisons with post hoc adjustments or Student’s paired t test, where
appropriate. P ⬍ 0.05 was considered significant.

RESULTS

Phenotypic characterization of GPR40 KO mice.
GPR40⫺/⫺ animals had no apparent growth defect, clinical
signs, or morphological abnormalities. As shown in Fig. 2,
deletion of GPR40 had no significant effect on weight (Fig.
2A and B), fasting blood glucose (Fig. 2C and D), plasma
FFA levels (Fig. 2E and F), or insulinemia (Fig. 2G and H)
in either males or females up to 24 weeks of age. Glucose
clearance curves after oral glucose administration were
not different between KO and WT mice at 6 weeks of age
(Fig. 3A and B). Male KO animals developed a slight but
significant glucose intolerance at 13 weeks of age (area
under the glucose curve: 25,900 ⫾ 1,000 vs. 21,800 ⫾ 400
arbitrary units in KO vs. WT, respectively; n ⫽ 6 – 8; P ⬍
0.01; Fig. 3C). Glucose tolerance remained identical in
13-week-old KO and WT female mice (Fig. 3D). IntraperiDIABETES, VOL. 56, APRIL 2007

M.G. LATOUR AND ASSOCIATES

FIG. 2. Metabolic characterization of GPR40 KO mice. A cohort of male (A, C, E, and G) and female (B, D, F, and H) GPR40 KO and WT littermates
was followed from 5 to 24 weeks of age. Weight (A and B), fasting blood glucose (C and D), plasma FFA (E and F), and plasma insulin levels (G
and H) were measured throughout the study. n ⴝ 6 – 8 animals per group.

toneal insulin tolerance tests performed at 14 weeks of age
did not reveal any differences between WT and KO in
either male (Fig. 3E) or female (Fig. 3F) mice. ␤-Cell
surface area estimated at 24 weeks of age was not significantly different between KO and WT animals in either
males (0.73 ⫾ 0.14 vs. 0.80 ⫾ 0.11%; n ⫽ 6; NS) or females
(0.60 ⫾ 0.04 vs. 0.88 ⫾ 0.15%; n ⫽ 6; NS).
DIABETES, VOL. 56, APRIL 2007

Insulin secretion in response to glucose and Intralipid in vivo. To examine the effect of GPR40 deletion
on insulin secretion in vivo, 13-week-old male KO mice
and their WT littermates were subjected to an intravenous
injection of glucose or Intralipid plus heparin (Fig. 4). Both
glucose (Fig. 4A) and FFA levels (Fig. 4B) were similar in
WT and KO animals during the tests. Glucose clearance
1089
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FIG. 3. Oral glucose tolerance and intraperitoneal insulin tolerance. Glucose (1 g/kg) was administered orally to overnight-fasted male (A and
C) and female (B and D) mice at 6 (A and B) and 13 (C and D) weeks of age at time 0. Plasma glucose was measured at 0, 15, 30, 60, 90, and 120
min. n ⴝ 6 – 8 animals per group. Insulin (0.75 units/kg) was administered to overnight-fasted, 14-week-old male (E) and female (F) mice by
intraperitoneal injection at time 0. Plasma glucose was measured at times 0, 30, 60, and 120 min. Data are expressed as percentage of plasma
glucose measured at time 0. n ⴝ 6 – 8 animals per group.

curves after an intravenous bolus of glucose was not
different in KO versus WT mice, contrary to the slight
glucose intolerance observed after oral glucose administration in mice of the same age (Fig. 3C). Insulin secretion
in response to glucose was similar in KO and WT animals
(Fig. 4C). In contrast, insulin secretion in response to
Intralipid plus heparin was markedly reduced, although
not completely abolished, in KO mice (Fig. 4C). The
insulinogenic index of glucose (⌬I/⌬Gglucose), calculated as
the ratio between the increment in secreted insulin from 0
to 30 min and the increment in blood glucose during the
same period, was not significantly different in KO vs. WT
animals (24.4 ⫾ 7.8 vs. 31.6 ⫾ 7.2; n ⫽ 7; NS; Fig. 4D). In
contrast, the insulinogenic index of Intralipid plus heparin
(⌬I/⌬GIntralipid) was significantly lower in KO than WT
mice (216.6 ⫾ 51.9 vs. 466.1 ⫾ 101.5; n ⫽ 6; P ⬍ 0.05; Fig.
4D). Since ⌬I/⌬Gglucose was similar in both groups, ⌬I/
⌬GIntralipid represents an estimation of the potentiating
effect of Intralipid on insulin secretion, normalized for the
confounding effect of variations in blood glucose levels
1090

