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G-protein coupled receptor 43 (GPR43) serves as a receptor for short-chain fatty acids (SCFAs), implicated in neutrophil migration and inﬂammatory cytokine production. However, the intracellular signaling
pathway mediating GPR43 signaling remains unclear. Here, we show that β-arrestin 2 mediates the internalization of GPR43 by agonist. Agonism of GPR43 reduced the phosphorylation and nuclear translocation
of nuclear factor-κB (NF-κB), which was relieved by short interfering RNA (siRNA) of β-arrestin 2. Subsequently, mRNA expression of proinﬂammatory cytokines, interleukin (IL)-6 and IL-1β, was downregulated
by activation of GPR43 and knockdown of β-arrestin 2 recovered the expression of the cytokines. Taken
together, these results suggest that GPR43 may be a plausible target for a variety of inﬂammatory diseases.
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The short chain fatty acids (SCFAs) such as acetate (C2),
propionate (C3) and butyrate (C4) are the major metabolic
products of anaerobic bacteria fermentation in the colon.1,2)
SCFAs have been reported to decrease immune-related gene
expression and cytokine release by inhibiting nuclear factorκB (NF-κB) activity,3,4) implicating SCFAs to be important
molecules for treating inflammatory disorders. G-protein
coupled receptor 43 (GPR43, also known as free fatty acid
receptor 2, FFAR2) is one of the receptors for SCFAs and
highly expressed in intestine, adipocytes and neutrophils implying its potential involvement in metabolism and immune
regulation.5–7) Recently, the reports using GPR43 knockout
mice in an inflammatory bowel disease (IBD) model (dextran
sulfate sodium-induced colitis mouse model) have suggested
that GPR43 may be a novel therapeutic target for IBD, arthritis, asthma, and other inflammatory diseases.8,9) It should be
noted, however, that loss-of-function mutation of GPR43 can
either block9) or enhance8) neutrophil inﬁltration into inflamed
tissue and intestinal damage. The molecular mechanisms of
the inflammatory events via modulating GPR43 remain unclear.
Generally, the ligand-activated G-protein coupled receptor (GPCRs) are phosphorylated and bound to β-arrestins
(β-arrestin 1 and β-arrestin 2), leading to the internalization
and desensitization of GPCRs.10) Interestingly, recent studies
found that β-arrestins may play an important role in regulating
NF-κB pathway and inflammation.11–13) However, the relationship between GPR43 and β-arrestins has not yet been fully
characterized.
Here, we demonstrate that agonist-induced GPR43 interact
with β-arrestins, with preference for β-arrestin 2 (βarr2). In
addition, knockdown of βarr2 reduces the internalization of
GPR43 after agonist ligation. Furthermore, the inhibition of
NF-κB and downregulation of its downstream genes, interleukin (IL)-1β and IL-6, by GPR43 agonist are signiﬁcantly
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compromised by the knockdown of βarr2. These results collectively suggest GPR43 is a promising target for inflammatory diseases via the regulation of NF-κB activity.

