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Introduction

Omega-3 fatty acids, mainly docosahexaenoic acid (DHA)
and ecosapentaenoic acid (EPA), have been shown to play
an anti-inflammatory role in a number of human inflam-
matory diseases, including atherosclerosis, asthma, arthritis
and inflammatory bowel diseases. DHA supplementation
has been reported to reduce mortality in patients with
existing cardiovascular disease, improve symptoms of mild
to moderate asthma, protect from ulcerative colitis and
reduce the intensity of joint pain and the need for non-ste-
roidal anti-inflammatory drugs in patients with rheuma-
toid arthritis.'" > DHA has also been demonstrated to exert
beneficial effects in animal models of neuroinflammation®

and diabetes.”

Summary

Docosahexaenoic acid (DHA) is one of the major ingredients of fish oil
and has been reported to have anti-inflammatory properties mediated
through the GPR120 receptor. Whether cytosolic phospholipase A,
(cPLA,) and lipid mediators produced from cPLA, activation are involved
in the anti-inflammatory role of DHA in macrophages has not been
reported. We report here that DHA and the GPR120 agonist, GW9508,
activate cPLA, and cyclooxygenase 2 (COX-2), and cause prostaglandin E,
(PGE,) release in a murine macrophage cell line RAW264.7 and in human
primary monocyte-derived macrophages. DHA and GW9508 activate
cPLA, via GPR120 receptor, G protein Gaq and scaffold protein f-arrestin
2. Extracellular signal-regulated kinase 1/2 activation is involved in DHA-
and GW9508-induced cPLA, activation, but not p38 mitogen-activated
protein kinase. The anti-inflammatory role of DHA and GW9508 is in
part via activation of cPLA,, COX-2 and production of PGE, as a cPLA,
inhibitor or a COX-2 inhibitor partially reverses the DHA- and GW9508-
induced inhibition of lipopolysaccharide-induced interleukin-6 secretion.
The c¢PLA, product arachidonic acid and PGE, also play an anti-inflam-
matory role. This effect of PGE, is partially through inhibition of the
nuclear factor-kB signalling pathway and through the EP4 receptor of
PGE, because an EP4 inhibitor or knock-down of EP4 partially reverses
DHA inhibition of lipopolysaccharide-induced interleukin-6 secretion.
Hence, DHA has an anti-inflammatory effect partially through induction
of PGE,.
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Unsupplemented, the physiological serum level of
DHA is about 1-5 v, '" but it is present at higher
concentrations in esterified form, such as triglycerides
and phospholipids.” Dietary intake of 0-5-2 g DHA
correlates with plasma phospholipid levels of 90—
120 pm.'" Recent studies have indicated that the form
of dietary supplement is important for the total bio-
availability resulting in the final concentration in the
serum.'” Oral administration of an omega-3 fatty acid
supplement (Epanova, 4 g) during a low-fat consump-
tion period may achieve plasma total DHA levels of
about 85 um.'? Additionally, sepsis patients receiving a
fish-oil-based lipid emulsion (Omegaven; DHA, 5.7 g/
day), experienced an increase of plasma-free DHA levels
up to 65 uM.13
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Docosahexaenoic acid may exert anti-inflammatory
effects in part through the G-protein-coupled receptor
120 (GPR120)."* G protein-coupled receptors share com-
mon structural motifs such as seven transmembrane heli-
ces and the ability to activate heterotrimeric G proteins,
such as Gus, Goi and Gaq. GPR120 is known to couple
with the Gag/11 family of G proteins.”> After ligand
binding, GPR120 is phosphorylated and this generates
binding sites for f-arrestin 2.'® f-Arrestin 2 binds to
GPR120 and then interacts with downstream signalling
molecules such as extracellular signal-regulated kinase 1/2
(ERK1/2) mitogen-activated protein kinase (MAPK).!7-18
This signalling pathway may lead to a variety of anti-
inflammatory effects attributed to omega-3 fatty acids.

Cytosolic phospholipase A, (cPLA,) has been well
known to regulate inflammation,'®** through down-
stream lipid mediators, as well as having an impact on
gene expression.”” Phospholipase A,s (PLA,s) are enzymes
that hydrolyse the sn-2 ester bond of phospholipids,
releasing a free fatty acid [such as arachidonic acid (AA)]
and creating a lysophospholipid.®* PLA,s are classified
according to their sequence homology and Ca®" depen-
dence. The three most described families are Ca**-depen-
dent secretory PLA,s (sPLA;) and cytosolic PLA;s
(cPLA5s), and Ca2+—independent PLA, (iPLA,).>>*® How-
ever, cPLA,a is the only well-characterized PLA, that is
highly selective for phospholipids containing AA at the
sn-2 position.”” *° Cytosolic PLA, is activated by phos-
phorylation by MAPKs and is translocated to cell
membranes by changes in intracellular free calcium
levels.””0 32

Arachidonic acid, the product of cPLA, activation, an
omega-6 fatty acid (C20:4) is the precursor for eicosanoid
mediators including prostaglandins, thromboxanes, leuko-
trienes, hydroxyeicosatetraenoic acids (HETEs) and epoxy-
eicosatrienoic acids (EETSs), which may have a variety of
pro-inflammatory and anti-inflammatory effects.”> Prosta-
glandins are generated from AA by cyclooxygenases,
COX-1 and COX-2’*" COX-2 is an inducible enzyme
and is involved primarily in the regulation of inflamma-
tion.> Prostaglandin E, (PGE,) is one of the major
COX-2-derived prostanoids at inflammatory sites,”” which
may play an anti-inflammatory role.*®

Therefore, we hypothesize that DHA may regulate
cPLA, activation, change AA release, and modify its
downstream lipid mediator production, which may be
involved in its anti-inflammatory effect. Whether cPLA,
and its downstream lipid mediators play an anti-inflam-
matory role for DHA has not been demonstrated. In this
study, we first found that cPLA, is activated by DHA or
GW9508, the GPR120 agonist. This led to activation of
COX-2 and production of PGE,, which plays an anti-
inflammatory role by inhibiting nuclear factor-xB (NF-
kB) signalling and through EP4 receptor in murine
macrophage RAW264.7 cells and human primary

monocyte-derived macrophages. Hence, we propose a
new anti-inflammatory mechanism of DHA through
cPLA,~AA-COX-2-PGE,~EP4, which may guide the
development of novel therapies, such as an EP4 agonist,
for treatment of human inflammatory diseases.

