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Docosahexaenoic acid (DHA) is an n-3 fatty acid that is an important structural
component of the cell membrane. DHA exerts potent anti-inflammatory effects through
G protein-coupled receptor 120 (GPR120), which is a functional receptor for n-3 fatty
acids. DHA also regulates osteoclast formation and function. However, no studies
have investigated the effect of DHA on inflammation-induced osteoclast formation
in vivo. In the present study, we investigated whether DHA influences osteoclast
formation, bone resorption and the expression of osteoclast-associated cytokines
during lipopolysaccharide (LPS)-induced inflammation in vivo, and then we elucidated
the underlying mechanisms by using in vitro experiments. In vitro experiments
revealed both receptor activator of NF-kB ligand (RANKL)- and tumor necrosis
factor-a (TNF-a)-induced osteoclast formation was inhibited by DHA. Supracalvarial
administration of LPS with or without DHA was carried out for 5 days and then
the number of osteoclasts, ratio of bone resorption pits and the level of type |
collagen C-terminal cross-linked telopeptide were measured. All measurements
were significantly lower in LPS+DHA-co-administered mice than LPS-administered
mice. However, this DHA-induced inhibition was not observed in LPS-, DHA-, and
selective  GPR120 antagonist AH7614-co-administered mice. Furthermore, the
expression of RANKL and TNF-a mRNAs was lower in the LPS+DHA-co-administered
group than in the LPS-administered group in vivo. TNF-a mRNA levels were
decreased in macrophages co-treated with LPS+DHA compared with cells
treated with LPS in vitro. In contrast, RANKL mRNA expression levels from
osteoblasts co-treated with DHA and LPS in vitro were equal to that in cells
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treated with LPS alone. Finally, the inhibitory effects of DHA on osteoclast formation
in vitro were not observed by using osteoclast precursors from GPR120-deficient
mice, and inhibition of LPS-induced osteoclast formation and bone resorption by DHA
in vivo was not observed in GPR120-deficient mice. These results suggest that DHA
inhibits LPS-induced osteoclast formation and bone resorption in vivo via GPR120 by
inhibiting LPS-induced TNF-a production in macrophages along with direct inhibition of

osteoclast formation.

Keywords: osteoclast, DHA, LPS, mouse, GPR120

INTRODUCTION

Osteoclasts, which are specialized bone resorbing cells derived
from hematopoietic stem cells, play important roles in bone
remodeling and in bone destruction in diseases such as
rheumatoid arthritis, osteoporosis, and periodontal disease (1).
Two important cytokines, receptor activator of NF-kB ligand
(RANKL) and macrophage colony stimulating factor (M-CSE),
are required for osteoclast formation and osteoclast function (2).
M-CSF is also essential for proliferation of osteoclast precursors.
Tumor necrosis factor-a (TNF-a) has also been reported to
induce osteoclast formation both in vitro (3-5) and in vivo
(6, 7). TNF-a is central to pathological bone disorders including
inflammation (8).

Lipopolysaccharide (LPS), which is a major constituent of
the cell wall of Gram-negative bacteria, induces inflammation
and pathological bone destruction (9, 10). LPS also induces
the production of pro-inflammatory cytokines, such as TNF-
a from macrophages and other cells at sites of inflammation
(11, 12). Furthermore, LPS stimulates osteoblasts to produce and
express osteoclast-related cytokine RANKL (13). These cytokines
have been linked to LPS-induced osteoclast formation and bone
resorption in both in vivo and in vitro studies (9, 14).

It has been reported that polyunsaturated fatty acids
confer some beneficial effects on cardiovascular diseases
(15), autoimmune disorders and inflammatory disorders such
as rheumatoid arthritis, inflammatory bowel disease, and
dysmenorrhea (16, 17) and diabetes (18). Docosahexaenoic acid
(DHA), a well-known dietary n-3 polyunsaturated fatty acid,
is a long-chain polyunsaturated fatty acid that has 22 carbon
atoms and 6 double bonds. DHA is used as a food supplement
and has favorable effects against certain cancers, diabetes and
cardiovascular diseases (19, 20).