MATERIALS AND METHODS
Cell Preparation and Culture HeLa (CCL-2) and
HEK293 (CRL-1573™) were purchased from the American Type Culture Collection (U.S.A.). Cells were grown in
Dulbecco’s modiﬁed Eagle’s medium (HyClone, U.S.A.) supplemented with 10% fetal bovine serum (Gibco, U.S.A.) and
100 units/mL penicillin plus 100 µg/mL streptomycin at 37°C,
in a humidiﬁed 5% CO2 atmosphere.
Synthesis of Phenylacetyl Aminothiazole (PAAT) PAAT
((S)-2-(4-chlorophenyl)-N-(5-fluorothiazol-2-yl)-3-methylbutanamide) was synthesized according to its original synthesis
article.14,15)
Construction of Mammalian Expression Vectors
Human GPR43 was ampliﬁed from human cDNA library and
cloned into pcDNA3.1-CLuc containing C-terminal fragment
of ﬁrefly luciferase (aa. 1–416). Rat β-arrestin 1 (βarr1) and
β-arrestin 2 (βarr2) cDNAs were purchased from Addgene
U.S.A. (Addgene plasmid 1469316)) and cloned into pcDNA3.1NLuc containing N-terminal fragment of ﬁrefly luciferase
(aa. 398–550). Polymerase chain reaction (PCR) primers were
synthesized by Bioneer, Korea. All clones were veriﬁed by
sequencing (Solgent, Korea).
Transfection To measure the complemented luciferase activity, HEK293 cells were plated 1×104 cells in 96-well plates
and the plasmids were transfected by Lipofectamine2000 (Invitrogen, CA, U.S.A.) according to the manufacturer’s instruction. Short interfering RNAs (siRNAs) against human βarr1
and βarr2 (ON-TARGET plus SMARTpool) were purchased
from Dharmacon (ThermoFisher Scientiﬁc, U.S.A.). For
siRNA transfection, HeLa cells were plated in 6-well plates
(60–70% confluence) and then transfected with Lipofectamine
RNAiMAX (Invitrogen, U.S.A.) according to the manufacturer’s instruction.
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Luciferase Reporter Assay Luciferase activity was determined by OneGlo Luciferase Assay kit (Promega, U.S.A.).
Dimethyl sulfoxide (DMSO) was used as a vehicle control.
Signiﬁcance was determined by Student’s t-test, and differences were considered signiﬁcant when p<0.01.
Evaluation of mRNA Expression Levels Total RNA
was isolated with TRIzol reagent (Invitrogen, U.S.A.), and
ﬁrst strand cDNA was synthesized with Omniscript Reverse
Transcriptase (Qiagen, CA, U.S.A.). SYBR green-based quantitative PCR ampliﬁcation was then performed with CFX 96
Real-time reverse transcription (RT)-PCR Detection system
(Bio-Rad, U.S.A.) and the SYBR Green Master Mix (Bio-Rad,
U.S.A.). All reactions were run in triplicate, and data were
analyzed by the 2−ΔΔCT method. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) ampliﬁcation was used as the control. Signiﬁcance was determined with GAPDH-normalized
2−ΔΔCT values.
Western Blot Analysis The cells were transfected with
siRNA for 24h, and then treated with 5 µM PAAT for 30 min.
Proteins were homogenized in ice-cold buffer consisting
of 50 m M Tris–HCl (pH 8.0), 5 m M ethylene glycol bis(2aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EDTA), 150 m M
NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 1 m M
phenylmethylsulfonyl fluoride (PMSF), and one protease
inhibitor cocktail tablet (Roche, Germany). The nuclear proteins were extracted with the NucBuster Protein Extraction
kit (Novagen, Germany). Anti-HA, anti-Myc, anti-GAPDH
and anti-histone deacetylase (HDAC1) antibodies were purchased from Santa Cruz Biotechnology, U.S.A. Anti-βarr2,
anti-phospho-Ser536-NF-κB and anti-NF-κB antibodies were
obtained from Cell Signaling Technology, U.S.A. Anti-βarr1
antibody was purchased from Epitomics, U.S.A. The protein bands were visualized by LAS-4000 luminescent image
analyzer and Multi Gauge software, version 3.0 (FUJIFILM,
Japan).
Immunoprecipitation For co-immunoprecipitation (coIP), the cells were extracted in ice-cold Nonidet P40 extraction buffer (50 m M Tris–HCl, pH 7.5, containing 1 m M EDTA,
120 m M NaCl, 1% NP-40). An equal amount of each protein
lysate was incubated with anti-Myc monoclonal antibodies
for 3 h at 4°C, followed by incubation with 30 µL of protein
G-Agarose beads (Santa Cruz Biotechnology, U.S.A.) for 3 h.
The immune complexes were washed three times with lysis
buffer and then boiled in Laemmli SDS sample buffer for
5 min. Immunoreactive signals were detected with enhanced
chemiluminescence (ECL) kit and visualized by LAS-4000.
Establishment of Stable Cell Line for High-Content
Assay Human GPR43 fused to GFP was cloned into
pIRESpuro3 (Clontech, U.S.A.) vector and transfected into
HeLa cells by Lipofectamine 2000 (Invitrogen, U.S.A.) according to the manufacturer’s protocols. The transfected cells
were selected by using 1 µg/mL of puromycin for 2 weeks and
the colonies were individually cloned and proliferated.
Cells were plated in a 96-well plate at 5×103 cells/well.
After 24 h, nuclei were stained with Hoechst 33342(1 µg/
mL; Invitrogen, U.S.A.) for 5 min and then spot formation
of GPR43-GFP signals were analyzed using Spot Detector
BioApplication assay that was available in the Cellomics® ArrayScan® VTI HCS reader (ThermoFisher, U.S.A.).
Statistical Analysis Statistical signiﬁcance was determined by analysis of variance by the Student’s t-test. Results

