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Free fatty acid receptor 1 stimulates cAMP
production and gut hormone secretion through
Gq-mediated activation of adenylate cyclase 2
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ABSTRACT

Objective: Free fatty acid receptor 1 (FFAR1) is highly expressed in enteroendocrine cells of the small intestine and pancreatic beta cells, where
FFAR1 agonists function as GLP-1 and insulin secretagogues, respectively. Most efficacious are so-called second-generation synthetic agonists
such as AM5262, which, in contrast to endogenous long-chain fatty acids are able to signal through both IP3/Ca

2þ and cAMP pathways. Whereas
IP3 signaling is to be expected for the mainly Gq-coupled FFAR1, the mechanism behind FFAR1-induced cAMP accumulation remains unclear,
although originally proposed to be Gs mediated.
Methods and results: When stimulated with AM5262, we observe that FFAR1 can activate the majority of the Ga proteins, except - surprisingly
- members of the Gs family. AM5262-induced FFAR1-mediated transcriptional activation through cAMP response element (CREB) was blocked by
the specific Gq inhibitor, YM253890. Furthermore, in Gq-deficient cells no CREB signal was observed unless Gq or G11 was reintroduced by
transfection. By qPCR we determined that adenylate cyclase 2 (Adcy2) was highly expressed and enriched relative to the nine other Adcys in pro-
glucagon expressing enteroendocrine cells. Co-transfection with ADCY2 increased the FFAR1-induced cAMP response 4-5-fold in WT HEK293
cells, an effect fully inhibited by YM253890. Moreover, co-transfection with ADCY2 had no effect in Gq-deficient cells without reintroduction of
either Gq or G11. Importantly, although both AM5262/FFAR1 and isoproterenol/b2 adrenergic receptor (b2AR) induced cAMP production was lost
in Gs-deficient cells, only the b2AR response was rescued by Gs transfection, whereas co-transfection with ADCY2 was required to rescue the
FFAR1 cAMP response. In situ hybridization demonstrated a high degree of co-expression of ADCY2 and FFAR1 in enteroendocrine cells
throughout the intestine. Finally, in the enteroendocrine STC-1 and GLUTag cell lines AM5262-induced cAMP accumulation and GLP-1 secretion
were both blocked by YM253890.
Conclusions: Our results show that Gq signaling is responsible not only for the IP3/Ca

2þ but also the cAMP response, which together are
required for the highly efficacious hormone secretion induced by second-generation FFAR1 agonists - and that ADCY2 presumably mediates the
Gq-driven cAMP response.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Free fatty acid receptor 1 (FFAR1) (also known as GPR40) is a Gq-
coupled long-chain fatty acid (LCFA) receptor primarily expressed
in beta cells of the endocrine pancreas and enteroendocrine cells
(EECs) of the small intestine [1e4]. FFAR1 senses LCFAs released
from dietary triglycerides and acts in synergy with the Gs-coupled
sensor of 2-monoacylglycerol, GPR119, to strongly stimulate
glucagon-like peptide 1 (GLP-1) release. In the islets, FFAR1 senses
both LCFAs released from chylomicrons and the arachidonic acid
metabolite 20-HETE released from b-cells and in an autocrine
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manner enhances glucose-dependent insulin secretion [5,6]. The
first synthetic FFAR1 agonists for the treatment of diabetes were
developed more than a decade ago. Initially, Takeda pioneered the
field with the prototype first-generation FFAR1 agonists, TAK875 (or
fasiglifam) [7], which reached clinical Phase III, showing meaningful
improvements in glucose tolerance in diabetic patients [8]. Unfortu-
nately, off-target liver toxicity terminated the program [8e13].
However, as FFAR1 was now a clinically proven anti-diabetic target,
even more efficacious, second-generation FFAR1 agonists were
developed, with the Amgen compound, AM5262 as the prototype
[14]. The key feature of second-generation agonists is their ability to
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induce significantly greater incretin hormone secretion both in vitro
and in vivo [15].
FFAR1 is a family A GPCR that was generally known to couple to Gq
and stimulate hormone secretion through classical inositol triphos-
phate (IP3) accumulation, Ca2þ release, and further downstream
signaling [1,2,16]. Unexpectedly, we discovered that second-
generation agonists such as AM5262, in contrast to first-generation
compounds and endogenous LCFAs, not only induced IP3/Ca

2þ re-
sponses, but also increased cAMP production [15]. Combined cAMP
and IP3 accumulation achieved by either activating FFAR1 with a first-
generation agonist (only Gq) and simultaneously activating the Gs-
coupled GPR119 or TGR5 receptors or when activating FFAR1 with a
second-generation agonist was shown to generate a greater incretin
hormone secretion [15,17]. Given that in the context of GPCR signaling
cAMP generation is classically associated with activation of Gs [18],
the original interpretation was that these second-generation com-
pounds could bias FFAR1 into signaling through both Gq and Gs [15].
Curiously, however, a recent study investigating FFAR1’s direct
coupling to G proteins by measuring BRET between the heterotrimeric
G protein subunits Ga and Gbg revealed no significant activation of Gs
for either first or second-generation FFAR1 agonists [19].
In the present study, we expand the characterization of the second-
generation FFAR1 agonist using a variety of tools, including pharma-
cological inhibitors, proximity-based BRET assays, and genetically
engineered cells lacking the expression of specific G proteins, to define
the G protein-coupling profile of FFAR1. We observe that the strong
cAMP production induced by second-generation FFAR1 agonists does
not depend on Gs, but rather is a Gq-mediated effect driven by acti-
vation of the atypical adenylate cyclase 2 (ADCY2), which we find is
particularly highly expressed and enriched in FFAR1 expressing
enteroendocrine cells in the gut. Importantly, specific inhibition of Gq
signaling completely abolishes AM5262-induced GLP-1 secretion in
STC-1 and GLUTag cells.

