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Abstract

Background: Neuroinflammation is a widely accepted underlying condition for various pathological processes in
the brain. In a recent study, synaptamide, an endogenous metabolite derived from docosahexaenoic acid (DHA, 22:
6n-3), was identified as a specific ligand to orphan adhesion G-protein-coupled receptor 110 (GPR110, ADGRF1).
Synaptamide has been shown to suppress lipopolysaccharide (LPS)-induced neuroinflammation in mice, but
involvement of GPR110 in this process has not been established. In this study, we investigated the possible
immune regulatory role of GPR110 in mediating the anti-neuroinflammatory effects of synaptamide under a
systemic inflammatory condition.

Methods: For in vitro studies, we assessed the role of GPR110 in synaptamide effects on LPS-induced inflammatory
responses in adult primary mouse microglia, immortalized murine microglial cells (BV2), primary neutrophil, and
peritoneal macrophage by using quantitative PCR (qPCR) and enzyme-linked immunosorbent assay (ELISA) as well
as neutrophil migration and ROS production assays. To evaluate in vivo effects, wild-type (WT) and GPR110 knock-
out (KO) mice were injected with LPS intraperitoneally (i.p.) or TNF intravenously (i.v.) followed by synaptamide (i.p.),
and expression of proinflammatory mediators was measured by qPCR, ELISA, and western blot analysis. Activated
microglia in the brain and NF-kB activation in cells were examined microscopically after immunostaining for Iba-1
and RelA, respectively.

Results: Intraperitoneal (i.p.) administration of LPS increased TNF and IL-1β in the blood and induced pro-
inflammatory cytokine expression in the brain. Subsequent i.p. injection of the GPR110 ligand synaptamide
significantly reduced LPS-induced inflammatory responses in wild-type (WT) but not in GPR110 knock-out (KO)
mice. In cultured microglia, synaptamide increased cAMP and inhibited LPS-induced proinflammatory cytokine
expression by inhibiting the translocation of NF-κB subunit RelA into the nucleus. These effects were abolished by
blocking synaptamide binding to GPR110 using an N-terminal targeting antibody. GPR110 expression was found to
be high in neutrophils and macrophages where synaptamide also caused a GPR110-dependent increase in cAMP
and inhibition of LPS-induced pro-inflammatory mediator expression. Intravenous injection of TNF, a pro-
inflammatory cytokine that increases in the circulation after LPS treatment, elicited inflammatory responses in the
brain which were dampened by the subsequent injection (i.p.) of synaptamide in a GPR110-dependent manner.

Conclusion: Our study demonstrates the immune-regulatory function of GPR110 in both brain and periphery,
collectively contributing to the anti-neuroinflammatory effects of synaptamide under a systemic inflammatory
condition. We suggest GPR110 activation as a novel therapeutic strategy to ameliorate inflammation in the brain as
well as periphery.
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Introduction
Neuroinflammation is an inflammatory condition in the
central nervous system (CNS). Inflammation is initiated
by various causes including infection, injury, or the ex-
posure to toxins, often followed by the glial activation
and production of inflammatory mediators. Growing evi-
dence identifies neuroinflammation as an underlying
condition or even a cause for the progression of neuro-
degenerative diseases such as Alzheimer’s disease, Par-
kinson’s disease, and multiple sclerosis [1–4].
Microglia, the resident immune cells of the central ner-

vous system (CNS), have long been considered the pri-
mary player for neuroinflammation [5, 6]. Nevertheless,
inflammatory cytokines IL-1α, IL-6, and TNF have been
shown to cross the blood-brain barrier (BBB) through sat-
urable transport systems [7–9]. It has been also reported
that TNF receptors at the BBB function as its transporters
[10, 11], and systemic TNF administration leads to micro-
glia activation and dopaminergic neuron loss [2], suggest-
ing active participation of the peripheral immune system
in the neuroinflammation process.
Adhesion G-protein-coupled receptors (aGPCRs) are

found in most cell types, including immune cells [12]. Sev-
eral aGPCR have been shown to regulate immune re-
sponses such as inflammatory gene transcription, immune
cell migration, phagocyte activation, and superoxide gen-
eration through their specific G-protein subunits [13–15].
Recently, an aGPCR GPR110 (ADGRF1) was identified as
the target receptor of a DHA metabolite N-docosahexae-
noylethanolamine (synaptamide), mediating the potent
neurogenic, neuritogenic, and synaptogenic activities of
synaptamide in developing neurons, through activating
Gαs-mediated cyclic adenosine monophosphate (cAMP)/
PKA signaling [16, 17]. Synaptamide was also shown to in-
hibit LPS-induced neuroinflammation through cAMP-
dependent signaling in adult mice [18], but involvement
of GPR110 has not been established. In the present study,
we investigated the mechanism through which synapta-
mide inhibits LPS-induced neuroinflammation using both
in vivo and in vitro models.

Material and methods
Chemicals and antibodies
Dulbecco’s modified Eagle medium (DMEM) was pur-
chased from American Type Culture Collection (ATCC,
Manassas, VA). Fetal bovine serum and penicillin/strepto-
mycin were purchased from Invitrogen (Carlsbad, CA,
USA). SQ 22536 was purchased from R & D Systems, Inc
(Minneapolis, MN). Lipopolysaccharides (Escherichia coli
055:B5) and forskolin were purchased from Sigma-Aldrich
(St. Louis, MO). Anti-Iba-1 antibody was purchased from
Wako (Richmond, VA, USA). Recombinant mouse TNF
was purchased from BioLegend (San Diego, CA). LTB4
and mouse recombinant CCL2 were purchased from

Cayman Chemical (Ann Arbor, MI) and BioLegend.
GPR110 N-terminal blocking antibody was purchased
from Abmart (Shanghai, China). ROS permeable indica-
tor, Carboxy-H2DCFDA, was purchased from Invitrogen
(Carlsbad, CA).

