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Endothelium-derived epoxyeicosatrienoic acids (EETs)
have numerous vascular activities mediated by G protein–
coupled receptors. Long-chain free fatty acids and EETs acti-
vate GPR40, prompting us to investigate the role of GPR40 in
some vascular EET activities. 14,15-EET, 11,12-EET, arachi-
donic acid, and the GPR40 agonist GW9508 increase intra-
cellular calcium concentrations in human GPR40 – over-
expressing HEK293 cells (EC50 � 0.58 � 0.08 �M, 0.91 � 0.08
�M, 3.9 � 0.06 �M, and 19 � 0.37 nM, respectively).
EETs with cis- and trans-epoxides had similar activities,
whereas substitution of a thiirane sulfur for the epoxide oxy-
gen decreased the activities. 8,9-EET, 5,6-EET, and the epox-
ide hydrolysis products 11,12- and 14,15-dihydroxyeico-
satrienoic acids were less active than 11,12-EET. The GPR40
antagonist GW1100 and siRNA-mediated GPR40 silencing
blocked the EET- and GW9508-induced calcium increases.
EETs are weak GPR120 agonists. GPR40 expression was
detected in human and bovine endothelial cells (ECs), smooth
muscle cells, and arteries. 11,12-EET concentration-depen-
dently relaxed preconstricted coronary arteries; however,
these relaxations were not altered by GW1100. In human
ECs, 11,12-EET increased MAP kinase (MAPK)-mediated
ERK phosphorylation, phosphorylation and levels of con-
nexin-43 (Cx43), and expression of cyclooxygenase-2 (COX-
2), all of which were inhibited by GW1100 and the MAPK
inhibitor U0126. Moreover, siRNA-mediated GPR40 silenc-
ing decreased 11,12-EET–induced ERK phosphorylation.
These results indicated that GPR40 is a low-affinity EET
receptor in vascular cells and arteries. We conclude that
epoxidation of arachidonic acid to EETs enhances GPR40
agonist activity and that 11,12-EET stimulation of GPR40
increases Cx43 and COX-2 expression in ECs via ERK
phosphorylation.

Epoxyeicosatrienoic acids (EETs)2 are cytochrome P450
metabolites of arachidonic acid (1, 2). Four regioisomeric EETs
(14,15-, 11,12-, 8,9-, and 5,6-EETs) are synthesized by cyto-
chrome P450. In the vasculature, EETs are synthesized by the
endothelium with 14,15- and 11,12-EETs representing the pre-
dominant isomers (3, 4). The EETs have actions on both endo-
thelial cells (ECs) and smooth muscle cells (SMCs) (5). Specif-
ically, the four regioisomeric EETs function as endothelium-
derived hyperpolarizing factors (3, 6, 7). In response to
acetylcholine, bradykinin, or shear stress, endothelium-derived
EETs act on smooth muscle cells to activate large conductance,
calcium-activated potassium (BKCa) channels causing mem-
brane hyperpolarization and relaxation. Additionally, 11,12-
and 14,15-EETs inhibit smooth muscle cell migration and aro-
matase expression (8, 9). On endothelial cells, 11,12-EET pro-
motes cell growth, decreases apoptosis, migration, tube forma-
tion, and angiogenesis, increases tissue plasminogen activator
(tPA) release, increases cyclooxygenase-2 (COX-2) expression,
and alters connexin-43 (Cx43) expression and gap junctions
(10 –17). EET isomers also inhibit platelet adhesion to the
endothelium, and 11,12- and 8,9-EETs inhibit inflammation by
decreasing leukocyte adhesion to the endothelium (18, 19).
Interestingly, some of these actions occur with nanomolar con-
centrations of the EETs (BKCa channel activation, relaxation,
tPA release, and decreasing leukocyte adhesion), whereas other
activities require micromolar concentrations (inhibition of
smooth muscle cell growth and aromatase expression, COX-2
expression, gap junction communication, stimulation of endo-
thelial growth, and inhibition of platelet adhesion) (4). These
differences in EET concentrations for particular activities and
differences in activities of EET regioisomers suggest that mul-
tiple mechanisms and/or receptors are involved.
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Several lines of evidence indicate that some of the actions of
the EETs require a guanine nucleotide (G)– binding protein–
coupled receptor (GPCR) (3, 4). Using radioligand binding, a
high-affinity, specific, and saturable binding site was character-
ized for 14,15-EET in U937 cells and membranes (20 –22). This
binding was reversible and G protein– dependent. Biologi-
cally active 14,15-EET and EET analogs inhibited the specific
binding, whereas inactive 14,15-EET analogs and other eico-
sanoids did not. The G protein G�s is required for EETs to
activate SMC BKCa channels and cause relaxation (23). Sim-
ilarly, G�s and increases in cellular cAMP are involved in
release of tPA from ECs (13). In other cells, EETs do not
increase cAMP (24, 25). These studies indicate that there is a
high-affinity GPCR for the EETs in some cells. The identity
of this GPCR is not known. However, experiments using a
14,15-EET photoaffinity probe indicate that the EET recep-
tor is a 47-kDa protein (26).

EETs may interact with several known receptors and pos-
sibly ion channels. EETs bind to PPAR� in �M concentra-
tions and activate PPAR�-mediated transcription (27). In
rodent arteries, EETs inhibit binding of a thromboxane (TP)
receptor agonist in micromolar concentrations and block
the relaxations to TP agonists (28). EET also activates pros-
taglandin E type-2 (EP2) receptors in micromolar concentra-
tions (28, 29). The transient receptor potential vanilloid-1
(TRPV1) channel has been proposed to represent the vascu-
lar EET receptor; however, there is no evidence for an EET-
binding site on this channel (30).

GPR40 or free fatty acid receptor-1 (FFAR-1) is a member of
a family of receptors that have short- and long-chain fatty acids
as ligands (31–33). Other members of this family include
GPR41 (FFAR3), GPR43 (FFAR2), and GPR120 (FFAR4) (34 –
37). Specifically, GPR40 is activated by micromolar concentra-
tions of fatty acids of 12–22 carbons in chain length and is
coupled to the G proteins Gs, Gq/G11, and Gi (31–33). In cells
overexpressing GPR40, 11,12- and 8,9-EET also stimulate an
increase in intracellular calcium in micromolar concentrations
as do long chain free fatty acids (32, 38). GPR40 is highly
expressed in the pancreas and central nervous system. On pan-
creatic � cells, activation of GPR40 with free fatty acids
increases intracellular calcium and enhances glucose-stimu-
lated insulin release (32, 33, 39 – 41). Specific agonists and
antagonists of GPR40 have been synthesized. GW9508
activates GPR40 (42). GW1100 and DC260126 are GPR40
antagonists that block the actions of free fatty acids in cells
overexpressing GPR40 (42, 43). GW1100 attenuated linoleic
acid-induced increase in insulin release.

In this study, we investigated the activation of GPR40 by EET
regioisomers and analogs and the role of GPR40 in some
vascular effect of EETs. The vascular expression of GPR40
and the effects of EETs on endothelial potassium currents,
mitogen-activated protein kinase (MAPK) activity, and Cx43
and COX-2 expression were determined. These studies sug-
gest that GPR40 represents a low-affinity EET receptor in
the vasculature and mediates some of the vascular actions of
the EETs.