Materials and methods

Reagents and antibodies

The cPLA, inhibitor, N-((2S,4R)-4-(biphenyl-2-ylmethyl-
isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrr-
olidin-2-ylmethyl)-3-[4-(2,4-dioxothiazolidin-5-ylidenem-
ethyl)-phenyl] acrylamide HCI, a 1,2,4-trisubstituted
pyrrolidine derivative, U0126 [mitogen-activated protein
kinase kinase 1/2 (MEK1/2) inhibitor], and SB203580
(p38 inhibitor) were obtained from Calbiochem (La Jolla,
CA). Docosahexaenoic acid, thioetheramide-PC, bromoe-
nol lactone, NS-398 (COX-2 inhibitor), AH6809 (EP2
inhibitor), GW627368X (EP4 inhibitor), and antibodies
against EP2 and EP4 were purchased from Cayman
Chemical Co (Ann Arbor, MI). GPRI20 agonist,
GW9508, was purchased from Tocris Bioscience (Ellis-
ville, MO). Prostaglandin E, was obtained from Sigma
Aldrich (St Louis, MO). Antibodies against phospho-
ERK1/2, ERK1/2, phospho-Ser505 cPLA,, total cPLA, and
horseradish peroxidase-conjugated secondary antibody
were obtained from Cell Signaling Technology (Beverly,
MA). Antibody against GPR120 was obtained from Novus
Biologicals (Littleton, CO). Antibodies against Gaq and
f-arrestin 2 were purchased from Abcam (Cambridge,
MA). Lipopolysaccharide (LPS) from Escherichia coli sero-
type R515 was purchased from Alexis Biochemicals (San
Diego, CA). The CellTiter 96® AQueous One Solution
Reagent containing a tetrazolium compound [3-(4,5-dim-
ethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
phophenyl)-2H-tetrazolium, inner salt; (MTS)] was
purchased from Promega (Madison, WI).

Cell culture

The murine macrophage cell line RAW264.7 was obtained
from the American Type Culture Collection (Manassas,
VA). RAW264.7 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies,
Carlsbad, CA), supplemented with 10% fetal bovine
serum (Life Technologies) and antibiotics Penicillin and
Streptomycin (100 U/ml and 100 pg/ml; Life Technolo-
gies). Elutriated human peripheral blood monocytes were
received from the Department of Transfusion Medicine,
Clinical Center, NIH (Bethesda, MD), under an institu-
tional review board-approved protocol. The elutriated
monocytes were treated with erythrocyte lysis buffer (Qia-
gen, Valencia, CA) to remove residual red blood cells and
were washed twice with PBS. The monocytes were cul-
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tured in RPMI1640 (Life Technologies) supplemented
with 10% heat-inactivated fetal bovine serum at
2 x 10° cells/ml in a 30ml volume in a Nunc 75cm? tis-
sue culture flask. After 24 hr, cells were counted, centri-
fuged and changed to DMEM (Life Technologies)
supplemented with 10% heat-inactivated fetal bovine
serum at 1 x 10° cells/ml in a 20ml volume in a Nunc
75cm” tissue culture flask. On day 5, 10 ml culture med-
ium was replaced with fresh DMEM. On day 8 or 9,
monocyte-derived macrophages were fully differentiated.
They were treated with trypsin-EDTA for 1 min, scraped,
counted and plated into 12-well plates at 2-5 x 10> cells/
ml, 1 ml/well 1 day before experiments. Docosahexaenoic
acid and PGE, were dissolved in ethanol; DHA was ali-
quoted into screw cap tubes to avoid oxidation. GW9508,
cPLA, inhibitor, thioetheramide-PC, bromoenol lactone,
U0126, SB203580, NS-398, AH6809 and GW627368X were
dissolved in DMSO. Vehicle controls with the appropriate
solvents were used throughout the experiments.

Cell cytotoxicity assay

RAW264.7 cells or human primary monocyte-derived
macrophages were plated in 96-well plates at
2:5 x 10* cells/well, 100 pl/well. Cells were treated with
100 um DHA or GW9508 for 7 hr, with ethanol or DMSO
as vehicle control. At the end of treatment, 20 ul MTS
(1-90 mg/ml in PBS) was added into each well. The cells
were incubated for 2 hr (RAW264.7 cells) or 4 hr (human
primary monocyte-derived macrophages) at 37°. The for-
mazan product as measured by the amount of absorbance
at 490 nm was detected using the SpectroMax 384 plate
reader (Molecular Devices, Sunnyvale, CA). The absor-
bance is directly proportional to the number of viable
cells. The background absorbance of medium only was
subtracted from the data. The result was shown as per-
centage of absorbance of DHA- or GW9508-treated cells
compared with that of ethanol or DMSO vehicle control.

AA release

Whole cell AA release was performed as described by
Pawliczak et al.>> Briefly, RAW264.7 cells were grown in
12-well dishes for 4 hr and then were labelled with
0-5 uCi/ml  of 5,6,8,9,11,12,14,15->H-arachidonic acid
(*H-AA, 150-230 Ci/mmol/ml, GE Healthcare, Piscata-
way, NJ) in 10% fetal bovine serum culture media for
18 hr. Cells were then washed three times with DMEM.
Subsequently, cells were stimulated with DHA or
GW9508 in the presence or absence of inhibitors of
cPLA,, iPLA,, sPLA,, MEK1/2 or p38 at the indicated
time intervals. In other experiments, cells transfected with
control small interfering RNA (siRNA) or c¢PLA, siRNA
or GPR120 siRNA or Goq siRNA or f-arrestin 2 siRNA
were labelled with 0-5 pCi/ml *H-AA, then cells were

DHA activates cPLA2 via GPR120 in macrophages

stimulated with DHA or GW9508 for the indicated times.
At the end of incubation, the medium was removed and
centrifuged at 1000 g for 5 min to remove any cells. An
aliquot of medium was transferred to scintillation vials
containing 10 ml of Bio-Safe II scintillation fluid
(Research International Products, Mount Prospect, IL)
and counted in an LS6500 scintillation counter (Beckman,
Fullerton, CA).

Transfection of siRNA

Smart pool: on-target plus siRNA against GPR120 siRNA,
p-arrestin 2 siRNA, EP2 siRNA, EP4 siRNA and on-target
plus non-targeting control pool were obtained from
Dharmacon, Thermo Scientific (Rockford, IL). Silencer
select pre-designed siRNAs*>*" against murine cPLA,,
Gogq, and negative control siRNA were purchased from
Applied Biosystems (Foster City, CA). The siRNAs were
transfected into RAW264.7 cells by electroporation using
a Nucleofector transfection kit (Lonza, Walkersville, MD).
The interference of cPLA,, GPR120, fS-arrestin 2, Guog,
EP2 and EP4 was confirmed at the mRNA level by Taq-
man RT-PCR and at the protein level by Western blot.

Western blot analysis

RAW?264.7 cells grown in six-well plates and stimulated
with DHA or GW9508 in the absence or presence of
MEK1/2 inhibitor, U0126, or cells transfected with siR-
NAs were lysed in RIPA buffer containing proteinase
inhibitor mixture (Roche Applied Science, Indianapolis,
IN) and Halt phosphatase inhibitors (Thermo Scientific,
Rockford, IL). The cell lysates were centrifuged, and
equivalent amounts of protein were loaded onto 4-20%
Tris—glycine SDSpolyacrylamide gels (Life Technologies).
After electrophoresis, the proteins were transferred to
nitrocellulose membranes. The membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline/Tween-
20 (20 mm Tris—HCl pH 7-4, 154 mMm NaCl, and 0-05%
Tween-20). The blots were then incubated with primary
antibodies, phospho-cPLA,, cPLA,, phospho-ERK1/2 and
ERK1/2, GPR120, Goq, f-arrestin 2, EP2 and EP4
overnight at 4° and washed with Tris-buffered saline/
Tween-20. The blots were incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 hr.
An electrochemiluminescence (ECL) chemiluminescence
detection kit (GE Health Care, Piscataway, NJ) was used
to develop the blots and the signals were visualized on a
Kodak Image Station 440CF.