Animals
C57BL/6J mice were purchased from Charles River La-
boratories (Portage, MI, USA), and GPR110 (Adgrf1) het-
erozygous mice on C57BL/6 background were generated
by the Knockout Mouse Project (KOMP) Repository
(MMRRC_046507-UCD). GPR110 wild-type (WT) and
knock-out (KO) mice were generated by heterozygote
mating in our laboratory. All experiments in this study
were carried out in accordance with the guiding principles
for the care and use of animals approved by the National
Institute on Alcohol Abuse and Alcoholism (LMS-HK-
13). Mice 8–12 weeks of age received the intraperitoneal
(i.p.) injection of 1.0 mg/kg LPS (E. coli, serotype 055:B5,
Sigma) or intravenous (i.v.) injection of 250 μg/kg TNF
(Biolegend) followed by synaptamide injection (5mg/kg,
i.p.). At desired time point, mice were deeply anesthetized
with isoflurane and perfused quickly with chilled PBS for
RNA isolation and western blot analysis, or chilled PBS
containing 4% paraformaldehyde for immunostaining.
Blood from mice were collected by cardiac puncture be-
fore perfusing with chilled PBS. For some in vitro studies
using microglia, neutrophils, and macrophages, we used
commercially available C57BL/6J male mice. However, for
all experiments with matching WT and KO groups, we
used both male and female mice, which were generated in
house by heterozygote mating. In such case, each experi-
mental group was assigned with approximately the same
ratio of male and female mice.

Microglia cell culture
BV2 cells, a mouse microglial cell line that was a kind gift
from Dr. Ronald Mason (NIEHS, NIH), were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (ATCC)
containing 10% fetal bovine serum (GIBCO) and 1% peni-
cillin/streptomycin (Invitrogen). Murine microglia or BV2
cells were treated with LPS (Sigma-Aldrich) at a concen-
tration of 100 ng/mL with or without synaptamide at indi-
cated concentrations. The murine primary microglial cells
were isolated from non-stimulated normal brains of WT
and GPR110 KO mice at age 8–10 weeks by magnetic sep-
aration. After mice were transcardially perfused with ice-
cold PBS under anesthesia, brains were collected, washed
with cold PBS, and cut into 8 sagittal slices which were
transferred to the C tube containing enzyme mixture and
dissociated with gentleMACS dissociator according to the
manufacturer’s instruction (Miltenyi Biotec). Dissociated
brain cells were filtered by a MACS SmartStrainer
(70 μm), centrifuged at 300×g for 10min, and debris were
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removed using the manufacturer’s removal solution (1
brain: 900 μL removal solution). The cell pellet was sus-
pended in 90 μL PB buffer (PBS containing 0.5% bovine
serum albumin), incubated with 10 μL of CD11b microbe-
ads per 107 total cells for 15min in the dark at 4 °C,
washed with 1mL of the cold PB buffer and centrifuged at
300×g for 5min. The cell-bead pellet was collected and re-
suspended in 500 μL of the PB buffer and applied onto the
LS column (Miltenyi Biotec) which was prepared by rins-
ing with the 3mL of the cold PB buffer in the magnetic
field. The microglia cells captured on the beads were
retained on the column while non-target cells passed
through the magnetic field. After removing the column
from the magnetic separator, 5 mL of the PB buffer was
added onto the LS column, and the microglia cells on
beads were immediately flushed out by firmly pushing the
plunger into the column. After centrifuging at 300×g for
10min, the pellet was suspended with culture medium
(DMEM containing 10% FBS, 4 mM L-glutamine and 1%
penicillin/streptomycin) and plated on the poly-D-lysine-
coated 12-well plates at a density of 5 × 105 cells per well
without bead detachment. After cells were attached on the
plate by incubating overnight at 37 °C in 5% CO2, non-
adherent cells were removed by washing three times with
PBS at 12, 24, and 48 h after isolation, and treated with
LPS in DMEM containing 1% FBS, 4mM L-glutamine and
1% penicillin/streptomycin. The purity of our microglia
preparation was confirmed by flow cytometry (fluores-
cence-activated cell sorting, FACS) after isolation using
CD11b and CD45 as markers to distinguish the microglia
(CD45low/CD11b+) and macrophage (CD45high/CD11b+)
population (Additional file 1: Figure S1).

Isolation of mouse neutrophil
Neutrophils were obtained from the blood of 8–10-
week-old GPR110 WT and KO mice. Mice were anes-
thetized with isoflurane and the blood collected by car-
diac puncture. After centrifugation (300×g/5 min at
room temperature), the cells were resuspended in an ap-
propriate volume of specific antibody cocktail and the
suspension was constantly mixed in a rotating shaker at
4 °C for 10 min. The supernatant was removed by centri-
fugation (300×g/5 min), and the cell pellet was sus-
pended in 100 μl MACS Buffer per 107 total cells. After
15 μl of “Anti-Biotin-Microbeads” (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) per 107 total cells were
added, the suspension was incubated on the rotating
shaker for 15 min. The cells then were washed with 10
ml MACS buffer (300×g/10 min), taken up in 500 μL of
this solution and filled into a pre-equilibrated “LS MACS
column” (Miltenyi Biotec). After liquid flow stopped, the
column was washed three times with 3 mL MACS buffer
and finally once with 5 mL MACS buffer and the entire

flow-through was collected. The obtained cells were then
washed once with 10 mL PBS, and in a closing step, the
neutrophil cell number was assessed. The cells were re-
suspended in RPMI 1640 supplemented with 1% FBS
and 1% penicillin/streptomycin and immediately treated
for stimulation at 37 °C in 5% CO2. After isolation, the
neutrophils were also identified by using the specific
marker Ly6G by RT-PCR. Human neutrophil, peripheral
blood mononuclear cells (PBMC), and platelet from
healthy volunteers were isolated with an elutriator at the
NIH Blood Bank. The research using blood and blood
components was approved (99-CC-0168) by NIH Clinical
Center for Collection and Distribution of Blood Compo-
nents from Healthy Donors for In Vitro Research Use.

