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GPR119 is a Gas-coupled lipid-sensor in the gut, where it mediates release of incretin hormones from the
enteroendocrine cells and in pancreatic a-cells, where it releases insulin. Naturally occurring lipids such
as monoacylglycerols (MAGs) and N-acylethanolamines (NAEs), like oleoylethanolamide (OEA), activate
GPR119, and multiple synthetic ligands have been described. Here, we extend the GPR119 signaling pro-
file to Gaq and Gai in addition to b-arrestin recruitment and the downstream transcription factors CRE
(cAMP response element), SRE (serum response element) and NFAT (nuclear factor of activated T cells).
The endogenous OEA and the synthetic AR231453 were full agonists in all pathways except for NFAT,
where no ligand-modulation was observed. The potency of AR231453 varied <16-fold (EC50 from 6 to
95 nM) across the different signaling pathways, whereas that of OEA varied >175-fold (from 85 nM to
15 lM) indicating a biased signaling for OEA. The degree of constitutive activity was 1–10%, 10–30%
and 30–70% of OEA-induced Emax in Gai, Gaq and Gas-driven pathways, respectively. This coincided with
the lowest and highest OEA potency observed in Gai and Gas-driven pathways, respectively. Incubation
for 2 h with the 2-MAG-lipase inhibitor JZL84 doubled the constitutive activity, indicating that endoge-
nous lipids contribute to the apparent constitutive activity. Finally, besides being an agonist,
AR231453 acted as a positive allosteric modulator of OEA and increased its potency by 54-fold at
100 nM AR231453. Our studies uncovering broad and biased signaling, masked constitutive activity by
endogenous MAGs, and ago-allosteric properties of synthetic ligands may explain why many GPR119
drug-discovery programs have failed so far.

� 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction response to diet; deficits that are even more pronounced in obese
The number of people suffering from type 2 diabetes mellitus
(T2DM) has escalated worldwide as a consequence of unhealthy
lifestyle and obesity [1]. T2DM is characterized by insulin-
resistance, decreased insulin secretion from the pancreatic b-cells
and loss of intestinal glucagon-like-peptide (GLP)-1 release in
individuals [2]. The G protein-coupled receptor (GPR) 119 acts as
a lipid-sensor in the gut, where it induces the release of incretin
hormones, GLP-1 and glucose-dependent insulinotropic polypep-
tide (GIP) from the intestinal L and K-cells, respectively, in response
to dietary lipids [3–6]. Besides its expression in intestinal enteroen-
docrine cells (EEC), GPR119 is also expressed in pancreatic b-cells,
glucose-
l; MAGL,
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where it leads to insulin secretion in a glucose-dependent manner
[7–9]. GPR119 in pancreas may possibly be stimulated by
2-monoacylglycerol (MAG) generated by lipoprotein lipase [10].
GPR119 couples to Gas with high constitutive activity and in
response to lipid-based agonists like lysophosphatidylcholines
(LPCs), oleic-acid containing N-acyl-amino compounds like
N-oleoyldopamine (OLDA) and N-acylethanolamines (NAEs)
[3,8,9,11–14]. Of these, the oleic-acid containing OEA is the most
potent lipid-based GPR119 agonist [3]. It stimulates cAMP
accumulation in GPR119 transfected cells with high potency
(EC50 of 0.2–2.9 lM) [3,12] and releases GLP-1 in vitro from
GLUTag-cells, an EEC cell-linewith endogenous GPR119 expression,
and in vivo after intraluminal injection in mice [15]. Monoacylglyc-
erols (MAGs) such as 2-oleoyl glycerol (2-OG), which is generated in
high amounts during digestion of the diet, also activate GPR119 as
shown in recent in vivo studies in humans, where ingested 2-OG
stimulated GLP-1 release [3,4]. Similar experiments in wild type
and GPR119-deficient mice proved that the GLP-1 secretion
induced by 2-OG (and the more stable ether analog of 2-OG) indeed
is mediated via GPR119 activation [5].

The massive interest in GPR119 as a pharmaceutical target for
the treatment of T2DM and obesity has resulted in numerous syn-
thetic GPR119 ligands, for recent reviews see [14,16,17]. In 2007,
the prototypical GPR119 agonist, AR231453, was published as a
GPR119-specific glucose-dependent insulin secretagogwith similar
efficacy as GLP-1 [8], and shortly thereafter was shown to stimulate
incretin hormone release in mice [13]. This inspired many compa-
nies to create new GPR119 agonists, though only few have reached
clinical trials [16,18,19]. GPR119 antagonists and inverse agonists
have also been described, like AR436352, used in the present study.

The signaling through Gas is well established for GPR119 [3,8,
9,11–14,20–23] as measured by cAMP accumulation and/or
downstream activation of the transcription factor CREB (cAMP
response element binding protein) in response to both lipids (e.g.
OEA, OLDA, LPC, 2-OG) and multiple synthetic GPR119 agonists
[3,8,9,11,12,20,24,25]. In addition, calcium release has been
described for ligand-mediated GPR119 activation [24,26], whereas
G protein-independent signaling via b-arrestin recruitment has
only been sparsely described in the patent literature [27].

Here, we present an in depth analysis of the signaling profile of
GPR119 with and without ligand addition. We compare the activity
of the endogenous lipid OEA and the synthetic non-lipid-based
agonist AR231453 through G protein-dependent and -
independent pathways to search for signaling bias. Given their
structural differences, and only partly overlapping binding sites
[28], these two ligands were furthermore combined in order to
study allosteric modulation properties. The synthetic GPR119
inverse agonist AR436352 [28] was included to study ligand-
modulation of the constitutive activity at the transcriptional
activity level (CRE, SRE and NFAT). As the activity of lipid-
receptors may be under influence of endogenous lipids revealing
apparent constitutive activity, as shown for GPR40 and EBI2 (also
known as GPR183) [29–32] – we tested whether this was the case
for GPR119 by addition of two inhibitors of the enzymes that
degrade the endogenous GPR119 agonists MAGs and NAEs. Our
studies expand the basic pharmacological knowledge of GPR119,
and introduce signaling bias, allosteric actions and apparent con-
stitutive activity as important traits for this receptor.

2. Materials and methods

2.1. Materials

OEA (Cayman Chemicals, Ann Arbour, USA), AR231453
(C21H24FN7O5S), AR436352 (C20H18FN5O4S) (Arena Pharmaceu-
tical Inc., San Diego, USA) and Glucose-dependent insulinotropic
polypeptide (GIP) (Human, H-5645, Bachman, Germany) were all
dissolved in 1% DMSO (Sigma–Aldrich, MO, USA). Fatty acid amide
hydrolase (FAAH) inhibitor URB597 and monoacylglycerol lipase
(MAGL) inhibitor JZL184 (Cayman Chemicals, Ann Arbour, USA)
[33,34] were dissolved in 0.5% DMSO. GPR119 and the human
GIP receptor were cloned into the pcDNA3 vector. Gqs5 that turns
Gas-coupling into a Gaq signal was used as a positive control in
IP3 turnover assay [35]. Gqi5 and Gqi4myr that both turn Gai
coupling into a Gaq signal were used to test for Gai coupling of
GPR119. The three chimeric G proteins Gqs5, Gqi5 and
Gqi4myr were kindly provided by 7TM pharma A/S (Hørsholm,
Denmark).

2.2. Cell culture and transfections

COS-7 cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) 1885 (Gibco, Life Technologies, USA) supplemented
with 10% Fetal Bovine Serum (FBS) (Invitrogen, CA, USA), 26 mg/
ml L-glutamine and 180 IU/ml penicillin + 45ug/L streptomycin
(Pen Strep, P/S) (Life Technologies, CA, USA) at 37 �C and 10%
CO2. HEK293 cells were cultured in DMEM with 10% FBS and Pen-
Step as for the COS-7 cells, at 37 �C and 10% CO2. HEK293 medium
for transcription factor reporter assay was DMEM, (Gibco, Life
Technologies, USA) with 0.5% FBS for SRE and 10% FBS for both
CREB and NFAT. U2OS cells, stably expressing b-arrestin2 coupled
to the large b-galactosidase fragment and GPR119, were cultured
in DMEM alpha + GlutaMAXTM-I (Gibco, Aukland, New Zeeland),
10% FBS, 26 mg/ml L-glutamine, 180 IU/ml penicillin + 45ug/L
streptomycin (PenStrep) at 37 �C and 10% CO2. COS-7 cells were
transiently transfected with GPR119 or pcDNA3 by the calcium
phosphate transfection method for 5 h at 37 �C, 10% CO2 [36] for
the cAMP assay and the inositol tris-phosphate (IP3) turnover
assay. For the luciferase reporter assays and the calcium assay,
HEK293 cells were transfected for 5 h using Lipofectamine2000
and serum free optiMEM (both from Life Technology (TermoFis-
cher), MA USA). For the luciferase reporter assays, cells were co-
transfected with GPR119 DNA or pcDNA3 and cis reporter SRE/
NFAT luciferase or trans reporter CREB luciferase.