2. MATERIALS & METHODS

2.1. Compounds
All compounds were dissolved in DMSO. TAK875 and AM5262 were
synthesized as previously described [14,18]. YM254890 was pur-
chased from Wako; Carbachol (cat# 212385) and Isoproterenol (cat#
I6504) from Sigma.

2.2. Plasmids
The receptor construct of human FFAR1 was inserted into the pCMV-
tag2B vector whereas CAMYEL [20], human b2AR, human M1R, and
Ga, Gb and Gg proteins were all expressed via the pcDNA3.1 (þ) vector.

2.3. Cell culture, plating, and transfection
WT HEK293T cells were maintained in Dulbecco’s Modified Eagle’s
Medium 1966 with GlutaMAX� supplemented with 10% fetal bovine
serum (SigmaeAldrich), 1% L-glutamine and 100 units/ml penicillin
and 100 mg/ml streptomycin at 37 �C with 5% CO2. HEK293A Parent
(wildtype - unmodified) [21], -GsKO (DGNAS/GNAL) [22] and -GqKO
(DGNAQ/GNA11) [21,23] cells were maintained in Dulbecco’s Modified
Eagle’s Medium 1885 with GlutaMAX� supplemented with 10% heat-
inactivated fetal bovine serum and 100 units/ml penicillin and 100 mg/
ml streptomycin at 37 �C with 5% CO2.
All HEK293 (HEK293T, HEK293A Parent, -GsKO and -GqKO) cells were
plated in white poly-D-lysine-coated 96-well plates (35.000/well). The
following day plates were transiently transfected with 0.3 ml/well
Lipofectamine-2000 (ThermoFisher), with a maximal total DNA of 80
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ng/well according to the manufacturer’s protocol in Opti-MEM (Gibco)
and supplemented with fresh medium after 5 h, or DMEM with low
serum (0.5%) for use in the reporter assay.
GLUTag (kindly provided by Frank Reimann and Fiona Gribble) and
STC-1 (ATCC: CRL-3254) cells were maintained in Dulbecco’s Modi-
fied Eagle’s Medium 1885 with GlutaMAX� supplemented with 10%
heat-inactivated fetal bovine serum and 100 units/ml penicillin and
100 mg/ml streptomycin at 37 �C with 5% CO2.

2.4. BRET based G protein activation assay and cAMP assay
The degree of G protein activation was monitored using bioluminescence
resonance energy transfer (BRET) (Figure 1A). This method relies on
dissociation of the G protein, which leads to increase in BRET intensity
upon interaction of the masGRKct-Rluc8 (membrane anchored) and the
Venus-g2 constructs. Likewise, the intracellular cAMP was monitored
using BRET based on a construct consisting of cAMP binding protein
(Exchange protein activated by cAMP (Epac)) flanked by a BRET pair;
Renilla luciferase (Rluc) and yellow fluorescent protein (YFP). This
construct is called CAMYEL (cAMP sensor using YFP-Epac-Rluc) and
monitors cAMP levels through a conformational change upon cAMP
binding to Epac, resulting in a loss of BRET intensity (Figure 3C).
HEK293A [21,22] cells in 96-well plates were transfected with hFFAR1
or hM1R (20 ng and 5 ng, respectively) with 1 ng Ga protein, 0.166 ng
b1, 0.333 ng masGRKct-Rluc8, 0.166 ng Venus-g2 and 20 ng empty
vector for the G protein assay. For cAMP determination, the cells were
transfected with 20 ng receptor, 50 ng CAMYEL and 1 ng G protein if
listed. The following day cells were washed twice with 100 ml/well HBSS
(Gibco, Life Technologies) and pre-incubated for 30 min at 37 �C with
85 ml HBSS. Coelenterazine h (ThermoFisher) was added at a 5 mM final
concentration and agonists were added 5 min later. Plates were read,
after 5 min incubation for the G protein assay and after 10 min in the
cAMP assay, on a CLARIOstar Plus plate reader. The BRET signal was
calculated as the ratio of the emission intensity at 535 nm (citrine/YFP) to
the emission intensity at 475 nm (Renilla luciferase). Determinations
were made in triplicates. cAMP determination in STC-1 were done by
LTX lipofectamine transfection of 50 ng 22F cAMP plasmid (GloSensor�
Promega). The following day cells were washed with 100 ml/well HBSS
(Gibco, Life Technologies) and added 99 ml/well of HBSS with 2% v/v
Glosensor� and 1 mM IBMX. AM5262 þ/� either 1 mM YM254890,
5 mM Edelfosine or 5 mM Chelerythrine chloride were added and plates
were measured for 1 min intervals for 1 h of total luminesence. De-
terminations were made in triplicates.