Isolation of peritoneal macrophage
Mice were euthanized by CO2 asphyxiation, and primary
macrophages were collected by peritoneal lavage of 8–
10 weeks old WT or KO as well as C57/BL6J mice using
10ml of ice-cold phosphate-buffer saline (PBS) with 2%
FBS and penicillin/streptomycin. The cell pellet was sus-
pended in macrophage culture medium containing
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin and incubated overnight at 37 °C in 5%
CO2. Cultures were washed three times with PBS to re-
move nonadherent cells and maintained in culture
medium until treatment.

Immunostaining
Cells stimulated with LPS (100 ng/mL) were fixed
with 4% paraformaldehyde for 30 min at room
temperature, washed with 0.1 M Tris-buffered solution
(pH 7.5, TBS), blocked with 10% normal goat serum
in TBS containing 0.3% Triton X-100 at room
temperature for 60 min, and incubated overnight with
mouse-anti-RelA antibody (1:400, Santa Cruz) at 4 °C.
The cells were washed with TBS and incubated with
Alexa Fluor 488-conjugated secondary antibodies (1:
1000, Life Technologies Corporation) at room
temperature for 60 min. To visualize nuclei, cells were
counterstained with 2 μg/mL 4′,6-diamidino-2-phenylin-
dole (DAPI). Finally, the cells were mounted with 80% (vol/
vol) glycerol, visualized under a fluorescent microscope
(IX81, Olympus Corp., Tokyo, Japan), and the image data
were processed using MetaMorph (Molecular Devices,
Sunnyvale, CA, USA) for quantitative information. For
staining brain samples, mice were anesthetized with isoflur-
ane and transcardially perfused with 0.1M phosphate buf-
fer (PB, pH 7.4) containing 4% paraformaldehyde (wt/vol),
and the brains were carefully removed. After overnight fix-
ing in 4% paraformaldehyde solution followed by submer-
ging in 30% sucrose solution at 4 °C, brains were embedded
with O.C.T. compound (Tissue-Tek, 4583) medium, frozen
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on dry ice and stored at − 80 °C freezer until use. Coronal
sections (30 μm) were prepared using Leica Cryostat and
stored into the cryoprotective solution at − 20 °C. Brain sec-
tions at the approximately same position from Bregma were
immunostained using anti-Iba-1 (Wako, catalogue number
019-19741) antibody followed by Alexa fluor-488-
conjugated F (ab’)2 fragment goat anti-rabbit IgG (Jackson
ImmunoResearch labs, catalogue number 111-546-003).

FACS analysis
Isolated cell suspensions were incubated with a FcR
blocker (5 μL/2.5 × 105 cells; BD Bioscience, San
Diego, CA) to reduce nonspecific antibody binding.
The panel of antibodies used in these experiments in-
cluded CD45-APC-Cy7 (clone 30-F11, BioLegend, San
Diego, CA) and CD11b-PE (clone M1/70, Thermo,
Waltham, MA). Cell suspensions were made in
350 μL of staining buffer (PBS with 2% fetal bovine
serum) containing the labeled antibodies (1 μL of
CD45 and CD11b) and kept on ice for 10 min. Cells
were washed twice, resuspended in 1% PFA, and after
15 min, washed twice and resuspended for flow cy-
tometry analysis using CytoFLEX flow cytometer
(Beckman Coulter, Brea, CA) with FlowJo 76.1 soft-
ware (TreeStar, San Carlos, CA).

cAMP assay
Cultured microglia (2.5 × 105 cells in 0.5 mL) were
treated with synaptamide for 15 min, and the cAMP
level was determined using a cyclicAMP XP® assay kit
(Cell signaling, Danvers, MA) according to the manu-
facturer’s protocol. Briefly, cells were lysed using a
lysis buffer including protease inhibitor cocktail (Cell
Signaling), and the cell lysate was added to the cycli-
cAMP XP® assay kit to displace HRP-linked cAMP
bound to an anti-cAMP XP® Rabbit mAb immobilized
onto a 96-well plate. After removing displaced HRP-
linked cAMP, the HRP substrate TMB was added and
cAMP concentration was measured colorimetrically at
450 nm.

RNA isolation and quantitative RT-PCR
Total RNA was extracted using Trizol according to the
manufacturer’s protocol (Invitrogen, UK). The RNA was
treated with DNase I to remove any contaminating genomic
DNA (RQ1 RNase-Free DNase; Promega) and then used for
cDNA synthesis applying reverse transcription reagents (Ap-
plied Biosystems Inc., Foster City, CA, USA). Expression of
mRNA for TNF-α, iNOS, IL-1β, IL-6, IL-10, CCL2, and
GAPDH were measured via a SYBR Green-based real-time
RT-PCR assay. Samples were analyzed in triplicate on an
ABI Prism 7900HT sequence detection system and Quanti-
Tect SYBR Green PCR kit (Qiagen, CA, USA). The

amplification conditions were 50 °C for 2min, then 95 °C for
15min, followed by 40 cycles of 95 °C for 15 s and 55 °C for
30 s. SDS 2.4 software (Applied Biosystems Inc., Foster City,
CA, USA) was used to calculate the cycle threshold (Ct) in
real-time assays. ΔΔCt was used to estimate the differential
gene expression between samples [19]. The relative expres-
sion of mRNA was calculated after normalization to
GAPDH mRNA. Primer sequences are indicated below.

