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Lysophosphatidylinositol, an Endogenous Ligand for G
Protein-Coupled Receptor 55, Has Anti-inflammatory
Effects in Cultured Microglia

Tomoki Minamihata,! Katsura Takano,' Mitsuaki Moriyama ,"? and Yoichi Nakamura'

Abstract—Lysophosphatidylinositol (LysoPI), an endogenous ligand for G protein-coupled
receptor (GPR) 55, has been known to show various functions in several tissues and cells;
however, its roles in the central nervous system (CNS) are not well known. In particular, the
detailed effects of LysoPI on microglial inflammatory responses remain unknown. Microglia
is the immune cell that has important functions in maintaining immune homeostasis of the
CNS. In this study, we explored the effects of LysoPI on inflammatory responses using the
mouse microglial cell line BV-2, which was stimulated with lipopolysaccharide (LPS), and
some results were confirmed also in rat primary microglia. LysoPI was found to reduce LPS-
induced nitric oxide (NO) production and inducible NO synthase protein expression without
affecting cell viability in BV-2 cells. LysoPI also suppressed intracellular generation of
reactive oxygen species both in BV-2 cells and primary microglia and cytokine release in
BV-2 cells. In addition, LysoPI treatment decreased phagocytic activity of LPS-stimulated
BV-2 cells and primary microglia. The GPR55 antagonist CID16020046 completely
inhibited LysoPI-induced downregulation of phagocytosis in BV-2 microglia, but did not
affect the LysoPI-induced decrease in NO production. Our results suggest that LysoPI
suppresses microglial phagocytosis via a GPR55-dependent pathway and NO production
via a GPR55-independent pathway. LysoPI may contribute to neuroprotection in pathological
conditions such as brain injury or neurodegenerative diseases, through its suppressive role in
the microglial inflammatory response.
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INTRODUCTION

Microglia are immune cells of the central nervous
system (CNS) that survey the environment in a quiescent
state by extending and protruding their processes. By
detecting abnormalities, such as insults or inflammation
in the CNS, microglia are activated to maintain CNS
homeostasis by phagocytosing dead cells or pathogens
and releasing cytokines [1-4]. However, aberrantly acti-
vated microglia damage neurons by producing excess
amounts of nitric oxide (NO), reactive oxygen species
(ROS), and cytokines such as tumor necrosis factor
(TNF)-o and interleukin (IL)-1[3, eventually causing neu-
ronal dropout by phagocytosing injured neurons [1, 2, 5].
Therefore, adequate control of microglial function in neu-
roinflammation is essential.

Lysophospholipids (LPLs) are phospholipids that
have lost a fatty acid from the sn-1 or sn-2 position by
phospholipase Al or A2, respectively [6, 7], and are clas-
sified according to their polar group in the structure. Re-
cently, increasing evidence has indicated that LPLs have
several different functions in various types of cells via each
receptor [8, 9]. In addition, it has been reported that some
LPLs have effects on inflammation and immunity. For
example, some types of LPLs, including lysophosphatidic
acid, sphingosine-1-phosphate, and lysophosphatidylcho-
line, produce proinflammatory cytokines such as IL-1f3
and IL-6 [10—12]; however, other types of LPLs, including
lysophosphatidylserine and lysophosphatidylethanol-
amine, exert an anti-inflammatory effect [13, 14]. As for
lysophosphatidylinositol (LysoPI), some reports showed
that it enhanced extracellular signal-regulated kinase
(ERK) or nuclear factor of activated T cell activity, leading
to the induction of inflammatory responses [15, 16]. Fur-
thermore, some report pro-inflammatory effects and others
report anti-inflammatory effects of the same LPLs [7, 17—
19]. These observations imply the complexity of the effect
of LPLs on inflammation and immunity, which may arise
from the difference in the position, unsaturation degree,
and/or length of the acyl chain. Thus, further studies are
needed to reveal the precise effects of LPLs in each type of
tissue and cells.

LysoPI is an endogenous ligand for G protein coupled
receptor (GPR) 55, although other candidate receptors for
LysoPI have also been suggested [7]. Celorrio et al. [20]
found that the expression of GPR55 in the striatum was
downregulated in a mouse model of Parkinson’s disease,
and activation of GPRS55 by agonists relieved haloperidol-
induced catalepsy in the mouse model. Thus, it has been
suggested that GPRSS can be a therapeutic target for the
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treatment of neurodegenerative disorders including Parkin-
son’s disease [7, 20, 21]. Additionally, another study
showed that the rat brain contains a significant amount of
LysoPI [22]. However, the functions of LysoPI and its
receptor GPRS5 in the CNS are not fully understood. As
for the microglia, Pietr et al. [23] demonstrated that GPR55
was highly expressed by mouse primary microglia and
BV-2 cells and its expression was inversely affected by
LPS or IFN-y stimulation, respectively. They also showed
that the pre-stimulation with IFN-y, which enhanced
GPRS55 expression, boosted LysoPI-induced phosphoryla-
tion of ERK in BV-2 microglia, but did not investigate the
effects of LysoPI on inflammatory responses by activated
microglia. Moreover, Kallendrusch et al. [24] found that
LysoPI exerts a neuroprotective effect against N-methyl-D-
aspartate-mediated neuronal excitotoxicity depending on
GPRSS in rat organotypic hippocampal slice cultures.
However, the question of whether LysoPI affects the
immune/inflammatory functions of the microglia and the
detailed mechanisms by which LysoPI exerts neuroprotec-
tion from the activated microglia remain unclear.