Results

Expression of GPR40 and GPR120 in vascular cells and/or
arteries

A stable HEK293 cell line overexpressing human GPR40 was
produced and termed HEK293 � GPR40. Using PCR with
human GPR40 primers, a 317-bp product was detected in
HEK293 � GPR40 cells but not nontransfected HEK293 cells
(Fig. 1A). Identical results were observed with a second set of
GPR40 primers producing a 170-bp product (data not shown).
Sequencing the band from HEK293 � GPR40 cells confirmed it
as GPR40. Also, a 31-kDa band corresponding to GPR40 was
detected by immunoblotting in HEK293 � GPR40 cell lines. A
weak 31-kDa band was detected in nontransfected HEK293
cells (Fig. 1C). Because EETs affect ECs and SMCs, we deter-
mined the expression of GPR40 in human and bovine vascular
cells. Using PCR primers for human GPR40, the predicted
317-bp product was observed in HUVECs, HCaECs, and
HAoSMC (Fig. 1A). Similarly, a 315-bp product was observed in
bovine coronary arteries, ECs, and SMCs with bovine GPR40
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Figure 1. Expression of GPR40 and GPR120 in human (h) and bovine (b)
endothelial cells and smooth muscle cells and bovine coronary arteries.
A, expression of human GPR40 measured by RT-PCR in human vascular cells.
B, expression of bovine GPR40 measured by RT-PCR in bovine vascular cells
and arteries. C, expression of GPR40 measured by immunoblotting in human
and bovine vascular cells and bovine arteries. D, expression of human GPR120
measured by RT-PCR in human vascular cells. Nontransfected HEK293 cells
(HEK), HEK293 cells stably expressing human GPR40 (HEK � GPR40), pancre-
atic cancer cells-1 (PanC-1), and HEK293 cells transiently expressing human
GPR120 (S) (HEK � GPR120) were used as controls.
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primers (Fig. 1B). The expression of GPR40 was confirmed by
Western immunoblotting (Fig. 1C). A 31-kDa immunoreactive
band was detected in lysates of HUVECs, HAoSMCs, HCaECs,
and BCAECs. Faint bands were in BCASMCs and BCA. The
31-kDa protein was same size as the band in HEK293 � GPR40
cells. Thus, vascular cells express GPR40. A 251-bp product
corresponding to hGPR120 was also detected by PCR in
HUVECs, HAoSMCs, and HCaECs (Fig. 1D). The same prod-
uct was obtained in HEK293 cells overexpressing GPR120
(HEK293 � GPR120(s)) and PanC-1 cells, a cell known to
express GPR120 and GPR40 (44).

Effect of EETs, EET analogs, and GW9508 on [Ca2�]i in HEK293
and HEK293 � GPR40 cells

A stable HEK293 cell line overexpressing human GPR40 and
untransfected HEK293 cells was used to evaluate the effect of
GPR40 agonists and antagonists by measuring [Ca2�]i as an
indication of GPR40 activity. 14,15-, 11,12-, 8,9-, and 5,6-EET
(10�7–10�5 M) stimulated an increase in [Ca2�]i in HEK293 �
GPR40 cells (Fig. 2B). Although nontransfected HEK293 may

express low levels of GPR40 protein but not mRNA (Fig. 1, C
and A), this is apparently not of functional consequence. EETs
did not alter [Ca2�]i in nontransfected HEK293 cells (Fig. 2A).
Thus, the overexpression of GPR40 was required for EET activ-
ity. The increases in [Ca2�]i by the EETs were concentration-
related. 11,12- and 14,15-EET were similar in activity and
potency (EC50 � 0.91 � 0.08 and 0.58 � 0.08 �M, respectively)
and more potent than 8,9- and 5,6-EET. 17,18-Epoxyeicosatet-
raenoic acid (17,18-EEQ), the epoxide of the �-3 fatty acid eico-
sapentaenoic acid, also increased [Ca2�]i in GPR40-expressing
cells; however, it was less active than the EETs (data not shown).
11,12-EET (Fig. 2D) and 14,15-EET (Fig. 2F) caused transient
increases in [Ca2�]i in HEK293 � GPR40 cells. The rapid
increases in [Ca2�]i were followed by a decline to baseline over
the following 150 s. The heights of the transients increased with
concentration of the EETs, but the patterns of the transients were
the same. Vehicle was without effect. The EETs did not produce
transient changes in [Ca2�]i in nontransfected HEK293 cells over
the same concentration range (Fig. 2, C and E).
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Figure 2. Effect of EETs on [Ca2�]i in HEK293 cells and HEK293 cells stably expressing human GPR40 (HEK293 � GPR40). A and B, effect of various
concentrations of the EETs on [Ca2�]i in HEK293 cells (A) and HEK293 � GPR40 cells (B) (data expressed in � relative fluorescence units (�RFU) per �g of protein).
C and D, effect of 11,12-EET on [Ca2�]i fluorescence over time in HEK293 cells (C) and HEK293 � GPR40 cells (D) (data shown in RFU � 10�3). E and F, effect of
14,15-EET on [Ca2�]i fluorescence over time in HEK293 cells (E) and HEK293 � GPR40 cells (F) (data shown in RFU � 10�3). Each value represents the mean �
S.E. for n � 4. veh, vehicle.
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In the presence of 1.26 mM calcium in the incubation buffer,
14,15-, 11,12-, and 8,9-EET increased [Ca2�]i in a concentra-
tion-related manner in HEK293 � GPR40 cells (Fig. 3A). Sim-
ilar increases were observed with GW9508, a GPR40 agonist.
GW9508 was more potent than the EETs, but the maximal
effects were similar. When the buffer was free of calcium (0 mM

calcium), the [Ca2�]i responses to the EETs and GW9508 were
reduced when compared with cells in the 1.26 mM calcium
buffer (Fig. 3B). The concentration responses were shifted to
the right, and the maximal increases were reduced with 0 mM

calcium by �20%. The increases in [Ca2�]i with the EETs and
GW9508 were inhibited further with 0 mM calcium containing
50 �M EGTA (Fig. 3C). 11,12-EET (1 �M) produced transient
increases in [Ca2�]i with time (Fig. 3D). The baseline fluores-
cence and maximal height of the [Ca2�]i increase with 11,12-
EET were reduced in 0 mM calcium and further reduced with 0
mM calcium plus EGTA compared with 1.26 mM calcium. The
[Ca2�]i responses to EETs and GW9508 are influenced by
extracellular [Ca2�].