Fig. 1. Agonist-Induced Interaction of GPR43 with β-Arrestins in
HEK293 Cells
(A) HEK293 cells were transiently transfected with GPR43-C-Luc, βarr1-N-Luc
and βarr2-N-Luc as indicated. Twenty four hours after transfection, the cells were
treated for 30 min with 5 µM PAAT and then luciferase activity was measured.
*** p<0.001 between the indicated pair. (B) HEK293 cells were transiently transfected as indicated. Twenty four hours after transfection, the cells were treated for
30 min with or without 5 µM PAAT and then lysed for anti-HA immunoprecipitation
(IP) assays. The precipitated proteins were subjected to immunoblot (IB) analyses
(top and upper middle panels). Anti-HA and anti-Myc immunoblots were completed for the whole cell lysates (lower middle and bottom panels). The results shown
are representative of three independent experiments. (C) Densitometric analysis
of β-arrestin bands in Fig. 1B. Ratio of GPR43/β-arrestin in immunoprecipitated
samples was indicated. * p<0.05 between the indicated pair.

were considered signiﬁcant at p values less than 0.05 and are
labeled with a single asterisk. In addition, p values less than
0.01 and less than 0.001 are designated with double and triple
asterisks, respectively.
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Fig. 2.
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Knockdown of βarr2 Impairs the Internalization of GPR43

(A, B) HeLa cells stably expressing GPR43-GFP were transfected with scrambled siRNA (scr, grey), βarr1 (black) or βarr2 (white) siRNA. Twenty four hours after
transfection, gene knockdown by indicated siRNA was validated with real-time RT-PCR (A) and Western blot analysis (B). *** p<0.001 compared to control. (C, D) Cell
images (C) and quantitative measurements (D) for GPR43-GFP signals internalized by PAAT were acquired and analyzed in Cellomics high-content screening instrument.
The results shown are representative of three independent experiments. * p<0.05 compared to control.

RESULTS
GPR43 Interacts with β-Arrestins GPR43 has been
implicated in neutrophil migration and inflammatory process, however, little is known about underlying molecular
mechanisms. Other than heterotrimeric G protein, GPCRs
can be coupled to and negatively regulated by β-arrestins.17)
The role of β-arrestins in GPR43 signaling, however, has not
yet been investigated. To elucidate the interaction of GPR43
with β-arrestins, we generated the systems measuring proteinprotein interaction (PPI) between GPR43 and β-arrestins
using bimolecular luminescence complementation method
(BiLC) (see in Materials and Methods). The GPR43-fused to
C-terminal region of ﬁrefly luciferase (GPR43-CLuc) and/or
βarr1 or βarr2 fused to N-terminal region of ﬁrefly luciferase (NLuc-βarr1/2) were transiently transfected in HEK293
cells. Co-expression of GPR43 and βarr1 or 2 resulted in the
complemented luciferase activity, which was augmented by
PAAT treatment (Fig. 1A). Notably, βarr2 coupled to GPR43
showed more activity compared to βarr1 (Fig. 1A, lanes 9 and
11). To further determine the association between βarr1/2 and
GPR43, we performed co-immunoprecipitation by transfecting

