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Background: The biological function of a former orphan receptor, GPR84, has not been clarified yet.
Results: GPR84 activation results in chemotaxis and cytokine production by the stimulation of potential ligands and the
surrogate agonist.
Conclusion: GPR84 works as a proinflammatory receptor in myeloid cells.
Significance: This study provides new insights into the function of GPR84.

G protein-coupled receptor 84 (GPR84) is a putative receptor
for medium-chain fatty acids (MCFAs), whose pathophysiolog-
ical roles have not yet been clarified. Here, we show that GPR84
was activated by MCFAs with the hydroxyl group at the 2- or
3-position more effectively than nonhydroxylated MCFAs. We
also identified a surrogate agonist, 6-n-octylaminouracil
(6-OAU), for GPR84. These potential ligands and the surrogate
agonist, 6-OAU, stimulated [35S]GTP binding and accumulated
phosphoinositides in a GPR84-dependent manner. The surro-
gate agonist, 6-OAU, internalized GPR84-EGFP from the cell
surface. Both the potential ligands and 6-OAU elicited che-
motaxis of human polymorphonuclear leukocytes (PMNs)
and macrophages and amplified LPS-stimulated production
of the proinflammatory cytokine IL-8 from PMNs and TNF�
from macrophages. Furthermore, the intravenous injection
of 6-OAU raised the blood CXCL1 level in rats, and the inoc-
ulation of 6-OAU into the rat air pouch accumulated PMNs
and macrophages in the site. Our results indicate a proin-
flammatory role of GPR84, suggesting that the receptor may
be a novel target to treat chronic low grade inflammation
associated-disease.

G protein-coupled receptors (GPCRs)2 consist of a family of
cell surface receptors that sense various extracellular stimuli,
including light, odorants, peptides, nucleotides, neurotrans-
mitters, and hormones (1). In the past decade, several GPCRs

have been reported to be activated by free fatty acids (FFAs).
These FFA-sensing GPCRs are proposed to play important
roles in a variety of physiological situations (2). For example,
GPR40 is a receptor formedium-chain fatty acids (MCFAs) and
long-chain fatty acids (LCFAs) and enhances glucose-stimu-
lated insulin secretion from pancreatic �-cells (3, 4). GPR119 is
activated by LCFAs, leading to enhanced glucose-dependent
insulin secretion from pancreatic �-cells increasing the release
of a gut peptide, glucagon-like peptide 1 from intestinal neu-
roendocrine L-cells (5). GPR120, a receptor for MCFAs and
LCFAs, is responsible for FFA-induced glucagon-like peptide 1
secretion from L-cells (6) and also works in macrophages and
adipocytes, mediating potent anti-inflammatory and insulin-
sensitizing effects (7). It is reported that the dysfunction of
GPR120 leads to obesity in bothmice and humans (8). GPR41 is
primarily expressed in adipose tissue (9). Stimulation of short-
chain fatty acids (SCFAs) results in leptin production in adi-
pocytes (10). GPR43 is also activated by SCFAs, and adipocytes
treated with the natural ligands exhibit a reduction in lipolytic
activity (11, 12). Both GPR41 and GPR43 are expressed in poly-
morphonuclear leukocytes (PMNs) as well (9, 13), to which
SCFAs elicit chemotaxis (13).
GPR84 was originally discovered by expressed sequence tag

data mining (14) and cloned from a cDNA library prepared
from human peripheral blood neutrophils (15). No close
homologs of GPR84 could be identified. Its expression was
mainly observed in bone marrow, lung, and peripheral blood
leukocytes (15). GPR84 is now considered to be a member of
FFA-sensing GPCRs. MCFAs with carbon chain lengths of
9–14 activate GPR84, coupling primarily to a pertussis toxin
(PTX)-sensitive Gi/o pathway (16). To date, there are only a few
published studies with respect to the function of this receptor.
GPR84 activation in RAW264.7 cells, a murine macrophage-
like cell line, amplifies LPS-stimulated IL-12 p40 production
(16). GPR84 KOmice increased Th2 cytokine production (17).
Nevertheless, physiological roles of GPR84 are still largely
unknown.
Wehave screened an in-house bioactivemolecule library and