following Intralipid injection. Since ⌬I/⌬GIntralipid in KO
mice is reduced by ⬃50% compared with WT mice, we
conclude that GPR40 accounts for approximately half of
the potentiating effect of fatty acids on insulin secretion in
vivo.
Insulin secretion in response to glucose and fatty
acids from isolated islets in vitro. To further explore
the effects of GPR40 deletion on insulin secretion in vitro,
islets were isolated from 8- to 10-week-old KO mice and
WT littermates and insulin secretion assessed in 1-h static
incubations in response to 2.8, 8.3, or 16.7 mmol/l glucose
with or without 0.5 mmol/l palmitate. As shown in Fig. 5A,
GSIS was similar in KO and WT islets (ANOVA; effect of
genotype: NS; n ⫽ 2–10 per condition). The presence of
palmitate in the incubation buffer potentiated GSIS from
WT islets at both 8.3 (ANOVA; P ⬍ 0.01) and 16.7 (ANOVA;
P ⬍ 0.001) mmol/l glucose. In contrast, palmitate did not
significantly increase GSIS from KO islets at either 8.3 or
16.7 mmol/l glucose (ANOVA; both NS). In the presence of
16.7 mmol/l glucose and 0.5 mmol/l palmitate, insulin
DIABETES, VOL. 56, APRIL 2007
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FIG. 4. Insulin response to intravenous glucose and Intralipid. Glucose (0.5 g/kg) or Intralipid (100 l of a 20% solution preceded by 20 units
heparin) was administered to overnight-fasted, 13-week-old male mice by intravenous injection at time 0. Plasma glucose (A), FFA (B), and
insulin (C) levels were measured at times 0, 2.5, 5, 15, 30, 45, and 60 min. The insulinogenic indexes of glucose and Intralipid (D) were calculated
as the ratio between the increment in secreted insulin from 0 to 30 min and the increment in plasma glucose during the same period. n ⴝ 5–7
animals per group. *P < 0.05.

secretion was significantly lower in KO than WT islets
(ANOVA; P ⬍ 0.05). Insulin secretion in response to a
depolarizing concentration (40 mmol/l) of potassium chloride was not different between KO and WT islets (n ⫽ 4;
NS; Fig. 5B), neither was potentiation of GSIS in the
presence of 100 mol/l isobutyl-methyl xanthine (n ⫽ 4;
NS; Fig. 5B). Insulin content was not different between KO
and WT islets (2.67 ⫾ 0.21 mU/islet [n ⫽ 4] vs. 2.50 ⫾ 0.16
mU/islet [n ⫽ 6]; NS). These results indicate that deletion
of GPR40 specifically impairs the ability of palmitate to
potentiate GSIS, whereas insulin secretion in response to
glucose, membrane depolarization, or amplification of
GSIS by cyclic AMP are not affected.
Based on the lack of sensitivity of GPR40 signaling to
pertussis toxin, Itoh et al. (9) and Briscoe et al. (10) have
proposed that it might be coupled to the G␣q/11 subunit of
heterotrimeric G-proteins. If this is the case, inhibiting
G␣q/11 should block fatty acid potentiation of GSIS. To test
this possibility, we used a selective inhibitor of G␣q/11,
YM-254890 (Astellas Pharma, Ibaraki, Japan), which
blocks the exchange of GDP for GTP at the activation step
(23) and was recently shown to inhibit palmitate potentiation of GSIS in INS-1 cells (16). As shown in Fig. 5C,
YM-254890 dose-dependently inhibited palmitate potentiation of GSIS (ANOVA; P ⬍ 0.005) in 1-h static incubations
of freshly isolated islets from C57BL/6 male mice without
affecting GSIS itself (ANOVA; NS) of basal insulin secretion (ANOVA; NS) at concentrations up to 100 nmol/l. At
concentrations ⬎100 nmol/l, the increase in basal insulin
release, although not statistically significant by ANOVA,
likely reflects nonspecific or toxic effects of the inhibitor.
The pattern of inhibition of insulin secretion observed
with YM-254890 is similar to the effect observed in islets
from KO mice (Fig. 5A) and suggests that fatty acid
DIABETES, VOL. 56, APRIL 2007