G protein-coupled receptors (GPRs) play a pivotal role as
signaling molecules for many cellular functions. G protein-
coupled receptors are seven transmembrane domain receptors
that regulate many physiological and pathological responses (21—
24). It has been reported that free fatty acids can activate receptors
GPR40 (free fatty acid receptor: FFARI), GPR41 (FFAR3),
GPR43 (FFAR2), GPR84, and GPR120 (FFAR4) and long-chain
fatty acids can activate GPR40 and GPR120 (25, 26). GPRI120,
also known as free fatty acid receptor 4 (FFAR4), has also
been implicated in homeostatic metabolic regulation in immune
processes and inflammatory in vivo (27). Therefore, GPRs are
leading targets for drug development for many human diseases.

Especially, GPR120 has gathered attention owing to its potential
role in the regulation of many inflammation-related diseases such
as diabetes and obesity (21, 26-31).

It has been reported that dietary n-3 fatty acids inhibit bone
loss in ovariectomized mice owing to their inhibitory effects on
osteoclast formation (32). Some studies showed the inhibitory
effects of DHA on osteoclast formation and activity in vitro. It
has been reported that DHA inhibits osteoclast formation and
function in human CD14+4 monocytes (33). It has also been
shown the differential effects of DHA on osteoclast formation
in the murine monocytic cell line RAW 264.7 (34). These
in vitro studies give some insight into the effects of DHA on
osteoclast formation, however, the effects of DHA on osteoclast
formation in vivo remain unclear. Furthermore, the effects of
DHA through GPR120 on osteoclast formation in vivo have not
been investigated.

In the present study, we showed the effects of DHA on LPS-
induced osteoclast formation and bone resorption via GPR120
in a murine experimental model and elucidated the underlying
mechanisms by using in vitro experiments.

MATERIALS AND METHODS

Animals and Reagents

Eight- to ten-week-old male C57BL6/] mice were obtained
from CLEA Japan (Tokyo, Japan). C57BL6 mice bearing the
Ffar4-floxed gene were generated by an outsourced research
company (Transgenic Inc., Fukuoka, Japan) as schematically
illustrated in Supplementary Figure 1. In the conditional Ffar4-
targeting vector designed according to the recombineering-
based construct, two loxP sites were inserted into the introns
immediately upstream and downstream of the exon 1 such that
an FRT-containing neomycin resistance cassette was included in
the loxP-flanked region. The targeting vector was introduced into
ES cells, and homologous recombination-positive clones were
isolated and used for generating germline-chimeric mice by the
embryo aggregation method. Heterozygous mutant mice bearing
the homologous mutation were produced and bred with the
Flp mice (Jackson Laboratory, Bar Harbor, USA) to remove the
neomycin resistance cassette. To generate systemic Ffar4 knock
out mice [Ffar4dE1/4ED mice], the floxed mice were crossed
with transgenic mice expressing Cre -recombinase under the
control of the chicken actin promoter (CAG). All animal care and
experiments were conducted according to Tohoku University
rules and regulations. Four mice were randomly distributed
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in each experimental group. DHA (Sigma-Aldrich, St Louis,
MO, USA), Escherichia coli LPS (Sigma-Aldrich) and GPR120
antagonist AH7614 (Tocris Bioscience, Bristol, United Kingdom)
were used in this study. For in vitro study, recombinant mouse
RANKL (35) and TNF-a (6) were obtained as previously
described, and recombinant mouse M-CSF was prepared from
an M-CSF-expressing cell line (CMG14-12) (36).