Real-time PCR

Total RNA was extracted from RAW264.7 cells using QIA
Shredder columns and RNeasy kits following the manufac-
turer’s instructions (Qiagen) and was quantified using a

Published 2014. This article is a U.S. Government work and is in the public domain in the USA. Immunology, 143, 81-95 83



Y. Liu et al.

NanoDrop spectrophotometer (BioLabNet, Great Falls,
VA). Messenger RNA expression for selected genes was
measured using real-time PCR performed on an ABI Prism
7900 sequence detection system (Applied Biosystems) using
the following commercially available probe and primers
sets (Applied Biosystems): GPR120-Mm00725193_ml,
cPLA,-Mm00447040_m1, f-arrestin 2-Mm00520665_m1,
Gog-Mm00492381_m1, COX-2-Mm00478374_m1, EP2-
MmO00436051_m1, EP4-MmO00436053_ml and murine
GAPDH-Mm99999915_gl. Reverse transcription and real-
time PCR were performed with an RT kit and TagMan
Universal PCR master mix (Applied Biosystems) according
to the manufacturer’s instructions. Gene expression levels
were presented as relative mRNA copy numbers compared
with the internal control of GAPDH expression level and
calculated as percentage of control siRNA.

Measurement of interleukin-6 secretion by ELISA

Murine interleukin-6 (IL-6) ELISA kits and human IL-6
ELISA kits were obtained from Life Technologies.
RAW264.7 cells or human primary monocyte-derived
macrophages were pre-treated or not with cPLA, inhibi-
tor (5 uM) or COX-2 inhibitor (3 um) or EP2 inhibitor
(3 um) or EP4 inhibitor (2 um) for 1 hr, then stimulated
with 100 pm DHA or GW9508 for 1 hr, and finally stim-
ulated with 10 ng/ml LPS for 6 hr. In other experiments,
RAW264.7 cells were also pre-treated with 20 pm AA for
1 hr, then stimulated with 10 ng/ml LPS for 6 hr. Addi-
tional sets of RAW264.7 cells or human monocyte-
derived macrophages were pre-treated with 100 nm PGE,
for 1 hr, then stimulated with 10 ng/ml LPS for 6 hr. Cell
culture supernatants were collected and stored at —80°.
Cell supernatants were diluted 1: 10 to 1:20 for the
assay. The concentration of IL-6 in supernatants was
measured according to manufacturer’s instructions. The
detection limit for mouse and human IL-6 is < 3 pg/ml
and < 2 pg/ml, respectively.

Measurement of eicosanoid release by EIA

A PGE, EIA kit was obtained from Cayman Chemical
Co. (Ann Arbor, MI). RAW264.7 cells and human pri-
mary monocyte-derived macrophages were pre-treated or
not with cPLA, inhibitor (5 um) or COX-2 inhibitor
(3 um) for 1 hr, then stimulated with 100 pm DHA for
1 hr or 6 hr. Cell culture supernatants were collected.
The PGE, release was detected according to the manufac-
turer’s instructions. Leukotriene C4, PGD,, and 15-HETE
EIA kits were also obtained from Cayman Chemical Co.
(Ann Arbor, MI). RAW264.7 cells were stimulated with
100 um DHA for 6 hr, with vehicle control. The leukotri-
ene C4, PGD2 and 15-HETE release were measured in
cell culture supernatants following manufacturer’s
instructions.

NF-xB promoter luciferase assay

The NF-«B luciferase reporter construct (Promega, Madi-
son, WI) and a Renilla luciferase construct, Rluc/TK
(Promega) were co-transfected into RAW264.7 using a
Nucleofector transfection kit (Lonza, Walkersville, MD).
After 24 hr of transfection, the cells were pre-treated with
100 nm PGE, or 100 um DHA for 1 hr, then stimulated
with 10 ng/ml LPS for 6 hr. After stimulation, the cells
were lysed in passive lysis buffer (Promega), reporter gene
activity was measured using the Dual-Luciferase assay
reporter system (Promega) and luciferase activity was
detected with a Victor 2 plate reader luminometer (Perk-
inElmer Life Sciences, Santa Clara, CA). Firefly luciferase
of NF-kB promoter was normalized to Renilla luciferase
activity and the data are presented as the mean £ SEM
of fold stimulation.

Statistical analysis

Statistical analyses were performed with one-way analyses
of variance and Holm-Sidak post hoc test or unpaired
Student’s t-test as indicated. P < 0-05 was considered
statistically significant.

Results

DHA and the GPR120 agonist, GW9508, cause AA
release from macrophages

To determine whether PLA, is involved in the effect of
DHA or GW9508, AA release representing PLA, activity
was assayed. DHA and GW9508 treatment increased AA
release from RAW264.7 cells in a dose-dependent manner.
RAW264.7 cells were treated with DHA or GW9508 at 10,
25,50 and 100 pM for 4 hr. RAW264.7 cells showed detect-
able AA release after 10 pv DHA stimulation, or 25 pm
GW9508 stimulation. A significant increase in AA release
was noted starting at the concentration of 10 pm of DHA
or 25 um of GW9508. There was a concentration-depen-
dent effect on AA release, with maximal effect at 100 pm
(Fig. 1a). RAW264.7 cells were treated with 100 pv DHA
or GW9508 for 1 hr, 2 hr and 4 hr. AA release increased at
1 hr, 2 hr and 4 hr compared with vehicle control
(Fig. 1b). We chose to use 100 pv DHA based on previous
published studies on monocytes and macrphages.'**'"**
To study whether 100 pm DHA or GW9508 might affect
cell viability, cell cytotoxicity assay was performed using
MTS reagent in RAW264.7 cells and human primary
monocyte-derived macrophages. The results showed that
100 pm DHA or GW9508 had no effect on RAW264.7 cell
viability (Fig. 1c) and human primary monocyte-derived
macrophages (Fig. 9e). Therefore, DHA or GW9508 at
100 pm was used for subsequent studies. Apart from the
receptor-mediated effects, free omega-3 fatty acid can be
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Figure 1. Docosahexaenoic acid (DHA) and GW9508 induce arachidonic acid (AA) release in RAW264.7 cells. (a) The *H-AA labelled cells were
stimulated with indicated doses of DHA or GW9508 for 4 hr. Data are presented as the mean + SEM (n = 3) of disintegrations per minute
(DPMs) and are representative of the results from three independent experiments. **P < 0-01 compared with the vehicle control, as assessed by
analysis of variance with the Holm—Sidak post hoc test. There is a linear dose—response of DHA or GW9508 concentration and AA release, as
assessed by linear regression model. (b) *H-AA labelled cells were stimulated with 100 pm DHA or GW9508 at the indicated times. Data are pre-
sented as the mean & SEM (1 = 3) of DPMs and are representative of the results from three independent experiments. “*P < 0-01 compared
with vehicle control of each time point, as assessed by Student’s t-test. (c) Determination of cell viability. Cells were stimulated with 100 pm
DHA or GW9508 or vehicle for 7 hr. Data are shown as the mean 4+ SEM of percentage of absorbance of the formazan product at 490 nm of
DHA- or GW9508- treated cells compared with that of vehicle control with four replicates and are representative results from three independent

experiments.

incorporated into the phospholipids of the cell membrane.’
The amount of DHA incorporated into cell membrane of
RAW264.7 cell was analysed by total fatty acid panel analy-
sis (LIPID MAPS, Lipidomics Core at University of Cali-
fornia, San Diego, La Jolla, CA). Incubation with 100 pum
DHA for 1 hr resulted in a membrane concentration of
532-0 + 53-09 pmol/10° cells compared with vehicle con-
trol cells of 201-6 + 0-33 pmol/10° cells. Treatment of
RAW264.7 cells with DHA for 6 hr resulted in a concentra-

tion of 1104:9 4 63-28 pmol/10° cells, compared with
vehicle control cells of 301-9 & 32.06 pmol/10° cells
(n =3, P < 0-01 by Student’s t-test).