2.3. cAMP accumulation assay

COS-7 cells were transfected with 40 lg GPR119 DNA or
pcDNA3 per 175 cm2 flask. One day after transfection, the cells
were seeded out (35.000 cell/well) in a 96 well white plate (Perkin
Elmer, Massachusetts, USA). The cells were washed twice and incu-
bated for 30 min at 37 �C with HBS + 1 mM IBMX (Sigma Aldrich,
USA). Increasing concentrations of agonists were added to the cells
and incubated for 30 min. Upon co-administration with the two
agonists, a 5 min pre-incubation period was introduced for the
agonist given in a fixed concentration before addition of increasing
concentration of the other agonist. The enzyme inhibitors, URB597
(fatty acid amino hydrolase (FAAH) inhibitor) and JZL84 (monoa-
cylglycerol lipase (MAGL) inhibitor) were added for 2 or 24 h at
37 �C. The Hithunter� cAMP XS+ procedure (DiscoveRx, Fremont,
USA) was carried out following the manufacturers’ description.

2.4. Calcium mobilization experiment

HEK293 cells were transfected with 5 ng GPR119 DNA or
pcDNA3 per well in black 96 well plate (35,000/well) (Corning
Incorporated, Berlin, Germany). One day after transfection the
loading buffer, containing calcium sensitive fluorophore, Fluo-4,
(FLIPR calcium assay kit) (Invitrogen CA, USA), was added to the
cell plate and incubated for 1 h at 37 �C. Agonists were prepared
in a reagent plate. 25 ll were transferred to the cell plate, while
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measuring calcium mobilization at the NOVOstar (Isogen Life
Science, PW De Meern, Netherlands).

2.5. b-Arrestin recruitment experiment

b-Arrestin recruitment was measured using a Pathhunter
barrestin assay (DiscoveRx, Fremont, USA). U20S were cultured in
minimal essential medium (MEM)a supplemented with GlutaMAX
(1x) (Gibco, Aukland, New Zeeland) and adjusted with 10% (v/v)
FBS, 1% (v/v) P/S and 0.5% (v/v) hygromycin B. Cells were seeded
out (35,000/well) in 96 well white plates (Perkin Elmer,
Massachusetts, USA). Agonist stimulation was performed for
90 min at 37 �C followed by incubation with the Detection Reagent
Solution� for 1 h. The chemiluminescence was measured at the
EnVision 2104multi lab reader (Perkin Elmer, Massachusetts, USA).

2.6. IP3 turnover experiment

COS-7 cellswere transfectedwith 40 lgGPR119 or pcDNA3with
or without 30 lg of the chimeric proteins Gqs5, Gqi5 or
Gqi4myr per 175m2 flask. One day after transfection, cells were
incubated with Myo-[2 3H(N)]-inositol (Perkin Elmer,
Massachusetts, USA) for 24 h and afterward seeded out in a white
bottom, 96 well plate (35,000/well) (Perkin Elmer, Massachusetts,
USA). Agonists were added in HBSS + 10 mM LiCl to the cells for
90 min at 37 �C. The cells were lyzed with 10 mM formic acid, and
incubated with SPA-YSI beads (1 mg/well) (Perkin Elmer,
Massachusetts, USA) at room temperature (RT) for 8–9 h. IP3
response was measured on the Top counter (Perkin Elmer,
Massachusetts, USA).

2.7. Transcription factor reporter experiment

HEK293 cells were seeded out in 96 well plates (35,000/well)
(Sigma–Aldrich, MO, USA) 24 h prior to transfection. The cells were
transfected with increasing amount of GPR119 DNA or pcDNA3 (5,
10, 15 ng/well) together with cis reporter SRE/NFAT luciferase
(50 ng/well) or trans reporter CREB luciferase (6 ng/well CREB
+ 25 ng/well luciferase). The cells were incubated with and without
10 lM pertussis toxin (PTx, Sigma-Aldrich�). 24 h after transfec-
tion the cells were washed in phosphate buffered saline (PBS, Dul-
becco) (Sigma–Aldrich, MO, USA), luminescence was measured at
the luminescence counter (Topcounter, Packard) (Perkin Elmer,
MA, USA) after 10 min incubation with 50 ll PBS + 50 ll Luciferase
lite substrate (Perkin Elmer, MA, USA).

2.8. Statistics

All data are presented as mean ± SEM. Statistical analysis
(unpaired t-test) was performed in Fig. 6 using Graph pad Prism
6. Statistically significant difference was observed as p < 0.05 (*),
p < 0.01 (**), p < 0.005 (***) or p < 0.001 (⁄⁄⁄⁄).

3. Results

3.1. Equal efficacies of OEA and AR231453 in G protein-dependent, as
well as G protein-independent pathways

We initially tested whether lipid-based and synthetic agonists
for GPR119 activate the same pathways. OEA was chosen due to
its previously described high potency [3–12] and tested in parallel
with the synthetic molecule AR231453 for the G protein-mediated
cAMP production and calcium release, as well as the G protein-
independent b-arrestin recruitment (Fig. 1). Consistent with previ-
ously published data [3–9,20], OEA and AR231453 initiated cAMP
accumulation in a dose-dependent manner with 33-fold higher
potency for AR231453 than that of OEA (Table 1) and with compa-
rable efficacies (Fig. 1A). A considerable basal constitutive activity
of �30% of the maximal stimulation by OEA (Emax) was observed
(Fig. 1A), consistent with the literature [8,13]. We next measured
the increase in intracellular calcium for both agonists and the
results were similar to those obtained from the cAMP accumulation
assay. This too was in agreement with previous results of an
OEA-induced GPR119 response [37]. AR231453 had a superior
potency compared to OEA with a 25-fold higher EC50 (Table 1) and
with comparable efficacies and a considerable constitutive activity
of�30% of the Emax for OEAwas observed (Fig. 1B). The patent liter-
ature describes b-arrestin recruitment for cyanopyrazole-based
agonists through GPR119 [27], but nothing is known about other
synthetic molecules as well as lipid signaling through this pathway.
By employing stably transfected U2OS cells expressing GPR119, we
tested both ligands through this pathway. A robust activation with
similar efficacies was observed (Fig. 1C), and again AR231453 had
higher potency (166-fold) than OEA (Table 1). In this assay the
constitutive activity reached �60% of the Emax for OEA (Fig. 1C).

3.2. Expansion of the G protein-dependent signaling of GPR119

Besides Gas, a recent paper presented Gai as possible signaling
pathway for GPR119 [38], and also Gaq has been tested previously
[8]. We therefore looked more detailed into the G protein-signaling
profile of GPR119 in transiently transfected COS-7 cells. To mea-
sure Gaq activity, we investigated the IP3 turnover and as a posi-
tive control, we co-transfected with the chimeric Gqs5 G protein,
a Gaq subunit which contains the last 5 amino acids from Gas
(recognition motif for the Gas coupled receptors), and turns the
activity of a Gas-coupled receptor into a Gaq read-out [35]. Indeed,
both OEA and AR231453 increased IP3 turnover in a dose-
dependent manner with potencies similar to those observed in
the signaling pathways presented in Fig. 1, but with much lower
efficacies (7–10%) compared to the positive control (white sym-
bols, Fig. 2A and B, respectively and Table 1). The GIP receptor
was included as another control. Consistent with its Gas coupling
[39], co-transfection with Gqs5 resulted in a dose-dependent
response of GIP with similar potencies as described previously
[40], whereas no signaling was observed in the absence of Gqs5
(Fig. 2A and B). Due to the strong Gas coupling of GPR119
(Fig. 1), we decided to use an indirect measurement of Gai activity
by co-transfection with Gqi5, a Gaq subunit, which contains the
last 5 amino acids from Gai (recognition motif for the Gai coupled
receptors), and turns the activity of a Gai-coupled receptor into a
Gaq read-out [35]. Here, both OEA and AR231453, but not GIP
elicited a dose-dependent activation, indicating that GPR119 also
couples to Gai (Fig. 2C, Table 1). The efficacy was however much
lower, reaching levels of 27–40% of the positive controls
co-transfected with Gqs5. Similar results were found with the vari-
ant of Gqi5 denoted Gqi4myr (Table 1), and we thus had obtained
signaling data for GPR119 in Gas, Gaq and Gai in a highly compa-
rable setup, which is not found in earlier literature on GPR119.