In this study, we investigated the effects of LysoPI on
inflammatory responses in the microglia that were stimu-
lated experimentally by LPS to reveal whether LysoPI
exerts a neuroprotective role via microglia. Furthermore,
if LysoPI exerts neuroprotective functions by suppressing
the microglial inflammatory responses, we also explored
how LysoPI suppresses the microglial inflammatory
responses. LysoPI treatment suppressed LPS-induced neu-
roinflammatory responses such as NO, ROS, and cytokine
production and phagocytic activity by microglia. These
results suggest that the suppressive effect of LysoPI on
microglial inflammatory responses may contribute to
neuroprotection.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

Lipopolysaccharide (LPS; derived from E. coli
0127:B8), anti-(3-actin antibody, 2’,7'-dichlorofluorescin
diacetate (H,DCFDA), and protease inhibitor cocktail
were bought from Sigma Chemical Co. (St. Louis, MO,
USA). Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum (FBS), and horse serum were bought from
Gibco BRL (Grand Island, NY, USA). L-x-Lysophospha-
tidylinositol sodium salt (LysoPI; derived from bovine
liver, mainly composed of Cg:¢) was obtained from Avanti
Polar Lipids (Alabaster, Alabama, USA). LysoPI



Lysophosphatidylinositol Anti-inflammatory Effects in Microglia 1973

ammonium salt (derived from porcine liver, mainly com-
posed of Cig:¢) was purchased from Olbracht Serdary
Research Laboratories (Toronto, Ontario, Canada). O-
1602 (5-Methyl-4-[(1R,6R)-3-methyl-6-(1-methyle-
thenyl)-2-cyclohexen-1-yl]-1,3-benzenediol) and
CID16020046 (4-[4,6-dihydro-4-(3-hydroxyphenyl)-3-(4-
methylphenyl)-6-oxopyrrolo[3,4-c]pyrazol-5(1H)-yl]-ben-
zoic acid) were obtained from Cayman Chemical Co. (Ann
Arbor, MI, USA). 2,3-Diaminonaphthalene (DAN) and 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) were purchased from Dojindo (Kumamoto,
Japan). Dr. H. Thara of Osaka Prefecture University Grad-
uate School of Science kindly provided antibody against
iNOS for us. Horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (H + L) antibody was obtained from
Bio-Rad (Hercules, CA, USA). Immobilon™ Western
Chemiluminescent HRP substrate was bought from Milli-
pore Co. (Billerica, MA, USA).

Cell Cultures

This study was approved by the ethics committees for
animal experimentation at Osaka Prefecture University
(Permit No.: 30-33) and carried out according to the Guide-
line for Animal Experimentation at Osaka Prefecture Uni-
versity. Rat primary microglia were prepared from the
whole brains of 1-day-old newborn Wistar rats as de-
scribed previously [25] with slight modification. In brief,
the brains were triturated with DMEM using a Pasteur
pipette, and dissociated by 0.25% trypsin in Ca”* and
Mg**-free phosphate-buffered saline containing 5.5 mM
glucose for 15 min at 37 °C with gentle shaking. To
inactivate trypsin, an equal volume of horse serum con-
taining 0.1 mg/mL DNase I was added to the medium, and
then the tissues were centrifuged at 350xg for 5 min. The
tissue pellets were suspended with DMEM supplemented
with 10% FBS, 100 mg/L streptomycin, and 5 x 10* units/
L penicillin. The cell suspension was plated onto
polyethyleneimine-coated plastic bottles. The cells were
maintained at 37 °C in a 95% air/5% CO, condition, and
the medium was replaced once a week. On 14 days in vitro,
microglia were collected from mixed glial cell culture by
shaking the plastic bottles at 100 rpm for 1 h, and seeded on
96-well or 24-well plates for suspension culture at a density
of 4% 10° cells/mL. After 1 h, to remove non-adherent
cells, the medium was changed and the remaining micro-
glia were cultured for 1 day in 10% FBS-containing
DMEM. Then, cells were stimulated with LPS with or
without LysoPI. In our culture, more than 95% of the cells

were positive to anti-Iba-1 antibody (rabbit polyclonal;
Bio-Rad (Hercules, CA, USA)).

The Laboratory of Molecular Pharmacology at Kana-
zawa University Graduate School kindly provided mouse
microglial cell line BV-2 cells for us. BV-2 cells were
cultured in DMEM with 10% FBS and antibiotics (strep-
tomycin (100 mg/L)/penicillin (50,000 units/L)) at 37 °C in
a 95% air/5% CO, condition using a dish or plate for the
suspension culture (Sumilon, Sumitomo Bakelite Co.,
Tokyo, Japan). Cells were passaged once a week.

Although it has been reported that some different
characteristics exist between BV-2 cells and primary
microglia [26, 27], BV-2 cells are widely used as a substi-
tute for primary microglia in a great number of studies.
Thus, we used both BV-2 cells and primary microglia to
confirm that primary microglial cells can be replaced by
BV-2 cells to assess the effects of LysoPI on microglial
inflammatory responses.