chemical library to test the abilities of these molecules to acti-
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vate GPR84. In this study, we have identified 2- or 3-hydoxy
MCFAs as potential ligands aswell as conventionalMCFAs and
also discovered a surrogate agonist compound for GPR84. Fur-
thermore, we have shown that GPR84 functions as a proinflam-
matory receptor both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Materials—F12 Nutrient Mixture, RPMI 1640, DMEM,
pcDNA3.1, and Bac-to-Bac baculovirus expression system
were purchased from Invitrogen. DMEM without L-glutamine
and inositol was purchased from ICN Biomedicals. All FFAs,
phorbol 12-myristate 13-acetate (PMA), BSA, LPS, siRNAs for
human GPR84, and a negative control siRNA were purchased
from Sigma-Aldrich. PTX was purchased from Calbiochem.
Casein sodium from milk was purchased from Tokyo Kasei
(Tokyo, Japan). Ficoll-Paque PLUS was purchased from Amer-
shamBiosciences. HumanTNF�Quantikine ELISA kit, human
IL-8 Quantikine ELISA kit, rat TNF-� Quantikine ELISA kit,
and rat CXCL1/CINC-1 Quantikine ELISA kit were purchased
from R&D Systems. LEADseeker Beads were purchased from
GE Healthcare. pEGFP-N1 was purchased from Clontech.
cAMP dynamic 2 was purchased from Cisbio. [35S]GTP�S and
myo-[3H]inositol were purchased from GE Healthcare. pCEP-
Gqi5-HA was purchased from Molecular Devices. Flow-count
Fluorospheres were purchased from Beckman Coulter. Amaxa
cell line Nucleofector kit C was purchased from Lonza
(Cologne, Germany). GPR84 agonist, 6-n-octylaminouracil
(6-OAU), was synthesized at Okayama University or in-house
at Daiichi Sankyo Co. Ltd. (Tokyo, Japan).
Cloning and Cell Culture—The human GPR84 gene was

cloned by PCR from human-derived cDNA. A sequence-con-
firmed cDNAwas inserted into themammalian expression vec-
tor pcDNA3.1(�). CHO-K1 cells weremaintained in F12 nutri-
ent mixture containing 10% FBS. CHO-GPR84 stable cell lines
were generated by transfecting CHO-K1 cells with human
GPR84 and subsequently selected in the presence of 400 �g/ml
Geneticin. HEK293 cells were maintained in DMEM medium
containing 10% FBS, 50 units/ml penicillin, and 50�g/ml strep-
tomycin. HEK293-GPR84-EGFP stable cell lines were gener-
ated by transfecting HEK293 cells with C-terminal EGFP-
tagged human GPR84 in pEGFP-N1 and were subsequently
cloned in 400 �g/ml Geneticin. Human leukemic monocyte
lymphoma cell lines, U937 cells, were cultured in RPMI 1640
medium containing 10% FBS (R10F). All cells were cultured at
37 °C with 5% CO2.
GTP�S Binding Assay for High Throughput Screening (HTS)—

Human GPR84 and bovine G�i1 genes were fused in tandem in
pFastBac1, and the fusion protein was expressed in Sf9 insect
cells using the Bac-to-Bac baculovirus expression system. The
membrane expressing GPR84-G�i1 fusion protein was used for
the agonist screening in 384 plates. For the agonist screening
assay, Sf9 membrane fraction, [35S]GTP�S, and cold 5 �MGDP
were incubated with test compounds at room temperature for
1 h. The incorporated [35S]GTP�S was measured by LEAD-
seeker (GE Healthcare).
GTP�S Binding Assay—To confirm the results of HTS assay,

a 96-well scale [35S]GTP�S binding assay was conducted at the
same condition as HTS. The reactions were terminated by vac-

uum filtration through UniFilters-96 GF/B (PerkinElmer Life
Sciences), and the filter plates were dried overnight. The
retained radioactivity was quantified on a liquid scintillation
counter, TopCount (Packard).
Phosphoinositide Accumulation Assay (PI Assay)—Human