2.5. CREB luciferase reporter assay
A cAMP response element-binding protein (CREB) reporter vector
(Promega) was used to monitor the activity of cAMP/PKA signalling.
Luciferase expression is controlled by the cAMP response element (CRE)
promoter, which is activated by the CREB protein downstream of
accumulation of cAMP and activation of PKA signalling (Figure 2A).
HEK293A cells were transfected with hFFAR1, hM1R, hb2AR or empty
vector control (20 ng, 5 ng, 5 ng, 20 ng, respectively) and 30 ng CREB
reporter vector (Promega) and supplemented in low serum (0.5%)
medium overnight (ON) after transfection (Figure 2A). For rescue ex-
periments in G protein depleted cells, co-transfection with individual G
protein (1 ng and 0.1 ng for G12/13) subunits was performed on the
subsequent day. Ligandsþ/� Gi inhibitor (ON PTX treatment 100 ng/ml)
or Gq inhibitors (1 mM YM254890 or 5 mM edelfosine added 30 min prior
to ligand) were added and cells incubated for 5 h at 37 �C, 5% CO2. After
incubation, plates were washed with 200 ml/well DPBS (Gibco, Life
Technologies) and 50 ml DPBS was added along with 50 ml Steady-
liteplus (PerkinElmer). Plates were shielded from light and incubated for
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Figure 1: FFAR1 activation of individual Ga subunits measured with a BRET-based bg release assay. Panel A - Schematic overview of the BRET bg release assay. The
BRET donor Rluc8 is fused to the C-terminal fragment of GPCR kinase 3 anchored to the membrane by a N-terminal myristoylated peptide (masGRK3ct-Rluc8) and the acceptor
mVenus is fused to g2, which is released from the Ga subunit during receptor activation to interact with the tagged GRK3ct and thereby increase the BRET signal. Co-transfection
of FFAR1 and individual Ga proteins of choice in HEK293 cells enables testing G protein activation via specific Ga0s. Panel B-E - Ligand-induced BRET response testing all 16 Ga
proteins with FFAR1 induced by 1 mM TAK875 (blue columns) or AM5262 (green columns) and a positive control receptor for each G protein family (grey columns); Panel B - Gq
family with muscarinic M1R activated by 1 mM carbachol as control; Panel C - Gi/o family with dopamine 2 receptor (D2R) activated by 10 mM dopamine as control; Panel D - G12/
13 family with the endothelin A receptor activated by 100 nM endothelin as control; Panel E - Gs family with the b2AR activated by 1 mM isoproterenol as control. Bars and error
represent mean � SEM for three independent experiments performed in triplicate.
10 min while gently shaking. Luciferase activity was measured on an
EnVision (PerkinElmer). Determinations were made in triplicates.

2.6. GLP-1 secretion
STC-1 and GLUTag cells were seeded in 24 well plates that had been
precoated with poly-D-lysine for 15 min at RT followed by PBS
washing. The following day cells were stimulated with secretion
buffer (138 mM NaCl, 4.5 mM KCl, 4.2 mM NaHCO3, 1.2 mM
MOLECULAR METABOLISM 74 (2023) 101757 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
NaH2PO4, 2.5 mM CaCl2, 1.2 mM MgCl2, and 10 mM HEPES sup-
plemented with 0.1% (wt/vol) fatty acid-free BSA) containing 10 mM
AM5262 alone or in combination with 1 mM YM254890 and left to
incubate for 2 h at 37 �C. The supernatants were collected and stored
at �80 �C. GLP-1 was measured using the V-PLEX � MSD MULTI-
ARRAY Assay System GLP-1 Total KIT (cat# K1503PD-1) according to
the manufacturer’s protocol. Measurements were determined in
duplicates.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 2: Identification of Ga subunit driving FFAR1-induced cAMP accumulation as measured by CREB transcriptional activation. Panel A - Schematic overview of the
cAMP Response Element (CRE) luciferase reporter assay where cells are co-transfected with CREB reporter and FFAR1 expression plasmids. Luciferase expression is controlled by the
CRE promoter, which is activated by the CRE Binding (CREB) protein downstream of cAMP and an intracellular increase in cAMP therefore leads to increased luminescence. Panel B -
CREB response in wildtype HEK293A (black bars) and CRISPR gene-edited G12/13 deficient HEK293A cells (white bars) transfected with FFAR1 in response to 1 mM AM5262 in the
presence of specific inhibitors of Gq (YM254890), Phospholipase C (Edelfosine) and Gi/o (PTX); Panel C - CREB response in the gene-edited Gq deficient HEK293A cell line (white
columns) transfected with FFAR1 in the absence or presence of 1 mM AM5262 and reintroduction of Gq and G11 by transfection as indicated. The response in WT HEK293A cells
(black columns) for the indicated conditions are shown for comparison. Bars and error represent the mean � SEM for 3 three independent experiments performed in triplicate.
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2.7. qPCR array
Total RNA was prepared using NucleoSpin RNA, Mini kit for RNA pu-
rification (MachereyeNagel) followed by RT-PCR using SuperScript III
Reverse Transcriptase (Invitrogen, Carlsbad, CA). Real-time quantita-
tive PCR (qPCR) was performed using SYBR green Real-Time PCR
System (Sigma). Amplifications were carried out in 12 ml reaction
solutions containing 6 ml 2� SYBR green, 0.12 ml 10 pmol/ml forward
and reverse primer. PCR conditions were one cycle of 2 min at 95 �C
followed by 45 amplification cycles with quantification mode activa-
tion. The PCR reaction ended with a melting cycle and cooling of the
samples. CT values were calculated using formula 2eDDCt to calculate
the relative fold gene expression of samples compared to a control
sample. Housekeeping reference genes were Actb, Gapdh, Hprt1, Tbp
and Ywas. A threshold of Ct ¼ 35 was used for undetectable targets.