plasmids encoding myc tagged-GPR43, HA tagged-βarr1, and
HA tagged-βarr2 in HEK293 cells. Figures 1B and C showed
that GPR43 was co-precipitated with β-arrestins. It is of note
that βarr2 more strongly interacts with GPR43 in terms of its
expression level. Moreover, the amount of GPR43 coupled to
βarr2 was increased by PAAT (Fig. 1B, lane 6, and Fig. 1C,
lane 6). Taken together, we demonstrated that GPR43 associates with β-arrestins, especially βarr2.
βarr2 Mediates the Internalization of Activated GPR43
It has been well known that β-arrestins induce the internalization of GPCRs via clathrin-coated pits and this is the one of
the important mechanisms to desensitize GPCR signaling.10)
In order to investigate the relationship between β-arrestins and
GPR43, we generated the stable cell line expressing GPR43
tagged with GFP in HeLa cells. First, we conﬁrmed the efﬁciency of siRNAs of βarr1 and βarr2 in terms of mRNA level
(Fig. 2A) and protein level (Fig. 2B) in HeLa cell line expressing GPR43-GFP. To visualize and quantitatively analyze the
internalization of GPR43, we used ArrayScan™ (Cellomics™,
Pittsburgh, PA), a microtiter plate imaging system that permits
cellular quantitation of fluorescence in whole cells. After the
transfection of siRNAs, the cells were treated with PAAT
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Fig. 3. βarr2-Dependent Inhibition of NF-κB by GPR43
(A) HeLa cells stably expressing GPR43-GFP (5×105 cells) were seeded on 6 well plate and transfected with siRNA as indicated. Twenty four hours after transfection,
the cells were treated with 5 µM PAAT for 30 min and then lysed. Anti-phospho Ser536 p65 NFκB (top panel) and anti-p65 NF-κB (middle panel) immunoblots were completed from the whole cell lysate. GAPDH protein was used as a loading control (bottom panel). The results shown are representative of three independent experiments.
(B) HeLa cells were transiently transfected as indicated. Twenty four hours after transfection, the cells were treated with 5 µM PAAT for 30 min then subfractionated
into nuclear and cytoplasmic fractions. Cytoplasmic fraction was subjected to anti-p65 NF-κB (top panel) and anti-GAPDH (lower middle panel) immunoblots. Nuclear
fraction was subjected to anti-p65 NF-κB (upper middle panel) and anti-HDAC1 (bottom panel) immunoblots. The results shown are representative of three independent
experiments. (C, D) HeLa cells stably expressing GPR43-GFP (5×105 cells) were transfected as indicated. Twenty four hours after transfection, the cells were treated with
or without 5 µM PAAT for 6h. The mRNA expression of IL-1β (C) and IL-6 (D) was evaluated by quantitative real-time RT-PCR as described in Materials and Methods.
* p<0.05, ** p<0.01, *** p<0.001 between the indicated pairs.

or vehicle, and then ﬁxed. The cell images were acquired
and analyzed quantitatively using Cellomics BioApplication
analysis software (Spot Detector) through spot formation of
internalized GPR43-GFP. As shown in Fig. 2C, the number
of intracellular GFP spots in the scrambled or βarr1 siRNAtransfected cells was signiﬁcantly increased by the addition
of PAAT (Fig. 2C and quantiﬁed in Fig. 2D). However, in the
PAAT-induced cells transfected with βarr2 siRNA, the spot
number of internalized GPR43 was almost not altered compared to control (Figs. 2C, D). These results are consistent
with above results that βarr2 interacts to GPR43 with higher
afﬁnity that βarr1 (Fig. 1), suggesting the agonist-induced internalization of GPR43 is mainly mediated by βarr2.
GPR43-βarr2 Signaling Axis Downregulates NF-κB
Activity Previous studies have shown that GPR43 is necessary for the migration of neutrophil and to maintain normal
condition during inflammation response in the animal models of colitis, arthritis and asthma.8,9) To elucidate the effect
of GPR43 in inflammatory process, we determined whether
GPR43-βarr2 signaling can modulate the activity of NF-κB.
The cells stably expressing GPR43-GFP were transfected with
scrambled siRNA or βarr2 siRNA. Forty-eight hours after
transfection, the cells were treated with or without PAAT, and
then lysed. The phosphorylation of p65 subunit of NF-κB at
Ser 536 is one of the good indicators that show the activation