3.3. Differential signaling pattern of GPR119 through an array of
transcription factors

Inspired by the broad G protein-signaling profile of GPR119, we
tested the receptor activity through a number of transcription
factors: CRE, NFAT and SRE in transiently transfected HEK293 cells.
These are controlled by different G proteins: Gas and Gaq (CRE),
Gaq and Gai (NFAT) and Gai and Ga12/13 (SRE) thereby repre-
senting a suitable battery for further signaling characterization of
GPR119. HEK293 cells were transfected with increasing amounts
of GPR119, and the basal activity was measured together with



Fig. 1. GPR119 activation by OEA and AR231453 via G protein-dependent and -independent pathways. cAMP formation (A), increased intracellular calcium (B) and b-arrestin
recruitment (C) induced by increasing doses of AR231453 (white) or OEA (black symbols) in COS-7 (cAMP and Ca2+), or in U2OS A2 (b-arrestin) cells transfected with GPR119
or empty vector pcDNA3 as negative control. Data are normalized to maximum OEA-induced GPR119 activity (100%) and pcDNA3.1 in the absence of ligand (0%). Data are
shown as mean ± SEM (n = 3–4). EC50 values and numbers of experiments are provided in Table 1. Chemical structures of OEA and AR231453 (D).

Table 1
Potencies of OEA and AR231453 in all implemented signaling pathways. From left column: experimental condition, signaling pathway, EC50, log EC50 ± SEM) and number of
experiments of OEA and AR231453. Upper third: GPR119 expressed alone. Middle third: GPR119 co-expressed with chimeric G proteins. Lower third: ligands administered
together with dose–response curves of OEA together with low (10 nM) and high (100 nM) concentrations of AR231453 (middle column) and dose–response or AR231453 together
with low (10 nM) and high (100 nM) OEA (right column).

Experimental condition Signaling pathway OEA AR231453

EC50 (lM) Log EC50 ± SEM N EC50 (nM) Log EC50 ± SEM N

GPR119 expressed alone cAMP 0.2 �6.6 ± 0.2 4 6 �8.2 ± 0.2 4
CRE 0.3 �6.6 ± 0.9 5 57 �7.3 ± 0.4 5
Calcium 1 �6.0 ± 0.3 3 40 �7.4 ± 0.8 3
IP3 0.9 �6.0 ± 0.9 5 95 �7.0 ± 0.7 5
SRE 15 �4.8 ± 0.2 5 43 �7.4 ± 0.2 5
b-arrestin 1 �6.0 ± 0.1 4 6 �8.2 ± 0.1 4

GPR119 co-expressed with chimeric G protein IP3 (+Gqs5) 0.085 �7.0 ± 0.5 5 14 �7.8 ± 0.2 3
IP3 (+Gqi5) 2 �5.7 ± 0.2 5 52 �7.3 ± 0.5 3
IP3 (+Gqi4myr) 1.8 �5.7 ± 0.2 5 26 �7.5 ± 0.2 3

Ligands co-administered cAMP (one ligand) 0.2 �6.7 ± 0.4 5 20 �7.7 ± 0.5 5
(10 nM co-ligand, low) cAMP (two ligands, low) 0,023 �7.6 ± 0.6 5 3.5 �8.5 ± 0.7 5
(100 nM co-ligand, high) cAMP (two ligands, high) 0,0037 �8.4 ± 0.8 5 37 �7.4 ± 0.5 5
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the activity in the presence of an agonist (0.1 lM AR231453) or an
inverse agonist (0.1 lM AR436352) of GPR119 (Fig. 3). Confirming
the Gas activity, increasing doses of GPR119 resulted in an increase
in CRE-activation. At 10 ng GPR119, the AR231453-induced
activity was �20% higher than the basal activity, whereas the pres-
ence of AR436352 reduced the basal activity by �16% (Fig. 3A).
Intriguingly, no constitutive SRE activity was observed for
increasing concentrations of GPR119, whereas AR231453 induced
a substantial increase (Fig. 3B). As expected from the lack of the
basal activity through this signaling pathway, AR436352 had no
impact on the signaling through SRE (Fig. 3B). Like the
CRE-activity, NFAT was activated constitutively (agonist-
independent) in a gene-dose dependent manner (Fig. 3C). However
in contrast to the CRE-activity, NFAT activity could not be modu-
lated further by AR231453 or AR436352 (Fig. 3C). Knowing that
NFAT is mainly regulated by Gaq and Gai and due to the fact that
the activation of this pathway is mainly dependent on the GPR119
constitutive activity (Fig. 3C), NFAT activation was included to
confirm the Gai coupling observed using the Gaqi5 chimeric
signaling (Fig. 2). To this end, we investigated the GPR119-
induced NFAT activation in the presence of the Gai inhibitor per-
tussis toxin (PTx). The PTx effect was investigated in comparison
to the two control receptors ORF74-human herpes virus (HHV) 8
and the ghrelin receptor. ORF74-HHV8 is constitutively active
through Gai and Gaq [41], whereas the ghrelin receptor facilitates
an efficacious Gaq signal [42]. PTx significantly inhibited the
GPR119-induced NFAT activation (in the absence of added ligand)
to the same extent as for ORF74-HHV8, whereas there was no
effect on the ghrelin receptor. The activity level of both GPR119
and ORF74-HHV8 was reduced to around 75% of the maximum
receptor activity when PTx was used, which confirms the observed
Gai signaling of GPR119 (Fig. 2).

3.4. Signaling pathway-dependent potencies of OEA, but not of
AR231453

The substantial variation in basal- and agonist-induced activity
among the three transcription factors (Fig. 3) urged further phar-



Fig. 2. Broad G protein-mediated signaling by GPR119. IP3 formation induced by increasing doses of OEA (A), AR231453 (B) or GIP (C) in COS-7 cells transfected with either
GPR119 (A and B) or the GIP receptor (C) alone (black triangles) or co-transfected with Gqi5 (black squares) or Gqsa5 (white circles). COS-7 cells transfected with GPR119 are
again pictured in Fig. 2D-F as a zoomed enlargement of the area between the dotted lines in Fig. 2A-C for a more detailed perspective. Data are shown as mean ± SEM (n = 3–
5). EC50 values and numbers of experiments are provided in Table 1.

Fig. 3. Constitutive and ligand-modulated transcriptional activity by GPR119. Transcription factor activity via CRE (A), SRE (B) and NFAT (C) in response to increasing doses of
GPR119 DNA (full lines) or pcDNA3 (dashes lines) in HEK293 cells. The cells were incubated for 5 h without (black symbols) or with (white symbols) AR231453 (square) or
AR436352 (triangle) at a concentration of 0.1 lM. Data are normalized to 10 ng GPR119 in the presence of AR231453 (100%). Data are shown as mean ± SEM, n = 4–5.
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macodynamics studies. We therefore tested both the lipid-based
OEA and the synthetic agonist AR231453 in a dose-dependent
manner for the two transcription factors (CRE and SRE) that were
responsive to AR231453 (Fig. 4). Consistent with the largely unal-
tered, and high potency of AR231453 through cAMP accumulation,
calcium release and b-arrestin recruitment (Fig. 1, Table 1),
AR231453 stimulated CRE and SRE with similar high potency
(Fig. 4A and B, Table 1). However, this was not the case for OEA,
as its potency through SRE activation was remarkably lower
(�50-fold) compared to the CRE-activation (Fig. 4B, Table 1).
Notwithstanding, the efficacy of OEA was similar to that of
AR231453 (Fig. 4B). Thus OEA acts as a full agonist through SRE-
activation, despite a very low potency. Consistent with the gene-
dose experiments (Fig. 3), the basal activity leading to CRE-
activation was high, and reached 65% of the maximum activity
(Emax) induced by OEA, whereas no basal activity was observed
through SRE (<2% of the Emax for OEA (Fig. 4C)). Thus, the degree
of basal activity was congruent with the variation in OEA poten-
cies, as high potency was observed in the system with high basal
activities (CRE), whereas the absence of basal activity concurred
with a very low potency of OEA (Fig. 4D). The CRE and NFAT activ-
ity was measured in media containing 10% serum, while 0.5%
serum was used for the SRE activity. To test if this low serum con-
centration was causing the low basal activity observed in SRE acti-
vation, we repeated the SRE activity in the presence of 10% serum.
Under these settings, the level of basal activity was comparable to
that in the presence of 0.5% serum, indicating no significant differ-
ence in the basal receptor activity in the presence of high serum
content (10%) and low serum content (0.5%).