GPR84 and human GPR40 expression vectors constructed in
pcDNA3.1(�) were transfected into HEK293 cells with (for
GPR84) or without (for GPR40) pCEP-Gqi5-HA. The trans-
fected cells were labeled overnight with myo-[3H]inositol in
DMEMwithout L-glutamine and inositol. The labelingmedium
was then replaced to assay medium (DMEM without L-gluta-
mine and inositol, plus 20 mM LiCl) including various concen-
trations of test compounds for 2 h. The radioactivity was meas-
ured with TopCount (Packard).
Internalization Assay—HEK293-GPR84-EGFP cell lines

were seeded in 96-well plates, and the cells were treated with
different concentrations of 6-OAU at 37 °C for 30min. Fluores-
cence images were taken on aNikon Eclipse TE300microscope
with an IN Cell Analyzer 1000 (GE Healthcare).
Preparation of PMNs—Human peripheral PMNs were

obtained from venous blood of healthy volunteers in accord-
ance with the ethical approval guidelines of the Daiichi Sankyo
Co. Ltd. Ethics Board. Blood was prediluted in 1.2% (w/v) dex-
tranT-250 in saline and sedimented at room temperature for 90
min. Then, PMNs were separated by density gradient centrifu-
gation using a Ficoll-Paque Plus. Cells were suspended at 2 �
106 cells/ml in RPMI medium containing 0.2% FBS. The purity
was �90% checked by flow cytometer analysis and �95% by
nucleusmorphologywithDiff-Quick staining. Cell viabilitywas
�95% as judged by trypan blue exclusion.
PMNs Chemotaxis Assay—PMNs were plated onto 5-�m

Transwell permeable supports (Corning; 2 � 105 cells/Tran-
swell) in the absence or presence of the indicated concentra-
tion of FFAs or the surrogate agonist, 6-OAU in the lower
chamber. Transwell permeable supports were incubated for
1 h at 37 °C in a humidified CO2 incubator; the number of
cells that migrated through the Transwell was determined by
manual counting or using flow cytometer (Cytomics FC500,
Beckman Coulter)-based cell counting with flow-count
Fluorospheres.
Chemotaxis Assay for CHO-GPR84 and U937 Cells—U937

cellswere differentiated intomacrophage-like cells after cultur-
ing for 2 days in the presence of PMA (10 ng/ml) to up-regulate
GPR84 gene expression before the experiments. To inactivate
G�i protein, U937 cells were preincubated with PTX (5 ng/ml)
for one night before the chemotaxis assay. Chemotaxis was
examined bymeasuring themigration of CHO-GPR84 or U937
cells through a porous membrane (8.0-�m pore size, Neuro-
Probe Inc.), in response to various FFAs and 6-OAU, in a
96-well chemotaxis chamber (AB96, IedaTrading). In the lower
chamber (volume of 30.5 �l), we placed F12 medium with 0.1%
BSA supplementedwith the indicated concentration of FFAs or
6-OAU. Controls without any ligands were prepared in the
same manner. Then, 200 �l of CHO-GPR84 (4 � 105 cells/ml)
or U937 cells (1 � 106 cells/ml) suspended in F12 medium
containing 0.1%BSAwere added on the top of the filter for each
well. The chambers were incubated for 4 h at 37 °C in a humid-
ified incubator. The cells on the upper layer of the membrane
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were removed with a cotton swab and washed with PBS, and
those thatmigrated, adhering to the lower side of the filter, were
fixed with methanol and stained with Diff-Quick; optical den-
sitywasmeasured using amicroplate reader (RainbowThermo,
TECAN Japan). The chemotaxis activities were expressed as a
migration index: (A595 of experimental well � A595 of back-
ground well)/(A595 of medium control well � A595 of back-
ground well).
Cytokine Production Assay—PMA-differentiated U937 cells