Histological Analysis

In a previous study, daily subcutaneous supracalvarial
administration of 100 g LPS to mouse calvariae for 5 days
significantly induced osteoclast formation (37, 38). Therefore,
we followed the same protocol, dose and LPS administration
period in this study. Four mice were randomly distributed
in each group and received daily subcutaneous injections of
phosphate-buffered saline (PBS; negative control group), LPS
(100 pg/day, positive control group), LPS (100 pg/day), and
DHA (100 pg/day) with or without AH7614 (100 wg/day) and
DHA (100 pg/day). Ffar4@€1/4ED mice were subjected to daily
subcutaneous injections of LPS (100 pg/day, positive control
group) and LPS (100 pg/day) and DHA (100 pg/day). Calvariae
were resected immediately after sacrifice on the 6th day. After
fixation in 4% PBS-buffered formaldehyde, all calvariae were
demineralized in 14% ethylenediaminetetraacetic acid (EDTA)
for 3 days. After dehydration, calvariae were embedded in
paraffin and sectioned perpendicular to the sagittal suture
(5-pm thickness) using a microtome (Leica, Wetzlar, Germany).
Sections were stained for tartrate-resistant acid phosphatase
(TRAP) and hematoxylin counterstain as previously described
(37, 38). Osteoclasts were identified as TRAP-positive cells
containing three or more nuclei. The number of osteoclasts
located at the mesenchyme of the sagittal suture was counted
in all slides as described previously (37, 38). In addition, the
percentage of interface of bone marrow space covered by
osteoclasts and the number of osteoclast of interface of bone
marrow space were histomorphometrically determined in
specimens derived from each sample.

Preparation of Osteoclast Precursors for

Osteoclast Formation

Osteoclast formation was evaluated as previously described
(37, 38). Briefly, femoral and tibial epiphyses from 8 to 10-
week-old male C57BL/6] mice were cut, and then the bone
marrow was flushed using a 25-gauge needle and syringe
prefilled with alpha-modified minimal essential medium (a-
MEM; Sigma-Aldrich). Harvested cells were then cultured in a-
MEM containing 10% fetal bovine serum, 100 IU/mL penicillin
G (Meiji Seika, Tokyo, Japan) and 100 pg/mL streptomycin
(Meiji Seika) with M-CSF. Adherent cells were harvested using
trypsin-EDTA solution (Sigma-Aldrich). Harvested cells were
then cultured in the presence of M-CSF until they reached
confluency. Cells were recognized as osteoclast precursors.
Osteoclast precursors were seeded at 5 x 10% cells per 200 wL
of culture medium in a 96-well plate and cultured for 5 days
in medium containing M-CSF (100 ng/mL); M-CSF (100 ng/mL)
and RANKL (100ng/mL) or TNF-a (100ng/mL); M-CSF
(100 ng/mL), RANKL (100 ng/mL), or TNF-a (100 ng/mL), and

DHA (100 ng/mL) with or without AH7614 (100 ng/mL); or M-
CSF (100 ng/mL) and DHA (100 ng/mL). After fixation with 4%
PBS-buffered formaldehyde, cells were permeabilized with 0.2%
Triton X-100 and TRAP staining was performed to visualize
active osteoclasts. TRAP-positive cells containing three or more
nuclei were counted under a light microscope (37, 38).

Isolation of Murine Macrophages

Eight- to ten-week old C57BL/6] mice were sacrificed to obtain
peritoneal macrophages; 5mL sterile ice-cold PBS (pH 7.4) was
injected into the peritoneal cavity and then the fluid was aspirated
out to collect cells. Collected cells were incubated for 1 h and then
non-adherent cells were removed. Adherent cells were cultured
an additional 24 h and used as peritoneal macrophages (37, 38).