The EETs undergo hydrolysis to their respective vic-dihy-
droxyeicosatrienoic acids (DHETs) by soluble epoxide hydro-
lase (sEH) (45). However, unlike the EETs, 11,12- and 14,15-
DHET were without GPR40 activity at 10�7–5 � 10�5 M (Fig.
4A). There was a small increase with 10�5 M DHETs. Pretreat-
ment of the cells with the sEH inhibitor EH1555 (1 �M) did not
alter the increase in [Ca2�]i to 11,12- or 14,15-EET (data not
shown). Thus, HEK293 cells did not metabolize EETs to
DHETs within the time frame of these experiments. Substitu-

tion of sulfur for the epoxide oxygen giving a thiirane results in
a reduction in activity. Unlike the EETs, 14,15-thiirane did not
increase [Ca2�]i in HEK293 � GPR40 cells, and the activity of
11,12-thiirane was greatly reduced (Fig. 4B). GPR40 is stimu-
lated by fatty acids with cis- and trans-double bonds (46). We
compared the activity of EETs with cis- and trans-epoxides (Fig.
4C). The trans-11,12- and -14,15-EETs and the cis-11,12- and
-14,15-EETs increased [Ca2�]i to a similar extent. Thus, the
configuration of the epoxide is not critical for GPR40 activa-
tion. Arachidonic acid also stimulated GPR40 to increase
[Ca2�]i (EC50 � 3.9 � 0.06 �M), but it was less potent than the
EETs (Fig. 4D). Additionally, a low concentration of 11,12-EET
(0.1 �M) did not enhance the increase in [Ca2�]i by arachidonic
acid, and a low concentration of arachidonic acid (1 �M) did not
enhance the effect of 11,12-EET. Thus, 11,12-EET and arachi-
donic acid are not synergistic in their action on GPR40. In con-
trast to EETs and arachidonic acid, 20-HETE was without
GPR40 activity in HEK293 � GPR40 cells (data not shown).
Thus, the epoxy group is important for EET stimulation of
GPR40 activity; however, the cis or trans configuration of the
epoxide is not critical. Locating the epoxide in the middle of the
molecule results in greater GPR40 activity. Substitution of a
diol, hydroxyl, or thiirane for the epoxide reduces or eliminates
activity. Importantly, conversion of arachidonic acid to 11,12-
or 14,15-EET increases the potency on GPR40.

GW9508, a GPR40 agonist, stimulated an increase in [Ca2�]i
in HEK293 � GPR40 cells (10�9–10�5 M) (EC50 � 19 � 0.37
nM) (Figs. 3A and 5A), but not in nontransfected HEK293 cells
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(data not shown). The GPR40 antagonists GW1100 (10 �M)
(Fig. 5A) and DC260126 (30 �M) (data not shown) inhibited the
stimulation by GW9508. Because of the chemical instability of
DC260126, subsequent studies utilized GW1100 only.
GW1100 (10 �M) also inhibited the stimulation of GPR40 by
11,12- and 14,15-EET (Fig. 5C). GW1100 at 1 �M failed to
inhibit the EETs (data not shown). In nontargeting
siRNA-treated HEK293–GPR40 cells, GW9508, 11,12-EET,
and 14,15-EET increased [Ca2�]i as in vehicle-treated cells (Fig.
5, B and D). As with GW1100, the concentration-response
curves for the three agonists were shifted to the right in GPR40
targeted siRNA-treated cells. Fig. 5, E and F, shows GPR40
immunoblots of HEK293–GPR40 cells treated with nontar-
geted and GPR40-targeted siRNAs. GPR40 targeted siRNA
reduced expression of GPR40. These data further indicate the
role of GPR40 in EET-induced [Ca2�]i increases.

Effect of EETs on [3H]TAK-875 binding to HEK293–GPR40 cell
membranes

TAK-875, like GW9508, is a GPR40 agonist (47). It stimu-
lated a concentration-related increase in [Ca2�]i in HEK293 �
GPR40 cells (10�9–10�5 M) (EC50 � 30 � 0.11 nM) (Fig. 6A) and
had no effect on [Ca2�]i in HEK293 cells (data not shown). The
increase in [Ca2�]i with TAK-875 was inhibited by GW1100.
[3H]TAK-875 has been used as a high-affinity GPR40 radioli-
gand (Kd � 4.8 nM) to evaluate binding of agonists to the recep-
tor (47–49). Specific binding of [3H]TAK-875 occurred in
membranes of HEK293 � GPR40 cells but not in membranes of
nontransfected HEK293. 11,12-EET and 14,15-EET inhibited
the specific binding to HEK293 � GPR40 membranes with Ki
values of 2.7 and 6.4 �M, respectively (Fig. 6B).

Effect of EETs and GW9508 on [Ca2�]i in HEK293–GPR120 cells

GPR120 is another long chain free fatty acid receptor
(FFAR4) that occurs in two forms, a long and short (50). These

forms were transiently expressed in HEK293 cells and tested as
described for GPR40. GW9508 stimulated an increase in
[Ca2�]i in cells overexpressing the short form of GPR120 (Fig.
7A) but not the long form (Fig. 7B). GW9508 was without effect
in nontransfected HEK293 cells. GW9508 was �100-fold less
potent in stimulating the GPR120 short form than GPR40.
14,15-, 11,12-, and 8,9-EETs only stimulated the short form of
GPR120 at 10�5 M (Fig. 7). 17,18-EEQ was without effect (data
not shown). Thus, GW9508 and EETs are weaker agonists for
GPR120 than GPR40. GW1100 is not an antagonist for GPR120
(42).

Effect of EETs on GPR40-mediated [Ca2�]i increase in INS-1
832/13 insulinoma cells

In the remaining studies, we examined the role of GPR40 in
some of the actions of the EETs. GPR40 is expressed in pancre-
atic � cells and the rat insulinoma INS-1E cell line (39, 41). In
this cell line, palmitic acid increased [Ca2�]i and insulin release
via GPR40. Using a related insulinoma cell line, INS-1 832/13
cells, a 31-kDa protein corresponding to GPR40 was detected
by immunoblotting (Fig. 8A, inset). In addition, 11,12- and
14,15-EET increased [Ca2�]i in these cells, and the increase in
[Ca2�]i was inhibited by GW1100 (Fig. 8A).

Role of GPR40 in 11,12-EET relaxation of BCAs

In arteries preconstricted with U46619, 11,12-EET causes
concentration-related relaxations with an EC50 � 0.46 � 0.14
�M (Fig. 8B). Pretreatment with the GPR40 antagonist
GW1100 did not affect vascular tone and did not significantly
alter the relaxations to 11,12-EET (EC50 � 0.63 � 0.37 �M).
Relaxations were repeated in arterial rings pretreated with 100
nM iberiotoxin to block the BKCa channel component of 11,12-
EET relaxations (4). The potency and maximal relaxation to
11,12-EET were reduced by iberiotoxin indicating BKCa-depen-
dent and -independent components. The iberiotoxin-resistant
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component of relaxation was not significantly altered by
GW1100. Thus, the relaxations to 11,12-EET are not mediated
through GPR40.

Effect of EETs on K� channel activity in HUVECs

Stepwise increases in the holding potential in vehicle-treated
HUVECs increased the whole-cell K� currents (Fig. 8C). 11,12-
EET (1 �M) increased the K� currents when compared with
vehicle. The increase by 11,12-EET was blocked by GW1100.
GW1100 had no effect on K� currents when tested alone. The
stimulation of K� currents by 11,12-EET was attenuated by
the presence of EDTA in the patch pipette solution (Fig. 8D).
The attenuated effect of 11,12-EET was also blocked by
GW1100. GPR40 mediates the ability of 11,12-EET to increase
K� currents in HUVECs.