were suspended in R10F at a density of 2 � 104 cells/well in a
96-well plate and incubated for 1 h before stimulation. U937
cells were stimulated with 100 ng/ml LPS in the presence of
various concentrations of 3-hydroxy lauric acid (3-OH-C12) or
6-OAU. For the control experiment, 0.025% DMSO/methanol
(7:3)mixture in R10Fwas used. After the stimulation, cells were
cultured for 16 h. TNF� in conditionedmediumwas quantified
using sandwich ELISA kits according to the protocol provided
by the manufacturer. In knockdown experiments, U937 cells
were transfected using Amaxa cell line Nucleofector kit C with
30 nM predesigned siRNA duplexes against GPR84 and a nega-
tive control siRNA before PMA treatment. Three different
siRNA duplexes against GPR84 were used in combination for
nucleofection. The sequences for GPR84 were as follows: for
duplex 1, 5�-GCCAAUUCCGCCAAGCAUA-3� (sense) and
5�-UAUGCUUGGCGGAAUUGGC-3� (antisense); for duplex
2, 5�-CCAAUUCCGCCAAGCAUAU-3� (sense) and 5�-AUA-
UGCUUGGCGGAAUUGG-3� (antisense); for duplex 3, 5�-
CAGAAGAGCUCCGGAUUCU-3� (sense) and 5�-AGAAUC-
CGGAGCUCUUCUG-3� (antisense).

Human peripheral PMNs were suspended in R10F, plated at
a density of 3.5� 105 cells/well in a 96-well plate, and incubated
for 1 h before stimulation. PMNs were stimulated with 100
ng/ml LPS in the presence of various concentrations of 3-OH-
C12 or 6-OAU. For the control experiment, 0.025% DMSO/
methanol (7:3) mixture in R10F was used. Cells were cultured
for 4 h. IL-8 in conditionedmediumwas quantified using sand-
wich ELISA kits according to the protocol provided by the
manufacturer.
Animal Experiments—Female Lewis rats were purchased

from Charles River Laboratories (Tokyo, Japan). Four-week-
old rats were used for the experiments. A GPR84 agonist,
6-OAU (1mg/ml), was dissolved in sterile PBS containing 1%
rat serum and injected into the jugular vein of rats. Control
groups received sterile PBS containing 1% rat serum into the
jugular vein instead of injections of the stimulus. Blood was
collected 3 h after the 6-OAU injection. Serum cytokine con-
centrations were quantified using sandwich ELISA kits
according to the protocol provided by the manufacturer.
Induction of rat skin air poucheswas performed according to

themethod described by Rodrigues et al. (18). Sevenml of ster-
ile air (using 0.22-�m filters) were insufflated into the subcuta-
neous tissue of the back trunk of rats under anesthesia 1 day
before the experiments. Negative controls received 1 ml of
vehicle (sterile saline containing 0.3% BSA). Positive controls
received 1 ml of 6-OAU in vehicle (1 mg/ml) through the same
route. Four hours after the inoculation of the stimulus, the ani-
mals were euthanized by carbon dioxide asphyxiation, and exu-
date in the air pouch was collected by washing the cavity with 1

ml of sterile PBS. The suspensionwas centrifuged at 400� g for
5min at 4 °C. Cells were counted by the SysmexXT-2000i auto-
mated hematology analyzer. All animal experimental proce-
dures were performed in accordance with the in-house guide-
lines of the Institutional Animal Care and Use Committee of
Daiichi Sankyo Co., Ltd.
Statistical Analysis—Results are expressed as means � S.D.

Statistical analysis was conducted by Student’s t test or para-
metric Dunnett’s test for in vitro experiments and by Wilc-
oxon test or nonparametric Dunnett’s test for in vivo
experiments.

RESULTS

Potential Ligands for GPR84—Using a [35S]GTP�S binding
assay that can detect G�i pathway activation, we found that
2-hydroxy capric acid (2-OH-C10), 3-hydroxy capric acid
(3-OH-C10), 2-hydroxy lauric acid (2-OH-C12), and 3-hydroxy
lauric acid (3-OH-C12) activated GPR84 in a dose-dependent
manner with a medium effective concentration (EC50) of 31,
230, 9.9, and 13 �M, respectively (Fig. 1). Lauric acid (C12) did
not activate GPR84 in our [35S]GTP�S binding assay. To con-
firm the receptor activation by hydroxy-MCFAs, we tested the
activity of various MCFAs with PI assay co-transfected with
Gqi5 to detect G�i signaling as intracellular PI accumulation,
resulting in the same results (Fig. 2). These data proved that
MCFAs with carbon chains, especially from 10 to 12, and their
2-OH or 3-OH forms activate GPR84 effectively as well as con-
ventional MCFAs.
Surrogate Agonist for GPR84—Todetermine a surrogate ago-

nist for GPR84, we conducted a 384-well scale HTS for the
in-house chemical library using a [35S]GTP�S binding assay
and obtained some agonistic compounds. Among them,