Summarizing all data for the potencies of the two agonists and
the degree of constitutive activity obtained in the implemented
pathways, the fluctuations in EC50 values for AR231453 were small
(Fig. 5A), but varied a lot for OEA (Fig. 5B). Here, the highest poten-
cies were observed in Gas-mediated pathways (cAMP increase, IP3
measured by co-transfection with Gqs5 and the CRE transcription
factor), followed by assays mediated by Gaq (IP3 turnover and cal-
cium release) and lowest for Gai-mediated pathways (IP3 mea-
sured by co-transfection with Gqi5 and the SRE transcription
factor). Importantly, the percentage of constitutive activity relative
to the efficacy of OEA followed the same pattern, as high basal activ-
ity was observed in pathways with high potency of OEA, whereas it
dropped in pathways with low potency (Fig. 5C). This indicates that
the observed high basal activity of GPR119 could be caused by, or
influenced by lipids present in the cells or cell media – a



Fig. 4. Potencies of OEA and AR231453 in the CRE and SRE-transcription factors. Transcription factor CRE (A) and SRE (B) activation by increasing doses of OEA (closed circles)
or AR231453 (open circles) in HEK293 cells transfected with GPR119 or pcDNA3. Data are normalized to Emax for OEA (100%) and the activity of pcDNA (0%). Data are shown
as mean ± SEM, n = 8. Graphical illustrations of the degree of constitutive activity (black columns) relative to the Emax for OEA (100%) (C) and the potencies of AR231453 and
OEA (D).

Fig. 5. Overview of potencies and degree of constitutive activity for all pathways tested. Potencies of AR231453 (A) and OEA (B) in all included signaling pathways. From left
the Gas coupled pathways (CRE, IP3 measured by co-transfection with the chimeric Gqs5 and cAMP measurements), the Gaq coupled pathways (calcium release and IP3
measurements), the Gai coupled pathways (IP3 measured by co-transfection with the chimeric Gqi5 and Gqi4myr and the SRE transcriptional activity) and b-arrestin
recruitment. (C) Degree of constitutive activity relative to Emax of OEA in the same signaling pathways. Data are shown as mean ± SEM, n = 3–5.
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phenomenon that is unmasked by the low potency of lipids through
SRE-activation – in turn pointing at OEA as a biased ligand.

3.5. Endogenous lipids may contribute to the apparent high basal
activity of GPR119

To further assess the contribution of endogenous lipids in the
observed high basal activity, we included two inhibitors (JZL184
and URB597) for the enzymes responsible for the degradation of
2-MAGs and NAEs (i.e. MAGL and FAAH, respectively). Both inhibi-
tors were added 2 or 24 h before measuring the basal cAMP activity
in HEK293 cells transfected with either GPR119 or empty vector
control. None of the inhibitors had any impact on cAMP formation
in cells without GPR119 (Fig. 6, white bars), whereas the basal
activity of GPR119 (Fig. 6, black bars) was significantly (p < 0.01)
increased by pre-incubation with 0.1 lM JZL184 for 2 h (Fig. 6A)
and for 24 h (Fig. 6B). In contrast, 1 lM URB597 did not affect the
basal activity of GPR119 at any of these settings (Fig. 6C and D). This
indicates that endogenous 2-MAGs, but not NAEs, are generated
during a process of lipid metabolism in COS-7 cells, and may con-
tribute to the apparent constitutive activity of GPR119.

3.6. Agonist (-ago) allosteric modulation of OEA-induced GPR119
activation

As a consequence of the uncovering of endogenous lipids as
putative players in the observed high basal activity of GPR119
(Fig. 6), we decided to test whether the synthetic agonist
AR231453 acted as allosteric modulator of the lipid-induced
activity. A series of dose–response curves for OEA-induced cAMP
formation was performed in the absence and presence of low
(10 nM) or high (100 nM) concentration of AR231453. Both con-
centrations of AR231453 increased the potency positively with 8-
fold increase in the presence of 10 nM AR231453, and more than
50-fold for 100 nM AR231453 (p < 0.05) (Fig. 7A, Table 1). This
was not the case in the opposite situation (Fig. 7B, Table 1). Thus,
AR231453 seems to act as a positive allosteric modulator of OEA,
concomitant with being an agonist itself.
4. Discussion

In the present study, we extend the signaling profile of GPR119
to include not only Gas, but also other G proteins, transcription
factors as well as b-arrestin recruitment. The endogenous OEA
and the synthetic AR231453 were full agonists through most path-
ways, and whereas the potency of AR231453 was rather constant,
that of OEA varied in a pathway-dependent manner, that paralleled
the basal receptor activity. This establishes OEA as a biased ligand.
Together with the observation that endogenous MAGs influence
the basal activity of GPR119, this indicates that the basal activity
of GPR119 is – in part – mediated by endogenous lipids. Finally,
AR231453 was shown to act as a positive allosteric modulator of
OEA activity.



Fig. 6. Impact on the constitutive activity of GPR119 by inhibition of MAG and NAE degradation. cAMP formation in COS-7 cells transfected with GPR119 (black columns) or
pcDNA3 (white columns) in the presence and absence of the monoacylglycerol (MAG) lipase inhibitor JZL184, 0.1 lM (A and B) or the FAAH inhibitor URB597, 1 lM (C and D),
for 2 h (A and C) or 24 h (B and D). Data are normalized to the basal activity of GPR119 in the absence of inhibitors (100%) and zero (0%) and shown as mean ± SEM, n = 3. The
unpaired t-test was used to test for statistical significance (p < 0.05⁄, <0.01⁄⁄, <0.005⁄⁄⁄ and <0.0001⁄⁄⁄⁄).

Fig. 7. Allosteric modulation of GPR119. cAMP formation in transiently transfected COS-7 cells was stimulated by increasing concentrations of OEA (A) or AR231453 (B) with
or without co-administration of fixed concentrations of OEA (1 lM and 0.1 lM) (B) or AR231453 (10 nM/0.1 lM) (A). Data are normalized to Emax of OEA (100%) and pcDNA-
transfected cells (0%). Data are shown as mean ± SEM, n = 5.
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4.1. Signaling properties of GPR119 through multiple G proteins

The signaling through Gas is well established for GPR119
[3,8,9,12,13,21–23], and we confirm this both by direct cAMP mea-
surements and by CRE activity. Gas signaling has been shown to be
a driving pathway for the insulinotropic effect of many GPCRs like
GPR119 and TGR5 expressed in pancreatic b-cells and for GLP-1
release from EECs in the gut [8,13]. However, growing evidence
suggests that Gas and Gaq may act in synergy on hormone
secretion for instance via a cAMP-mediated potentiation of
glucose-induced insulin secretion triggered by intracellular Ca2+