RNA Preparation and Real-Time
RT-PCR Analysis

Calvariae from in vivo experiments were frozen in liquid
nitrogen and crushed by Micro Smash MS-100R (Tomy
Seiko, Tokyo, Japan) in 800 WL TRIzol reagent (Invitrogen,
Carlsbad, CA) for each sample. Total RNA was extracted with
an RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. Osteoblasts (Cosmo Bio, Tokyo, Japan)
or macrophages were cultured in culture medium supplemented
with PBS; LPS (100ng/mL); LPS (100ng/mL); and DHA
(100 ng/mL) with or without AH7614 (100 ng/mL); or DHA
(100 ng/mL). After 24h culture, total RNA was extracted from
osteoblasts or peritoneal macrophages. cDNA was synthesized
for each sample from 2 pg total RNA with oligo-dT primers
(Invitrogen) and reverse transcriptase in a total volume reaction
of 20 pL. To assess the gene expression value, the Thermal
Cycler Dice Real Time System (Takara, Shiga, Japan) was used
for real-time RT-PCR. Each reaction comprised a total volume
of 25 pL containing 2 uL ¢cDNA and 23 pL of a mixture of
SYBR Premix Ex Taq (Takara) and 50 pmol/lLL primers. PCR
cycling conditions were as follows: 95°C for 10s for initial
denaturation followed by 45-60 amplification cycles, with each
cycle comprising a denaturation step of 95°C for 5s and then
an annealing step of 60°C for 30s. Relative expression levels of
RANKL and TNF-a mRNAs were calculated by normalization
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA
levels. Primer sequences used for cDNA amplification were as
follows: 5-GGTGGAGCCAAAAGGGTCA-3' and 5-GGGG
GCTAAGCAGTTGGT-3 for GAPDH; 5-AGGCGGTGC
TTGTTCCTCA-3’ and 5-AGGCGAGAAGATGATCTGA
CTGCC-3' for TNF-o; and 5'-CCTGAGGCCAGCCATTT- 3’
and 5'-CTTGGCCCAGCCTCGAT-3' for RANKL as already
reported (37, 38).

Analysis of Bone Resorption

To evaluate the bone resorption area, calvariae were fixed
in 4% PBS-buffered formaldehyde and then scanned with
microfocus computed tomography (CT) (ScanXmate-E090;
Comscan, Kanagawa, Japan). Three-dimensional images of the
calvariae were prepared using TRI/3D-BON64 software (RATOC
System Engineering, Tokyo, Japan), and the ratio of the bone
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FIGURE 1 | DHA inhibits RANKL- and TNF-a-induced osteoclast formation via GPR120 in vitro. (A) Microscopic images and numbers of TRAP-positive cells following
RANKL-induced osteoclast formation. Osteoclast precursors were cultured with M-CSF, M-CSF+RANKL, M-CSF+RANKL+DHA, or M-CSF+DHA for 5 days,
followed by staining with TRAP solution. (B) Microscopic images and numbers of TRAP-positive cells following TNF-a-induced osteoclast formation. Osteoclast
precursors were treated with M-CSF, M-CSF+TNF-a, M-CSF+TNF-a+DHA, or M-CSF+DHA for 5 days, followed by staining with TRAP solution. (C) Microscopic
images and numbers of TRAP-positive cells following RANKL-induced osteoclast formation under AH7614 treatment. Osteoclast precursors were cultured with
(Continued)
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FIGURE 1 | M-CSF+RANKL, M-CSF+RANKL+DHA, or M-CSF+RANKL+DHA and various concentration of AH7614 (1,000, 100, 10, and 1 ng/mL). (D)
Microscopic photos and numbers of TRAP-positive cells following TNF-a-induced osteoclast formation under AH7614 treatment. Osteoclast precursors were cultured
with M-CSF+TNF-a, M-CSF+TNF-a+DHA, or M-CSF+TNF-a+DHA and various concentration of AH7614 (1,000, 100, 10, and 1 ng/mL). Data are expressed as
means + SD (n = 4; *p < 0.01, *p < 0.05). Statistical significance was determined by Scheffe’s test. Scale bars = 100 pm.

resorption area to the total area was measured using Image]
(NIH, Bethesda, MD) (37, 38).