2.8. Fluorescence-activated cell sorting (FACS) and quantitative
PCR (qPCR)
The mice used in this study were maintained according to European
and Danish guidelines for the care and safe use of experimental ani-
mals. Pancreas and the three divisions of the intestine; ileum, duo-
denum and, colon were collected from GLU-Venus transgenic male
mice to obtain single-cell suspension through washing, mincing and
collagenase treatment as previously described [24]. Cells were FACS
4 MOLECULAR METABOLISM 74 (2023) 101757 � 2023 The Author(s). Published by Elsevier GmbH. T
sorted into venus-positive and negative cells based on fluorescence at
530 nm and 580 nm directly into lysis buffer (Ambion), and mRNA was
purified using the “RNAqueous-Micro” micro-scale RNA isolation kit
(Ambion, Catalogue #1931). mRNA was DNAse treated and converted
into cDNA using Superscript III (Invitrogen). A custom-designed 384
well qPCR from Lonza (Copenhagen, DK) for signaling molecules
analysis containing primers for 376 genes involved in the cell signaling
machinery together with 8 housekeeping genes as controls was per-
formed. Primer library can be found in Appendix 1. To gain intergenic
comparable copy numbers, a genomic DNA sample was used as a
calibrator as described previously [25].

2.9. Tissue preparation, RNAscope in situ hybridization and
immunohistochemistry
Small segments of duodenum, ileum, colon, and pancreas were
collected from 3 male C57BL/6 mice, fixed for 24 h in 4% formalde-
hyde, dehydrated and embedded in paraffin blocks. 5 mm sections
were used for RNAscope labelling and subsequent immunohisto-
chemistry (IHC). For detection of Ffar1, Adcy2 and Gcg commercially
available RNAscope Multiplex Fluorescent Assay V2 (Advanced Cell
Diagnostics) and probes against Ffar1 (Ref.N 464311), Adcy2 (Ref. N
462031-C3), and Gcg (Ref. N 400601-C2) (Advanced Cell Diagnostics),
were used according to the manufacturer’s protocols. To visualize
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Identification of ADCY2 as potential mediator of the FFAR1-induced Gq-dependent cAMP accumulation. Panel A e Expression of the ten adenylate cyclases
highlighted in orange symbols in FACS purified GLU-Venus positive enteroendocrine GLP-1 cells (y-axis) versus expression in neighboring GLU-Venus negative mucosal cells (x-
axis) as determined using a customized qPCR array of GPCR signal transduction genes (grey symbols) in cells isolated from the ileum of proglucagon GLU-Venus reporter mice.
Dotted lines indicate detection limit corresponding to CT 35. Panel B e Expression of Adcy2 in FACS-purified GLU-Venus positive cells (grey columns) and negative mucosal cells
(open columns) from the duodenum, ileum, and colon of the GLU-Venus reporter mice. Data are from 3 individual experiments, shown with mean � SEM. Full scattergrams for
duodenum and colon are shown in Figure S4. Panel C - Schematic overview of the BRET-based CAMYEL assay used for measuring cAMP accumulation within HEK293 cells
(Panels D and E). Panels D and E - FFAR1-induced cAMP accumulation in response to AM5262 10�7 to 10�5 M as % of Emax observed in WT cells without ADCY2 co-transfection
in WT HEK293 cells (black columns) and Gaq deficient HEK293 cells (Panel D) and in WT (black columns) and Gas deficient HEK293 cells (Panel E) (white columns) þ/� co-
transfection with ADCY2 and þ/� Gq inhibitor (YM254890), and þ/� reintroduction of Ga proteins as indicated below the panels. To the right in Panel E are as control shown
cAMP accumulations in response to isoproterenol in WT and Gs-deficient HEK293 cells transfected with the b2AR without and with reintroduction of Gs as indicated. Bars and error
represent the mean � SEM for 3 three independent experiments performed in triplicate.

MOLECULAR METABOLISM 74 (2023) 101757 � 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Brief Communication
additional EECs, sections after RNAscope were blocked with 5%
donkey serum and incubated with antibodies against PYY (1:3000;
Acris), CCK (1:8000, donated by Poulsen SS), and 5HT (1:3200,
Abcam) overnight. After washing sections were incubated with
species-specific secondary antibodies conjugated to Alexa Flour 690
and mounted with ProLong� Gold Antifade Mountant with DAPI
(Invitrogen). Slides were imaged using Zeizz Axio Observer microscope
equipped with Axiocam 702 camera.