DHA and GW9508 activate cPLA, and cause AA
release

To determine which type of phosphoslipase A, is involved
in DHA- and GW9508-induced AA release, the cPLA,
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inhibitor, N-((2S,4R)-4-(biphenyl-2-ylmethyl-isobutyl-amino)-
1-[2-(2,4-difluorobenzoyl)-benzoyl] -pyrrolidin-2-ylmethyl)-
3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-phenyl] acryl-
amide HCI (1 pum), iPLA, inhibitor, bromoenol lactone
(1 um), or the sPLA, inhibitor, thioetheramide-PC
(10 puMm), was used to pre-treat RAW264.7 cells for 1 hr.
Cells were then stimulated with DHA or GW9508
(100 pm) for 4 hr and AA release was assayed. We found
that only the cPLA, inhibitor significantly decreased
DHA- or GW9508-induced AA release. The cPLA,
inhibitor at 1 pm decreased DHA- or GW-induced AA
release by 37-2% and 47-1%, respectively (Fig. 2a), cPLA,
inhibitor at 5 pm further decreased DHA-induced AA
release by 75% and decreased GW9508-induced AA
release by 88-5% (Fig. 2b), cPLA, inhibitor or iPLA,
inhibitor or sPLA, inhibitor alone has no effect on AA
release. To determine whether DHA and GW9508
specifically induce AA release, three other fatty acids were
tested, the unsaturated fatty acid, linolenic acid and
the saturated fatty acids, myristic acid or docosanoic acid.
These three fatty acids did not induce AA release
(Fig. 2¢). This suggests that the effect of DHA and
GW9508 on AA release is specific. Moreover, knock-down
of cPLA, with cPLA, siRNA (100 nm) reduced cPLA,
mRNA and protein level (Fig. 2d) and decreased
DHA- and GW9508-induced AA release by 89% and
57%, respectively (Fig. 2e,f), suggesting that cPLA,
activation is involved in DHA- and GW9508-induced AA
release.

DHA and GW9508 induce cPLA, activity through
GPR120 receptor, Gaq subunit and f-arrestin 2
adaptor protein

Omega-3 fatty acids signal through GPR120 receptor and
B-arrestin 2.'* B-Arrestin 2 serves as a scaffold or adaptor
protein for a wide range of G protein-coupled receptors,
associates with ligand-stimulated GPR120 receptor and
participates in downstream ERK1/2 MAPK signalling.'”'®
To determine whether GPR120 receptor, Goq and f-arr-
estin 2 are involved in cPLA, activation, RAW264.7 cells
were transfected with Control siRNA, GPR120 siRNA,
Goq siRNA and f-arrestin 2 siRNA for 48 hr. Transfec-
tion of RAW264.7 cells with each of these siRNAs
resulted in a significant decrease of the target mRNA and
protein level as shown in Fig. 3(a,d,g). Cells were then
stimulated with 100 pm DHA or GW9508 for 2 hr and
AA release was measured. Knock-down of GPR120, Gaq
and f-arrestin 2 significantly decreased AA release com-
pared with transfection of control siRNA. Knock-down
of GPR120 decreased DHA- or GW9508-induced AA
release by 86% and 81-3%, respectively (Fig. 3b,c).
Knock-down of Gouq decreased DHA- or GW9508-
induced AA release 61% and 52-5%, respectively (Fig. 3e,
f). p-Arrestin 2 siRNA decreased DHA- or GW9508-

induced AA release 75-4% and 69-9%, respectively
(Fig. 3h,i). The results suggest that DHA and GW9508
activate cPLA, at least in part through GPR120 receptor,
Goq and f-arrestin 2.

DHA and GW9508 activate cPLA, through activation
of ERK1/2, but not p38 MAPK

After ligand binding, GPR120 is phosphorylated and this
generates binding sites for f-arrestin 2.'® f-Arrestin 2
then interacts with down-stream signalling molecules such
as ERK1/2 MAPK."”'® To determine if MAPKs are
involved in cPLA, activation caused by DHA and
GW9508, cells were pre-treated with a MEK1/2 inhibitor
or a p38 inhibitor. Treatment with the MEK1/2 inhibitor,
U0126 (20 pm), resulted in decreased DHA- or GW9508-
induced AA release by 68% and 57-2%, respectively
(Fig. 4a). Treatment of cells with the p38 inhibitor,
SB203580 (10 pum), had no effect on DHA- or GW9508-
induced AA release (Fig. 4b). These results indicate that
DHA and GW9508 may activate cPLA, through activa-
tion of ERK1/2. Next, we studied the effect of DHA and
GW9508 on phosphorylation of ERK1/2. As shown in
Fig. 5(a), DHA increased phosphorylation of ERK1/2
after 10 min stimulation. GW9508 increased phosphory-
lation of ERK1/2 from 5 min stimulation with a peak
effect between 10 and 20 min. Furthermore, we studied
whether DHA or GW9508 causes phosphorylation of
cPLA, by Western blot. As shown in Fig. 5(b), DHA and
GW9508 increased phosphorylation of cPLA,. DHA
increased phosphorylation of cPLA, at 30 min incubation
while GW9508 increased phosphorylation of cPLA, at
30 min and 1 hr incubation. MEK1/2 inhibitor, U0126,
abolished the phosphorylation of ERK1/2 (Fig. 5¢) and
eliminated the increased phosphorylation of cPLA,
(Fig. 5d) caused by DHA or GW9508 stimulation. The
results indicated that cPLA, activation is caused by
ERK1/2 activation.

Docosahexaenoic acid and GW9508 inhibit LPS-
induced pro-inflammatory cytokine release in part
through activation of cPLA,, COX-2 and production
of prostaglandin E,, resulting in inhibition of the
NF-kB signalling pathway