Effect of 11,12-EET on ERK phosphorylation in HUVECs

Because GPR40 agonists activate MAPKs, such as ERK and
p38 MAPK (38, 51, 52), we investigated whether EETs increase
MAPK signaling via GPR40 activation. The ERK and phospho-
ERK antibodies detected 42- and 44-kDa proteins in untreated
and treated HUVECs. 11,12-EET (1 �M) increased phospho-
ERK without changing the amount of total ERK1/2 (Fig. 9). The
increase in ERK phosphorylation by 11,12-EET was inhibited
by GW1100 pretreatment (Fig. 9B), whereas the MEK inhibitor
U0126 (1 �M) inhibited control and EET-induced ERK phos-

phorylation (Fig. 9A). HUVECs were transfected with control,
nontargeting siRNA or GPR40-targeted siRNA. By immuno-
blot, the GPR40 siRNA treatment reduced the expression of the
31-kDa GPR40 protein in HUVECs compared with control
siRNA treatment (Fig. 9C). As with GW1100 treatment, knock-
down of GPR40 with siRNA reduced 11,12-EET-stimulated
ERK phosphorylation (Fig. 9D). Control ERK phosphorylation
was not changed. These data indicate that 11,12-EET–induced
ERK phosphorylation requires GPR40. 11,12-EET did not alter
phosphorylation of p38 MAPK (data not shown).

Effect of 11,12-EET on Cx43 expression in HUVECs

11,12-EET alters intercellular gap junction communication
by activating Cx43 in ECs (12). Gap junctions are in a constant
state of assembly and disassembly (53). Phosphorylation of
Cx43 by MAPK leads to disassembly and internalization of
Cx43 from membrane gap junctions (Triton-insoluble fraction)
to the cytosolic compartment (Triton-soluble fraction). We
also found that 11,12-EET (1 �M) increased Cx43 in the Triton-
soluble fraction, and this increase was inhibited by pretreat-
ment with U0126 (Fig. 10A) and GW1100 (Fig. 10B). There
were several Cx43 bands detected indicating various levels of
phosphorylation (12, 53). These data indicate that 11,12-EET–
induced phosphorylation and internalization of Cx43 involves
GPR40-activated ERK phosphorylation.
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Effect of 11,12-EET on COX-2 expression in HUVECs

Previous studies have demonstrated that 11,12-EET in-
creases the expression of COX-2 in ECs (11). A 72-kDa protein

corresponding to COX-2 was detected in HUVECs. Treatment
of HUVECs with 11,12-EET for 24 h increased the expression of
COX-2 (Fig. 11). This COX-2 increase by 11,12-EET was inhib-
ited by U0126 (Fig. 11A), GW1100 (Fig. 11B), and the NF-�B
inhibitor andrographolide (Fig. 11C). Thus, 11,12-EET stimu-
lation of COX-2 expression involves GPR40 signaling through
the MAPK and NF-�B pathways. Pretreatment of the cells with
the sEH inhibitor EH1555 increased COX-2 expression by
11,12-EET to a greater extent than 11,12-EET alone (Fig. 11D).
Thus, with prolonged 24-h incubation, EH-1555 enhances the
COX-2 expression by 11,12-EET, whereas it was without effect
in shorter incubations such as increases in [Ca2�]i.

Discussion

EETs have diverse biological actions, including vasodilation,
inhibition of inflammation, promoting angiogenesis, and organ
protection (5, 6, 10, 18). These actions and the cellular compo-
nents to these actions occur over a wide concentration range
from 10�9–10�5 M (4). Compelling evidence indicates that
14,15-EET acts via a GPCR (4, 21, 23). In cells and cell mem-
branes, 14,15-EET displays high affinity, specific, saturable
binding that is reversible and G protein-dependent. The Kd for
binding is 11 nM. Receptors for the other EET regioisomers
have not been characterized. This high-affinity GPCR explains
14,15-EET actions occurring in nanomolar concentrations, but
not those requiring micromolar concentrations. Therefore, we
hypothesized that low-affinity receptor(s) for the EETs mediate
these actions. Previous studies indicate that 11,12- and 8,9-EET
stimulate GPR40 with EC50 values of 1.4 and 6.1 �M, respec-
tively (32). We screened long-chain free fatty acid receptors,
GPR40 and GPR120, as possible low-affinity EET receptors.
14,15-, 11,12-, and 8,9-EETs and GW9508 stimulated increases
in [Ca2�]i in GPR40- and GPR120-expressing HEK293 cells.
GPR40 stimulation by EETs required high nanomolar concen-
trations, but micromolar concentrations were required for
GPR120. The EC50 for 14,15-EET was 6.7-fold lower than the
EC50 for arachidonic acid on GPR40 indicating epoxygenation
confers increased potency. In a broader context, EETs have the
lowest EC50 of any of the naturally occurring GPR40 ligands,
including free fatty acids. Thus, GPR40 is a low-affinity EET
receptor. This may represent a more appropriate name for
GPR40 than FFAR1. In support of this suggestion, 14,15- and
11,12-EET inhibited [3H]TAK-875 binding to GPR40 indicat-
ing a direct interaction of the receptor with EETs. The existence
of low- and high-affinity receptors for endogenous agonists is
not unique. Adenosine, for example, acts on high-affinity A1,
A2A, and A3 receptors as well low-affinity A2B receptors
(54, 55).

In rodent arteries, EP receptors are low-affinity receptors for
14,15-EET; however, the Ki values for 14,15-EET on the four EP
receptors range from 11 to 40 �M (28, 29, 56). Thus, 20 –70-fold
more 14,15-EET is required to activate EP receptors than
GPR40. Thus, GPR40 is the more relevant low-affinity EET
receptor.

The EET regioisomers and analogs differed in their ability to
stimulate GPR40. 14,15- and 11,12-EET have similar activities;
however, 5,6- and 8,9-EET were less potent. When binding of
14,15-EET to the high-affinity GPCR was determined by radio-
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ligand binding or photoaffinity labeling, the EET regioisomers
displaced the radioligand and reduced the labeling with the
same order of potency, 11,12- 
 14,15- 

 8,9-EET (21, 26).
Also, like 5,6- and 8,9-EET, 17,18-EEQ, the epoxide of eicosap-
entaenoic acid, was a weak agonist. GPR40 is activated equally
by long chain fatty acids with cis- and trans-double bonds (46).
As a result, we tested the activity of 11,12- and 14,15-EETs with
cis- and trans-epoxides. The cis- and trans-11,12- and -14,15-
EETs were equally potent in stimulating GPR40. The cis- and
trans-EET have been measured in the plasma and red blood
cells, and they relax rat renal arcuate arteries equally (57, 58). In
contrast, the cis-14,15-EET was more potent than the trans-
isomer in relaxing bovine coronary arteries (59). GPR40 may be
the receptor for trans-EETs as it is for trans-fatty acids.
Whereas the configuration of the epoxy group may not be crit-
ical for GPR40 activity, modification of the epoxide structure is
critical. Substitution of a thiirane sulfur for the epoxy oxygen of
11,12- or 14,15-EET results in a decrease in GPR40 activity.
Similarly, replacement of the epoxide with a vicinal diol, e.g.
DHETs, or single hydroxyl, e.g. 20-HETE, results in loss of
GPR40 activity. Similarly, EET analogs with these modifica-
tions of the epoxide did not displace 14,15-EET from its high-
affinity receptor (21). Thus, the epoxy group and the placement

of the epoxide in the arachidonic acid backbone are critical for
GPR40 activity.