Nitrite Assay

We evaluated NO released by BV-2 microglia as the
level of nitrite (NO, ), a relatively stable metabolite of NO.
The level of nitrite was measured as previously described
[25]. BV-2 cells were seeded on a 96-well plate. After 24 h,
cells were stimulated with 100 ng/mL LPS with or without
LysoPI in serum-free DMEM for 24 h. The reason why we
stimulated cells under serum-free conditions is that serum
proteins such as albumin prevent LPLs from functioning
by binding to them [28]. Amounts of nitrite accumulated in
the medium were determined fluorometrically using DAN
reagent with a microplate reader (ARVO 1420 Multilabel
counter; Wallac, PerkinElmer Co.) at an excitation wave-
length of 355 nm and emission wavelength of 460 nm.

Cell Viability Assay

Cell viability was assessed as the total mitochondrial
activity using MTT assay as described previously [29].
Cells were seeded on a 96-well plate. After 24 h, cells were
stimulated with LPS in the presence or absence of LysoPI
in serum-free DMEM for 24 h, and then incubated with
MTT solution for 1 h at 37 °C, and the generated formazan
was dissolved in DMSO. The absorbance was measured at
585 nm with a microplate reader (ARVO 1420 Multilabel
counter).

Immunoblotting

We quantified iNOS protein expression by immuno-
blotting analysis. BV-2 cells were plated in a non-coating
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35-mm dish for suspension culture (Sumilon). After 24 h,
cells were treated with LPS with or without LysoPI in
serum-free DMEM for 24 h. After preparation of cell
lysates, samples were electrophoresed and immunoblotted
as described previously [29]. Immunoblotting was con-
ducted with primary antibodies against iNOS (1:1000) or
[3-actin (1:100,000) and secondary antibody, HRP-
conjugated anti-mouse IgG antibody (1:10,000). Proteins
that reacted with these antibodies were detected by Immo-
bilon™ Western Chemiluminescent HRP Substrate. De-
tection bands were analyzed by Lumino Image Analyzer
(LAS-4000, Fujifilm, Tokyo, Japan). Protein concentra-
tions were measured by Bradford’s method [30] using
Coomassie brilliant blue color solution (Nacalai Tesque,
Kyoto, Japan) with bovine serum albumin as a standard, in
accordance with the manufacturer’s protocol.

Intracellular ROS Assay

ROS generated in BV-2 cells and primary microglia
was measured with HDCFDA, a cell permeable fluores-
cent dye. Cells were seeded on a 96-well plate. After 24 h,
cells were stimulated with LPS in the presence or absence
of LysoPI in serum-free DMEM for 6 h, and then incubated
with 20 uM H,DCFDA in serum-free DMEM at 37 °C for
30 min. After that, cells were rinsed with Hepes-buffered
saline (HBS) containing Ca?* and Mg?* twice in a dark
room. Finally, HBS (100 pL/well) was added to the plate
and intracellular ROS levels were assessed using a
microplate reader (ARVO 1420 Multilabel counter) at an
excitation wavelength of 485 nm and emission wavelength
of 535 nm, as the fluorescent intensity of
dichlorofluorescein (DCF).

Phagocytosis Assay

The phagocytic activity of BV-2 cells and primary
microglia was evaluated as uptake of carboxylate-modified
fluorescent microbeads (FluoSpheres®; orange fluores-
cence, 1 wm diameter). Cells were seeded on a non-
coating 24-well plate for suspension culture (Sumilon).
After 24 h, cells were stimulated with LPS in the presence
or absence of LysoPI in serum-free or 0.1% FBS-
containing DMEM for 24 h. Then, the cells were incubated
with microbeads (final concentration 0.013%) for 1 h at
37 °C. After incubation, the cells were washed with
DMEM three to four times and observed under a fluores-
cent microscope (Olympus, IX70). Twenty cells were ran-
domly collected from one well to determine cellular fluo-
rescence intensity using Image J software, and mean fluo-
rescence intensity was calculated.
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Cytokine Assay

For measurement of cytokine production, BV-2 cells
were seeded on a non-coating 35-mm dish for suspension
culture. After 24 h, cells were treated with LPS with or
without LysoPI in serum-free DMEM for 24 h. Then,
culture supernatants were collected in microtubes and
added to a 96-well assay plate. Concentrations of cytokines
in supernatants were determined using Bio-Plex MAGPIX
(Bio-Rad, USA) according to the manufacturer’s protocol.

Statistical Analysis

Data are indicated as the mean =+ standard deviation.
For statistical analysis of the data, a Tukey multiple-
comparison procedure following one-way analysis of var-
iance (ANOVA) was employed. The results were consid-
ered statistically significant when p < 0.05.

RESULTS

LysoPI Reduced the NO Production by LPS-
Stimulated BV-2 Microglia

Cultured BV-2 cells were stimulated with 100 ng/mL
LPS in the presence of several concentrations of LysoPI for
24 h. LysoPI significantly attenuated NO production by
LPS-stimulated BV-2 at 20 uM and 30 uM to the control
level (Fig. 1a). LysoPI significantly decreased cell viability
at 30 uM (Fig. 1b), but did not affect it at concentrations of
up to 20 uM. For further experiments, we used 20 pM
LysoPI, because this LysoPI concentration was most ef-
fective without affecting cell viability. We measured the
expression of iNOS protein by immunoblotting analysis to
investigate the mechanism by which LysoPI decreased NO
production by LPS-stimulated BV-2 microglia. BV-2 cells
were treated with LPS in the presence or absence of LysoPI
(20 uM) for 24 h, and then the iNOS protein expression
was measured. LysoPI significantly reduced LPS-
stimulated expression of iNOS protein in BV-2 cells as
well as NO production (Fig. 1c), although the effect was
not complete (p <0.01, control vs LysoPI + LPS). These
results suggest that LysoPI reduced LPS-simulated NO
production by a decrease in expression of iNOS protein.