3. RESULTS

3.1. G protein signaling profile of FFAR1
To identify G protein interaction partners for FFAR1 upon ligand
stimulation, we used a BRET-based method where all 16 Ga subunits
were tested individually in unmodified form. In the assay the BRET
signal occurred between the donor Rluc8 fused to the C-terminal
fragment of GPCR kinase3 anchored to the membrane and the
acceptor mVenus fused to Gg2, which is released during receptor-
mediated G protein activation (Figure 1A) [26].
Using both first- (TAK875) and second-generation (AM5262) FFAR1
agonists at 1 mM, a robust BRET response was observed for both
FFAR1 agonists with all four members of the Gq family, i.e. Gq, G11,
G14, and G15 (Figure 1B). The efficacy was comparable to the
response observed with the positive control prototype Gq coupled
muscarinic 1 receptor (M1R) stimulated with a full agonist (Figure 1B
grey columns). AM5262 also induced a strong BRET response with all
the Gi/o family members except Gz, albeit variable in efficacy
dependent upon the individual Ga subunit. Importantly, the response
was in all cases of similar magnitude as observed with the positive
control prototype Gi/o-coupled dopamine 2 receptor (D2R) stimulated
with a full agonist (Figure 1C). That was also the case for activation of
G12 and G13 where the BRET response for AM5262 and FFAR1 was
similar to that of the endothelin 1 receptor (ET1R) (Figure 1D). In
contrast, the response to the first-generation FFAR1 agonist TAK875
was lower or much lower for the Gi/o and G12/13 family members
dependent upon the individual Ga subunits (Figure 1C,D).
For the Gs family, FFAR1 did not exhibit any BRET response when
stimulated with TAK875, consistent with previous studies where cAMP
accumulation was not observed with this ligand [15]. However, stim-
ulation of FFAR1 with AM5262, which previously have been shown to
elicit a strong cAMP response [15], surprisingly only resulted in a
negligible Gs-mediated BRET response, as compared to the response
observed with the prototype Gs-coupled b2AR (Figure 1E).
Thus, we find that FFAR1, when stimulated with AM5262, can activate
the full range of Ga proteins with the notable exception of the Gs family,
which had been inferred to be responsible for the robust cAMP accu-
mulation previously reported with this class of FFAR1 agonists [15].

3.2. The cAMP response of FFAR1 is dependent on Gq activation
In order to determine which Ga subunit that drives the cAMP response
induced by AM5262 through FFAR1, we initially used the cAMP
Response Element Binding (CREB) luciferase transcriptional reporter
assay as a readout [20]. Wildtype and gene-edited HEK293A cells,
deficient in various Ga subunits [21,22], were transfected with either
FFAR1 or as a control, b2AR in combination with the CREB reporter
plasmid and different pharmacological pathway inhibitors.
AM5262 stimulation of FFAR1 induced a robust CREB response
(Figure 2B), which was eliminated by the Gq inhibitor, YM254890, and
strongly inhibited by the PLC inhibitor edelfosine (Emax 13.5%� 1.7%
of control). The response was increased by the Gi/o inhibitor PTX (Emax
133 � 8%) consistent with loss of the inhibitory effect of endogenous
6 MOLECULAR METABOLISM 74 (2023) 101757 � 2023 The Author(s). Published by Elsevier GmbH. T
Gi on cAMP levels. In HEK293 cells lacking G12 and G13 we observed
a similar, even larger CREB response to AM5262 (Emax 167 � 4%)
indicating that G12/13 are dispensable for AM5262-induced cAMP
response (Figure 2B). Thus, although FFAR1 can activate Gi/o and G12/
13 (Figure 1), the AM5262 induced CREB response is dependent solely
on activation of the Gq, PLC pathway. To further substantiate this
notion, we used a Gq deficient HEK293A cell line which still express all
other Ga subunits including Gs [22] and, importantly, has an intact
CREB response to the activation of the Gs-coupled b2AR demon-
strating that the classical Gs pathway is intact in these cells
(Figure S1). Nevertheless, in these cells the CREB response to
AM5262-stimulated FFAR1 was totally eliminated. Importantly, the
response was rescued by co-transfection with either Gq or G11 (Emax
134 � 27% for Gq and 69.8 � 16.8% for G11) (Figure 2C).
Together the data strongly indicates that the cAMP response induced
by FFAR1 upon AM5262 stimulation is mediated not through Gs but
rather through the Gq, PLC pathway.