For mice For human

TNF Forward CCCTCCAGAAAAGACACCATG TCTCTCCACAGGCT
TTAAGA

Reverse GCCACAAGCAGGAA
TGAGAAG

GGGCTTTGTTTATG
TAGGGT

IL-1β Forward CCACCTTTTGACAGTGATGA TCAGCCAATCTTCA
TTGCTC

Reverse GAGATTTGAAGCTGGATGCT TTCATCTGTTTAGG
GCCATC

IL-6 Forward GTCGGAGGCTTAATTACACA GAGTCTCAACCCCC
AATAAA

Reverse TTTTCTGCAAGTGCATCATC GAGAAGGAGTTCAT
AGCTGG

GPR110 Forward CCAAGAGAAGCCAAACCTCC GGACATATCAATAC
AAAGAAATGG

Reverse TTCGATAAGCCAGCAGGATG AAAGAGCCGTCTTC
TAATGG

GAPDH Forward CCACTCACGGCAAATTCAAC TTCTATAAATTGAG
CCCGCA

Reverse CTCCACGACATACTCAGCAC AATACGACCAAATC
CGTTGA

iNOS Forward CCTAGTCAACTGCAAGAGAA

Reverse TTTCAGGTCACTTTGGTAGG

CCL2 Forward GGATCGGAACCAAATGAGAT

Reverse ATTTACGGGTCAACTTCACA

Ly6G Forward GGGCTGAGAGAAAGTAAAGT

Reverse ACTTTGCAATGTGACAAGTG

F4/80 Forward TCCAAGATGGGTTAACATCC

Reverse CAAAACTGCCATCAACTCAT

ROS assays
ROS were detected with the cell-permeable dye 2′,7′-
dichlorofluoresceindiacetate (H2DCFDA) that is oxidized
by hydrogen peroxide, peroxynitrite (ONOO-), and hy-
droxy radical (OH) to yield the fluorescent molecule 2′7′-
dichlorofluorescein. Cells were plated and treated with
LPS and synaptamide. After the culture medium was re-
moved, the cells were washed with PBS and then incu-
bated with 10 μM H2DCFDA in serum-free DMEM for
15min at 37 °C and 5% CO2. After the cells were washed
twice with PBS, the intracellular 2′7′-dichlorofluorescein
was analyzed by fluorimetry at Excitation 488 nm/Emis-
sion 535 nm.
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Transmigration assay
Neutrophil migration was measured by the Boyden
chamber (Cell Biolabs, San Diego, CA). The cells
were resuspended in serum-free DMEM containing
synaptamide (10 nM) and added to the upper com-
partment of the chamber. The lower compartment
was filled with 30 nM LTB4 and 10 ng/mL CCL2 in
150 μL DMEM. The two compartments were sepa-
rated by 3 μm polycarbonate membrane. After 30-min
incubation with LTB4/CCL2 and synaptamide, cell
migration to the lower chamber was detected using
the CytoSelectTM migration assay kit (Cell Biolabs,
San Diego, CA) according to the manufacturer’s
instructions.

ELISA assays for cytokine production
Following stimulation of the cells with LPS and/or
synaptamide, supernatants were collected and assayed
using sandwich ELISA with their well-matched antibodies.
TNF, IL-1β, IL-6, and CCL2 were detected using ELISA
kits (Invitrogen Life Technologies, Frederick, MD, USA)
according to the manufacturer’s instructions [20].

Western blot analysis
Proteins from cell lysates (50 μg protein) were
separated via SDS–PAGE and electroblotted onto a
polyvinylidene difluoride (PVDF) membrane for 90
min at 100 V at 4 °C. After blocking with 5% bovine
serum albumin (BSA) for 60 min in TBS-T (20 mM
Tris–HCl, pH 7.5, 50 mM NaCl, 0.1% Tween 20), the
membrane was incubated overnight with primary anti-
bodies in 5% BSA at 4 °C, washed with TBS-T buffer,
and incubated for 60 min in anti-rabbit or anti-mouse
IgG–horseradish peroxidase (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) secondary antibodies di-
luted in 5% BSA (1:3000). After treating with
chemiluminescence reagents (Thermo Fisher Scien-
tific, Rockford, IL, USA), protein bands were detected
and quantified using a Kodak Gel Logic 440 imaging
system with Image J software. Unless specified other-
wise, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the loading control for all
western blotting analyses.

Statistical analysis
The results are expressed as means ± SEM for triplicate
determinations and represent at least three independent
experiments. The statistical analysis included Student’s t
test and a one-way ANOVA followed by Dunnett’s test
for multiple comparisons. The mean differences were
considered significant when P < 0.05.