FIGURE 1. Potential ligands for GPR84. Membranes from Sf9 cells express-
ing human GPR84-fused with bovine G�i protein were incubated with various
FFAs for 1 h at room temperature. The data represent the means � S.D. for
quadruple determinations.
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6-OAU was confirmed to have the highest agonistic activity in
the secondary 96-well scale [35S]GTP�S binding assay. 6-OAU
increased [35S]GTP�S incorporated in Sf9 cell membranes
expressing human GPR84-G�i fusion protein with an EC50 of
512 nM (Fig. 3A). Other G�i-coupled GPCR-G�i fusions,
humanGPR109A andOXER1, did not respond to 6-OAU at all
(Fig. 3A). 6-OAU activated human GPR84 in the presence of
Gqi5 chimera in HEK293 cells with an EC50 of 105 nM in the PI
assay (Fig. 3B). Although myristic acid (C14) activated GPR40,
6-OAU did not activate human GPR40 in HEK293 cells (Fig.
3C) in the PI assay.HEK293 cells stably expressingC-terminally
EGFP-tagged human GPR84 (HEK293-GPR84-EGFP) were gen-
erated. Fluorescence of HEK293-GPR84-EGFP cells revealed
prominent plasmamembrane localization ofGPR84 protein, and
the internalization of GPR84 was observed from 6.25 �M

6-OAU stimulation (Fig. 3D). Stimulation with 6.25�M 6-OAU
began to induce GPR84-EGFP internalization, and the exten-
sive internalizationwas observed at 200�M6-OAU stimulation
(Fig. 3D). We conducted radio-ligand binding assays against 69
receptors, channels, or transporters to determine whether
6-OAU inhibits the specific binding or activity to their ligand or
substrate. No more than 50% inhibition was observed for any
receptors, channels, or transporters by the addition of 6-OAU
at 10 �M (data not shown).
Cellular Functions of GPR84—Expression analysis by quan-

titative PCR revealed that high levels of GPR84 gene expression
were detected in humanPMNs andmacrophages. Additionally,
GPR84 expression was increased in macrophages upon LPS
stimulation (data not shown). These data suggest that GPR84
may play a role in PMNs andmacrophages andmay be involved
in inflammatory conditions. We used agonistic MCFAs or a
surrogate agonist, 6-OAU, to investigate the effect of GPR84

activation on chemotaxis and cytokine secretion for these
GPR84-expressing cells. In a Transwell assay, 3-OH-C12 and
the surrogate agonist, 6-OAU, provoked chemotaxis of PMNs
prepared from human peripheral blood in a concentration-de-
pendent manner with an EC50 of 24.2 �M and 318 nM, respec-
tively (Fig. 4A). In a modified Boyden chamber assay, 3-OH-
C12 and 6-OAU but not medium alone and caprylic acid (C8)
gave rise to chemotaxis on CHO-GPR84 in contrast to the
parental CHO-K1, which did not respond to these agonists,
meaning that the chemotactic action is mediated by GPR84
activation (Fig. 4B). Also, 6-OAU (400 nM), 2-OH-C12 (40 �M),
and 3-OH-C12 (40 �M) brought about chemotaxis on PMA-
treated macrophage-like U937 cells. The inactive MCFAs (C8,
C12, 12-hydroxy lauric acid (12-OH-C12), and myristic acid
(C14)) in the [35S]GTP�S binding assay exhibited no chemot-
actic activity (Fig. 4C). The agonist-induced chemotaxis was
blocked completely by preincubating cells with PTX, a specific
inhibitor of Gi/o proteins (Fig. 4C). In addition, 3-OH-C12 and
6-OAU increased the secretion of IL-8 from LPS-stimulated
PMNs (Fig. 5A), suggesting that those effects are mediated
through GPR84 activation. In the absence of LPS, IL-8 produc-
tion was less than one-tenth when compared with the result in
the presence of LPS, although the minimal increased IL-8 pro-
duction was observed (Fig. 5A). TNF� production from U937
macrophages was also amplified by 6-OAU and 3-OH-C12
stimulation in the presence of LPS (Fig. 5B). No effect on
TNF� production was observed in the absence of LPS. The
introduction of GPR84 siRNAs in U937 resulted in abroga-
tion of the TNF� amplification effects caused by 3-OH-C12
and 6-OAU stimulation (Fig. 5B). Taken together, our
results indicate that GPR84 could be involved in making an
inflammatory condition through inducing chemotaxis and
amplifying LPS-stimulated inflammatory cytokine produc-
tion in PMNs and macrophages.
Pharmacological Effects of 6-OAU on Rats in Vivo—As some