RAW264.7 cells or human primary monocyte-derived
macrophages were pre-treated with 100 pm DHA or
GW9508 for 1 hr, then treated with LPS (10 ng/ml) for
6 hr and IL-6 secretion was detected. Both DHA and
GW9508 inhibited LPS-induced IL-6 release in RAW264.7
cells (Fig. 6a) and in human primary monocyte-derived
macrophages (Fig. 9a). When cells were pre-treated with
a cPLA, inhibitor, the inhibitory effect of DHA or
GW9508 on LPS-induced IL-6 production was reduced in
RAW264.7 cells (Fig. 6a) or human primary monocyte-
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Figure 2. Docosahexaenoic acid (DHA) and GW9508 induce arachidonic acid (AA) release through cytosolic phospholipase A, (cPLA,) specifi-
cally in RAW264.7 cells. (a) Cells were pre-treated with a cPLA, inhibitor, pyrrolidin derivative (1 pm), iPLA, inhibitor, bromoenol lactone
(1 pm), or the sPLA, inhibitor, thioetheramide-PC (10 pm) for 1 hr, then stimulated with 100 pm DHA or GW9508 for 4 hr and AA release was
assayed. (b) Cells were pre-treated with cPLA, inhibitor (5 pum) for 1 hr, and then stimulated with 100 pm DHA or GW9508 for 4 hr and AA
release was assayed. Data are presented as the mean = SEM (n = 3) of the fold change, compared with the vehicle-treated cells and are represen-
tative of three independent experiments. *P < 0-05, **P < 0-01 as indicated, assessed by analysis of variance with Holm-Sidak post hoc test in
(a, b). (c) DHA and GW9508 induced AA release specifically. Cells were treated with DHA, GW9508, unsaturated fatty acid, linolenic acid, or
the saturated fatty acid, myristic acid or docosanoic acid for 4 hr, followed by AA release assay. Data are presented as the mean + SEM (n = 3)
of the fold change, compared to the vehicle-treated cells and are representative results of three independent experiments. **P < 0-01 as compared
to the vehicle-treated cells, as assessed by Student’s t-test. (d) Knock-down efficiency of cPLA, siRNA. Cells were transfected with either cPLA,
siRNA (100 nm) or Negative Control siRNA (100 nm) for 24 hr. The mRNA level of cPLA, expression was determined by Tagman real-time
PCR. Data are presented as the mean 4+ SEM (n = 3) of the percentage change compared with the negative control siRNA. **P < 0-01 as indi-
cated, as assessed by Student’s t-test. The protein level of cPLA, was determined by Western blot and was quantified. Data are representative
from three independent experiments. (e, f) Knock-down of cPLA, decreases DHA and GW9508 induced AA release. Cells were transfected with
either cPLA, siRNA or Negative Control siRNA for 24 hr, stimulated with 100 pm DHA or GW9508 for 4 hr and AA release was assayed. The
results are presented as the mean = SEM (n = 3) of fold stimulation compared with control and are representative of three independent experi-

ments. ¥*P < 0-05 as indicated, as assessed by analysis of variance with Holm-Sidak post hoc test.

derived macrophages (Fig. 9a). We have shown that DHA to cultures before LPS was added and IL-6 release was
and GW9508 activate cPLA,, which cleaves the sn-2 fatty assayed. AA also inhibited LPS-induced IL-6 release by
acyl bond of phospholipids to produce AA. To determine 33% (Fig. 6b). To determine whether the AA produced
if the effect of the cPLA, inhibitor is a result of inhibition by DHA can be metabolized by COX-2 to form PGE,,
of DHA- or GW9508-induced AA release, AA was added COX-2 mRNA expression by RT-PCR and PGE, release
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Figure 3. Docosahexaenoic acid (DHA) and GW9508 induce cytosolic phospholipase A, (cPLA,) activation through GPR120 receptor, Goq pro-
tein and f-arrestin 2. (a, d, g). Knock-down efficiency of GPR120, Goq and f-arrestin 2 small interfering RNA (siRNA). RAW264.7 cells were
transfected with either GPR120 siRNA (100 nm), Goq siRNA (100 nm), f-arrestin 2 siRNA (100 nm) or Negative Control siRNA (100 nm). The
mRNA level of GPR120 (a), Gaq (d) and f-arrestin 2 (g) expression was determined by Tagman real-time PCR. Data are presented as the
mean + SEM (n = 3) of percentage change compared with negative control siRNA. “*P < 0-01 as indicated, as assessed by Student’s t-test. The
protein level of GPR120, Gaq and f-arrestin 2 was determined by Western blot and was quantified. Data are representative of three independent
experiments. Knock-down of GPR120 (b, ¢), Goq (e, f) and f-arrestin 2 (h, i) by siRNA decreases DHA- or GW9508-induced arachidonic acid
(AA) release. RAW264.7 cells were transfected with either GPR120 siRNA, Gaq siRNA, f-arrestin 2 siRNA or Negative Control siRNA for 48 hr,
stimulated with 100 um DHA or GW9508 for 2 hr and then AA release was detected. Data are shown as the mean &+ SEM (n = 3) of fold change
compared to control and are representative of the results of three independent experiments. *P < 0-05 as indicated, as assessed by analysis of var-
iance with Holm-Sidak post hoc test.

by EIA were studied. DHA significantly activated COX-2
gene expression, while cPLA, inhibitor reduced this effect
by 88-7% (Fig. 6¢). When cells were pre-treated with a
COX-2 inhibitor, NS-398, the COX-2 inhibitor partially
reversed DHA or GW9508 inhibition of LPS-induced IL-
6 secretion in RAW264.7 cells (Fig. 6d) and in human
primary monocyte-derived macrophages (Fig. 9b). DHA
caused PGE, release after 1 hr incubation in RAW264.7
and human primary monocyte-derived macrophages. The
cPLA, inhibitor and a COX-2 inhibitor partially inhibited
this release. The cPLA, inhibitor decreased PGE, release

in RAW264.7 cells and in human primary monocyte-
derived macrophages (Fig. 7a,b). The COX-2 inhibitor
inhibited PGE, release to a similar degree to the cPLA,
inhibitor (Fig. 7¢,d). Whether PGE, inhibits LPS-induced
IL-6 secretion in macrophages has not been reported. To
test whether PGE, can inhibit LPS-induced IL-6 secretion,
RAW264.7 cells or human primary monocyte-derived
macrophages were pre-treated with 100 nm PGE, for
1 hr, then stimulated with 10 ng/ml LPS for 6 hr and IL-
6 ELISA was performed. Prostaglandin E, inhibited LPS-
induced IL-6 secretion by 73% in RAW264.7 cells
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Figure 4. MEK1/2 inhibitor decreases DHA- or GW9508- induced AA
release. (a) RAW264.7 cells were pretreated with the MEK1/2 inhibi-
tor, U0126 (20 uM) or (b) the p38 inhibitor, SB203580 (10 uM) for
1 hr, then stimulated with 100 pM DHA or GW9508 for 2 hr and AA
release was measured. Data are presented as the mean + SEM (n=3) of
fold change compared to vehicle control and are representative of
three independent experiments. **p < 0.01 as indicated, as assessed by
ANOVA analysis followed by the Holm-Sidak post hoc test.

(Fig. 7e) and inhibited LPS induced IL-6 secretion by 47%
(Fig. 9d). To test whether PGE, or DHA inhibits LPS-
induced IL-6 secretion through inhibition of the NF-xB
pathway, NF-xB promoter luciferase activity was studied.
Prostaglandin E, or DHA decreased LPS-induced NF-xB
promoter activity by 31% and 28%, respectively (Fig. 7f).
These data suggest that DHA or PGE, plays an anti-inflam-
matory role partially through inhibition of the NF-«B sig-
nalling pathway. In addition to PGE, release, we have
assayed for other eicosanoids that may be released from
RAW264.7 cells after stimulation with 100 um DHA for
6 hr. These include leukotriene C, (vehicle control,
1-15 £ 0-17 pg/ml; DHA 100 pm, 85-80 =+ 3-94 pg/ml;
n =3, P < 0-01 by Student’s #-test), PGD, (vehicle control,
121:56 + 10-54 pg/ml; DHA 100 pu, 279-88 =+ 21-84 pg/
ml; n =3, P<0-01 by Student’s t-test), and 15-HETE
[vehicle control, ND (non-detectable); DHA 100 pm,
424-09 + 50-64 pg/ml; n = 3]. However, PGE, is the most
abundant released eicosanoid in our system.