LysoPI Reduced the Intracellular ROS Generation by
LPS-Stimulated Microglia

To reveal whether LysoPI affects the production of
other pro-inflammatory factors, we measured intracellular
ROS generation in LPS-stimulated BV-2 cells. Cultured
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Fig. 1. Suppressive effect of LysoPI on NO production in LPS-stimulated microglia. BV-2 cells were incubated with 100 ng/mL LPS together with various
concentrations (10, 20, 30 uM) of LysoPI for 24 h. Nitrite concentration in the medium was determined by fluorescent assay with DAN (a). Cell viability was
assessed by MTT assay (b). BV-2 cells were stimulated with 100 ng/mL LPS with or without 20 uM LysoPI for 24 h to detect expression of iNOS protein by
immunoblotting (c). The photograph shows typical bands for iNOS and 3-actin protein. The graph shows the iNOS/[3-actin ratio of the density of detection
bands. Data are shown as relative value to LPS in immunoblotting analysis. Data are mean + S.D. of 3-9 samples. **p < 0.01, compared to non-treated
control, #p < 0.01, compared to LPS only (LysoPI 0 uM); Tukey multiple-comparison procedure following one-way ANOVA [a F (7,40)=71.8,p<0.01;b

F(7,40)=9.64, p<0.01; ¢ F (3,28)=42.3, p< 0.01].

BV-2 cells were treated with LPS with or without LysoPI
(20 uM) for 6 h, and then we determined the intracellular
generation of ROS by DCF assay. LysoPI significantly
reduced the intracellular ROS generation in BV-2 cells
without LPS (Fig. 2a). The intracellular ROS generation
was significantly increased by LPS. The increased gener-
ation of ROS by LPS was also significantly reduced by
LysoPI to the control level. Also, in primary microglia, we
examined the effect of LysoPI on intracellular ROS gener-
ation to confirm the results in BV-2 cells. The cells were
incubated with LPS in the absence or presence of 10 uM
LysoPlI for 6 h. LysoPI treatment did not affect basal ROS
generation, but a significant decrease in ROS generation by
LysoPI was observed in LPS-stimulated primary micro-
glia, similarly to BV-2 cells (Fig. 2b).

LysoPI Decreased Pro-inflammatory Cytokine Pro-
duction by LPS-Stimulated BV-2 Microglia

To further explore the effects of LysoPI on microglial
inflammatory responses, we next measured cytokine pro-
duction in LPS-stimulated BV-2 microglia. Cultured BV-2
cells were incubated with LPS with or without LysoPI
(20 uM) for 24 h, and the cytokines produced in the
medium was determined by Bio-Plex MAGPIX. We mea-
sured six pro-inflammatory cytokines and one anti-
inflammatory cytokine that are representative of cytokines
produced by microglia under inflammatory conditions.
The amounts of IL-6 and TNF-« increased by LPS remark-
ably (Fig. 3¢, g). The increased amount of IL-6 by LPS was
significantly reduced in the presence of LysoPI by the
control level (Fig. 3¢); TNF-a was also reduced slightly
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Fig. 2. Effect of LysoPI on LPS-induced generation of ROS in microglia. BV-2 cells (a) and rat primary microglial cells (b) were incubated with LPS in the
presence or absence of 10 (b) or 20 uM (a) LysoPI for 6 h, and then intracellular ROS generation, was detected by fluorescent assay with H,DCFDA. Data are
shown as relative value to control. Data are the mean + S.D. of 813 (a) or 4 (b) samples. **p < 0.01, compared to control; **p <0.01, compared to LPS;
Tukey multiple comparison procedure following one-way ANOVA [a F (3, 38)=16.7,p<0.01; b F (3, 12)=11.2, p<0.01].

but not significantly (Fig. 3g). The production of other five
cytokines did not change significantly (Fig. 3a, b, d—f).

LysoPI Decreased Phagocytic Activity of LPS-
Stimulated Microglia

In addition to inflammatory response, phagocytic ac-
tivity is also important for the microglial cell function. To
determine the effects of LysoPI on microglial phagocytic
activity, we stimulated BV-2 cells with LPS, with or with-
out LysoPI (20 uM) for 24 h, and the uptake of microbeads
was measured. Stimulation with LPS increased the uptake
of microbeads by BV-2 cells (Fig. 4a). Furthermore, en-
hanced phagocytic activity by LPS stimulation was atten-
uated in the presence of LysoPI by the control level. Also
in primary microglia, we examined the effect of LysoPI on
phagocytosis to confirm the results in BV-2 cells. The cells
were incubated with LPS in the absence or presence of
10 uM LysoPI for 24 h with 0.1% FBS-containing
DMEM. Previous reports indicated that serum-free culture
for 24 h induces microglial cell death [31] and that serum
protein like albumin inhibit the effects of LPLs [28].
Therefore, we supplemented FBS in low concentration
which did not cause cell death and inhibit the effects of
LysoPI for stimulation of primary microglia. Treatment
with LPS increased the uptake of microbeads in primary
microglia as well as BV-2 cells (Fig. 4b). Moreover, LPS-

induced phagocytic activity was suppressed by LysoPI
treatment to the control level, as well as BV-2 cells.