of the functions of GPR84 emerged from the in vitro experi-
ments, we studied whether 6-OAU exerts any inflammatory
effects in vivo in rats. Injection of 6-OAU suspension in 1% rat
serum into the rat jugular vein (10mg/kg) leads to the elevation
of a chemokine, CXCL1 concentration in the serum peaking at
3 h after the injection (Fig. 6A). Other cytokines tested (IL-1�,
IL-2, IL-4, IL-6, IL-10, IL-22, TNF�, and IFN�) and soluble
ICAM-1were not detected in this experiment (data not shown).
In the rat air pouchmodel, 6-OAU at 1mg/ml dissolved in 0.3%
BSA attracted both PMNs andmacrophages into the air pouch,
peaking at 4 h after 6-OAU inoculation (Fig. 6B). These results
strongly indicate that GPR84 could also be involved in making
an inflammatory condition through chemokine production and
chemotaxis in vivo.

DISCUSSION

We have shown that hydroxy-MCFAs, 2-OH-C10, 3-OH-
C10, 2-OH-C12, and 3-OH-C12, work as potential ligands for
GPR84 as well as the ligands previously reported: capric acid
(C10), undecanoic acid (C11), and lauric acid (C12) (16).
Although C12 activated GPR84 in the PI assay, this had no
reaction with the [35S]GTP�S binding assay. C12 may need to
be converted to 2-OH-C12 or 3-OH-C12 in the presence of

FIGURE 2. Effect of FFAs in PI assay. HEK293 cells were transfected with
human GPR84 or control vector, pcDNA3.1, in the presence of Gqi5 plasmid.
Cells were incubated with FFAs for 2 h at 37 °C. The data represent the
means � S.D. for triplicate determinations.
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cells. 2-Hydroxy-FAs are present in several tissues, especially in
the brain, and are formed by fatty acid 2-hydroxylase and
degraded by �-oxidation (19). 3-Hydroxy-FAs are formed dur-
ing �-oxidation in peroxisomes. Its plasma concentration was
reported to reachmicromolar order inmitochondrial fatty acid
�-oxidation disorders (20, 21). 3-Hydroxy-FAs are also found
as a major component of the lipid A moiety of LPS (22). Con-
sidering the existence of hydroxy-carboxylic acid receptors,
GPR81 (23), GPR109A (24), and GPR109B (25), which are the
receptors for 2-hydroxy-propanoate, 3-hydroxy-butyrate, and
3-hydroxy-octanoate respectively, it is likely that GPR84 works
as a sensor to both MCFAs and hydroxy-MCFAs on macro-
phages and PMNs.
A potent surrogate agonist can be instrumental in character-

izing functionally unknown or less known GPCRs. Therefore,
we subsequently screened the in-house chemical library with
the [35S]GTP�S binding assay and obtained an agonistic com-
pound, 6-OAU (26), which was originally synthesized for a
completely different purpose than this study. 6-OAU also acti-
vated human GPR84 in the presence of Gqi5 chimeric G pro-
teins in the PI assay. Furthermore, EGFP-labeled human
GPR84 internalization was observed in a GPR84-dependent
manner. All these data confirm that 6-OAU activates GPR84.
Takeda et al. (27) reported diindolylmethane as a surrogate
agonist for GPR84. Although diindolylmethanewas also a hit in
our HTS, 6-OAU activated GPR84 more potently than diin-
dolylmethane (data not shown).
The specific and abundant expression of GPR84 in activated