The anti-inflammatory effect of DHA is partially
through EP4 receptor

We have shown that DHA activates cPLA,, resulting in
the production of PGE, and that PGE, can suppress LPS-
induced IL-6 production. Next, we studied whether DHA

DHA activates cPLA2 via GPR120 in macrophages
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Figure 5. Docosahexaenoic acid (DHA) and GW9508 activate cyto-
solic phospholipase A, (cPLA,) through activation of extracellular
signal-regulated kinase 1/2 (ERK1/2). (a) RAW264.7 cells were serum
starved for 2 hr with Dulbecco’s modified Eagle’s medium contain-
ing 0-2% fetal bovine serum, then stimulated with 100 um DHA or
GW9508 for the indicated time. Phospho-ERK1/2 and total ERK1/2
were detected by immunoblot. (b) DHA and GW9508 cause phos-
phorylation of c¢PLA,. Cells were stimulated with 100 pm DHA or
GW9508 for the indicated time. Cells were assayed by immunoblot
with phospho-cPLA, and total cPLA, antibody. The ratio of density
of phospho-cPLA,/total cPLA, of DHA- or GW9508-treated group is
compared with that of vehicle control, which is set as 1-0. (c) Cells
were pre-treated with mitogen-activated protein kinase kinase 1/2
(MEK1/2) inhibitor, U0126 (20 pm), for 1 hr, then stimulated with
100 pv DHA or GW9508 for 10 min. Phospho-ERK1/2 and total
ERK1/2 were detected by immunoblot. (d) Cells were stimulated
with U0126 (20 pm) for 1 hr, then stimulated with 100 pm DHA or
GW9508 for 0-5 hr. Cells were assayed by immunoblot with phos-
pho-cPLA, and total cPLA, antibody. The ratio of density is shown
as in 5b. The blots shown are from one of three independent experi-
ments, each showing similar results.

and PGE, exert this effect via PGE, receptor activation.
We used EP2 or EP4 inhibitors and knock-down of EP2
or EP4 by siRNA. RAW264.7 cells or human primary
monocyte-derived macrophages were pre-treated with the
EP2 inhibitor, AH6809 (3 um), or the EP4 inhibitor,
GW627368X (2 um), for 1 hr, then stimulated with DHA
(100 pm) for 1 hr and finally stimulated with 10 ng/ml
LPS for 6 hr. Cell culture supernatants were collected and
IL-6 ELISA was performed. AH6809 antagonizes EPI,
EP2 and EP3. EP2 and EP4 are primarily expressed in
RAW264.7 cells with very little EP3 expression and no
EP1 expression.** Therefore, AH6809 is an antagonist of
the EP2 receptor in RAW264.7 cells. The EP4 inhibitor,
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Figure 6. Docosahexaenoic acid (DHA) and GW9508 inhibit lipopolysaccharide (LPS) -induced interleukin-6 (IL-6) secretion in part through
activation of cytosolic phospholipase A, (cPLA,) and COX-2. (a) RAW264.7 cells were pre-treated or not with cPLA, inhibitor (5 pm) for 1 hr,
then stimulated with DHA or GW9508 (100 pm) for 1 hr and finally stimulated with LPS (10 ng/ml) for 6 hr. Cell culture supernatants were col-
lected and IL-6 secretion was determined by ELISA. Data are shown as the mean + SEM (n = 3) of IL-6 secretion (pg/ml) and are representative
of the results of three independent experiments. **P < 0-01 as indicated, as assessed by analysis of variance with Holm-Sidak post hoc test.
ND = non-detectable. (b) Cells were pre-treated with arachidonic acid (20 pm) for 1 hr, then stimulated with LPS (10 ng/ml) for 6 hr. Cell cul-
ture supernatants were assayed for IL-6 secretion. Data are shown as the mean £ SEM (n = 3) of IL-6 secretion (pg/ml) and are representative
result from three independent experiments. **P < 0-01 as indicated, as assessed by Student’s ¢ test. ND = non-detectable. (c) Cells were pre-trea-
ted with cPLA, inhibitor (5 pm) or not for 1 hr, then stimulated with DHA (100 pm) for 6 hr. Cyclooxygenase 2 (COX-2) mRNA expression
was determined by Tagman real-time PCR. Data are shown as the mean £ SEM (n = 3) of fold change compared with vehicle-treated control
and are representative of the results of three independent experiments. **P < 0-01 as indicated, as assessed by analysis of variance with Holm-Si-
dak post hoc test. (d) Cells were pre-treated or not with COX-2 inhibitor, NS-398 (3 um) for 1 hr, then stimulated with DHA or GW9508 and
LPS as in 6A. Cell culture supernatants were assayed for IL-6 secretion. Data are presented as the mean £ SEM (n = 3) of IL-6 secretion (pg/ml)
and are representative of the results of three independent experiments. **P < 0-01 as indicated, as assessed by analysis of variance followed by
Holm-Sidak post hoc test.

GW627368X, antagonizes the EP4 receptor specifically.
The EP4 inhibitor partially reversed DHA inhibition of
LPS-induced IL-6 secretion. AH6809 had no effect on
DHA inhibition in RAW264.7 cells (Fig. 8a) or human
primary monocyte-derived macrophages (Fig. 9¢). Neither
AH6809 nor GW627368X alone had an effect on LPS-
induced IL-6 secretion. To determine if knock-down of

on DHA inhibition (Fig. 8c). These data suggest that
DHA plays an anti-inflammatory role partially through
production of PGE, and via EP4 binding.

Discussion

In this study, we demonstrated that DHA, and the

EP2 or EP4 had an effect on DHA inhibition. RAW264.7
cells were transfected with 100 nm EP2 or EP4 siRNA for
48 hr, then stimulated with 100 pm DHA for 1 hr, and
then stimulated with 10 ng/ml LPS for 6 hr, and IL-6
ELISA was performed. Knock-down of EP2 siRNA or EP4
siRNA decreased mRNA and protein expression of EP2
or EP4 (Fig. 8b). Knock-down of EP4 partially reversed
DHA inhibition compared with cells transfected with
control siRNA. However, knock-down EP2 had no effect