through the ATP-sensitive potassium channel and opening of
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voltage-dependent calcium channels located in the cell membrane
[43], as recently described for GPR40 [44]. Gaq activity has not
been observed before for GPR119. In the present study, we
observed a minute Gaq coupling measured by IP3 turnover, yet
the robust agonist-induced calcium release and basal NFAT activity
supports this activity. It should be noted however, that calcium
release as well as NFAT activation can be mediated not only by
Gaq, but also by for instance Gas and Gai (for calcium release)
and Gai (for NFAT activity) [41–46]. It is therefore likely that the
strong calcium release reported here and previously [24,26] is
mediated not only by Gaq activity, but also by the other pathways.
It is possible that the Gaq activity may contribute to, and maybe
even synergize, the insulinotropic action of GPR119 as in GPR40
[44]; however like in GPR40, where Gas is the main insulinotropic
pathway [44], the Gas activity of GPR119 is far superior to that of
Gaq. The Gai activity observed here, and previously [38], by IP3
release during co-transfection setups with Gqi5 and confirmed
with the inhibition of the receptor-induced NFAT activation in
the presence of the Gai inhibitor PTx is somehow paradoxical to
the strong Gas coupling. However, dual coupling to these two G
proteins have been observed before in for instance the adrenergic
A2a receptor with the most potent activation through Gai and a
weaker signaling through Gas [47,48]. In this receptor, distinct
regions of selective coupling to these two G proteins were identi-
fied in ICL2 and ICL3 [49,50]. The M2 and M4 muscarinic receptors
display similar dual coupling with the same preponderance toward
Gai coupling [51], whereas the GnRH receptors in addition to Gaq,
couples to Gas and Gai, where the Gas coupling occurs with higher
potency than the Gai activity [52] (like for GPR119, Fig. 5). It can be
envisioned that the dual regulation of the activity of adenylate
cyclase may fine-tune the downstream signaling in GPR119 and
thereby provide a more tightly regulated hormone release, as
shown in the GnRH receptor, where the dual action is necessary
for the pulsatile hormone release [52]. In support of this as a rele-
vant mechanism for GPR119, it was shown earlier that epinephrine
administration to pancreatic a-cells resulted in both Gai and Gas
activation by the A2a receptor [53].

4.2. The role of b-arrestin recruitment for GPR119 action

Classically, b-arrestin recruitment is an initial step in receptor
desensitization and subsequent internalization [54,55], yet it may
also be involved in the initiation of G protein-independent signal-
ing pathways, like MAP-kinases [56]. b-Arrestin recruitment by
lipids acting via GPR119 has never been described before. We
observed potent activation via this pathway for both ligands and
thereby show for the first time, that also endogenous lipids acti-
vate recruitment of b-arrestin via GPR119. However it remains to
be determined if this signaling of GPR119 is involved in its biolog-
ical effects similar to the reported involvement of GLP-1 receptor-
mediated b-arrestin recruitment for insulin release from pancre-
atic b-cells [57]. In support of the relevance of b-arrestin recruit-
ment for GPR119, a recent publication described desensitization
of GPR119 by different synthetic agonists [58]. Furthermore, the
strong b-arrestin coupling by GPR119 may be involved in the high
degree of constitutive internalization, rapid recycling and prefer-
ential intracellular location of GPR119 [59], a distribution also
known for other constitutively active GPCRs, like the viral US28
chemokine receptor [60,61].

4.3. Ligand-bias of OEA and apparent constitutive activity of GPR119

Signaling bias describes a situation where different ligands eli-
cit different signals through a given receptor (ligand bias), when
the same ligand acts on different receptors with different signaling
outcomes (receptor bias) or when a given ligand-receptor pair
results in different signaling outcome in an expression-
dependent manner (tissue/cell bias) [62]. In contrast to the
potency of AR231453, that only varied very little, consistent with
previous data [8–13], the potency of OEA was pathway-
dependent and thereby acted as a biased ligand with the same effi-
cacy as AR231453 in all tested pathways. The highest potency of
OEA was observed in Gas-dependent pathways, where previously
reported potencies were confirmed [3,12,28] followed by the
Gaq-mediated pathways, and with lowest potency via Gai
(Fig. 5, Table 1). The lowest potency was observed in the SRE path-
way concomitant with a complete lack of constitutive activity,
whereas the Gas-mediated pathways displayed the highest degree
of constitutive activity concomitant with the highest OEA poten-
cies. Thus, the observed constitutive activity via Gas correlates
with the biased action of this endogenous lipid. This was further
emphasized by the increase in activity upon pre-incubation with
JZL184 – an inhibitor of the enzyme MAGL that degrades 2-
MAGs, demonstrating that endogenous MAGs are indeed produced
in a common (fibroblast-like) cell line, and implying that MAGs
potentially contribute to the observed basal activity of GPR119 in
any cells that employ lipoprotein lipase to metabolize lipids, if they
negatively regulate MAGL activity. Interestingly, we could not
determine that NAEs play the same role, as the NAE inhibitor
URB597 did not affect GPR119 signaling, which could both indicate
that NAEs are not being produced – or degraded – endogenously in
our setup.

Constitutive activity is commonly observed among GPCRs as for
example the ghrelin receptor [42], and many virus-encoded recep-
tors [63,64,46,65]. However, apparent constitutive activity may be
a result of – or at least influenced by – endogenous agonist(s) pre-
sent in the media or in the cells that may lead to receptor activity,
thereby masking the ‘‘true” pharmacology of a given receptor – a
situation that our results indicate for GPR119. This was for instance
the case for GPR40 (FFAR1); another lipid receptor with similar
expression pattern as GPR119 and similar insulinotropic action
mediated via Gas and Gaq activation by FFA [44,66]. In GPR40,
FFA in the added serum, resulted in an apparent high constitutive
activity, that was eliminated in fatty acid-depleted serum [29].
Another example is the lipid receptor GPR183 (also known as
Epstein Barr virus-induced receptor 2, EBI2). Prior to its deorpha-
nization as a receptor for oxysterols [67,68], high constitutive
Gai activity was observed in several cell lines [30,69]. However,
this activity was, at least in part, mediated by oxysterols in the
medium/cells as an inhibition of the CYP7B1 enzyme, involved in
oxysterol formation, by clotrimazole, reduced EBI2 activity
[30,68,69].

4.4. Intrinsic and allosteric actions of GPR119 agonists

In the present study we observed that, besides its intrinsic
activity, AR231453 acted as a positive allosteric modulator of
OEA. A recent study by Zhang et al. also investigated the putative
synergy between these two ligands, not by a direct measurement
of cAMP accumulation as it is the case here, but by measuring
downstream signaling mediated by the induced cAMP, i.e. the tran-
scription factor CRE [70]. In contrast to our data, they did not
observe any allosteric action of AR231453. This however could be
due to insufficient amounts of AR231453 in their studies (0.008–
1 nM) as compared to the concentrations used in our study (10
and 100 nM); differences that may have an even higher impact
given the chosen experimental settings, as AR231453 displays a
10-fold lower potency in the CRE transcription factor assay than
in the cAMP accumulation assay (Table 1). The structural basis
for this allosteric action of AR231453 is rather challenging, as a
recent study described largely overlapping binding pockets for
AR231453 and OEA, yet with minor differences in that AR231453
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seemed to dock deeper into the main binding pocket with direct
interaction with residues as deep as position III:09 and III:12
(3.36 and 3.39, respectively) [28]. Furthermore, OEA is a highly
flexible ligand that may allow several binding poses, some of
which could permit the action of AR231453 at the same time, or
it could be envisioned that AR231453 constrains the receptor in
an OEA-preferential conformation. Interestingly, a large degree of
overlap was identified for residues involved in binding of OEA
and AR231453 and residues involved in the constitutive activity
[28], again pointing toward a possible role of endogenous lipids
as contributors to the apparent high constitutive activity of
GPR119.
4.5. Perspectives

Owing to the expression pattern and physiological role of
GPR119, this receptor is an attractive metabolic target – an insu-
linotropic ‘‘lipid sensor” in the gut with 2-OG as the most rele-
vant food-derived ligand [5,14] recently proven to act in vivo
in humans [3]. Exogenous OEA has also been proven effective
in vivo in rodent studies [12,15], but it is unclear whether
endogenous OEA participate in activation of GPR119. The
observed positive allosteric action of AR231453 is important,
as allosteric modulation drugs encompass obvious advantages
as compared to orthosteric counterparts by potentially modulat-
ing and fine tune the action of the endogenous ligands, possibly
without the same risk of overdosing effects and with an action
that depends on the endogenous ligands. However, allosteric
action by a ligand may also possess intrinsic activity, as in the
case of AR231453. We also show that endogenous lipids may
contribute to the apparent constitutive activity of GPR119. An
intriguing question is therefore whether AR231453 indeed pos-
sesses intrinsic activity, or whether its observed agonism is a
result of an allosteric action of the effect of endogenous lipids.
Further studies are needed to clarify this. From a clinical point
of view, synthetic GPR119 agonists have not yielded much suc-
cess yet and in fact several studies have been disappointing
[16,18,19]. Thus, we are still waiting for a successful outcome
of clinical trials for GPR119 agonists. The lack of success –
despite numerous potent GPR119 agonists – could be due to
inadequate characterization of basic pharmacological properties
of these compounds, hereunder allosteric actions and well-
defined pathway targeting, maybe in the sense of biased drugs
targeting one or several of the pathways described in the current
study.
Disclosures

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
Author contributions

HAH, SF, HP, MMR, TWS and HSH designed the experiments.
HAH, HP, SF, OL, MHmade the experiments. RJ provided the ARENA
compounds. HAH, SF, HP, OL, MH and MMR analyzed data. HAH,
HSH, SF and MMR wrote the manuscript. All authors have
approved the manuscript.
Acknowledgements

The study was financially supported by the UNIK program,
Food, Fitness and Pharma and the Faculty of Health and Medical
Sciences.
References

[1] E. Ginter, V. Simko, Type 2 diabetes mellitus, pandemic in 21st century, Adv.
Exp. Med. Biol. 771 (2012) 42–50.