The G Protein-Coupled Receptor (GPR) 55-Dependent
Pathway Is Involved in LysoPI-Induced Reduction in
Phagocytosis by Activated BV-2 Microglia

Recently, several studies have revealed that LPLs
elicit various functions, acting on receptors as lipid medi-
ators [8, 9]. It is now widely accepted that LysoPI is a
potent endogenous ligand for GPRS5S5, which is known to
be highly expressed in primary cultured microglia and BV-
2 cells [23]. To assess whether suppression of microglial
NO production and phagocytosis by LysoPI is mediated
via GPRS5S5, we explored the influence of O-1602, an
agonist for GPR55, and CID16020046 (CID), an antago-
nist for GPR55, on LPS-induced NO production and
phagocytic activity in BV-2 cells.

First, to determine whether O-1602 affects microglial
NO production as well as LysoPI, BV-2 cells were treated
with LPS 100 ng/mL in the presence or absence of O-1602
(30 uM) for 24 h, and then NO production and cell viabil-
ity were measured. O-1602 remarkably decreased LPS-
induced NO production by the control (methyl acetate;
MA) level as well as LysoPI (Fig. Sa), without affecting
cell viability (Fig. 5b).
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Fig. 3. LysoPI reduced IL-6 production in LPS-stimulated microglia. BV-2 cells were incubated with LPS in the presence or absence of 20 uM LysoPI for
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Fig. 4. Effect of LysoPI on phagocytic activity of LPS-stimulated microglia. BV-2 cells were incubated with 100 ng/mL LPS together with 20 M LysoPI
with serum-free DMEM for 24 h and then uptake of fluorescent microbeads for 1 h was determined (a). Primary microglia were stimulated with 100 ng/ml
LPS in the presence of 10 uM LysoPI with 0.1% FBS-containing DMEM for 24 h, and then phagocytic activity was evaluated using the same method (b).
The graph shows the average fluorescent intensity per cell, evaluated using Image J software; data are shown as ratio of control. The photograph shows
representative phase contrast (upper) and fluorescent images (lower) at each same site. Data are the mean + S.D. of 3 (a) or 5 (b) samples. **p <0.01,
compared to control; p < 0.05, ™p < 0.01, compared to LPS; Tukey multiple-comparison procedure following one-way ANOVA [F (3, 8)=12.4, p<0.01].
Scale bar=20 pm.

Second, to investigate the effect of O-1602 on micro- 1602 reduced LPS-induced phagocytosis in BV-2 cells by
glial phagocytosis, BV-2 cells were incubated with LPS the control (MA) level (Fig. 6).
together with 30 uM O-1602 for 24 h, and the phagocytic Third, to clarify whether GPR55 is responsible for

activity was evaluated using fluorescent microbeads. O- LysoPI-induced suppression in NO production further
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Fig. 5. Effect of GPRSS agonist, O-1602, on NO production in LPS-stimulated microglia. BV-2 cells were stimulated with LPS together with 30 uM O-1602
for 24 h. Methyl acetate (MA) was used as vehicle, at the concentration less than 0.1%. Nitrite concentration in the medium was determined by fluorescent
assay with DAN reagent (a). Cell viability was measured by MTT assay (b). Data are the mean + S.D. of 4 samples. **p < 0.01, compared to control (MA);
#h <0.01, compared to LPS (MA); Tukey multiple-comparison procedure following one-way ANOVA [a F (5, 18)=26.9, p<0.01; b F (5, 18)=5.53,

p<0.01].

using an antagonist, BV-2 cells were pretreated with
100 uM CID 1 h before addition of LPS in the presence
or absence of 20 uM LysoPI for 24 h, and then NO
production and cell viability were measured. LPS-
induced NO production was partly inhibited by the pre-
treatment with CID (Fig. 7a) without effect on cell viability
(Fig. 7b). However, CID did not block the effect of LysoPI
on LPS-induced NO production (Fig. 7a).

Finally, to determine whether LysoPI affects micro-
glial phagocytosis via GPRS5, BV-2 cells were pretreated
with 100 uM CID 1 h before LPS and 20 uM LysoPI
stimulation for 24 h. CID completely inhibited the suppres-
sive effect of LysoPI on microglial phagocytic activity by
the level in the LysoPI + LPS (DMSO) group (Fig. 8).