GPR120 agonist, GW9508, activate cytosolic phospholi-
pase A, (cPLA,), and cause COX-2 activation in the mur-
ine macrophage cell line, RAW264.7 and result in PGE,
release in RAW264.7 cells and human primary monocyte-
derived macrophages. We also showed that DHA-induced
PGE, release plays an anti-inflammatory role by inhibit-
ing LPS-induced IL-6 release and by inhibiting the NF-kB
signalling pathway and via the EP4 receptor. The cPLA,

plays an important role in modulating inflammation.'® >
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Figure 7. Docosahexaenoic acid (DHA) stimulates production of prostaglandin E, (PGE,) and PGE, decreases lipopolysaccharide (LPS) induced
interleukin 6 (IL-6) secretion, which is partially through inhibition of nuclear factor (NF-kB) signalling pathway. (a) RAW264.7 cells and (b)
human primary monocyte-derived macrophages were pre-treated or not with cytosolic phospholipase A, (cPLA;) inhibitor (5 pm) for 1 hr, then
stimulated with DHA (100 pm) for 6 hr. Cell culture supernatants were collected and PGE, release was assayed. Data are shown as the
mean + SEM (n = 3) of prostaglandin E, (PGE,) release (pg/ml) and are representative results of three independent experiments in RAW264.7
cells and of three different donors in primary monocyte-derived macrophages. **P < 0-01 or *P < 0-05 as indicated, as assessed by analysis of
variance with Holm-Sidak post-hoc test. (¢) RAW264.7 cells and (d) human primary monocyte-derived macrophages were pre-treated or not
with cyclooxygenase 2 (COX-2) inhibitor, NS-398 (3 um), for 1 hr followed by stimulation with DHA (100 pm) for 1 hr. Cell culture superna-
tants were collected and PGE, release was assayed. Data are shown as in (a, b). *P < 0-05 as indicated, as assessed by analysis of variance with
Holm-Sidak post hoc test. (¢) RAW264.7 cells were pre-treated with PGE, (100 nm) for 1 hr and then stimulated with 10 ng/ml LPS for 6 hr.
Cell culture supernatants were assayed for IL-6 secretion. Data are shown as the mean = SEM (n = 3) of IL-6 secretion (pg/ml) and are repre-
sentative of data from three independent experiments. **P < 0-01 as indicated, as assessed by Student’s t-test. (f) RAW264.7 cells were co-trans-
fected with an NF-«B luciferase reporter construct and a Renilla luciferase construct. After 24 hr, cells were pre-treated with 100 nm PGE, or
100 pv DHA for 1 hr, then stimulated with 10 ng/ml LPS for 6 hr. After stimulation, the cells were lysed in passive lysis buffer and reporter gene
activity was measured. Firefly luciferase of NF-kB promoter was normalized to Renilla luciferase activity and data are presented as the
mean + SEM of fold stimulation and are representative results of three independent experiments. **P < 0-01 as indicated, as assessed by analysis

of variancefollowed by Holm-Sidak post hoc test.

Whether cPLA, activation and its downstream lipid medi- The DHA serum level under physiological conditions is
ators are involved in the anti-inflammatory effect of DHA about 1-5 pm.*'° Dietary intake of 0-5-2 ¢ DHA corre-
has not been studied previously. We are the first to indi- lates with plasma phospholipid levels of 90-120 pm."
cate that cPLA, activation and its downstream lipid medi- DHA supplement (Epanova, 4 g/day) may achieve a
ator PGE, are involved in the anti-inflammatory effect of plasma total DHA level close to 100 p.'? There are some
DHA. clinical situations when the high dose supplementation of
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Figure 8. EP4 receptor of ptostaglandin E, (PGE,) is involved in the
anti-inflammatory effect of docosahexaenoic acid (DHA). (a)
RAW264.7 cells were pre-treated with an EP2 inhibitor, AH6809
(3 um), or an EP4 inhibitor, GW627368X (2 puMm) for 1 hr, then
stimulated with 100 pm DHA for 1 hr and finally stimulated with
10 ng/ml lipopolysaccharide (LPS) for 6 hr. Cell culture superna-
tants were collected and assayed for IL-6 secretion. Data shown are
the mean = SEM (n = 3) of IL-6 secretion (pg/ml) and are repre-
sentative of the results of three independent experiments. **P < 0-01
as indicated, as assessed by analysis of variance with Holm-Sidak
post hoc test, ND = non-detectable. (b) Knock-down efficiency of
EP2 or EP4 siRNA. RAW264.7 cells were transfected with EP2 siR-
NA (100 nm), EP4 siRNA (100 nM) or Negative Control siRNA
(100 nm). Total RNA was isolated from transfected cells. The mRNA
level of EP2 and EP4 expression was determined by Taqman real
time PCR. The results are presented as the mean £ SEM (n = 3) of
percentage change compared to negative control siRNA. P < 0-01
as indiated, as assessed by Student’s t-test. The protein level of EP2
and EP4 was detected by Western blot and was quantified. Data are
representative results of three independent experiments, each show-
ing similar results. (c) RAW264.7 cells were transfected with either
EP2 siRNA (100 nm), EP4 siRNA (100 nm) or Negative Control siR-
NA (100 nm) for 48 hr, stimulated with 100 pm DHA for 1 hr, then
stimulated with lipopolysaccharide (LPS; 10 ng/ml) for 6 hr. Cell
culture supernatants were assayed for IL-6 secretion. Data are pre-
sented as the mean = SEM (n = 3) of IL-6 secretion (pg/ml) and
are representative of the results of three independent experiments.
**P < 0-01 as indicated, as assessed by analysis of variance and
Holm-Sidak post hoc test.
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Figure 9. Cytosolic phospholipase A, (cPLA,) activation, cyclooxy-
genase 2 (COX-2) activation, prostaglandin E, (PGE,) induction and
EP4 receptor are involved in the anti-inflammatory effect of docosa-
hexaenoic acid (DHA) or GW9508 in human primary monocyte-
derived macrophages. (a—c) Human primary monocyte-derived mac-
rophages were pre-treated or not with cytosolic phospholipase A,
(cPLA;) inhibitor (5 pum) (a) or COX-2 inhibitor (3 um) (b) or EP2
inhibitor (3 pum), or EP4 inhibitor (2 um) (c) for 1 hr, then stimu-
lated with DHA or GW9508 (100 pm) for 1 hr and finally stimulated
with lipopolysaccharide (LPS) (10 ng/ml) for 6 hr. Cell culture su-
pernatants were collected and assayed for interlukin-6 (IL-6) secre-
tion. Data are presented as the mean £ SEM (n=3) of IL-6
secretion (pg/ml) and are representative of the results from three dif-
ferent donors. *P < 0-05 as indicated, as assessed by analysis of vari-
ance with Holm-Sidak post hoc test. ND = non-detectable. (d)
Human primary monocyte-derived macrophages were pre-treated
with 100 nm PGE, for 1 hr, and then stimulated with 10 ng/ml LPS
for 6 hr. Cell culture supernatants were assayed for IL-6 secretion.
Data are shown as the mean + SEM (n = 3) of IL-6 secretion (pg/
ml) and are representative of data from three different donors.
##p < 0-01 as indicated, as assessed by Student’s t-test. (e) Determi-
nation of cell viability. Human primary monocyte-derived macro-
phages were stimulated with 100 um DHA or GW9508 or vehicle for
7 hr. Data are shown as the mean + SEM of percentage of absor-
bance of the formazan product at 490 nm of DHA- or GW9508-
treated cells as compared with that of vehicle control with four repli-
cates. The data shown are representative results from three different
donors.
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DHA is highly beneficial. In sepsis patients receiving fish-
oil-based lipid emulsion, the plasma-free DHA level can
reach 65 p.'? Patients with hypertriglyceridaemia can take
DHA + EPA supplement 2-4 g/day to lower triglyceride.*
Supplements of 1.7-9-6 g/day DHA + EPA were given to
patients with rheumatoid arthritis with promising results
in reducing joint pain in patients.” There is some increase
at the concentration of non-esterified fatty acid with DHA
supplementation.*® Most in vitro studies use free DHA at
concentrations 10—-100-fold higher than that of the physio-
logical level, which may equate to total plasma concentra-
tions of omega-3 fatty acid achievable with
supplementation. However, the esterified form of DHA
may not have the same profile of bioavailability as free
DHA.”> We used 100 pum DHA in our study based on previ-
ous publications on monocytes and macrophages.'**>*
However, we did not demonstrate similar responses at con-
centrations < 10 pM in vitro in our system.