macrophages and PMNs in our study and others (16, 28) sug-
gests the role of its ligands in modulating leukocyte functions,

providing a potential involvement of theMCFA-GPR84 system
to the proinflammatory state. As to the function of GPR84,
Venkataraman et al. (17) reported that GPR84-deficient T cells
exhibited increased production of Th2 cytokines, although it
remains to be determined how GPR84 deficiency on macro-
phages andPMNs alters the cytokine production fromTcells in
a GPR84-deficient mice. In our preliminary experiments using
GPR84-knock-out mice, we observed no difference between
knock-out mice and WT mice with respect to Th2 cytokine
production from T cells (data not shown). On the other hand,
hydroxy-MCFAs and 6-OAU exert biological effects on human
PMNs and macrophages including chemotaxis induction and
cytokine production in this study. The chemotaxis of U937
macrophages suggests that GPR84 activation by its ligands is
coupled to a PTX-sensitive Gi/o pathway as reported previously
(16). Several groups have reported that saturated FAs directly
activate either Toll-like receptor (TLR) 2-dependent or TLR4-
dependent signaling in cultured macrophages and transfected
cells (29, 30). As both 6-OAU and 3-OH-C12 produced a very
small amount of IL-8 fromPMNs andTNF� fromU937macro-
phages in the absence of LPS, the amplification effects on the
cytokine production are not assumed to be mediated by TLR4
directly. Indeed, 6-OAU did not activate TLR2- or TLR4-de-
pendentNF-�B-luciferase reporter (data not shown). Rather, as
LPS stimulation to macrophages up-regulates GPR84 expres-
sion, this may allow the cells to easily respond to the ligands.
Up-regulation of GPR84 expression by LPS stimulation in
microglia and macrophages was also reported by others (28,
31). Then, to examine whether 6-OAU exerts any biological
effects in vivo, we performed animal experiments. Unfortu-

FIGURE 3. Identification and characterization of a surrogate agonist for GPR84. A, effect of 6-OAU on the [35S]GTP�S binding assay. Membranes from Sf9
cells expressing human GPR84 (hGPR84), human GPR109A (hGPR109A), or OXER1 fused with bovine G�i protein were incubated with 6-OAU for 1 h at room
temperature. The data represent the means � S.D. for quadruple determinations. B, effect of 6-OAU on GPR84 in the PI assay. HEK293 cells were transfected
with human GPR84 or control vector, pcDNA3.1, in the presence of Gqi5 plasmid. Cells were incubated with various concentrations of 6-OAU or 3-OH-C12 for
2 h at 37 °C. The data represent the means � S.D. for triplicate determinations. C, effect of 6-OAU on GPR40 in the PI assay. HEK293 cells were transfected with
human GPR40 or control vector, pcDNA3.1. Cells were incubated with various concentrations of 6-OAU or C14 for 2 h at 37 °C. The data represent the means �
S.D. for triplicate determinations. D, receptor internalization assay. Internalization of stably expressing human GPR84-EGFP fusion protein in HEK293 cells was
observed by fluorescence microscopy. Cells were treated without or with 0, 6.25, or 200 �M 6-OAU for 30 min.
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nately, because either 3-OH-C12 or 6-OAU had no or little
effect on peritoneal PMNs prepared from mice, we used rats
for the animal experiments. 6-OAU injection into the rat
jugular vein led to the elevation of CXCL1, which was
reported to have strong chemotactic potency on the migra-
tion of macrophages and neutrophils (32) and to be a major
chemokine produced by LPS-stimulated rat macrophages
(33). Taking these studies into consideration, they suggest
that 6-OAU has the ability to stimulate macrophage and to
induce CXCL1 production in vivo. Moreover, 6-OAU injec-
tion into the rat dorsal air pouch led to the accumulation of
PMNs and macrophages in the site. Based on all of the above
data, we suggest that the agonist for GPR84 works as a pro-
inflammatory mediator in vivo.