Measurement of Serum C-Terminal
Telopeptide (CTX) of Type | Collagen

Serum was obtained from mice after 5 days of daily supracalvarial
administration of PBS, LPS, LPS+DHA with or without AH7614
or DHA alone. Serum CTX levels were evaluated using a
mouse CTX assay kit (IDS, Tyne and Wear, UK) by measuring
absorbance at 450 nm using a microplate reader (Remote Sunrise;
Tecan, Kawasaki, Japan) with a reference wavelength of 620 nm
(37, 38).

Statistical Analyses

All data are expressed as means + standard deviation (SD).
Differences between groups were assessed using Scheffe’s test,
one-way ANOVA and the Turkey-Kramer test. Statistical
significance was assumed at a threshold of p < 0.05.

RESULTS

DHA Inhibits RANKL- and TNF-«-Induced
Osteoclast Formation via GPR120

Activation in vitro

First, we examined the influence of DHA on RANKL- and
TNF-a-induced osteoclast formation to clarify whether DHA
directly influences osteoclast precursor cells (Figures 1A,B).
A large number of TRAP-positive cells were noted among
osteoclast precursor cells cultured with M-CSF and RANKL
or TNF-a. In contrast, the number of TRAP-positive cells was
markedly decreased when cells were cultured with M-CSF and
RANKL or TNF-a with DHA. Then, we investigated whether the
inhibitory effect of DHA is diminished by GPR120 antagonist
AH7614 (Figures 1C,D). AH7614 dose-dependently increased
the number of TRAP-positive cells compared with cells cultured
with M-CSF and RANKL or TNF-a with DHA.

DHA Inhibits LPS-Induced Osteoclast

Formation via GPR120 Activation in vivo

To assess whether LPS-induced osteoclast formation is inhibited
by DHA via GPR120 in vivo, LPS and DHA with or without
AH7614 were injected into mouse calvariae. When LPS was
administered for 5 consecutive days, many large multinucleated
TRAP-positive cells were noted within the suture mesenchyme
of histological sections (Figure 2A), the higher percentage of
interface of bone marrow space covered by osteoclasts and the
higher number of osteoclast of interface of bone marrow space
were observed (Figure 2B). In contrast, the mean number of
TRAP-positive cells and the percentage of osteoclast area of

interface of bone marrow space were markedly decreased in the
LPS and DHA co-administered group compared with the LPS
group, while the inhibitory effect of DHA was attenuated by co-
administration with AH7614 (Figures 2A,B). Moreover, TRAP
mRNA levels were remarkably lower in the LPS and DHA group
than in LPS or LPS and DHA with AH7614 co-administered
groups (Figure 2C).

DHA Inhibits LPS-Induced Bone

Resorption via GPR120 Activation in vivo
The ratio of bone resorption area to total area in three-
dimensional images of mouse calvariae was evaluated and
compared in each group. Many bone destruction defects were
observed in the LPS group compared with the PBS or DHA
group. However, the bone destruction defects were significantly
reduced in the LPS and DHA co-administered group, which
was increased again in the LPS and DHA with AH7614 co-
administered group (Figures 3A,B). We next evaluated serum
CTX levels by using a mouse CTX assay kit. Serum CTX levels
in the LPS group were significantly increased compared with
those in the PBS or DHA group, although the LPS with DHA
group had significantly lower CTX levels than the LPS group
(Figure 3C). Additionally, serum CTX levels were significantly
increased in the LPS and DHA with AH7614 co-administered
group compared with the LPS and DHA group.

DHA Inhibits Expression of LPS-Induced
TNF-o and RANKL mRNAs in vivo

The expression levels of osteoclast-related cytokines in calvariae
were determined by using real-time RT-PCR (Figures 4A,B).
RANKL and TNF-o mRNA levels were significantly elevated
in the LPS group compared with the PBS group. In contrast,
RANKL and TNF-a mRNA expression levels were significantly
lower in the LPS and DHA group than those of the LPS
group. Furthermore, treatment with GPR120 antagonist AH7614
elevated RANKL and TNF-a mRNA expression levels compared
with the LPS and DHA group.