Studies of the GPR40 crystal structure indicate the presence
of three ligand-binding sites (60). Agonists may stimulate
GPR40 by binding to different sites on GPR40 and coupling to
different signaling mechanisms, Gq, Gi, or Gs (32, 60). Long-
chain fatty acids, TAK-875, and GW9508 increase [Ca2�]i but
do not increase intracellular cAMP (60). Slight decreases in
forskolin-stimulated cAMP have been reported with fatty acids
(32). Thus, fatty acid activation of GPR40 may be Gq- and Gi-
coupled. In contrast, the synthetic GPR40 agonists, AM1638
and AM5262, increase both [Ca2�]i and cAMP (60). EETs,
TAK-875, and GW9508 act similarly to stimulate a Gq-medi-
ated signaling pathways to increase [Ca2�]i in GPR40-express-
ing HEK293 cells, and both agonists are inhibited by the GPR40
antagonist GW1100 and GPR40 siRNA. Because GW1100
inhibits GPR40, but not GPR120, it provides an important
pharmacological tool to assess the role of GPR40 in EET actions
(42).

GPR120 occurs as two splice variants, a long and short form
(50). Activation of the short form with fatty acids is coupled to
Gq, whereas the long form acts via �-arrestin. GW9508 and the
EETs increased [Ca2�]i in HEK293 cells expressing the GPR120

Figure 8. GPR40-mediated actions of the EETs. A, role of GPR40 in the increase in [Ca2�]i in INS-1 832/13 insulinoma cells by EETs. Inset represents a GPR40
immunoblot comparing HEK293 � GPR40 and INS-1 832/13 cells. B, role of GPR40 on the relaxation of bovine coronary arteries by 11,12-EET. Arteries were
precontracted with U46619. 11,12-EET was tested in the presence and absence of the GPR40 antagonist GW1100 (10 �M), the BKCa channel inhibitor iberiotoxin
(100 nM), or the combination of both inhibitors. C and D, effect of 11,12-EET on whole-cell K� currents in HUVECs: role of GPR40 and calcium. 11,12-EET (1 �M)
increased whole-cell K� currents that were inhibited by GW1100 (10 �M). Studies were repeated in the absence (C) and presence (D) of EDTA in the patch
pipette. Each value represents the mean � S.E. for the stated N values. veh, vehicle.
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short form but not GPR120 long form. Higher concentrations,
100-fold, of both GW9508 and EETs were required to activate
GPR120 short form than for GPR40. Thus, GPR40 is selectively
stimulated by EET concentrations less than 5 � 10�6 M. As a
result, studies of the endothelial effects of GPR40 used 10�6 M

11,12-EET. The EETs and GW9508 were not tested on �-arres-
tin translocation in cells expressing GPR120 splice variants.
14,15-, 11,12-, and 8,9-EETs were equally active in stimulating
GPR120, whereas 14,15- and 11,12-EET were more active than
8,9-EET on GPR40. GPR120 is a receptor for long chain �-3
fatty acids (36); however, the �-3 epoxide, 17,18-EEQ, was
without effect on this receptor. In contrast, 17,18-EEQ was a
weak GPR40 agonist. Thus, the concentration and order of
potency of EETs and activity of 17,18-EEQ can be used to dis-
tinguish activities mediated by GPR40 and GPR120.

14,15- and 11,12-EET are metabolized by sEH to 14,15- and
11,12-DHET, respectively, and this metabolism results in a loss
of biological activity (45). 14,15- and 11,12-DHET were less
active than the EETs in stimulating GPR40. Similarly, 14,15-
EET displaced the 14,15-EET radioligands in U937 cell
membranes with an EC50 of 40 nM compared with 8.8 �M for
14,15-DHET (21). Thus, the DHETs are weak agonists for the
high- and low-affinity EET receptors. Both cis- and trans-EETs
are substrates for sEH (45, 57). Thus, inhibition of sEH will
increase both cis- and trans-EETs and decrease the DHETs.
Because both cis- and trans-EETs are equally active as GPR40
agonists, whereas cis-EETs are better agonists than trans-EET
for the high-affinity receptor, it is possible that GPR40 activa-
tion may contribute to some of the biological effects of the sEH
inhibitors. For example, GPR40 activation by fatty acids
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enhances glucose-dependent insulin release from �-cells and
�-cell lines (32, 33, 39 – 41). GPR40 activation may contribute
to the blood glucose lowering in sEH inhibitor-treated rats (61,
62). Along these lines, 11,12- and 14,15-EET also increase
[Ca2�]i in INS-1 832/13 insulinoma cells, and the effect is
blocked by the GPR40 antagonist. Whereas insulin release was
not measured, these data suggest that EET may regulate insulin
release.

GPR40 is predominantly expressed in the pancreas and brain
with lower expression in heart, lung, and kidney (31, 32). Sim-
ilarly, GPR40 expression was detected in rat insulinoma INS-1
832/13 cells and pancreatic carcinoma PanC-1 cells. Mono-
cytes express GPR40; however, GPR40 was not detected in lym-
phocytes or neutrophils. Because EETs activate GPR40 and
have multiple actions in the vasculature, we examined the
expression of GPR40 in vascular cells and arteries. Using PCR
and immunoblotting, the expression of GPR40 was identified in
human and bovine SMCs and ECs. GPR40 has also been
detected in microvessels of brain sections (46). The presence of
GPR40 in vascular cells and arteries led us to examine the role of
the receptor in some previously documented vascular actions
of the EETs.

EETs are endothelium-derived hyperpolarizing factors that
mediate a portion of the vasodilation to shear stress, brady-
kinin, and acetylcholine (3, 6, 7). They relax coronary arteries by
opening BKCa channels in vascular SMCs causing membrane
hyperpolarization. 11,12-EET activation of the BKCa channel is
Gs-mediated and has a nanomolar EC50 similar to the Kd value
for 14,15-EET binding to the high-affinity EET receptor (21,
23). In bovine coronary arteries, 11,12-EET caused concentra-
tion-related relaxations that were inhibited by pretreatment
with the BKCa channel blocker iberiotoxin (63). The GPR40
antagonist, GW1100, did not alter EET relaxations or the com-
ponent of EET relaxation that was resistant to iberiotoxin inhi-
bition. Thus, the high-affinity EET receptor, and not GPR40,
mediates 11,12-EET–induced relaxation. With EET and fatty

acid activation, GPR40 is Gq-coupled, which promotes
increases in [Ca2�]i (32). Thus, in vascular SMCs, EET activa-
tion of GPR40 would be expected to cause contractions, and
inhibition of GPR40 with GW1100 would block the contrac-
tions and enhance the relaxations to EETs (64). However, this
was not the case. In ECs, activation of KCa channels by EETs
would result in endothelial hyperpolarization, and myoendo-
thelial gap junctional transfer of the hyperpolarization to
smooth muscle would cause relaxation (4). This pathway has
been described in porcine coronary arteries (65), but not bovine
coronary arteries (66). This species difference is likely due to
the presence of myoendothelial gap junction in porcine, but not
bovine, coronary arteries (67). If myoendothelial gap junctions
were present, simultaneous activation of endothelial and
smooth muscle GPR40 would be antagonistic, and the effect on
vascular tone would depend on whether one or the other pre-
dominates. These studies indicate that vascular GPR40 does
not contribute to or antagonize the relaxations to 11,12-EET in
bovine coronary arteries.