Results
In vivo anti-neuroinflammatory effect of synaptamide is
GPR110-dependent
We have previously reported that synaptamide suppresses
LPS-induced neuroinflammation [18]. To test the
involvement of GPR110 in synaptamide-mediated anti-
neuroinflammatory responses, pro-inflammatory cytokine
expression was compared between WT and GPR110 KO
mice after the mice were injected with LPS (1mg/kg, i.p.)
followed by synaptamide (5mg/kg, i.p.). At 2 h after LPS in-
jection, mRNA levels of the proinflammatory genes TNF,
IL-1β, IL-6, and iNOS in WT brain tissue increased 8.6 ±
2.9, 64.2 ± 14.7, 69.6 ± 16.5, and 439.6 ± 71.0 folds, respect-
ively. Subsequent injection of synaptamide significantly
dampened the LPS-induced mRNA expression of these me-
diators by 71.8, 73.3, 48.9, and 92.2%, respectively, in WT
but not in GPR110 KO mice (Fig. 1a). At 2 and 24 h after
LPS injection, the plasma protein level of TNF and IL-1β
increased significantly by 127.2 ± 2.8 (2 h)/3.5 ± 0.1 (24 h)
and 9.9 ± 1.8 (2 h)/25.9 ± 2.9 (24 h) fold, respectively
(Fig. 1b). Like the case with the brain mRNA levels (Fig. 1a),
synaptamide significantly suppressed the LPS-induced in-
crease in plasma proinflammatory proteins at both time
points in WT, but not in GPR110 KO mice (Fig. 1b). As an
inflammatory marker, we compared the effect of synapta-
mide on the number of activated microglia in WT and
GPR110 KO mice. Brain sections were prepared at 24 h
after LPS and synaptamide injections and immunostained
with antibody against the microglial marker Iba-1. In the
WT and GPR110 KO mice, systemic LPS administration
significantly increased the number of activated microglia in
the corpus callosum and hippocampus (Fig. 1c). Other
brain regions such as the cortex and thalamus also showed
the similar trend of increase in microglia activation after
LPS stimulation (Additional file 1: Figure S2). Subsequent
synaptamide treatment significantly reduced LPS-induced
iba-1 immunoactivity in WT mice, but synaptamide
showed no effects in GPR110 KO mice. Western blot ana-
lysis also indicated that synaptamide significantly lowered
the LPS-induced Iba-1 protein expression in the brains of
WT, but not in GPR110 KO mice (Fig. 1d). These data in-
dicated that the anti-neuroinflammatory effect of synapta-
mide in vivo is GPR110-dependent.

GPR110 mediates the inhibitory effects of synaptamide
on LPS-induced inflammatory responses in microglia
Although the GPR110 expression in the brain is high
during development, its level diminishes afterwards [16],
raising a question about the significance of GPR110 in
the inhibitory effects of synaptamide on neuroinflammation
in the adult stage. Therefore, we first examined the
possibility of GPR110 induction in response to LPS in
microglia cells that are known to be the major player for
inflammation in the brain. We found that GPR110
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expression was indeed increased in microglia cells and
brain tissue in as little as 30min after LPS treatment
(Fig. 2a), suggesting that the GPR110 receptor can be
upregulated by inflammation for host defense in the brain.
The role of GPR110 in the synaptamide-induced anti-
inflammatory responses was tested in vitro using the N-ter-
minal targeting GPR110 antibody that was shown to block
ligand binding [16]. Microglial cells were pre-treated with
300 ng/mL GPR110 antibody or IgG control for 30min
prior to LPS and synaptamide treatment. Synaptamide sig-
nificantly suppressed LPS-induced TNF and IL-1β mRNA
expression in the IgG control; however, the GPR110 anti-
body completely blocked the inhibitory effect of synapta-
mide on TNF and IL-1β expression at 2 h after LPS
treatment (Fig. 2b). At 24 h after treatment, LPS-induced
increases in TNF and IL-1β protein were also significantly
suppressed by synaptamide in culture medium, and the
suppression was blocked by the GPR110 antibody (Fig. 2c).
Previous studies showed that cAMP/PKA signaling atten-
uates LPS-induced inflammatory responses by inhibiting
NF-κB activation [21, 22], and that synaptamide-mediated
inhibition of the LPS-induced RelA nuclear translocation

and proinflammatory responses also were cAMP/PKA-
dependent [20]. Therefore, we further tested whether
GPR110 activation mediates synaptamide-induced cAMP
production and inhibition of NF-κB activation in micro-
glia cells. The N-terminal targeting GPR110 antibody
completely blocked synaptamide-induced cAMP elevation
(Fig. 2d) and inhibition of RelA (p65) translocation to nu-
cleus (Fig. 2e). These results suggest that GPR110 activa-
tion is essential for synaptamide to block LPS-induced
NF-kB activation and thus suppress pro-inflammatory re-
sponses in microglia.

Synaptamide suppresses LPS-induced inflammatory
responses of peripheral innate immune cells in a GPR110/
cAMP-dependent manner
Intraperitoneally injected synaptamide has been detected
in the plasma as well as in the brain [18], strongly
suggesting that synaptamide may also act on peripheral
immune cells for suppressing immune responses.
However, the role of GPR110 in innate immune cells
during acute inflammation is unclear. To find possible
target cells for synaptamide action, we first examined the

Fig. 1 Anti-inflammatory effects of synaptamide in vivo require GPR110 receptor. Wild-type (WT) and GPR110 knock-out (KO) C57BL/6 mice (n= 3 for each
group) were treated with synaptamide (5mg/kg, i.p.) following LPS injection (1mg/kg, i.p.), and brain and blood samples were collected to determine LPS-
induced gene or protein expression at 2 and/or 24 h. The cytokine/chemokine mRNA expression in the brain was determined by qPCR at 2 h after LPS/
synaptamide injection (a). The cytokine protein levels in blood were determined by ELISA at 2 and 24 h after LPS/synaptamide injection (b). Brain sections
(30-μm-thick) were prepared 24 h after LPS/synaptamide injection and immunostained for Iba-1, and fluorescence microscopic images of the corpus
callosum (CC) and hippocampus (HP) are presented along with quantification results of Iba-1 (c). The Iba-1 protein levels are shown by Western blot
analysis of the whole brain extract (d). The cytokine protein levels in the blood were determined by ELISA at 2 and 24 h after LPS/synaptamide injection
(c). Values are presented as mean ± SEM (n= 3) representing two independent experiments. ns, the difference of means is not statistically significant
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GPR110 expression on several mouse innate immune cells.
In contrast to peripheral blood mononuclear cells (PBMC)
and platelets, neutrophils and macrophages highly
expressed GPR1110 (Fig. 3a). To further determine
whether these cells respond to synaptamide, we measured
the synaptamide-induced cAMP increase, a downstream
second messenger of GPR110 activation. Synaptamide sig-
nificantly elevated the intracellular cAMP level in WT
mouse neutrophils and peritoneal macrophages (Fig. 3b).
However, synaptamide did not increase cAMP in GPR110
KO mouse-derived neutrophils or macrophages (Fig. 3b).
The LPS-induced proinflammatory cytokine/chemokine ex-
pression was significantly suppressed by synaptamide in
WT- but not in GPR110 KO-derived neutrophils and mac-
rophages (Fig. 3c). Similarly, human neutrophils highly
expressed GPR110 (Additional file 1: Figure S3A) while
PBMC and platelets did not, and incubation of the neutro-
phils with synaptamide increased cAMP (Additional file 1:
Figure S3B) and suppressed LPS-induced proinflammatory
cytokines TNF, IL-1b, and IL-6 (Additional file 1: Figure
S3C). In addition, the anti-inflammatory effect of synapta-
mide was abolished by an adenylyl cyclase inhibitor, SQ
22536, as shown in Fig. 3d for the LPS-induced TNF and