[2] J.J. Holst, F.K. Knop, T. Vilsboll, T. Krarup, S. Madsbad, Loss of incretin effect is a
specific, important, and early characteristic of type 2 diabetes, Diabetes Care
34 (Suppl. 2) (2011) S251–S257.

[3] K.B. Hansen, M.M. Rosenkilde, F.K. Knop, N. Wellner, T.A. Diep, J.F. Rehfeld,
et al., 2-Oleoyl glycerol is a GPR119 agonist and signals GLP-1 release in
humans, J. Clin. Endocrinol. Metab. 96 (9) (2011) E1409–E1417.

[4] M.J. Mandoe, K.B. Hansen, B. Hartmann, J.F. Rehfeld, J.J. Holst, H.S. Hansen, The
2-monoacylglycerol moiety of dietary fat appears to be responsible for the fat-
induced release of GLP-1 in humans, Am. J. Clin. Nutr. 102 (3) (2015) 548–555.

[5] H.A. Hassing, M.S. Engelstoft, R.M. Sichlau, A.N. Madsen, J.F. Rehfeld, J.
Pedersen, et al., Oral 2-oleyl glyceryl ether improves glucose tolerance in
mice through the GPR119 receptor, Biofactors (2016) [Epub ahead of print].

[6] C.E. Moss, L.L. Glass, E. Diakogiannaki, R. Pais, C. Lenaghan, D.M. Smith, et al.,
Lipid derivatives activate GPR119 and trigger GLP-1 secretion in primary
murine L-cells, Peptides 77 (2016) 16–20.

[7] Y. Sakamoto, H. Inoue, S. Kawakami, K. Miyawaki, T. Miyamoto, K. Mizuta,
et al., Expression and distribution of Gpr119 in the pancreatic islets of mice
and rats: predominant localization in pancreatic polypeptide-secreting PP-
cells, Biochem. Biophys. Res. Commun. 351 (2) (2006) 474–480.

[8] Z.L. Chu, R.M. Jones, H. He, C. Carroll, V. Gutierrez, A. Lucman, et al., A role for
beta-cell-expressed G protein-coupled receptor 119 in glycemic control by
enhancing glucose-dependent insulin release, Endocrinology 148 (6) (2007)
2601–2609.

[9] Z.L. Chu, C. Carroll, R. Chen, J. Alfonso, V. Gutierrez, H. He, et al., N-
oleoyldopamine enhances glucose homeostasis through the activation of
GPR119, Mol. Endocrinol. 24 (1) (2010) 161–170.

[10] K. Kleberg, L.L. Nielsen, N. Stuhr-Hansen, J. Nielsen, H.S. Hansen, Evaluation of
the immediate vascular stability of lipoprotein lipase-generated 2-
monoacylglycerol in mice, BioFactors 40 (6) (2014) 596–602.

[11] T. Soga, T. Ohishi, T. Matsui, T. Saito, M. Matsumoto, J. Takasaki, et al.,
Lysophosphatidylcholine enhances glucose-dependent insulin secretion via an
orphan G-protein-coupled receptor, Biochem. Biophys. Res. Commun. 326 (4)
(2005) 744–751.

[12] H.A. Overton, A.J. Babbs, S.M. Doel, M.C. Fyfe, L.S. Gardner, G. Griffin, et al.,
Deorphanization of a G protein-coupled receptor for oleoylethanolamide and
its use in the discovery of small-molecule hypophagic agents, Cell Metab. 3 (3)
(2006) 167–175.

[13] Z.L. Chu, C. Carroll, J. Alfonso, V. Gutierrez, H. He, A. Lucman, et al., A role for
intestinal endocrine cell-expressed g protein-coupled receptor 119 in glycemic
control by enhancing glucagon-like Peptide-1 and glucose-dependent
insulinotropic Peptide release, Endocrinology 149 (5) (2008) 2038–2047.

[14] H.S. Hansen, M.M. Rosenkilde, J.J. Holst, T.W. Schwartz, GPR119 as a fat sensor,
Trends Pharmacol. Sci. 33 (7) (2012) 374–381.

[15] L.M. Lauffer, R. Iakoubov, P.L. Brubaker, GPR119 is essential for
oleoylethanolamide-induced glucagon-like peptide-1 secretion from the
intestinal enteroendocrine L-cell, Diabetes 58 (5) (2009) 1058–1066.

[16] S.U. Kang, GPR119 agonists: a promising approach for T2DM treatment? A
SWOT analysis of GPR119, Drug Discovery Today 18 (23–24) (2013) 1309–
1315.

[17] K. Ritter, C. Buning, N. Halland, C. Poverlein, L. Schwink, G Protein-Coupled
Receptor 119 (GPR119) agonists for the treatment of diabetes: recent progress
and prevailing challenges, J. Med. Chem. 9 (59) (2015) 3579–3592.

[18] L.B. Katz, J.J. Gambale, P.L. Rothenberg, S.R. Vanapalli, N. Vaccaro, L. Xi, et al.,
Effects of JNJ-38431055, a novel GPR119 receptor agonist, in randomized,
double-blind, placebo-controlled studies in subjects with type 2 diabetes,
Diabetes Obes. Metab. 14 (8) (2012) 709–716.

[19] D.J. Nunez, M.A. Bush, D.A. Collins, S.L. McMullen, D. Gillmor, G. Apseloff, et al.,
Gut hormone pharmacology of a novel GPR119 agonist (GSK1292263),
metformin, and sitagliptin in type 2 diabetes mellitus: results from two
randomized studies, PLoS ONE 9 (4) (2014) e92494.

[20] S. Yoshida, T. Ohishi, T. Matsui, H. Tanaka, H. Oshima, Y. Yonetoku, et al., Novel
GPR119 agonist AS1535907 contributes to first-phase insulin secretion in rat
perfused pancreas and diabetic db/db mice, Biochem. Biophys. Res. Commun.
402 (2) (2010) 280–285.

[21] T.Y. Ha, Y.S. Kim, C.H. Kim, H.S. Choi, J. Yang, S.H. Park, et al., Novel GPR119
agonist HD0471042 attenuated type 2 diabetes mellitus, Arch. Pharm. Res.
(2013).

[22] G. Semple, B. Fioravanti, G. Pereira, I. Calderon, J. Uy, K. Choi, et al., Discovery of
the first potent and orally efficacious agonist of the orphan G-protein coupled
receptor 119, J. Med. Chem. 51 (17) (2008) 5172–5175.

[23] S.K. Syed, H.H. Bui, L.S. Beavers, T.B. Farb, J. Ficorilli, A.K. Chesterfield, et al.,
Regulation of GPR119 receptor activity with endocannabinoid-like lipids, Am.
J. Physiol. Endocrinol. Metab. 303 (12) (2012) E1469–E1478.

[24] R. Kogure, K. Toyama, S. Hiyamuta, I. Kojima, S. Takeda, 5-Hydroxy-
eicosapentaenoic acid is an endogenous GPR119 agonist and enhances
glucose-dependent insulin secretion, Biochem. Biophys. Res. Commun. 416
(1–2) (2011) 58–63.