In HUVECs, 11,12-EET increased whole-cell outward K�

currents. This increase was inhibited by the presence of EDTA
in the patch pipette solution indicating a calcium-dependent
effect. The K� channel activation by 11,12-EET was also
GPR40-dependent and inhibited by GW1100. The loss of K�

ions would result in endothelial hyperpolarization and enhance
the electrochemical gradient for the influx of cations such as
calcium (68). Besides regulating vascular tone, EET activation
of endothelial KCa channels also increases permeability of the
endothelial monolayer (69).

The MAPK pathways mediate many of the actions of the
EETs. In endothelial and epithelial cells, EETs stimulate ERK
phosphorylation and cell proliferation (14, 38, 70). MEK
inhibitors block EET-induced cell proliferation. Addition-
ally, EET regulation of Cx43 and COX-2 requires ERK phos-
phorylation (11, 12). Activation of GPR40 also stimulates ERK
phosphorylation in several cell types (38, 51, 52). We observed that
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the GPR40 antagonist GW1100 and GPR40 targeted siRNA, and
the MEK inhibitor U0126 blocked 11,12-EET–induced ERK phos-
phorylation in HUVECs. Thus, it is likely that some or all of the
ERK-mediated activities of the EETs such as COX-2 and Cx43 are
GPR40-coupled. These possibilities were tested experimentally.

Gap junction channels are composed of connexin subunits
and are in a constant state of assembly and disassembly (53, 71).
This process is regulated by phosphorylation of Cx43. PKA
phosphorylation promotes assembly of gap junctions, and PKC
and MAPK phosphorylation promotes disassembly. As a result,
the half-life of Cx43 is 1–3 h. In ECs, Cx43 contributes to gap
junctions (12, 72). 11,12-EET has a biphasic effect on gap junc-
tions and Cx43 localization and phosphorylation over time
(12). Within the 1st min, 11,12-EET increased dye transfer
between ECs through gap junctions. This effect is mediated by
increases in cAMP and translocation of Cx43 to the membrane
(Triton-insoluble fraction). However, after 5–10 min of expo-

sure to 11,12-EET, Cx43 and phospho-Cx43 increased in the
Triton-soluble fraction indicating gap junction disassembly.
This resulted in a decrease in dye transfer. These effects were
associated with ERK phosphorylation and blocked by MEK
inhibitors. Thus, phosphorylation of Cx43 by ERK was associ-
ated with disassembly and uncoupling of gap junctions (12, 53,
71). 11,12-EET increased Cx43 and the presence of high-mobil-
ity bands attributed to phosphorylated Cx43 in the Triton-sol-
uble fraction. In addition, GW1100 inhibited the 11,12-EET–
induced increase in Cx43 and Cx43 phosphorylation as did
MEK inhibition with U0126. As a result, these Cx43 events are
dependent on ERK phosphorylation. Because GPR40 siRNA
silencing also inhibits ERK phosphorylation by 11,12-EET, it
would be expected to inhibit EET-dependent Cx43 changes as
well. Thus, 11,12-EET activates GPR40 to promote ERK phos-
phorylation of Cx43 increasing cytosolic Cx43 and gap junction
disassembly. These changes in Cx43 will have physiological
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Figure 11. Effect of 11,12-EET on COX-2 expression in HUVECs: role of GPR40, MAPK, NF-�B, and soluble epoxide hydrolase. Cells were pretreated with
vehicle, MEK inhibitor U0126 (1 �M) (A), or GPR40 antagonist GW1100 (10 �M) (B), NF-�B inhibitor andrographolide (Andro)(40 �M) (C), or sEH inhibitor EH1555
(1 �M) (D) for 20 min. 11,12-EET (1 �M) was then added and incubation continued for 24 h. COX-2 was measured by immunoblotting with �-actin as a loading
control. Each value represent mean � S.D. of three independent experiments. ** and * indicate p 	 0.001 and p 	 0.05, respectively, compared with the
untreated control. # indicates p 	 0.05, respectively, compared with 11,12-EET alone.
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consequences. In HUVECs and other ECs, TNF�, IL-1�, or
oxidized low-density lipoprotein promote apoptosis, inhibit
cell growth, and inhibit barrier function; however, they also
promote Cx43 expression and formation of gap junctions (73–
75). Inhibition of Cx43 expression and gap junctions inhibit
apoptosis, promote proliferation, and maintain barrier func-
tion. Thus, GPR40-mediated gap junction disassembly by
11,12-EET would be expected to reduce apoptosis, promote cell
growth, and maintain barrier function. Consistent with this
conclusion, EETs inhibit apoptosis and promote proliferation
in ECs (15–17).

COX-2 is expressed in ECs in response to inflammatory cyto-
kines and other stimuli (76, 77). 11,12-EET and overexpression
of cytochrome P450 2C9 epoxygenase increase COX-2 expres-
sion and tube formation in ECs (11). Inhibition of COX-2 with
celecoxib prevents EET-induced tube formation. This work
and other studies indicate that EETs promote angiogenesis, and
a component of EET-induced angiogenesis requires COX-2
expression (11, 70, 78). In neutrophils, activators of GPR40
increase COX-2 expression by decreasing the endogenous
NF-�B inhibitor I�B (51). The increase in COX-2 and decrease
in I�B were blocked by GW1100 and inhibitors of MEK. Addi-
tionally, an NF-�B inhibitor blocked the increase in COX-2. We
therefore wondered whether GPR40 mediated the EET-in-
duced COX-2 expression in ECs. 11,12-EET increased endo-
thelial COX-2 expression after 24 h, and this increase was
enhanced with sEH inhibition. GW1100 blocked the EET-in-
duced increase in COX-2 expression. The MEK inhibitor
U0126 and the NF-�B inhibitor andrographolide also inhibited
COX-2. Thus, 11,12-EET activation of GPR40 promotes ERK
phosphorylation and NF-�B activation to increase COX-2
expression. GPR40 activation by EETs would be expected to
promote endothelial tube formation and angiogenesis, and
inhibition of GPR40 may represent a therapeutic approach to
reducing angiogenesis (11, 70).

In summary, GPR40 is a low-affinity receptor for 14,15-,
11,12-, 8,9-, and 5,6-EET and mediates some of the vascular
actions of the EETs that occur at micromolar concentra-
tions. Whether these concentrations are achieved locally
under physiological or pathological conditions or whether
these concentrations evoke pharmacological effects war-
rants further study. Importantly, EETs are more potent
GPR40 agonists than free fatty acids and thus represent the
best endogenous GPR40 agonists reported to date. A high-
affinity receptor for 14,15-EET has been described (20, 21);
however, its identity is currently unknown. Thus, like aden-
osine, 14,15-EET has both high- and low-affinity receptors
that may mediate its actions. High-affinity receptors for
11,12-, 8,9-, or 5,6-EET have not been characterized, but
these EETs activate GPR40. GPR40 is expressed in human
and bovine vascular cells and mediates the increase in Cx43
phosphorylation and COX-2 expression in human ECs.
Because Cx43 phosphorylation promotes gap junction disas-
sembly and COX-2 mediates endothelial tube formation (11,
12), GPR40 has a pivotal role in endothelial proliferation,
inhibition of apoptosis, and tube formation that contribute
to angiogenesis and barrier function.