potentiation of GSIS is, at least in part, mediated by GPR40
coupling through G␣q/11.
Islets isolated from GPR40ⴚ/ⴚ mice are not protected
against inhibition of insulin secretion following prolonged exposure to fatty acids. To determine whether
deletion of GPR40 protects islets from deleterious effects
of chronic fatty acids on insulin secretion, islets were
isolated from 8- to 10-week-old male WT and KO mice and
cultured for 72 h in the presence of 16.7 mmol/l glucose
with or without 0.5 mmol/l palmitate or oleate, after which
insulin secretion in response to 2.8 or 16.7 mmol/l glucose
was assessed in 1-h static incubations (Fig. 6). As expected, a 72-h exposure to palmitate or oleate inhibited
subsequent GSIS in islets from WT animals (ratio of insulin
secreted at 16.7 mmol/l glucose/2.8 mmol/l glucose ⫽
15.4 ⫾ 2.1 in control islets vs. 6.2 ⫾ 1.29 in palmitatecultured islets) (n ⫽ 7; P ⬍ 0.01) and 5.1 ⫾ 2.1 in
oleate-cultured islets (n ⫽ 7; P ⬍ 0.01)). Islets from KO
animals were similarly affected by both palmitate (5.2 ⫾
0.9-fold increase vs. 11.9 ⫾ 1.4-fold increase in control
islets; n ⫽ 8; P ⬍ 0.01) and oleate (4.2 ⫾ 0.6-fold increase
vs. 11.9 ⫾ 1.4-fold increase in control islets; n ⫽ 8; P ⬍
0.01). These results indicate that deletion of GPR40 does
not protect mouse islets from fatty acid inhibition of
insulin secretion upon prolonged exposure in vitro.

DISCUSSION

The objective of this study was to investigate the roles of
GPR40 in glucose homeostasis and in the regulation of
insulin secretion by fatty acids in vivo and in vitro. We
observed that deletion of the GPR40 gene in the mouse
does not affect normal development and growth (Fig. 2)
1091
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FIG. 6. Effects of prolonged exposure to fatty acids on insulin secretion. Isolated islets were cultured for 72 h in the presence of 16.7
mmol/l glucose with or without 0.5 mmol/l palmitate or oleate. Insulin
secretion was assessed in 1-h static incubations. Data are expressed as
the ratio of insulin secreted at 16.7 mmol/l glucose/insulin secreted at
2.8 mmol/l glucose (fold response). n ⴝ 7 (WT) and 8 (KO) replicate
experiments. *P < 0.01.

FIG. 5. Insulin secretion in freshly isolated islets. A: Insulin secretion
was assessed in 1-h static incubations in the presence of 2.8, 8.3, or 16.7
mmol/l glucose with or without 0.5 mmol/l palmitate. n ⴝ 2–10 replicate
experiments per condition. *P < 0.05; **P < 0.001. B: Insulin secretion
was assessed in 1-h static incubations in the presence of 2.8 mmol/l
glucose ⴙ 40 mmol/l KCl or 16.7 mmol/l glucose ⴙ 0.1 mmol/l IBMX. n ⴝ
4 replicate experiments. C: Insulin secretion was assessed in 1-h static
incubations in the presence of 2.8 mmol/l glucose, 16.7 mmol/l glucose,
or 16.7 mmol/l glucose ⴙ 0.5 mmol/l palmitate, with increasing concentrations of YM-254890. n ⴝ 2–9 replicate experiments per condition.