[25] Y. Ning, K. O’Neill, H. Lan, L. Pang, L.X. Shan, B.E. Hawes, et al., Endogenous and
synthetic agonists of GPR119 differ in signalling pathways and their effects on
insulin secretion in MIN6c4 insulinoma cells, Br. J. Pharmacol. 155 (7) (2008)
1056–1065.

http://refhub.elsevier.com/S0006-2952(16)30236-2/h0005
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0005
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0010
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0010
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0010
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0015
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0015
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0015
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0020
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0020
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0020
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0025
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0025
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0025
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0030
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0030
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0030
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0035
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0035
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0035
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0035
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0040
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0040
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0040
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0040
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0045
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0045
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0045
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0050
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0050
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0050
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0055
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0055
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0055
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0055
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0060
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0060
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0060
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0060
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0065
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0065
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0065
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0065
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0070
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0070
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0075
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0075
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0075
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0080
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0080
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0080
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0085
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0085
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0085
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0090
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0090
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0090
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0090
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0095
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0095
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0095
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0095
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0100
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0100
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0100
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0100
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0105
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0105
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0105
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0110
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0110
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0110
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0115
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0115
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0115
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0120
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0120
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0120
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0120
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0125
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0125
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0125
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0125


H.A. Hassing et al. / Biochemical Pharmacology 119 (2016) 66–75 75
[26] H. Lan, H.V. Lin, C.F. Wang, M.J. Wright, S. Xu, L. Kang, et al., Agonists at GPR119
mediate secretion of GLP-1 from mouse enteroendocrine cells through
glucose-independent pathways, Br. J. Pharmacol. 165 (8) (2012) 2799–2807.

[27] A.F. Abdel-Magid, GPR119 modulators for the treatment of diabetes, obesity,
and related diseases: patent highlight, ACS Med. Chem. Lett. 3 (12) (2012)
955–958.

[28] M.S. Engelstoft, C. Norn, M. Hauge, N.D. Holliday, L. Elster, J. Lehmann, et al.,
Structural basis for constitutive activity and agonist-induced activation of the
enteroendocrine fat sensor GPR119, Br. J. Pharmacol. 171 (24) (2014) 5774–
5789.

[29] L.A. Stoddart, A.J. Brown, G. Milligan, Uncovering the pharmacology of the G
protein-coupled receptor GPR40: high apparent constitutive activity in
guanosine 50-O-(3-[35S]thio)triphosphate binding studies reflects binding of
an endogenous agonist, Mol. Pharmacol. 71 (4) (2007) 994–1005.

[30] T. Benned-Jensen, M.M. Rosenkilde, Structural motifs of importance for the
constitutive activity of the orphan 7TM receptor EBI2: analysis of receptor
activation in the absence of an agonist, Mol. Pharmacol. 74 (4) (2008) 1008–
1021.

[31] T. Benned-Jensen, C. Smethurst, P.J. Holst, K.R. Page, H. Sauls, B. Sivertsen, et al.,
Ligand modulation of the Epstein-Barr virus-induced seven-transmembrane
receptor EBI2: identification of a potent and efficacious inverse agonist, J. Biol.
Chem. 286 (33) (2011) 29292–29302.

[32] T. Benned-Jensen, C.M. Madsen, K.N. Arfelt, C. Smethurts, A. Blanchard, R.
Jepras, et al., Small molecule antagonism of oxysterol-induced Epstein-Barr
virus induced gene 2 (EBI2) activation, FEBS Open Bio 3 (2013) 156–160.

[33] S. Kathuria, S. Gaetani, D. Fegley, F. Valino, A. Duranti, A. Tontini, et al.,
Modulation of anxiety through blockade of anandamide hydrolysis, Nat. Med.
9 (1) (2003) 76–81.

[34] J.Z. Long, W. Li, L. Booker, J.J. Burston, S.G. Kinsey, J.E. Schlosburg, et al.,
Selective blockade of 2-arachidonoylglycerol hydrolysis produces cannabinoid
behavioral effects, Nat. Chem. Biol. 5 (1) (2009) 37–44.

[35] B.R. Conklin, P. Herzmark, S. Ishida, T.A. Voyno-Yasenetskaya, Y. Sun, Z. Farfel,
et al., Carboxyl-terminal mutations of Gq alpha and Gs alpha that alter the
fidelity of receptor activation, Mol. Pharmacol. 50 (4) (1996) 885–890.

[36] H. Kissow, B. Hartmann, J.J. Holst, N.E. Viby, L.S. Hansen, M.M. Rosenkilde,
et al., Glucagon-like peptide-1 (GLP-1) receptor agonism or DPP-4 inhibition
does not accelerate neoplasia in carcinogen treated mice, Regul. Pept. 179 (1–
3) (2012) 91–100.

[37] Y. Ning, K. O’Neill, H. Lan, L. Pang, L.X. Shan, B.E. Hawes, et al., Endogenous and
synthetic agonists of GPR119 differ in signalling pathways and their effects on
insulin secretion in MIN6c4 insulinoma cells, Br. J. Pharmacol. 155 (7) (2008)
1056–1065.

[38] A.L. Martin, M.A. Steurer, R.S. Aronstam, Constitutive activity among orphan
class-A G protein coupled receptors, PLoS ONE 10 (9) (2015) e0138463.

[39] E.G. Siegel, W. Creutzfeldt, Stimulation of insulin release in isolated rat islets
by GIP in physiological concentrations and its relation to islet cyclic AMP
content, Diabetologia 28 (11) (1985) 857–861.

[40] R. Ugleholdt, M.L. Poulsen, P.J. Holst, J.C. Irminger, C. Orskov, J. Pedersen, et al.,
Prohormone convertase 1/3 is essential for processing of the glucose-
dependent insulinotropic polypeptide precursor, J. Biol. Chem. 281 (16)
(2006) 11050–11057.

[41] K.A. McLean, P.J. Holst, L. Martini, T.W. Schwartz, M.M. Rosenkilde, Similar
activation of signal transduction pathways by the herpesvirus-encoded
chemokine receptors US28 and ORF74, Virology 325 (2) (2004) 241–251.

[42] B. Holst, A. Cygankiewicz, T.H. Jensen, M. Ankersen, T.W. Schwartz, High
constitutive signaling of the ghrelin receptor – identification of a potent
inverse agonist, Mol. Endocrinol. 17 (11) (2003) 2201–2210.

[43] M. Gloerich, J.L. Bos, Epac: defining a new mechanism for cAMP action, Annu.
Rev. Pharmacol. Toxicol. 50 (2010) 355–375.

[44] M. Hauge, M.A. Vestmar, A.S. Husted, J.P. Ekberg, M.J. Wright, S.J. Di, et al.,
GPR40 (FFAR1) – combined Gs and Gq signaling in vitro is associated with
robust incretin secretagogue action ex vivo and in vivo, Mol. Metab. 4 (1)
(2015) 3–14.

[45] M.J. Marinissen, J.S. Gutkind, G-protein-coupled receptors and signaling
networks: emerging paradigms, Trends Pharmacol. Sci. 22 (7) (2001) 368–376.

[46] M.M. Rosenkilde, K.A. McLean, P.J. Holst, T.W. Schwartz, The CXC chemokine
receptor encoded by herpesvirus saimiri, ECRF3, shows ligand-regulated
signaling through Gi, Gq, and G12/13 proteins but constitutive signaling
only through Gi and G12/13 proteins, J. Biol. Chem. 279 (31) (2004) 32524–
32533.

[47] A.D. Federman, B.R. Conklin, K.A. Schrader, R.R. Reed, H.R. Bourne, Hormonal
stimulation of adenylyl cyclase through Gi-protein beta gamma subunits,
Nature 356 (6365) (1992) 159–161.

[48] M.G. Eason, H. Kurose, B.D. Holt, J.R. Raymond, S.B. Liggett, Simultaneous
coupling of alpha 2-adrenergic receptors to two G-proteins with opposing
effects. Subtype-selective coupling of alpha 2C10, alpha 2C4, and alpha 2C2
adrenergic receptors to Gi and Gs, J. Biol. Chem. 267 (22) (1992) 15795–15801.

[49] M.G. Eason, S.B. Liggett, Identification of a Gs coupling domain in the amino
terminus of the third intracellular loop of the alpha 2A-adrenergic receptor.
Evidence for distinct structural determinants that confer Gs versus Gi
coupling, J. Biol. Chem. 270 (42) (1995) 24753–24760.

[50] M.G. Eason, S.B. Liggett, Chimeric mutagenesis of putative G-protein coupling
domains of the alpha2A-adrenergic receptor. Localization of two redundant
and fully competent gi coupling domains, J. Biol. Chem. 271 (22) (1996)
12826–12832.