IL-1β mRNA expression in both neutrophils and macro-
phages. LPS also elicited innate immune responses such as
transmigration of neutrophils (Fig. 3e) and ROS production
in macrophages (Fig. 3f). Synaptamide in a GPR110-
dependent manner significantly inhibited neutrophil migra-
tion (Fig. 3e) and ROS production in macrophages (Fig. 3f)
evaluated at 30min and 2 h after LPS treatment, respect-
ively. These results indicate that synaptamide suppresses
LPS-induced proinflammatory responses also in peripheral
cells including neutrophils and macrophages by activating
GPR110/cAMP signaling.

Synaptamide suppresses TNF-challenged
proinflammatory responses
The systemic administration of LPS produces an acute
inflammatory response in the brain as indicated in Fig. 1
even though LPS cannot cross the BBB. It has been
reported that cytokines such as TNF and IL-6 contained
in the circulation can reach the brain by saturable trans-
port systems or transporter/receptors [9, 23]. Therefore,
the modulation of neuroinflammatory responses may
occur as a secondary effect of the proinflammatory cyto-
kines in the plasma, which are significantly elevated after

Fig. 2 Blocking GPR110 activation abolishes the anti-inhibitory effects of synaptamide in microglia. Cells were incubated with LPS (100 ng/mL) for the
indicated time, and GPR110 mRNA levels were determined by qPCR, showing LPS-induced elevation of GPR110 in BV2 murine microglia cell line, 8-week-
old mice-derived primary adult microglia and 8-week-old mice whole brain (a). Control IgG and GPR110 N-terminal blocking antibody (300 ng/mL) were
added 30min prior to LPS treatment (100 ng/mL). Synaptamide (10 nM) was added immediately after LPS exposure. The mRNA levels of TNF and IL-1β
were determined by qPCR after incubation for 1 h (b). After 24 h, accumulated levels of TNF and IL-1β in the media were measured by ELISA (c). Cells were
treated with 10 nM synaptamide or 10 μM forskolin (Fors) as a positive control for 15min, and cAMP levels were measured. Translocation of RelA (p65) was
determined in BV2 cells by immunocytochemistry (red, RelA; blue, DAPI) (e). The data are expressed as the mean ± SEM (n= 3) representing at least three
independent experiments. ns, the difference of means is not statistically significant
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LPS injection and inhibited by synaptamide via a
GPR110-dependent mechanism (Fig. 1c). We tested this
possibility under a TNF-challenged condition. As ex-
pected, intravenous injection of TNF (250 μg/kg) in-
creased the mRNA expression of proinflammatory
mediators IL-1β, IL-6, iNOS, and CCL2 in the brain by

16.3 ± 2.3, 13.8 ± 1.9, 37.7 ± 8.8, and 44.7 ± 4.4 folds, re-
spectively. The subsequent injection of synaptamide (5
mg/kg, i.p.) significantly lowered the expression of IL-1β,
IL-6, iNOS, and CCL2 in the brain by 46.4, 42.4, 43.7,
and 37.6%, respectively, in WT but not in GPR110 KO
mice (Fig. 4a). The western blot with quantitative