and has minimal effects on glucose homeostasis (Figs. 2
and 3). Although male mice developed oral glucose intolerance at 13 weeks of age (Fig. 3C), glucose clearance
curves following intravenous glucose administration were
not altered in mice of the same age (Fig. 4A). Since GPR40
is expressed in the ileum (9), it is conceivable that
differences between oral and intravenous glucose tolerance in KO mice may be related to altered intestinal
glucose absorption. The essentially normal glucose homeostasis in GPR40 KO mice is consistent with the results
of Steneberg et al. (18), who observed normal glucose
tolerance after intraperitoneal glucose administration in
GPR40 KO mice.
Infusion of Intralipid plus heparin in WT mice elicited a
1092

marked increase in insulin secretion, as previously reported in dogs (24,25) and humans (26). Estimation of the
potentiating effect of Intralipid by calculating ⌬I/⌬GIntralipid
indicates that the latter is ⬃15 times greater than ⌬I/
⌬GGlucose and suggests that Intralipid is a much more
potent secretagoge than glucose under our experimental
conditions in vivo. In contrast to their normal response to
intravenous glucose, GPR40 KO mice had impaired insulin
secretion in response to Intralipid (Fig. 4C), consistent
with a role for GPR40 as a physiologically relevant fatty
acid receptor. However, insulin secretion in response to
Intralipid was not completely abolished. In fact, calculation of the insulinogenic indexes of glucose and Intralipid
allowed us to estimate the contribution of GPR40 to ⬃50%
of the insulin response to Intralipid (Fig. 4D). Although
this might be artificially due to incomplete deletion of the
gene, this possibility is unlikely because GPR40 mRNA
was not expressed in islets from GPR40 KO mice (data not
shown). Considering the potent stimulation of insulin
secretion by Intralipid, it is surprising that a 50% reduction
in this response in GPR40 KO mice does not appear to
significantly affect glucose homeostasis. This suggests that
compensatory mechanisms are sufficient to maintain adequate secretion in response to a lipid load. In fact, the
limited response to a lipid load could have beneficial
consequences by dampening the hyperinsulinemia associated with high-fat feeding and therefore the resulting
hepatic steatosis and insulin resistance, as shown by
Steneberg et al. (18). We hypothesize that the remaining,
non-GPR40 –mediated insulin secretory response to Intralipid is due to intracellular metabolism of fatty acids,
although this remains to be directly examined. Although
long-chain fatty acids can bind to and activate the GPR120
receptor, the residual effect of Intralipid on insulin secretion is unlikely to be mediated via GPR120, since this
receptor is not expressed in ␤-cells (27).
The results of our experiments using islets isolated from
GPR40 KO mice are consistent with our in vivo results and
further demonstrate that deletion of GPR40 results in a
decreased response to fatty acids, whereas the responses
to glucose and other secretagogues remain normal (Fig. 5).
Since ␤-cell surface area, insulin content, and the response
to glucose were unaltered in GPR40 islets, we conclude
DIABETES, VOL. 56, APRIL 2007