status of NF-κB.18) It is of note that the activation of GPR43
by the addition of PAAT compromised the phosphorylation of
p65 (Fig. 3A, lane 2). Surprisingly, the knockdown of βarr2
restored the phosphorylation at Ser536 of p65 in the presence
of PAAT (Fig. 3A, lane 4), implicating that βarr2 mediates
GPR43 signaling to NF-κB. To further conﬁrm this result,
we fractionated the cells transfected with GPR43 and/or βarr2
siRNA into the cytoplasm and nucleus. PAAT blocked the nuclear translocation of NF-κB and knockdown of βarr2 restored
the level of nuclear NF-κB (Fig. 3B), which is consistent with
the result in Fig. 3A. To investigate the cellular consequences
of GPR43-βarr2-NF-κB axis, we performed quantitative real
time RT-PCR for the quantitation of the expression of inflammatory cytokines such as IL-1β and IL-6, both of which are
the targets of NF-κB. PAAT-treated cells showed a marked
decrease in mRNA levels of those cytokines, however, expression of IL-1β (Fig. 3C) and IL-6 (Fig. 3D) were restored by
the knockdown of βarr2, clearly indicating that GPR43 negatively regulates inflammatory cytokines by the modulation of
NF-κB activity through βarr2.

DISCUSSION
GPR43 has been implicated in inflammatory processes such
as neutrophil migration and cytokine production,8,9,19–22) but its
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molecular mechanisms have not been characterized. Here, we
provided direct evidences for the ﬁrst time that βarr2 speciﬁcally interact with GPR43 and mediate the signaling to NF-κB
and subsequently cytokine production. In general, an agonistactivated GPCR is phosphorylated by G protein-coupled receptor kinases (GRKs) and subsequently bound to β-arrestins,
which regulate desensitization, internalization, intracellular
signaling, and recycling of GPCRs.10) Some GPCRs interact
with equal afﬁnity with βarr1 and βarr2, others prefer either of
them, usually βarr2.23) Based upon this general phenomenon,
the assay methods measuring the activity of GPR43 have been
developed such as PathHunterTM 24) and Bioluminescence Resonance Energy Transfer (BRET)25) technology, both of which
utilized βarr2. They did not, however, provide direct evidence
that GPR43 interacts with βarr2. Our results clearly demonstrated that βarr2 is more strongly associated with GPR43 in
an agonist-dependent manner than βarr1 (Fig. 1) and speciﬁcally mediates the internalization of GPR43 (Fig. 2).
In addition to the roles of desensitization and internalization of GPCRs, several studies unveiled the novel function of
β-arrestins in NF-κB signaling. It has been shown that βarr2
directly binds to and blocks phosphorylation and degradation of Inhibitor of NF-κB (IκB), leading to the inhibition of
the activity of NF-κB.12,26) In addition, upstream kinases of
IκB such as IκB kinases (IKKs) and NF-κB-inducing kinase
(NIK) interact with β-arrestins.13) Moreover, TRAF6, further
upstream component of NF-κB signaling, also associates itself
with β-arrestins in a stimulus-dependent manner.27) Recently,
it has been shown that GPR120, a receptor for long-chain fatty
acids and omega-3 fatty acid, sequesters transforming growth
factor β-activated kinase 1 (TAK1) binding protein 1 (TAB1)
from TAK1 complex, subsequently leading to the inhibition of
NF-κB and inflammation.28) Collectively, it is hard to discern
the exact mechanism that enables βarr2 to regulate NF-κB
signaling. GPR43-βarr2 signaling axis may utilize one of the
above mechanisms and needs to be further investigated. In
addition, it will be helpful to unveil the relationship between
GPR40, GPR41, and β-arrestins to compare the signaling cascade between the free fatty acid receptor family.
In conclusion, we demonstrated that GPR43 modulates
NF-κB activity via βarr2. As the agonists of GPR43 are known
to elicit neutrophil migration through pertussis toxin-sensitive
p38 mitogen activated protein (MAP) kinase pathway, βarr2biased agonists may have a potential anti-inflammatory effect
without the side effect.
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