[51] R. Mistry, M.R. Dowling, R.A. Challiss, An investigation of whether agonist-
selective receptor conformations occur with respect to M2 and M4 muscarinic
acetylcholine receptor signalling via Gi/o and Gs proteins, Br. J. Pharmacol. 144
(4) (2005) 566–575.

[52] L.Z. Krsmanovic, N. Mores, C.E. Navarro, K.K. Arora, K.J. Catt, An agonist-
induced switch in G protein coupling of the gonadotropin-releasing hormone
receptor regulates pulsatile neuropeptide secretion, Proc. Natl. Acad. Sci. U.S.A.
100 (5) (2003) 2969–2974.

[53] S. Ullrich, C.B. Wollheim, Islet cyclic AMP levels are not lowered during alpha
2-adrenergic inhibition of insulin release, J. Biol. Chem. 259 (7) (1984) 4111–
4115.

[54] J. Zhang, L.S. Barak, P.H. Anborgh, S.A. Laporte, M.G. Caron, S.S. Ferguson,
Cellular trafficking of G protein-coupled receptor/beta-arrestin endocytic
complexes, J. Biol. Chem. 274 (16) (1999) 10999–11006.

[55] W.E. Miller, R.J. Lefkowitz, Expanding roles for beta-arrestins as scaffolds and
adapters in GPCR signaling and trafficking, Curr. Opin. Cell Biol. 13 (2) (2001)
139–145.

[56] J.D. Violin, R.J. Lefkowitz, [beta]-Arrestin-biased ligands at seven-
transmembrane receptors, Trends Pharmacol. Sci. 28 (8) (2007) 416–422.

[57] N. Sonoda, T. Imamura, T. Yoshizaki, J.L. Babendure, J.C. Lu, J.M. Olefsky, Beta-
Arrestin-1 mediates glucagon-like peptide-1 signaling to insulin secretion in
cultured pancreatic beta cells, Proc. Natl. Acad. Sci. U.S.A. 105 (18) (2008)
6614–6619.

[58] S.Y. Zhang, J. Li, X. Xie, Discovery and characterization of novel small molecule
agonists of G protein-coupled receptor 119, Acta Pharmacol. Sin. 35 (4) (2014)
540–548.

[59] L. Valentin-Hansen, B. Holst, T.M. Frimurer, T.W. Schwartz, PheVI:09 (Phe6.44)
as a sliding microswitch in seven-transmembrane (7TM) G protein-coupled
receptor activation, J. Biol. Chem. 287 (52) (2012) 43516–43526.

[60] A. Fraile-Ramos, T.N. Kledal, A. Pelchen-Matthews, K. Bowers, T.W. Schwartz,
M. Marsh, The human cytomegalovirus US28 protein is located in endocytic
vesicles and undergoes constitutive endocytosis and recycling, Mol. Biol. Cell
12 (6) (2001) 1737–1749.

[61] M. Waldhoer, P. Casarosa, M.M. Rosenkilde, M.J. Smit, R. Leurs, J.L. Whistler,
et al., The carboxyl terminus of human cytomegalovirus-encoded 7
transmembrane receptor US28 camouflages agonism by mediating
constitutive endocytosis, J. Biol. Chem. 278 (21) (2003) 19473–19482.

[62] A. Steen, O. Larsen, S. Thiele, M.M. Rosenkilde, Biased and g protein-
independent signaling of chemokine receptors, Front. Immunol. 5 (277)
(2014) 1–13.

[63] P. Casarosa, R.A. Bakker, D. Verzijl, M. Navis, H. Timmerman, R. Leurs, et al.,
Constitutive signaling of the human cytomegalovirus-encoded chemokine
receptor US28, J. Biol. Chem. 276 (2) (2001) 1133–1137.

[64] M.M. Rosenkilde, T.N. Kledal, H. Brauner-Osborne, T.W. Schwartz, Agonists and
inverse agonists for the herpesvirus 8-encoded constitutively active seven-
transmembrane oncogene product, ORF-74, J. Biol. Chem. 274 (2) (1999) 956–
961.

[65] M.M. Rosenkilde, T.N. Kledal, T.W. Schwartz, High constitutive activity of a
virus-encoded seven transmembrane receptor in the absence of the conserved
DRY motif (Asp-Arg-Tyr) in transmembrane helix 3, Mol. Pharmacol. 68 (1)
(2005) 11–19.

[66] G. Milligan, L.A. Stoddart, A.J. Brown, G protein-coupled receptors for free fatty
acids, Cell. Signal. 18 (9) (2006) 1360–1365.

[67] S. Hannedouche, J. Zhang, T. Yi, W. Shen, D. Nguyen, J.P. Pereira, et al.,
Oxysterols direct immune cell migration via EBI2, Nature 475 (7357) (2011)
524–527.

[68] C. Liu, X.V. Yang, J. Wu, C. Kuei, N.S. Mani, L. Zhang, et al., Oxysterols direct B-
cell migration through EBI2, Nature 475 (7357) (2011) 519–523.

[69] M.M. Rosenkilde, T. Benned-Jensen, H. Andersen, P.J. Holst, T.N. Kledal, H.R.
Luttichau, et al., Molecular pharmacological phenotyping of EBI2. An orphan
seven-transmembrane receptor with constitutive activity, J. Biol. Chem. 281
(19) (2006) 13199–13208.

[70] M. Zhang, Y. Feng, J. Wang, J. Zhao, T. Li, M. He, et al., High-throughput
screening for GPR119 modulators identifies a novel compound with anti-
diabetic efficacy in db/db mice, PLoS ONE 8 (5) (2013) e63861.

http://refhub.elsevier.com/S0006-2952(16)30236-2/h0130
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0130
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0130
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0135
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0135
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0135
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0140
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0140
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0140
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0140
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0145
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0145
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0145
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0145
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0145
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0150
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0150
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0150
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0150
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0155
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0155
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0155
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0155
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0160
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0160
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0160
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0165
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0165
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0165
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0170
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0170
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0170
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0175
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0175
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0175
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0180
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0180
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0180
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0180
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0185
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0185
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0185
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0185
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0190
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0190
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0195
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0195
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0195
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0200
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0200
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0200
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0200
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0205
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0205
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0205
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0210
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0210
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0210
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0215
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0215
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0220
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0220
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0220
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0220
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0225
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0225
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0230
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0230
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0230
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0230
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0230
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0235
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0235
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0235
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0240
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0240
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0240
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0240
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0245
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0245
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0245
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0245
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0250
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0250
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0250
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0250
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0255
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0255
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0255
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0255
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0260
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0260
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0260
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0260
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0265
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0265
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0265
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0270
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0270
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0270
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0275
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0275
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0275
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0280
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0280
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0285
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0285
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0285
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0285
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0290
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0290
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0290
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0295
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0295
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0295
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0300
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0300
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0300
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0300
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0305
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0305
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0305
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0305
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0310
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0310
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0310
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0315
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0315
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0315
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0320
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0320
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0320
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0320
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0325
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0325
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0325
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0325
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0330
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0330
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0335
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0335
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0335
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0340
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0340
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0345
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0345
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0345
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0345
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0350
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0350
http://refhub.elsevier.com/S0006-2952(16)30236-2/h0350

	Biased signaling of lipids and allosteric actions of synthetic�molecules for GPR119
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell culture and transfections
	2.3 cAMP accumulation assay
	2.4 Calcium mobilization experiment
	2.5 β-Arrestin recruitment experiment
	2.6 IP3 turnover experiment
	2.7 Transcription factor reporter experiment
	2.8 Statistics

	3 Results
	3.1 Equal efficacies of OEA and AR231453 in G protein-dependent, as well as G protein-independent pathways
	3.2 Expansion of the G protein-dependent signaling of GPR119
	3.3 Differential signaling pattern of GPR119 through an array of transcription factors
	3.4 Signaling pathway-dependent potencies of OEA, but not of AR231453
	3.5 Endogenous lipids may contribute to the apparent high basal activity of GPR119
	3.6 Agonist (-ago) allosteric modulation of OEA-induced GPR119 activation

	4 Discussion
	4.1 Signaling properties of GPR119 through multiple G proteins
	4.2 The role of β-arrestin recruitment for GPR119 action
	4.3 Ligand-bias of OEA and apparent constitutive activity of GPR119
	4.4 Intrinsic and allosteric actions of GPR119 agonists
	4.5 Perspectives

	Disclosures
	Author contributions
	Acknowledgements
	References