Soydan et al. (34) found that 3-OH-C12 increased the
amount of IL-6, one of proinflammatory cytokines, released by
human blood cells in vitro. However, they were not able to
detect 3-OH-C12 in the plasma of patients with metabolic syn-
drome, cancer, and rheumatoid arthritis (34). It remains to be
determined whether hydroxy-MCFAs can be detected in tis-
sueswith inflammation. In the past, it has beendifficult to relate
the concentration of MCFAs required to activate the receptor
to concentrations found under physiological or pathophysio-
logical conditions. Therefore,MCFAs and hydroxy-MCFAs are
still just potential ligands but not the bona fide “endogenous

ligands.” However, it might be possible that MCFAs including
the hydroxylated forms are liberated from tissues that are espe-
cially rich in fat because FFAs are released from adipocytes by
TNF�-induced lipolysis (35). Considering that all other FFA-
sensing receptors and hydroxy-carboxylic acid receptors work
to regulatemetabolic and/or inflammatory conditions (36–38),
it is likely that the MCFAs-GPR84 system can be a new player
for chronic low grade inflammation in adipose tissue, affecting
this metabolic disorder. An increased number of M1 macro-
phages in adipose tissue has appeared to be a key factor in met-
abolic inflammation (39). Neutrophils are also observed to be
infiltrated in adipose tissue and may have a role in the initi-
ating event(s) of the inflammatory cascade (40). Nagasaki et
al. (41) recently reported that high fat diet-fed mice up-reg-
ulated GPR84 expression in adipose tissue. TNF�-treated
3T3-L1 adipocytes remarkably enhanced GPR84 expression,
andMCFAs down-regulated adiponectin mRNA expression.
Altogether, a certain extent of communication between leu-
kocytes and adipocytes via MCFA in adipose tissue is sup-
posed to exist and may contribute to the state of chronic low
grade inflammation.
In summary, we have identified hydroxy-MCFAs as potential

ligands and have identified a potent surrogate agonist, 6-OAU.
We have shown that the activation of GPR84 amplifies LPS-
stimulated IL-8 production in PMNs and TNF� production in

FIGURE 4. Cellular functions of human GPR84. A, chemotaxis of human peripheral PMNs. PMNs isolated from human peripheral blood were applied onto the
upper chamber of a Transwell permeable support. Various concentrations of 6-OAU or 3-OH-C12 were added in the lower chambers of the Transwell. Transwell
permeable supports were incubated at 37 °C for 1 h. The chemotaxis activities were assessed as a percentage of migrated cells to a lower chamber across the
membrane from an upper chamber. The data were expressed as the means � S.D. of quadruple determinations. B, chemotaxis of human GPR84 stable
transfectant (CHO-GPR84). CHO-GPR84 was generated as described under “Experimental Procedures.” CHO-GPR84 cells were applied onto the upper cham-
bers of the 96-well chemotaxis chamber. Various concentrations of 6-OAU or FFAs were added into the lower chambers. The chemotaxis activities were
expressed as a migration index: (A595 of experimental well � A595 of background well)/(A595 of medium control well � A595 of background well). The data were
expressed as means � S.D.; n � 5. C, chemotaxis of U937 cell lines. U937 cells were used for the experiment after differentiation into macrophage-like cells as
described under “Experimental Procedures.” Differentiated U937 cells were applied onto the upper chambers of the 96-well chemotaxis chamber. Various
concentrations of 6-OAU or FFAs were added into the lower chambers. The chemotaxis activities were expressed as the same as B. The data were expressed as
the means � S.D. of triplicate determinations. *, p � 0.001 when compared with the medium control group (M). #p � 0.001 when compared with the
PTX-untreated group.
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macrophages, andGPR84 agonistswork as chemoattractants to
both PMNs andmacrophages in both in vitro and in vivo exper-
iments. GPR84 should be a proinflammatory receptor and may

be a novel, attractive target for treating chronic low grade
inflammation associated-disease.
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