Materials and methods

Cell culture

HUVECs, HCaECs, and HAoSMCs were purchased from
Lonza, Ltd. (Walkersville, MD) or ThermoFisher Scientific and
cultured as described previously (26, 79). BCAECs and
BCASMCs were prepared and cultured as described previously
(26, 79 – 81). HEK293 cells were grown in phenol red-free
DMEM (Invitrogen) containing 25 mM D-glucose, 10% fetal
bovine serum (Hyclone), 100 units/ml penicillin, 100 �g/ml
streptomycin, 4 mM L-glutamine, and 1 mM sodium pyruvate
(Invitrogen) (82). INS-1 832/13 cells were grown in phenol red-
free RPMI 1640 medium (Invitrogen) containing 11.1 mM

D-glucose, 10% fetal bovine serum (Hyclone), 100 units/ml pen-
icillin, 100 �g/ml streptomycin, 2 mM L-glutamine, 10 mM

HEPES, 1 mM sodium pyruvate (Invitrogen) and 50 �M

�-mercaptoethanol.

DNA constructs and transfection of GPCRs

The plasmid pcDNA3.1(�), including the coding region of
human GPR40 (hGPR40), cDNA was purchased from cDNA
Resource Center (Rolla, MO). Expression plasmids for GPR120
short chain (S) and long chain (L) inserted into pCMV6 were
purchased from OriGene (Rockville, MD) (50). The hGPR40-
coding region was digested from the plasmid described above
at the BamHI and XhoI sites and then religated into a pcDNA3.1/
Hygro(�) vector. This generated pcDNA3.1/Hygro(�)-
hGPR40 that codes for the hGPR40 protein expression system
with the hygromycin resistance gene. The plasmid sequences
were confirmed and used for stable transfection experiments.

HEK293 cells were stably transfected with pcDNA3.1(�)/
Hygro-hGPR40 (5 � 105/35-mm dish) using 3 �g of the plasmid
DNA and Lipofectamine 2000 (Invitrogen). After 48 h, the cells
were then trypsinized and plated into 100-mm dishes and
selected with 100 �g/ml hygromycin for 10 days. Single colo-
nies were isolated, and the expression of hGPR40 was identified
by RT-PCR and immunoblot analysis (Fig. 1). For the transient
transfection of GPR120 (S) and GPR120 (L), HEK293 cells (3 �
106/100-mm dish) were transfected with one of the plasmids
using Lipofectamine 2000. The transfected cells were cultured
for 24 h, and expression was confirmed by RT-PCR or re-plated
into 96-well plates.

[Ca2�]i assay in HEK293 cells using a fluorescence imaging
plate reader (FLIPR)

The assay was performed in a black-walled clear-bottomed
poly-D-lysine coated 96-well plate (Corning). Briefly, HEK293
cells and GPR40-transfected HEK293 cells were seeded (50,000
cells/well) in phenol-red free DMEM growth media and
allowed to adhere (82). INS-1 832/13 cells were seeded (80,000
cells/well) in phenol-red free RPMI 1640 growth media. After
24 h, growth medium was removed, and 0.1 ml of 1� Fluo-4
NW dye loading solution (proprietary concentration of Fluo-4
NW dye and 2.5 mM probenecid in 1� Hanks’ balanced salt
solution (HBSS) with Ca2�, Mg2�, and 20 mM HEPES) was
added to each well. Cells were incubated with dye for 30 min at
37 °C in 5% CO2 in air followed by an additional 30-min incu-
bation at room temperature. The dye loading of 96-well plates
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was staggered so calcium assays could be performed within 5
min or less of completing the dye loading. EETs and EET ana-
logs were synthesized in the laboratory of J. R. Falck (59, 83).
Dilutions of these test compounds were prepared in assay
buffer, without probenecid and dye, in V-shape 96-well plates
(Greiner Bio-one, Germany). The calcium assay was performed
at room temperature using a FLIPR-3 (Molecular Devices) as
described (82). Basal fluorescence was monitored for 20 s, then
25 �l of each compound dilution was added, and the signal was
monitored over 200 s. Relative changes in [Ca2�]i were calcu-
latedbysubtractingtheaveragebasal fluorescence(averagefluo-
rescence from 0 to 20 s) from the maximum fluorescence (peak
fluorescence value) and normalizing to total protein in each
well. Results were expressed as change in relative fluorescence
units (�RFU)/�g protein. Protein concentrations were mea-
sured using the Pierce BCA protein assay kit. Cells were exam-
ined at the end of [Ca2�]i measurements for morphological
changes. No changes were observed following treatment with
EETs, EET analogs, GPR40 agonists or antagonists, or vehicle.
ATP stimulation of [Ca2�]i was included as a positive control in
each plate, and each inhibitor was tested for nonspecific inhi-
bition of ATP.

[3H]TAK-875 radioligand binding in HEK293 and HEK293 �
GPR40 cells

[3H]TAK-875 is a high-affinity GPR40 radioligand used to
assess binding of agonist (48, 49). HEK293 and HEK293 �
GPR40 cells were rinsed twice and scraped into phosphate-
buffered saline (PBS). Cells were collected by centrifugation at
735 � g for 5 min, and the supernatant was discarded. The cell
pellets were resuspended in HBSS (without Ca2� and Mg2�)
containing protease inhibitors (EDTA-free, Roche Diagnostics)
and sonicated for five 20-s bursts on ice with an ultrasonic
homogenizer. The homogenate was centrifuged at 1310 � g for
10 min at 4 °C to remove intact cells. The supernatant was then
centrifuged at 110,000 � g for 45 min at 4 °C. The pellet repre-
senting the membrane fraction was resuspended in binding
buffer (10 mM HEPES, 5 mM CaCl2, 5 mM MgCl2, and 5 mM

EDTA, pH 7.4). HEK293 � GPR40 or HEK293 membranes (50
�g) were incubated in a total volume of 0.25 ml with 2.5 nM

[3H]TAK-875 (80 Ci/mmol, American Radiolabeled Chemi-
cals) in the presence of 10 �M TAK-875 (nonspecific binding),
vehicle (total binding), or various concentrations of 11,12-EET
or 14,15-EET (0.3–30 �M) on ice for 30 min with shaking. Incu-
bations were terminated by filtration through a GF/B glass filter
on a Brandel harvester. Filters were washed three times with 4
ml of ice-cold 50 mM Tris-HCl buffer, pH 7.5. Filter disks were
transferred to scintillation vials, and radioactivity was deter-
mined by liquid scintillation counting.

Total RNA isolation and RT-PCR

Total RNA was isolated from human and bovine vascular
cells using TRIzol reagent (Invitrogen). The RNA was then
treated with DNase I (Invitrogen) at 2 units for 30 min at 37 °C
and further purified using RNeasy mini kit (Qiagen, Valencia,
CA). The total RNA was used for cDNA synthesis using the
SuperScript first-strand synthesis system (Invitrogen). A stan-
dard 10-�l reaction contained 1 �g of RNA, 50 ng of random
hexamers, and 0.5 mM dNTPs. The mixture was incubated at
65 °C for 5 min, on ice for 1 min, and then supplemented with
10� RT buffer (1� final concentration), 5 mM MgCl2, 10 mM

dithiothreitol (DTT), RNase inhibitor, and 50 units of Super-
Script III RT. The reaction was incubated first at 25 °C for 10
min, then at 50 °C for 50 min, and finally at 85 °C for 10 min. For
RT-PCR analysis, 1 �l of the synthesized cDNA was used as the
template in 25-�l reactions each containing 0.2 mM dNTPS, 0.4
�M primers, 1.2 M betaine, and 1 unit of Phusion DNA polymer-
ase (Invitrogen) in 1� reaction buffer, including 1.5 mM MgCl2.
The primer sequences are indicated in Table 1. The reactions
were incubated at 98 °C for 1 min, followed by 35 amplification
cycles each including incubations at 98 °C for 10 s, 58 °C for
30 s, 72 °C for 30 s, and then additional extension time at 72 °C
for 5 min. The RT-PCR products were then resolved in 2%
agarose gels.