DISCUSSION

Several lines of evidence indicate that LPLs mediate
inflammation and immunity in the CNS. Among LPLs,
LysoPI is an endogenous ligand for GPRSS5, which is
expressed by the microglia and is related to neurodegener-
ative disorders, such as Parkinson’s and Alzheimer’s dis-
ease [7, 20, 21, 23]. Additionally, a significant amount of
LysoPI is contained in the rat brain [22]. However, a
possible role of LysoPI in neuroinflammation remains
unclear. Thus, we explored whether LysoPI can affect the
microglial neuroinflammatory response. We demonstrated
that LysoPI suppressed the production of NO, generation
of ROS, IL-6 release, and phagocytic activity by LPS-
stimulated BV-2 microglial cells. Furthermore, we

confirmed in primary microglia that LPS-induced intracel-
lular ROS generation and phagocytic activity were also
attenuated by LysoPI treatment. In addition, we also inves-
tigated the involvement of GPR55 in LysoPI effects and
revealed that a GPRSS5 agonist reduced the LPS-stimulated
phagocytic activity, and that an antagonist for GPR55
inhibited the effect of LysoPI on phagocytic activity in
LPS-stimulated BV-2 cells. These results suggest that
LysoPI reduces the microglial inflammatory responses
and the suppressive effect of LysoPI on microglial phago-
cytosis is mediated by GPRS55.

The microglia are activated by injury or inflammation
in the CNS and play an important role in maintaining CNS
homeostasis by phagocytosis of debris and production of
cytokines [1-4]. However, the microglia damage and
phagocytose neurons by producing excess pro-
inflammatory substances such as NO, ROS, TNF-«, and
IL-1p3, when they were hyper-activated [1, 2, 5]. This study
demonstrated that LysoPI suppressed NO and ROS pro-
duction, inflammatory cytokine release, and phagocytosis
by LPS-stimulated BV-2 microglia. It has been reported
that LysoPI exerts a neuroprotective effect in the microglia
against neuronal excitotoxicity by N-methyl-D-aspartate, a
selective agonist for glutamate receptor [24]. Therefore,
our findings suggest that LysoPI may protect neurons from
excitotoxicity by reducing the production of pro-
inflammatory factors and excess phagocytic activity in
the microglia.

ROS function as signal molecules in neuroinflamma-
tion, while excessive generation of ROS causes oxidative
stress in neurons and glia resulting in neuronal damage or
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<0.01, compared to the control (MA); #p <0.01, compared to LPS

(MA); Tukey multiple-comparison procedure following one-way ANOVA [F (5, 12)=23.6, p <0.01]. Scale bar =20 um.

degeneration [32, 33]. We found that LysoPI attenuated
LPS-induced intracellular ROS generation both in BV-2
(Fig. 2a) and primary microglia (Fig. 2b), suggesting that
LysoPI suppressed oxidative stress by ROS. Moreover,
production of IL-6 was also reduced by LysoPI (Fig. 3c).
Intracellular ROS are thought to be generated by mitochon-
drial electron transport chain or NADPH oxidase (NOX) or
other pathways [33]. Several lines of evidence have indi-
cated that NOX-dependent ROS stimulates the production
of inflammatory cytokine, including IL-1(3, TNF-«, and

IL-6 [34, 35]. Therefore, the suppression of IL-6 produc-
tion by LysoPI may be due to the decrease in ROS gener-
ation. Balenga et al. [36] indicated that LysoPI reduced
ROS generation in human neutrophils activated with 2-
arachidonoylglycerol, a CB, receptor agonist through the
GPRS5 pathway. Thus, LysoPI may have attenuated LPS-
induced ROS generation in this study via GPR55. On the
other hand, it has also been reported that LysoPI induced
ROS generation in human endothelial cells [37] and en-
hanced ROS generation in activated human neutrophils



Lysophosphatidylinositol Anti-inflammatory Effects in Microglia 1981

a 5

Viability o

(absorbance)

o
SIS IS N

o
=
(7
o

LPS
LysoPI

CID

(100 pM) *

5573
%

[5
Fotete!
[545
09
35
35

25505
<5
o0t

55

25

%%
5

3333999

PRATOTITITOTS
9964044
+444444 4

7
o
RS

-+ - -+

Fig.7. LysoPI-induced NO suppression was not affected by a GPRSS5 antagonist, CID. BV-2 cells were treated with 100 uM CID 1 h before LPS stimulation
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[38]. This contradiction between our results and previous
findings may occur due to the differences in LysoPI acyl
chain length and degree of unsaturation. Several lines of
evidence have indicated that LPLs trigger different signal-
ing pathways, which results in varied functional outcomes
according to their acyl chain length and degree of unsatu-
ration [39-42]. In fact, the acyl chain length of LysoPI used
in the present study was different from that used in the
previous report [37] although the other study [38] did not
show details about the structure of LysoPl.

Recently, a growing body of evidence has revealed
that LysoPI is a ligand for GPR55 [7]. In addition, it has
been reported that GPR5S is highly expressed in primary
cultured microglial cells and BV-2 cells [23]. It has also
been suggested that LysoPI acts on GPR119 and potassium
channels [7, 8]. Being consistent with the results of LysoPI
(Fig. 1a), O-1602, an agonist for GPR55, suppressed LPS-
induced NO production (Fig. 5a). LPS-induced microglial
phagocytic activity was also reduced by co-stimulation
with O-1602 (Fig. 6) as well as LysoPI (Fig. 4a). In
addition, pretreatment with CID, an antagonist for
GPRS5S5, reversed the suppressive effect of LysoPI on
LPS-induced microglial phagocytosis (Fig. 8), whereas
LysoPI-induced decrease in NO production was not