3.3. Adcy2 is highly expressed and enriched as compared to the
other Adcys in enteroendocrine cells
Since the FFAR1-mediated cAMP accumulation appeared to be Gq, and
not Gs, driven, we reasoned that it might be mediated through one of
the non-classical adenylate cyclases that can be activated through Gq
signaling. To explore this hypothesis in cells with endogenous FFAR1
expression and function, we determined the expression of all the
different isoforms of adenylate cyclase by qPCR in FACS-purified
enteroendocrine cells expressing the proglucagon, GLU-Venus re-
porter [4,24].
Among the ten adenylate cyclases, adenylate cyclase 2 (Adcy2), stood
out in being surprisingly not only the second highest expressed cyclase
but also in being approximately 12-fold enriched in the pro-glucagon
expressing GLP-1 cells from the ileum as compared to the neigh-
boring GLU-Venus negative cells (Figure 3A). Adcy2 was similarly
highly expressed and enriched in GLU-Venus positive enteroendocrine
cells of the duodenum (9-fold), and the colon (12-fold) (Figure 3B,
Figure S1).
Thus, ADCY2, which is activated by Gq signaling [27,28], is surpris-
ingly highly expressed and enriched in enteroendocrine cells and could
accordingly be involved in the FFAR1-induced cAMP response and
hormone secretion.

3.4. FFAR1-mediated cAMP accumulation is dependent on ADCY2
and Gq but not Gs
Using a CAMYEL BRET assay to measure cAMP production in the cells
[20] (Figure 3C), we observed that co-transfection of FFAR1 with
ADCY2 in WT HEK293A cells led to a 4.5-fold increase in maximal
AM5262-induced cAMP response (Emax 449 � 7%) - a response that
importantly was almost fully inhibited by the specific Gq inhibitor
YM254890 (Figure 3D). In Gq/G11 deficient HEK293A cells, the large
AM5262 cAMP response observed upon FFAR1/ADCY2 co-transfection
was almost eliminated but was rescued by reintroducing either Gq
(Emax 401 � 37%) or G11 (293 � 11%) (Figure 3D).
In cells deficient in Gs/Golf the FFAR1-mediated cAMP response to
AM5262 was lost, which was surprising as the cells still expressed
normal levels of the Gq family. The response was, however, not rescued
by reintroducing Gs, showing that the lack of response was not caused
by the lack of Gs (Figure 3E). Interestingly, the expression of Adcy2,
which is normally already rather low in HEK293 cells, was further
reduced in the Gs deficient HEK293 cells (CT values< 35) (Figure S2).
Thus, when FFAR1 was co-transfected with ADCY2 in the Gs-deficient
cells, the AM5262 induced cAMP response was completely restored
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Adcy2 expression and FFAR1-induced cAMP accumulation and GLP-1 secretion in enteroendocrine cells and cell lines. Panel A e Co-expression of Adcy2 with
Ffar1 in enteroendocrine cells in murine ileum as determined by RNAscope in situ hybridization; A1e zoom-in corresponding to box 1; A2e zoom-in corresponding to box 2. Panel Be
Colocalization of Adcy2 and peptide hormones in murine ileal enteroendocrine cells; left panel - multiplex RNAscope in situ hybridization of Adcy2, Ffar1, and Gcge proglucagon/‘GLP-
1’; middle panele co-localization of Adcy2 (RNAscope) and PYY (Immunohistochemistry); right panele colocalization of Adcy2 (RNAscope) and CCK (immunohistochemistry). Similar
histological data including co-staining for 5HT for duodenum, Ileum and colon are shown in Supplementary Figure S5. Panel C e cAMP accumulation in STC-1 cells in response to
AM5262 (black), AM5262 þ Gq-inhibitor, YM254890 (red), PLC-inhibitor edelfosine (green) or PKC-inhibitor chelerythrine chloride, CTC (blue). Data represents mean � SEM for 3
independent experiments performed in triplicate for AM5262 and 2 independent experiments performed in triplicates for the inhibitors. Panel D e GLP-1 secretion from STC-1 cells
stimulated with 1 mMAM5262; mean� SEM from 3 independent experiments. Panel E - GLP-1 secretion from GLUTag cells stimulated with AM5262 1 mM in the absence or presence
of the specific Gq-inhibitor YM254890; mean � SEM from 3 independent experiments. Statistical significance was calculated using two-tailed ManneWhitney t test: *p < 0.05,
**p < 0.01, and ***p < 0.001. Panel F e Simplified schematic overview in enteroendocrine cell (EEC) of the proposed dual signal-transduction pathway activation by FFAR1 in
response to second generation agonists (here AM5262) where Gq activates both the PLC/IP3/Ca

2þ pathway and the ADCY2/cAMP/PKA pathways acting in synergy to stimulate
enteroendocrine hormone secretion (GLP-1) and that both signaling pathways are blocked by the Gq inhibitor YM254890.
(Emax 360 � 17%). In addition this response was basically eliminated
by the Gq blocker, YM254890 (Figure 3E) as previously observed in WT
HEK293A cells (Figure 3D). This AM5262-induced, FFAR1/ADCY2-
mediated cAMP response was of almost similar magnitude as the
isoproterenol-induced b2AR-mediated cAMP response observed in WT
HEK293A cells, a response which, as expected, was eliminated in Gs-
deficient cells and e as expected - rescued by introduction of Gs, as
previously reported (Figure 3E) [29]. It is also noteworthy that the
introduction of ADCY2 strictly increased cAMP levels in response to
AM5262 stimulation, as no constitutive activity was detected.
Thus, co-expression of ADCY2, with FFAR1 in HEK293A cells greatly
enhances the cAMP response to AM5262 in an entirely Gq dependent
manner.