The organized chain of observed events and their
reversibility by specific inhibitors or siRNAs, suggest that
our results are specific and are GPRI120 receptor-
mediated. Although some DHA is incorporated into
membrane, which might suggest additional non-receptor-
mediated events, we observed similar effects on AA
release, ERK1/2 and cPLA, phosphorylation, as well as
inhibition of LPS-induced IL-6 secretion exerted by
GW9508, the GPRI120 receptor agonist. Moreover, it has
been shown that at the site of inflammation in the tissue,
during oedema, vascular leakage and cellular infiltration,
there is a temporary, local increase of several cytokines,
lipid mediators and the family of specialized pro-resolving
mediators, which are derivatives of EPA and DHA.**
Hence, there may be a possibility that under these condi-
tions tissue macrophages might be subjected to a higher
concentration of free DHA than that reflected by the
systemic plasma concentration.

We found that DHA and GW9508 increase AA release in
the murine macrophage cell line, RAW264.7. A specific
cPLA, inhibitor, pyrrolidin derivative, and knock-down of
cPLA, decreased DHA- and GW9508-induced AA release,
whereas sPLA, and iPLA, inhibitors had no effect on
DHA- and GW9508-induced AA release. These results indi-
cate that cPLA, is activated by DHA and GW9508. Our
findings are consistent with previous studies that DHA
increases AA release in astrocy‘tes.w’50 Moreover, DHA
increased activation of cPLA, in a prion-infected neuronal
cell line, ScGT1.°! Our study showed that DHA and
GW9508 can cause phosphorylation of ERK1/2 and phos-
phorylation of cPLA; in macrophages. A MEK1/2 inhibitor
partially inhibited DHA- or GW9508-induced AA release,
whereas a p38 inhibitor had no effect. Moreover, MEK1/2
inhibitor, U0126 abolished phosphorylation of ERK1/2 and
eliminated the increased phosphorylation of cPLA, caused
by DHA or GW9508. These results indicated that cPLA,
activation is caused by ERK1/2 MAPK activation.

DHA activates cPLA2 via GPR120 in macrophages

It has been reported that DHA exerts its anti-inflam-
matory effects through the G protein coupled receptor
120 (GPR120) and f-arrestin 2."* We explored whether
cPLA, activation is through GPR120 receptor, Gaq and
p-arrestin 2, which binds to GPR120. Knock-down of
GPR120, Gaq and f-arrestin 2 decreased DHA- and
GW9508-induced AA release. These results suggest that
cPLA, activation by DHA and GW9508 is driven partially
through the GPR120, Goq and f-arrestin 2 pathway.

Both DHA and GW9508 inhibit LPS-induced IL-6
secretion and so play an anti-inflammatory role in mac-
rophages. Interestingly, cPLA, inhibitor significantly
reversed DHA or GW9508 inhibition of LPS-induced IL-
6 secretion, suggesting that cPLA, is involved in the anti-
inflammatory role of DHA. The cPLA, product AA also
inhibited LPS-induced IL-6 release. Therefore, AA down-
stream signalling was studied. COX-2 inhibitor partially
reversed DHA or GW9508 inhibition of LPS-induced IL-
6 secretion. Prostaglandin E, also reduces LPS-induced
IL-6 secretion. The cPLA, inhibitor or COX-2 inhibitor
partially decreased DHA-induced PGE, release in
RAW264.7 cells and human primary monocyte-derived
macrophages. These results indicate that cPLA,, the
cPLA, product AA, and its downstream COX-2-depen-
dent lipid mediator, PGE,, are involved in the DHA or
GW9508 anti-inflammatory effect. Moreover, we showed
that DHA inhibits inflammation partially through EP4
receptor as an EP4 inhibitor or knock-down of EP4 by
siRNA partially reverses DHA inhibition of LPS-induced
IL-6 secretion. PGE, or DHA also partially inhibits the
NF-«B signalling pathway. These findings indicate that
DHA plays an anti-inflammatory role through a cPLA,-
AA-COX-2-PGE,-EP4 receptor pathway that results in
the inhibition of the NF-«B signalling pathway.

Prostaglandin E, exerts its biological functions mainly
via four G-protein-coupled receptors EP1 to EP4.>> Mac-
rophages primarily express EP4 and EP2.** Several studies
support a role for PGE, as an inhibitor of inflammation.
Targeted disruption of the EP4 receptor gene in mice
decreased PGE,-mediated inhibition of IL-12 and tumour
necrosis factor-o production in LPS-activated macrophag-
es.”® The PGE, also plays an anti-inflammatory role in T
cells by suppressing the release of some cytokines and
chemokines from T cells and inhibits the proliferation
and activation of T cells and the induction of T-cell
apoptosis.”® Prostaglandin E, also reduces inflammation
in atherosclerosis, aneurysm lesions and myocardial
ischaemia.” >> The PGE, may also play an anti-inflam-
matory role in other inflammatory disorders including
colitis and gastric ulcers.’®”” Prostaglandin E, pre-treat-
ment selectively inhibits LPS-induced NF-xB 1, pl05
phosphorylation and degradation in mouse bone-mar-
row-derived macrophages through EP4-dependent mecha-
nisms.”® Our results are consistent with these
observations in that PGE, inhibits LPS-induced IL-6
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secretion and the anti-inflammatory role is partially
through inhibition of NF-«kB signalling pathway.

Other mechanisms are also involved in the anti-inflam-
matory effect of DHA. The DHA may inhibit inflamma-
tion through an Nrf2-HO-1 pathway.” DHA may reduce
inflammation by decreasing adhesion molecules on leuco-
cytes and on endothelial cells and decreasing chemotactic
responses of leucocytes.’” ®> DHA may also prevent
inflammation through inhibition of NLRP3 inflamma-
some activation.”” Further, metabolites of DHA, resolvin
D1, protectin D1 and maresins, also possess potent anti-
inflammatory and inflammation-resolving activity and
may also participate in this response.®*®” Changes in
membrane phospholipid fatty acid composition by stimu-
lation cells with omega-3 fatty acid can also influence the
function of cells involved in inflammation.>*'

In conclusion, DHA and GW9508 activate cPLA,
through the GPR120 receptor, Gaq protein and the scaf-
fold protein f-arrestin 2. The anti-inflammatory effect of
DHA is, in part, through cPLA, activation, COX-2 activa-
tion and PGE, production and through EP4 receptor
activation. PGE, or DHA decreases inflammation partially
through inhibition of the NF-«xB signalling pathway. Our
study demonstrates that cPLA, and its down-stream lipid
mediator, PGE,, are involved in the anti-inflammatory
effect of DHA. It adds a possible new mechanism to the
existing mechanisms of DHA inhibition of inflammation.

Studies in human clinical trials have suggested that
omega-3 fatty acids play an anti-inflammatory role in sev-
eral human inflammatory diseases including atherosclero-
sis, asthma, arthritis and inflammatory bowel disease.'™
Therefore, deeper understanding of the anti-inflammatory
mechanisms may support the development of novel ther-
apies, such as an EP4 agonist, for treatment of human
inflammatory diseases.
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