Cell and tissue lysates preparation

Cell and tissue lysates for immunoblotting were prepared
with 1� cell lysis buffer (Cell Signaling Technology, Beverly,
MA). In brief, the cells were washed twice with ice-cold PBS,
harvested into 1 ml of PBS, and pelleted at 1000 � g for 5 min.
The cell pellet was then lysed by resuspension in 30 –50 �l of
the lysis buffer containing complete protease inhibitor mixture
(Roche Applied Science) and incubated on ice for 5 min with
brief sonication. The sample was then centrifuged at 1000 � g
for 5 min, and the supernatant used for immunoblotting. Tis-
sues were frozen in liquid nitrogen, ground using a mortar and
pestle, sonicated, and centrifuged at 1000 � g for 10 min. The
supernatants were removed and analyzed.

Western blot analysis

The lysates were boiled for 5 min in SDS sample buffer, and
equal amounts of protein (20 –30 �g) were loaded in each lane
of a 10% Tris-glycine gel (Bio-Rad) as described previously (82,
84). After gel electrophoresis, proteins were transferred to a
nitrocellulose membrane. Membranes were incubated for 1 h in
0.1% Tween/TBS (TBST) containing 5% nonfat milk, then incu-
bated with primary rabbit polyclonal anti-GPR40 antibody
(ThermoFisher Scientific) at 1:1000 dilution in fresh blocking
solution overnight at 4 °C, and finally incubated with horserad-
ish peroxidase-conjugated secondary antibody (Invitrogen) for

Table 1
Primers used for PCR

Gene name Accession no. Forward primer Reverse primer Amplification size

bp
Human GPR40 AF024687 5�-TGGCCCACTTCTTCCCACTC-3� 5�-CAGGAGAGAGAGGCTGAAGC-3� 317
Bovine GPR40 NM001309646 5�-TCCACTTCGCTCCACTCTAT-3� 5�-GCAGAAGCGAGAGGCTAAA-3� 315
Human GPR120 NM181745 5�-AGATCTCGTGGGATGTCTCT-3� 5�-GATGAGGAGGATGGTGATGATG-3� 251
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1 h at room temperature. Blots were developed using the
enhanced chemiluminescence Western blotting detection
system (ThermoFisher Scientific) and quantified with an
ImageQuant LAS4000 system. Blots were then stripped using 1
M glycine, washed with TBST, and immunoblotted and visual-
ized as described above using an anti-�-actin antibody (1:2000).

Isometric tension measurements in BCAs

Measurement of isometric tension was determined as
described previously (6). The BCAs were obtained from a local
slaughterhouse, and rings of the left anterior descending coro-
nary arteries were used for tension measurements. The throm-
boxane mimetic U46619 (20 nM) was applied to preconstrict the
rings. Relaxations to increasing concentrations of 11,12-EET
were recorded in the presence and absence of GW1100 (10 �M).
These experiments were repeated in arteries pretreated with
iberiotoxin (100 nM) to eliminate the contribution of smooth
muscle cell BKCa channels to 11,12-EET relaxations. Results
were expressed as percent of relaxation with the basal tension
represented as 100%.

Whole-cell patch-clamp measurements of potassium currents
in HUVECs

K currents were obtained in HUVECs using standard volt-
age-clamp pulse protocols as described previously (85, 86).
Patched cells were dialyzed with a pipette solution with and with-
out 1 mM EDTA. Vehicle, 11,12-EET (1 �M) with vehicle, GW1100
(10 �M), or 11,12-EET plus GW1100 were added to the bath solu-
tion. Macroscopic K� currents were generated by progressive,
stepwise 10-mV depolarizing pulses from a constant holding
potential of 60 mV. Currents were sampled at 3 kHz and filtered at
1 kHz. Membrane capacitance was estimated, and currents were
expressed in picoamperes/picofarads.

11,12-EET stimulation of ERK phosphorylation and Cx43 and
COX-2 expression in HUVECs

HUVECs were grown to 90% confluency in 20% FBS media
and serum-starved overnight in 0.5% FBS media (79). The cells
were treated with vehicle or 11,12-EET (1 �M) in serum-free
media. This concentration of 11,12-EET stimulates GPR40 but
not GPR120. Vehicle and U0126 (1 �M), GW1100 (10 �M),
andrographolide (40 �M), or EH1555 (1 �M) (provided by Dr.
Bruce D. Hammock, University of California, Davis) were
added 20 min before 11,12-EET, and the incubation was con-
tinued for an additional 30 min for phospho-p42/44 (pp42/44)
and Cx43 and 24 h for COX-2 studies. The cells were washed
twice in cold PBS and lysed in cell lysis buffer (Cell Signaling
Technologies) containing 1� protease inhibitor mixture
(Roche Applied Science), 1� PhosStop mixture (Roche Applied
Science), and 1 mM PMSF. Cx43 samples were separated by
centrifugation into Triton-soluble and Triton-insoluble frac-
tions. The Triton-soluble fraction was analyzed for Cx43.
Western blotting was performed using anti-pp42/44 and (Cell
Signaling Technologies) in 5% BSA as blocking reagent. When
using anti-p44/42 (Cell Signaling Technologies), anti-Cx43 (BD
Biosciences), or anti-COX-2 (Cayman Chemical, Ann Arbor,
MI) monoclonal antibodies, 5% nonfat milk was the blocking

reagent (77). Detection was by chemiluminescence as described
above.

Transfection of HEK293 � GPR40 cells and HUVECs with
GPR40-targeted siRNA

HEK293–GPR40 cells and HUVECs were grown on 60-mm
dishes to 70 –90% confluence in 20% FBS media and serum-
starved overnight in 0.1% FBS media. The cells were then trans-
fected with GPR40 targeted or control nontargeting siRNAs
(Dharmacon, Denver, CO) at a final concentration of 30 nM for
HEK293 � GPR40 cells or 10 nM for HUVECs using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufa-
cturer’s instructions. After 24 h, the transfection solution was
replaced with fresh 0.5% FBS media and incubated for an addi-
tional 24 h. HEK293 � GPR40 cells were replated in 96-well
plates and analyzed for [Ca2�]i by FLIPR as described above.
HUVECs were treated with vehicle or 11,12-EET (1 �M) in
serum-free media for 30 min and then lysed in Cell Lysis buffer
(Cell Signaling Technologies) containing 1� proteinase inhib-
itor mixture (Roche Applied Science), 1� PhosStop (Roche
Applied Science), and 1 mM PMSF for Western blot analysis as
described above.

Statistical analysis

The data were expressed as means � S.E. and evaluated sta-
tistically by the Student’s t test and Student-Newman-Keuls
multiple comparison test and followed by one-way analysis of
variance. p 	 0.05 was considered significant.
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