3.5. Endogenous Ffar1 is highly co-expressed with Adcy2 in
enteroendocrine cells
To understand the endogenous co-expression of Ffar1 and Adcy2, we
used RNAscope in situ hybridization in the murine intestine. The RNA-
scope probes for Ffar1 and Adcy2 both generated strong fluorescent
signal in populations of scattered enteroendocrine-like cells in the in-
testinal epithelium demonstrating that Adcy2 is expressed in basically all
cells expressing Ffar1 as shown for the ileum in Figure 4A. However,
Adcy2 was also expressed in many enteroendocrine-like cells that did
not express Ffar1 (Figure 4A). Triple RNAscope staining demonstrated
MOLECULAR METABOLISM 74 (2023) 101757 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
co-expression of Adcy2 with both Ffar1 and proglucagon (Gcg) in
enteroendocrine cells in e.g. the ileum (Figure 4B). Combination of Adcy2
FISH with immunohistochemical staining for PYY or CCK showed that
Adcy2 is also expressed in CCK and PYY cells (Figure 4B). Similar
patterns of Adcy2 co-expression with CCK, Gcg, and PYY were observed
in duodenum, ileum and colon (Figure S5). Interestingly, however, Adcy2
was not expressed in intestinal 5HT-storing enterochromaffin cells
(Figure S5), which also do not express Ffar1 as GLP-1 from neighboring
L-cells is the main driver of nutrient-induced secretion through the Gs-
coupled GLP-1 receptor [30].
In the pancreatic islets Ffar1 was as expected strongly expressed in the
majority of centrally located presumably b-cells, which in contrast to
the Ffar1 expressing enteroendocrine cells did not show any sign of
Adcy2 expression (Figure S6). The Gcg expressing pancreatic a-cells
did not express Adcy2, which however was clearly detected in a few
unidentified cells at the perifery of the islets (Figure S6).
Thus, Adcy2 appears to be strongly expressed in Ffar1 expressing, gut
hormone producing intestinal enteroendocrine cells.

3.6. AM5262-induced cAMP and GLP-1 secretion in
enteroendocrine cells is Gq mediated
All of the functional studies described above were performed in various
forms of transfected HEK-293 cells. To evaluate to what degree the
effect of AM5262 on gut hormone secretion is dependent upon Gq in
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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enteroendocrine cells, we turned to two different immortalized enter-
oendocrine cell lines, STC-1 and GLUTag cells [30, 31]. As shown in
Figure 4D, 1 mM of AM5262 induced a 11.4 � 0.7-fold stimulation of
GLP-1 secretion in the STC-1 cells, which as demonstrated by qPCR
endogenously express the relevant signaling proteins: Ffar1, Gnaq, and
e importantly - Adcy2 as well as proglucagon (Figure S3). AM5262 in
a dose-dependent manner increased intracellular cAMP in the STC-1
cells with an EC50 of 44.4 nM, a response that importantly was
blocked by the Gq inhibitor YM254890 as well as the PLC inhibitor
edelfosine and the PKC-inhibitor chelerythrine chloride (Figure 4C). In
the prototype enteroendocrine GLUTag cell line, which has been used
extensively for studies of gut hormone secretion [32], AM5262 also
stimulated GLP-1 secretion, i.e. 2.2 � 0.2-fold, a response that was
totally blocked by the specific Gq inhibitor, YM254890 (Figure 4E).
It is concluded that Gq is responsible for the full enteroendocrine
secretagogue effect of second-generation FFAR1 agonists by acti-
vating not only the classical PLC/IP3/Ca

2þ signaling pathway but also a
non-classical ADCY2/cAMP signaling conceivably acting in synergy,
independently of Gs (Figure 4F).

4. DISCUSSION

The aim of the present study was to clarify the mechanism of the
robust cAMP response observed upon activation of FFAR1 by second-
generation synthetic agonists - here AM5262 e which is responsible
for their highly efficacious GLP-1 secretagogue activity. We find that
FFAR1 can activate not only the Gq family of G proteins but also
members of the Gi and G12/13 families, but surprisingly not the Gs
family. Importantly, the FFAR1-induced cAMP accumulation is likely
mediated through Gq activation of the non-classical ADCY2, which was
found to be particularly highly expressed and enriched in FFAR1 and
gut hormone expressing enteroendocrine cells.

4.1. FFAR1 activates ADCY2 through Gq independently of Gs
cAMP accumulation is traditionally linked to Gs stimulation of the classical
adenylate cyclases (ADCYs). In several cases the mere presence of Gas
subunits is specifically required for the ADCY function as they in the
absence of Gs cannot be activated even by direct modulators such as
forskolin [33]. Nevertheless, already in the 1990’s it was shown that Gi/o
and Gq, and later also G12/13, could stimulate cAMP accumulation
through activation of the non-classical adenylate cyclase ADCY2 [28].
This was proposed to be mediated by bg release or via PKC. In the
original study the ADCY2-mediated cAMP accumulation stimulated by the
Gq-coupled M1R was in fact dependent on co-transfection with a
constitutively active Gs [28]. More recently it has, however, been shown
that carbachol-induced M1R activation can lead to cAMP accumulation
without co-activation by Gs and that this wasmediated through activation
of AKAP79, PKC and ADCY2 [27]. In the present study Gs was completely
dispensable for the FFAR1-induced accumulation of cAMP as shown with
the BRET-based Epac sensor in the Gs deficient HEK293 cells; impor-
tantly, only in the presence of ADCY2. This was not the case for the
classical Gs-coupled b2AR, where Gs was essential for receptor-induced
cAMP accumulation. Further studies are required to identify the precise
molecular mechanism through which FFAR1 is activating ADCY2 in a
strictly Gq dependent manner.