DHA Suppresses LPS-Induced TNF-o
Expression in Macrophages but Does Not
Inhibit RANKL Expression in Osteoblasts

To precisely determine how DHA inhibits osteoclast formation
via GPR120, we investigated RANKL mRNA expression levels
in osteoblasts in vitro. RANKL mRNA expression levels
were upregulated by LPS treatment compared with PBS or
DHA alone. However, osteoblasts treated with both LPS and
DHA demonstrated similar RANKL mRNA expression levels
compared with cells treated with LPS alone. Moreover, RANKL
mRNA expression levels were similar between the LPS and DHA
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FIGURE 2 | DHA inhibits LPS-induced osteoclast formation via GPR120 activation in vivo. (A) Histological sections of calvariae were prepared from C57/BL6 mice
following 5 days of supracalvarial administration of PBS, LPS (100 pg/day), LPS (100 pg/day)+DHA (100 pg/day), LPS (100 pg/day)+DHA (100 wg/day)+AH7614
(100 wg/day), or DHA (100 pg/day). Sections were stained with TRAP solution and hematoxylin for counterstaining was performed. TRAP-positive cells appeared dark
red. Scale bars = 100 um. Numbers of TRAP-positive cells in the suture mesenchyme of calvariae from mouse groups administered PBS, LPS, LPS+DHA;
(Continued)
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FIGURE 2 | LPS+DHA+AH7614 or DHA. Data are shown as means =+ SD. Statistical significance was determined by Scheffe’s test (0 = 4; **p < 0.01, *p < 0.05).
(B) Histological sections of calvariae after 5 days of daily supracalvarial administration of PBS, LPS (100 g/day), LPS (100 pg/day)+DHA (100 pg/day), LPS (100
ng/day)+DHA (100 pg/day)+AH7614 (100 wg/day), or DHA (100 pg/day). Sections were stained with TRAP solution and hematoxylin for counterstaining was
performed. The percentage of interface of bone marrow space covered by osteoclast and the number of TRAP-positive cells per millimeter of interface of bone
marrow space were evaluated. Data is expressed as means =+ standard deviation (SD). Statistical significance was determined by Scheffe’s test (n = 4; **p < 0.01
*0 < 0.05). (C) Expression levels of TRAP mRNA in calvariae of the mouse groups determined by real-time RT-PCR analysis. Data are expressed as means + SD.
Statistical significance was determined by one-way ANOVA and Turkey-Kramer tests (n = 4; *p < 0.01, *p < 0.05).

with AH7614 co-administered group and the LPS and DHA
group (Figure 5A).

We next investigated whether DHA inhibits LPS-induced
TNF-a expression in macrophages in vitro. TNF-a mRNA
expression levels were upregulated by LPS treatment, while
they were decreased by LPS and DHA treatment. Moreover,
treatment with GPR120 antagonist AH7614 significantly
increased TNF-a mRNA expression levels compared with LPS
and DHA (Figure 5B).

DHA Does Not Suppress LPS-Induced
Osteoclast Formation, Bone Resorption
and Production of Osteoclast-Related
Cytokines (TNF-o and RANKL) in

Ffar4(9EV/dEN) Mice

To clarify the role of GPRI120 in osteoclast formation, we
generated and used Ffar4 knockout mice [Ffar4dE1/dED],
Osteoclast precursor cells from Ffar44E1/4ED mice were treated
with M-CSE M-CSF, and RANKL with or without DHA or DHA
alone, and then the number of TRAP-positive cells was counted.
The number of TRAP-positive cells was increased in the M-CSF
and RANKL group. However, there was no significant difference
in the number of TRAP-positive cells between the M-CSF and
RANKL with DHA group and the RANKL group (Figure 6A).
Similar results were observed in osteoclast formation following
TNF-a and DHA treatment (Figure 6B).