Fig. 3 Synaptamide suppresses LPS-induced inflammatory responses in neutrophils and macrophages in a GPR110/cAMP-dependent manner.
Levels of GPR110 mRNA were determined by qPCR in primary microglia (Mi), peritoneal macrophage (Mc), neutrophil (Neu), peripheral blood
mononuclear cells (PBMC), and platelets (Pla). Cell purity was determined by PCR using specific marker proteins (Iba-1 for microglia; Ly6G for
neutrophil, F4/80 for macrophage) (a). WT- and GPR110 KO-derived neutrophils and macrophages were treated with 10 nM synaptamide for 15
min, and cAMP levels were measured (b). The cytokine/chemokine expression in the neutrophils and macrophages was determined by qPCR at
1 h after treatment of 100 ng/mL LPS followed by 10 nM synaptamide (c). Adenylyl cyclase inhibitor (SQ 22536, 10 μM) was added 30 min prior to
LPS/synaptamide treatment. Levels of TNF and IL-1β mRNA were determined by qPCR after 1-h incubation in neutrophils and macrophages (d).
Activity of transmigration was determined by Boyden chamber assay (at 30 min) after incubation. WT and GPR110 KO-derived neutrophils were
incubated with LTB4 (30 nM)/CCL2 (10 ng/mL) or LPS (100 ng/mL) and/or 10 nM synaptamide (e). WT and GPR110 KO-derived peritoneal
macrophages were incubated with LPS (100 ng/mL) and synaptamide (10 nM) for 2 h, and intracellular ROS level was determined by
immunocytochemistry and ELISA using H2DCFDA (10 μM) (f). The data are expressed as the mean ± SEM (n = 3) representing at least three
independent experiments. ns, the difference of means is not statistically significant
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analysis also showed that TNF markedly induced proin-
flammatory marker proteins such as IL-1β and Iba-1 in
the brain tissue and that these proteins were significantly
suppressed in a GPR110-dependent manner when the
mice were treated with synaptamide (Fig. 4b). Similar re-
sults were observed in isolated microglial cells obtained
from adult WT and GPR110 KO mice. At 1 h after treat-
ment with TNF (20 ng/mL), the mRNA expression of
proinflammatory mediators IL-6 and CCL2 was signifi-
cantly increased in both WT- and KO-derived microglia,
but this increase was attenuated by synaptamide (10 nM)
only in WT-derived microglia (Fig. 4c). In the plasma,
the IL-6 and CCL2 protein levels were also elevated after
TNF challenge, and this increase was partially blocked
by the subsequent injection of synaptamide in a
GPR110-dependent manner (Fig. 4d). These data indi-
cated a direct link between circulating inflammatory me-
diators and neuroinflammatory responses, suggesting
that synaptamide-induced GPR110 activation in both
brain microglia and peripheral immune cells plays a sig-
nificant role in suppressing neuroinflammation.

Discussion
In this study, we demonstrate that LPS rapidly induces
GPR110 in the adult brain and that the activation of

GPR110/cAMP signaling is essential for the anti-
inflammatory effects of synaptamide. Under the LPS-
induced systemic inflammatory condition, synaptamide
inhibited neuroinflammation by activating GPR110 in per-
ipheral and brain immune cells where GPR110 expression
is either high or elevated after LPS challenge, respectively.
Neuroinflammatory mechanisms are increasingly

implicated in the pathogenesis of neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease,
and traumatic brain injury [24–26]. Microglia, as potent
immune effector cells in the brain, produce and release
proinflammatory and cytotoxic mediators such as
cytokines, chemokines, and reactive oxygen species upon
activation, leading to compromised neuronal survival
and function [27–29]. We demonstrated in this study
that activation of GPR110 (ADGRF1), the target
receptor of synaptamide, suppressed inflammatory
responses caused by LPS through a cAMP-dependent
process. The immune regulatory nature of GPR110 acti-
vation observed in not only microglia but also peripheral
innate immune cells collectively contributed to the anti-
neuroinflammatory effects of synaptamide under a sys-
temic inflammatory condition.
G protein-coupled receptors (GPCRs) are major thera-

peutic targets for a variety of diseases including

Fig. 4 Synaptamide suppresses TNF-challenged pro-inflammatory responses. Mice were injected with synaptamide (5 mg/kg, i.p.) following TNF
injection (250 μg /kg, i.v.), and brain and blood samples were collected after 1 h to determine inflammatory gene expression by qPCR (a) and the
protein level in the whole brain by the Western blot analysis with quantitative results (b). Primary adult microglia cells were stimulated with TNF
(20 ng/mL) followed by 10 nM synaptamide for 1 h (c). The protein level in the blood was analyzed by ELISA (d). Values are presented as mean ±
SEM (n = 3). ns, the difference of means is not statistically significant
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inflammation as they regulate a wide range of physio-
logic and pathophysiologic processes. In recent years,
growing evidence indicated the involvement of aGPCR
in inflammation [12]. For example, EMR2 (ADGRE2)
was shown to regulate neutrophil adhesion, ROS pro-
duction, and migration [30] while the activation of
GPR97 (ADGRG3) suppresses inflammation via cross-
talk between Gαs and Gαi in peripheral mononuclear
cells [31]. Our current study revealed that GPR110 is a
new aGPCR member transmitting anti-inflammatory sig-
nals by elevating cAMP which is a well-established regu-
lator of innate and adaptive immune responses [32].
Synaptamide, an endogenous ligand of GPR110 [17], sup-
pressed LPS-induced pro-inflammatory cytokine expres-
sion both in vivo (Figs. 1 and 4) and in vitro (Figs. 2 and
3) only in the presence of GPR110, indicating the necessity
of GPR110 activation for the anti-inflammatory action of
synaptamide. It is well established that the inflammatory
response is coordinated by hundreds of genes that pro-
mote host defense against injury or infection [33–35]. The
rapid induction of GPR110 upon LPS challenge in micro-
glia and brain (Fig. 2), where GPR110 expression is dimin-
ished in the adult stage [17], suggests that GPR110
induction is a part of the neuroprotective mechanism,

stimulating immune regulatory defense capacity in the
brain.
Even though brain has long been considered

immunologically protected by the BBB [36, 37], recent
studies have shown that the central nervous and the
peripheral immune systems can communicate via
diverse means such as alteration of the BBB [38, 39],
release of microbial short-chain fatty acids [40, 41], or
exposure to proinflammatory cytokines from the circula-
tory system [42] [23]. LPS cannot cross the BBB, but nu-
merous studies in animals demonstrated that acute
systemic exposure to LPS induces pro-inflammatory
cytokine expression in the brain [43, 44]. Under this
condition, peripheral immune cells including macro-
phages and neutrophils are known to play major roles in
the onset and maintenance of systemic and brain inflam-
mation [45]. The high GPR110 expression, GPR110-
dependent cAMP increase, and inhibition of LPS-
induced cytokine expression in neutrophils and macro-
phages (Fig. 3a-c) suggest that these cells are among the
peripheral targets of synaptamide that contribute to the
anti-neuroinflammatory effects of synaptamide. Other
peripheral immune targets that produce and release in-
flammatory mediators such as epithelial [46, 47] or