M.G. LATOUR AND ASSOCIATES

that the secretory defect is specific for fatty acid potentiation of insulin secretion. At intermediate glucose levels
(8.3 mmol/l), fatty acid potentiation of insulin secretion
was diminished by ⬃50% in islets from GPR40 KO mice
(Fig. 5A). This degree of inhibition is similar to that
observed in vivo (Fig. 4C) at a plasma glucose concentration of ⬃10 mmol/l (Fig. 4A). Interestingly, insulin secretion in response to palmitate in isolated islets was reduced
to a greater extent (⬃80%) at 16.7 than at 8.3 mmol/l
glucose (Fig. 5A), suggesting that the relative contribution
of GPR40-mediated versus non–GPR40-mediated mechanisms to the overall response may vary with the prevailing
glucose concentration. Clearly, important differences must
be taken into account when comparing in vivo and in vitro
situations. First, Intralipid is a soybean oil emulsion that
generates a mixture of fatty acids, mostly unsaturated
(19), in contrast to the single saturated fatty acid (palmitate) used in in vitro experiments. Second, extrapancreatic
(e.g., neuronal [28]) factors contribute to fatty acid stimulation of insulin secretion in vivo but not in isolated islets.
These limitations notwhistanding, our results obtained in
vivo and in isolated islets in vitro consistently suggest that
at intermediate glucose levels, GPR40 contributes to approximately half of the insulin secretory response to fatty
acids.
The marked inhibition of palmitate potentiation of
GSIS by the inhibitor YM-254890 indicates that it is
mediated, at least in part, by signaling through G␣q/11 in
mouse islets. If, which has yet to be demonstrated,
GPR40 functions as a classical GPCR, one might speculate that binding of fatty acids to GPR40 activates
G␣q/11, which in turns stimulates phospholipase C–
mediated hydrolysis of phosphatidylinositol 4,5-biphosphate into diacylglycerol and inositol trisphosphate,
leading to the respective activation of protein kinase C
and calcium mobilization from the endoplasmic reticulum, similar to the mechanisms underlying cholinergic
stimulation of insulin release (29). Such a hypothesis is
supported by the observations that fatty acid–induced
calcium influx in ␤-cells is inhibited by RNA interference against GPR40 (30) and that linoleic acid stimulates phosphatidyl inositol hydrolysis in MIN6 cells (13).
In contrast, a previous study failed to detect an increase
in inositol triphosphate content in response to palmitate
in rat islets (4), and the signaling pathways activated by
fatty acids via GPR40 remain to be directly identified.
The results of our experiments examining insulin secretion in vitro and in vivo in response to fatty acids and
Intralipid, respectively, in GPR40 KO mice reconcile two
apparently conflicting hypotheses regarding the mechanisms of action of fatty acids on insulin release. On one
hand, there is considerable experimental evidence to
support the notion that intracellular metabolism of fatty
acids is essential for their stimulation of insulin secretion
(rev. in 8). For instance, reduction of intracellular malonylCoA levels by inhibition acyl-CoA synthase with Triacsin C
or overexpression of a cytosolic form of malonyl CoA
decarboxylase inhibited fatty acid potentiation of insulin
secretion in isolated islets (7). On the other hand, nearcomplete abolition of fatty acid stimulation of insulin
secretion by small interfering RNAs against GPR40 (9) or
in isolated islets from GPR40 KO mice (18) suggested a
prominent role for a receptor-mediated mode of action of
fatty acids on the ␤-cell. The results of our study demonstrate that under physiological conditions of stimulation in
vivo, the role of GPR40 is important but only partial,
DIABETES, VOL. 56, APRIL 2007

indicating that both receptor-mediated and non–receptormediated effects play a role in the mechanism of action of
fatty acids on the ␤-cell. Under our experimental conditions, each of these mechanisms appears to contribute for
approximately half of the full response, although their
relative contribution may depend on the prevailing glucose
concentrations.
Contrary to the defect observed in insulin secretion in
response to acute stimulation by fatty acids, islets from
GPR40⫺/⫺ animals were found to be as sensitive to the
prolonged, deleterious effects of fatty acids as islets from
WT mice. This suggests that GPR40 is not involved in the
long-term, inhibitory effects of fatty acids on ␤-cell function, consistent with the large amount of experimental
evidence supporting a role for intracellular fatty acid
metabolism in this phenomenon (rev. in 8). These findings
are in contrast with those of Steneberg et al. (18), who
concluded that deletion of GPR40 protects mouse islets
from fatty acid inhibition of insulin release. The reasons
for this discrepancy are unknown but might be related to
differences in fatty acid concentrations and time of exposure between the two studies.
In conclusion, our results uniquely demonstrate that
targeted deletion of GPR40 reduces insulin secretion in
response to fatty acids in vivo and in vitro without
affecting the response to glucose. Under our experimental
conditions, we estimate that GPR40 contributes about half
of the full insulin response to fatty acids in the mouse. Our
observations indicate that GPR40 plays a role in the acute
regulation of insulin secretion by fatty acids but does not
mediate their long-term, deleterious effects, thus reinforcing the concept that it might represent a valuable therapeutic target to enhance insulin secretion in type 2
diabetes.
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