affected by CID (Fig. 7a). These results suggest that
LysoPI modulates microglial phagocytic activity through
the GPRS55-dependent pathway. On the other hand, it is
also suggested that LysoPI may suppress LPS-induced NO
production through a pathway other than the GPRS5S5-
dependent pathway. For example, LysoPI can bind directly
to membrane proteins, such as ion channels, or create a
plasma membrane curvature by its insertion into the outer
leaflet of the lipid bilayer, which may result in changes in
the properties of the cell membrane and proteins including
ion channels [7, 8, 43]. In particular, it has been indicated
that LysoPI affects the activity of various types of ion
channels, particularly potassium channels, by a receptor-
independent manner in non-microglial cells such as endo-
thelial cells [8, 44—47]. In addition, accumulating evidence
indicated that activation of the potassium channel by LPS
stimulation results in enhanced production of NO in the
microglia [48, 49]. Therefore, LysoPI-induced reduction in
NO production in this study might be due to the inactiva-
tion of potassium channels. As for the effects of CID,
someone may have questions about why pre-stimulation
with CID, an antagonist for GPRS5S5, significantly sup-
pressed LPS-induced NO production by BV-2 microglial
cells even without LysoPI in this study (Fig. 7a). The same
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finding was also reported in the rat primary microglia by
Malek et al. [50]. In addition, Saliba et al. [51] indicated
that GPR55 antagonism resulted in anti-inflammation in
the primary microglia. Alhouayek et al. [7] reported that
nuclear factor-kappa B (NF-«B) is activated through ERK
in the signal pathway below GPRS55. NF-kB activation
leads to the enhancement of NO production via increase
in iNOS expression [2, 52]. Our results and these previous
findings suggest that the activation of the GPRSS5 pathway
may induce neuroinflammation in the activated microglia.
However, it is necessary to consider the pharmacological
property of CID, which has the potential to antagonize
other receptors like GPR18 expressed in the microglia
[50, 53, 54]. Therefore, further studies are needed to clarify
the function of GPRSS in neuroinflammation, particularly

in the microglia. Taken together, our findings suggest that
LysoPI decreased microglial phagocytosis via the GPR5S5-
dependent pathway, while the suppressive effect of LysoPI
on NO production may depend on receptor pathways other
than GPRSS or interaction with the cell membrane or
protein.

LysoPI suppressed LPS-induced phagocytosis in BV-
2 cells (Fig. 4a) and primary microglia (Fig. 4b). In addi-
tion, a synthetic agonist for GPR55, O-1602, also reduced
LPS-induced microglial phagocytosis (Fig. 6) and CID, an
antagonist for GPR55, completely reversed the suppressive
effect of LysoPI on LPS-induced phagocytosis (Fig. 8).
These results suggest that LysoPI reduces microglial
phagocytosis via GPR55. Phagocytosis by microglia is
provoked by several factors including LPS, apoptotic
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debris, and extracellular nucleotides through respective
receptors expressed on the cell surface [55]. Above all,
LPS induces microglial phagocytosis by activation of the
Toll-like receptor 4 signaling pathway including p38
mitogen-activated protein kinase (p38 MAPK) and
Cdc42/Rac signaling [55]. Phagocytosis by the microglia
is also provoked by activation of ERK via triggering re-
ceptor expressed on myeloid cells 2 receptor [55]. The
GPRS5 signaling pathway induces activation of p38
MAPK through Rac1/Cdc42 [7]. Moreover, ERK can be
activated by stimulation of GPR55 [7]. These downstream
signals of GPRS5 may accelerate further the microglial
phagocytosis. Furthermore, in macrophages, GPRSS5 acti-
vation by palmitoylethanolamide enhanced the expression
of phagocytosis-related receptors and efferocytosis [56].
However, these previous findings [7, 56] contradict our
results. Pietr et al. [23] demonstrated that the expression
level of GPRSS5 changes according to the stimulation agent
and cell species. For example, INF-y upregulated the ex-
pression of GPRS5S5, but LPS downregulated it. Thus, a
possible explanation for this contradiction might be that
the cell species and agent for cellular activation used in the
study were different between the previous study and our
study.

Although the mechanism for suppression in phago-
cytosis by LysoPI through GPRS55 is unclear, there are
some possibilities to explain this issue. One possible ex-
planation for this is that GPRS5 may interact with other
proteins including receptors. Recently, a growing body of
evidence has suggested that heteromerization of GPR55
and cannabinoid 2 (CB,) receptor modulates receptor sig-
naling with each other [7, 57, 58]. Both of these receptors
are expressed by the primary microglia and BV-2 cells [23,
59, 60]. For instance, Balenga et al. [36] demonstrated that
the GPRSS5 activation by LysoPI could lead to both the
acceleration and the inhibition of the CB, receptor-
mediated cellular response in neutrophils. As for functions
of the CB, receptor, multiple lines of evidence suggest that
the CB, receptor induces anti-inflammatory responses in
the microglia, for example, reduction in the release of
inflammatory factors, pro-inflammatory cytokines, and
ROS [59, 60]. It was also demonstrated that the synthetic
agonist of the CB, receptor attenuated basal phagocytic
activity by BV-2 microglia [61]. Therefore, LysoPI might
reduce microglial phagocytosis by activating the CB, re-
ceptor through activation of GPR55. In addition, it has also
been reported that GPR55 antagonism induces cross-
antagonism of the CB, receptor [58]. Thus, inhibition of
LysoPI-induced reduction in microglial phagocytosis by
CID, an antagonist for GPR55, may be due to the cross-

antagonism of the CB, receptor by CID. Additionally,
Ailte et al. [43] demonstrated that LysoPI inhibited mac-
rophage endocytosis by reducing clathrin-coated pits and
caveolae through changes in the properties of cell mem-
branes. Therefore, we cannot rule out the possibility that
LysoPI suppressed microglial phagocytosis through direct
alteration of the property of the plasma membrane by
insertion of LysoPI into the lipid bilayer. Further study
should be undertaken to elucidate the mechanism by which
LysoPI suppressed LPS-induced microglial phagocytosis
via GPR55.