Fig. 5 Proposed model for synaptamide/GPR110-mediated suppression of LPS-induced neuroinflammation. LPS induces activation of peripheral
immune cells such as neutrophils and macrophages, which increases the level of pro-inflammatory mediators. Under systemic inflammatory
conditions, inflammatory molecules produced by peripheral immune cells traverse the blood-brain barrier and activate microglia causing
neuroinflammation. Pharmacologically administered synaptamide acts on central and peripheral targets where GPR110 is expressed or induced
after LPS challenge to ameliorate neuroinflammation through cAMP-dependent immune regulatory mechanisms. Synaptamide endogenously
produced from DHA in the brain or peripheral tissues can also be protective
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innate lymphoid cells [48, 49] may also play a role in
GPR110-dependent anti-neuroinflammatory effects in
the LPS-induced systemic inflammatory condition, and
this possibility requires further investigation.
Neutrophil migration [50] and ROS production by

macrophages are critical components of the host defense
mechanism [51]. Nevertheless, unregulated activation of
neutrophils or macrophages can be detrimental to the host
and cause tissue injury. Systemic LPS models are often
used to replicate uncontrolled inflammation associated
with sepsis and neurodegenerative or autoimmune diseases
[52–55]. The GPR110-dependent inhibition of neutrophil
migration and macrophage ROS production observed in
the LPS model (Fig. 3e, f) suggests that GPR110 activation
may protect against tissue or organ damage caused by over-
active neutrophils or macrophages under uncontrolled in-
flammatory conditions.
Once activated, the peripheral innate immune cells

secrete a variety of mediators like cytokines, reactive
oxygen species, or chemokines that regulate the
microenvironment and determine the direction of the
immune responses [56–58]. The circulating cytokines
in turn cause neuroinflammation after transport to
the brain [10, 59, 60], which is consistent with the
pro-inflammatory responses induced by TNF in cul-
tured microglial cells and in the brain after intraven-
ous injection in our current study (Fig. 4). In such
case, LPS-induced neuroinflammation is a secondary
effect of peripheral pro-inflammatory cytokine pro-
duction [2], and both peripheral and central immune
systems that can transmit the GPR110/cAMP signal
are targets for the anti-inflammatory effects of synapta-
mide. Figure 5 presents a proposed model for GPR110-
mediated suppression of LPS-induced neuroinflammation.
Through activating Gαs-coupled GPR110, intraperitoneally
injected synaptamide first elevates the cAMP level and sup-
presses peripheral pro-inflammatory cytokine production
by immune cells that include neutrophils and macrophages.
Subsequently, the circulating pro-inflammatory cytokines
enter the brain and activate microglia [10, 59, 60]. Synapta-
mide also enters the brain [18] and inhibits microglial pro-
duction of additional pro-inflammatory mediators through
GPR110/cAMP signaling. The GPR110-dependent
pharmacological action of synaptamide in both central
and peripheral immune cells cooperatively ameliorates
neuroinflammation caused by systemic LPS adminis-
tration. This proposed mechanism may explain the
generally better anti-neuroinflammatory effects of
synaptamide observed in vivo (Fig. 1a) compared to
in vitro effects on individual cells (Figs. 2b, 3c). By
the same mechanism, synaptamide produced endogen-
ously from DHA under challenged conditions may
also have a neuroprotective role by acting on these
innate immune cells.

Conclusions
We have demonstrated that activation of GPR110 by
synaptamide exerts an anti-neuroinflammatory function
by upregulating cAMP-dependent signaling in microglia
and innate peripheral immune cells under LPS- or TNF-
α-stimulated conditions. The necessity of GPR110 for
the anti-inflammatory effects of synaptamide revealed
GPR110 as a new GPCR target for immune regulatory
function. We propose that GPR110-mediated inhibition
of innate immune cell activation may serve as a new
therapeutic strategy for controlling brain and/or periph-
eral inflammation and related diseases.

Footnote
The term “synaptamide” instead of “DHEA” was used
for N-docosahexaenoylethanolamine since DHEA is a
widely used and accepted term for the steroid,
dehydroepiandrosterone.
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Supplementary information accompanies this paper at https://doi.org/10.
1186/s12974-019-1621-2.

Additional file 1: Figure S1. FACS analysis showing no macrophage
contamination in microglia preparation. Microglia and peritoneal
macrophages isolated from 8 weeks old normal mice were labeled with
CD11 and CD45 and analyzed by flow cytometry. The CD11b +/CD45 low

microglia cell population shows no overlap with CD11b + / CD45 high

macrophage population, indicating that the microglia cell preparation
was not contaminated with macrophages. Figure S2. Fluorescence
microscopic images of the Cortex (CX), hippocampus (HP) and Thalamus
(TH) obtained from brain sections prepared 24 h after LPS/synaptamide
injection and immunostained for Iba-1. LPS increased Iba-1 staining while
synaptamide injection prevented the LPS effect. Scale bar: 500 μm. Figure S3.
Synaptamide increases cAMP production and suppresses LPS-induced inflam-
matory responses in human neutrophils where GPR110 is highly expressed.
Levels of GPR110 mRNA were determined by qPCR in neutrophils (Neu), per-
ipheral blood mononuclear cells (PBMC), and platelets (Pla) isolated from
healthy donors (A). Neutrophils were treated with 10 nM synaptamide and 10
μM forskolin (For) for 15 min, and the cAMP level was measured (B). The cyto-
kine expression in the neutrophils was determined by qPCR at 1 h after treat-
ment of 100 ng/mL LPS followed by 10 nM synaptamide (C).
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