4.2. Adcy2 is highly expressed and enriched in enteroendocrine
cells
ADCY2 is mainly known to be expressed in the brain and in skeletal
muscle but is in fact also found in endocrine tissues such as the ad-
renal and parathyroid glands (proteinatlas.org). In the present study,
8 MOLECULAR METABOLISM 74 (2023) 101757 � 2023 The Author(s). Published by Elsevier GmbH. T
we find by qPCR analysis of FACS-purified cells and by RNAscope in
situ hybridization that Adcy2 in the intestine is highly expressed
selectively in gut hormone producing enteroendocrine cells. This opens
for the possibility that not only FFAR1, but also other Gq- or perhaps
even Gi/o coupled receptors e.g. the Gi-coupled short chain fatty acid
receptor, FFAR3/GPR41 known to stimulate hormone secretion could
possibly do so in a similar manner through activation of ADCY2 in
enteroendocrine cells.
Our original observation of robust stimulation of cAMP accumulation by
FFAR1 was confirmed by Ho and coworkers using the same WT
HEK293 cells, and similar cAMP assays [34]. However, using CHO-K1
cells Rives and coworkers were unable to demonstrate significant Gs
coupling of FFAR1 and only observed a minor cAMP accumulation in
response to FFAR1 activation [19]. In view of our present observation
that ADCY2 most likely is responsible for the FFAR1-induced cAMP
production these different results are conceivably caused by differ-
ences in ADCY2 expression in the two different cell types employed.
Thus, in our WT HEK293 cells ADCY2 is expressed at a relatively low
but sufficient level to obtain a FFAR1-mediated cAMP response
(Figure S2). On the contrary, the gene-edited Gs-deficient HEK293
cells barely have detectable ADCY2 expression, and we do not observe
any FFAR1-mediated cAMP response. However, by introducing ADCY2,
but not Gs, in these cells we could restore a robust cAMP response to
FFAR1 stimulation. Most importantly, Adcy2 is highly expressed in the
endogenous enteroendocrine cells and cell lines where Ffar1 is nor-
mally expressed as demonstrated here by both qPCR in FACS purified
cells and by RNAscope in situ hybridization.
Interestingly Adcy2 is not expressed in the pancreatic b-cells which is
the other main cells type of the body with high Ffar1 expression. This
means that the important function of FFAR1 in glucose-induced insulin
secretion via autocrine sensing of 20-HETE probably is mediated only
though a classical Gq/IP3/Ca2þ pathway as previously described
[5,6].

4.3. First vs. second generation or partial versus full FFAR1
agonists
Second-generation FFAR1 agonists are more efficacious in respect of
stimulating GLP-1 secretion both ex vivo and in vivo than first-
generation compounds [15]. Originally, we assumed that this was a
qualitative difference in second-generation agonist being able to
activate not only Gq - like first-generation compounds - but also Gs and
thereby provide an additional cAMP response to act in synergy with the
IP3/Ca2þ response. However, we now know that the cAMP response is
also mediated through Gq, meaning that the difference in efficacy likely
is a ‘simple’ quantitative difference similar to partial versus full ago-
nism. In fact, the second-generation agonists are also more efficacious
in respect to stimulating IP3 accumulation than first-generation ago-
nists and at least for some of the first-generation agonists a very small
cAMP response may be detected [15]. However, it cannot be excluded
that other G proteins or accessory proteins could be involved. Although
the agonists in the BRET-based assay of the present study appear to be
rather equal in respect to activating Gq family members, the prototype
first-generation agonist, TAK875 was clearly less efficacious in acti-
vating Gi/o and in particular G12/13 family members (Figure 1).
Although Gi/o and G12/13 were not directly involved in the cAMP
response to AM5262 (Figure 2), future studies may reveal more
complex interactions between the G proteins that perhaps can explain
the inability of TAK875 to stimulate cAMP - beyond just being a partial
agonist.
Although being chemically relatively similar, the two FFAR1 agonist
classes display clear positive allosteric cooperativity as they in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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radioligand binding assays compete for binding within each class while
they enhance binding of members of the ‘other’ class [15]. Notably X-
ray structures have subsequently shown that the two classes of ag-
onists bind to two distinct sites on FFAR1 [35,36]. First-generation
agonists bind to the so-called outer-leaflet, lipid-exposed binding
site whereas second-generation agonists bind to the also lipid-
exposed ‘inner leaflet’ binding site of FFAR1 [37]. However, how
agonist binding to the inner leaflet site promotes higher Gq activation
efficacy and robust ADCY2-mediated cAMP accumulation remains to
be determined. Interestingly, the endogenous long chain fatty acid
agonists, which likely can bind to both sites, only activates PLC/IP3/
Ca2þ and not cAMP [15,37].
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