Our results revealed that LysoPI had anti-
inflammatory effects on activated microglia and the effect
on phagocytosis was exerted through the GPR55 pathway.
Recent studies have found that GPR5S5 can be involved in
several brain functions like social interaction, memory, and
anxiety [7, 62]. It has also been revealed that GPRSS can be
a therapeutic target for the treatment of neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s dis-
ease [7, 20, 21]. For instance, a synthetic cannabidiol
isomer is a GPRS5S5 agonist, which relieved motor dysfunc-
tions in Parkinson disease model mice induced with halo-
peridol [20]. Thus, our results suggest that microglial
GPRS55 may be partly responsible for the therapeutic effect
of GPRSS. Further study is required to demonstrate wheth-
er the therapeutic effect of GPR55-targeting treatment for
neurodegenerative disorders depends on microglial
GPRSS.

In this study, we assessed the effect of LysoPI on
intracellular ROS generation and phagocytic activity in
primary microglia as well as BV-2 cells. On the other hand,
in primary microglia, we were not able to observe LPS-
induced NO production and its suppression by LysoPI
because of the low cell viability and insufficient potentia-
tion of NO production. It was reported that serum-free
culture for 24 h can induce microglial cell death [31]. It
was also found that LPS induced NO production in a
serum-dependent manner in mixed glial cells [63]. Thus,
we were not able to observe the LPS-induced NO produc-
tion and its suppression by LysoPI in primary microglia at
24 h under serum-deprived condition. Furthermore, we did
not measure cytokine production in primary microglia
because we considered that the effects of LysoPI on in-
flammatory responses in BV-2 cells and primary microglia
were comparable according to the results of ROS genera-
tion and phagocytosis. We used 10 uM LysoPI in primary
microglia that are lower than in BV-2 cells (20 puM). We
considered that it is preferable to use LysoPI at lower
concentration by which inflammatory responses in primary
microglia can be affected because LysoPI at low
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concentration can have fewer influences in cell viability
than at high concentration. Therefore, we used 10 uM
LysoPI in primary microglia. The reason why 10 pM
LysoPI was effective in primary microglia may be
explained by differences in receptor expression. It has been
reported that several candidate receptors for LysoPI are
expressed both in primary microglia and BV-2 cells and
that their expression levels are different between both cells
[7, 8,23, 64]. It was also found that BV-2 cells and primary
microglia expressed different types of lysophosphatidic
acid (LPA) receptor, respectively, and LPA-induced ROS
generation in primary microglia was observed at a shorter
stimulation time than that in BV-2 cells [65]. Thus, the
sensitivity to LysoPI may be higher in primary microglia
than BV-2 cells because of the differences in the expres-
sion levels or types of receptor expressed in them.

We did not detect whether CID inhibits the effect of O-
1602 on LPS-induced microglial inflammatory response in
this study. In previous studies, O-1602 as GPR55 agonist
and CID as GPRS55 antagonist were commonly used, re-
spectively [66—69]. In addition, it was found that O-1602
suppressed IL-13-induced cytokine receptor expression in
neural stem cells and the suppressive effect of O-1602 was
inhibited by CID [67]. Thus, it is supposed that the suppres-
sive effect of O-1602 on LPS-induced NO production can
be inhibited by CID treatment. Although we did not reveal
the effect of O-1602 on microglial cytokine release, previous
studies supposed that O-1602 can reduce pro-inflammatory
cytokine, such as IL-6, release. It has been demonstrated that
neurotoxicity by activated microglia, which was mediated
by inflammatory factors, including cytokine released from
microglia, was suppressed by O-1602 [70]. Furthermore, a
previous report demonstrated that O-1602 treatment de-
creased the level of pro-inflammatory cytokines including
IL-6 in tissue or plasma of pancreatitis and colitis [71, 72].
Additionally, we demonstrated that O-1602 has anti-
inflammatory effects in LPS-stimulated microglia. There-
fore, we assume that O-1602 can reduce pro-inflammatory
cytokine production in microglia.

In conclusion, we demonstrated that LysoPI sup-
pressed neuroinflammation mediated by the microglia,
resulting in the reduction of NO, iNOS, ROS, IL-6, and
phagocytic activity. The effects of LysoPI on microglia are,
at least partly, dependent on the GPRS5 pathway. These
findings suggest that the previously reported [24] neuro-
protective effects of LysoPI are exerted by attenuating the
microglia-mediated inflammation. In addition, our findings
suggest that the therapeutic effect of GPR55-targeting
treatment for neurodegenerative diseases may partly de-
pend on microglial GPR5S.
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