We also evaluated osteoclast formation in vivo using
Ffar4@E1/4ED mice. Supracalvarial administration of LPS with
or without DHA was carried out for 5 days, and then the
number of TRAP-positive cells at the mesenchyme of the sagittal
suture was counted. Furthermore, the percentage of interface of
bone marrow space covered by osteoclasts and the number of
osteoclast of interface of bone marrow space were evaluated. In
the LPS group, a great number of TRAP-positive cells and the
higher percentage of osteoclast area of interface of bone marrow
space was observed in both wild type and Ffar4(dEl/dED mice,
There was no difference in the number of TRAP-positive cells
and the percentage of osteoclast area of interface of bone marrow
space between the LPS and DHA co-administrated group and
the LPS group. However, the number of TRAP-positive cells and
percentage of osteoclast area of interface of bone marrow space
were decreased in the LPS and DHA co-administrated group
compared with that of wild type mice (Figures 6C,D). There is
no significant difference of osteoclast number and percentage of
osteoclast area in both PBS injected wild type and Ffar4(dE1/dED
mice as control (Supplementary Figure 2).

Finally, we investigated bone resorption in Ffar4(dE1/dED mice
by using microfocus CT. There was no significant difference
between the ratio of bone resorption area in wild type and
Ffar49E1/dED  mice administered LPS alone. In contrast, a
marked decrease was observed in the ratio of bone resorption
area in wild type mice co-administered LPS and DHA, while
no significant change was observed in Ffar4(dE1/4ED) mice co-
administered LPS and DHA compared with respective mice that
received LPS alone (Figure 6E).

DISCUSSION

Favorable effect of food intake and supplement of n-3 fatty acids
such as DHA were provided against skeletal disorders such as
osteoporosis and rheumatoid arthritis (19, 20). There are some
in vitro studies of effect of DHA on osteoclast formation by
using RAW264.7 cell (34, 39) and human CD144 monocytes
(33). GPR120, which is one of the cell surface receptor, has an
important role in the regulation of inflammation. Therefore,
GPR120 is being watched with keep interest as one of the
potential therapeutic target in several inflammatory disorders. In
this study, we showed that DHA inhibits LPS-induced osteoclast
formation and bone resorption in vivo via GPR120 by inhibiting
LPS-induced TNF-a production in macrophages and directly
inhibiting osteoclast formation.

In the present study, we focused on GPR120, because several
studies showed GPR120 is highly expressed in RAW264.7
cells, intraperitoneal macrophages, osteoclast precursors and
osteoclast (27, 40, 41). It has been reported that DHA can activate
not only GPR120 but also GPR40 (42). GPR40 activation by using
its selective agonist GW9508 by blocked osteoclast formation
(43). However, Kim et al. reported that GPR120 was highly
expressed but GPR40 is very low in osteoclast precursors and
osteoclast (41). Therefore, we thought that GPR120 might play
important role in osteoclast formation and function.

Several studies showed that DHA inhibits osteoclast
formation in vitro. Kim et al. reported that DHA inhibits
RANKL-induced osteoclast formation in primary murine
macrophages by suppressing the activation of NF-kB and
MAPKSs (44). Sun et al. also showed that DHA inhibits RANKL-
induced osteoclast formation in bone marrow macrophages
(32). Furthermore, DHA reduces RANKL-induced osteoclast
formation in RAW 264.7 cells (34, 39) by inhibition of c-Fos
expression (34). It has also been reported that DHA inhibits
osteoclast formation and function in human CD144 monocytes
(33). In the present study, we initially investigated whether DHA
can inhibit RANKL- and TNF-a-induced osteoclast formation
by directly affecting osteoclast precursors in vitro. Our results
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FIGURE 3 | DHA inhibits LPS-induced bone resorption via GPR120 activation in vivo. (A) Micro-CT reconstruction images of calvariae. Images of calvariae resected
from mice after 5 days of daily supracalvarial administration of PBS, LPS (100 pg/day), LPS (100 pg/day)+DHA (100 pg/day), LPS (100 wg/day)+DHA (100
ng/day)+AH7614 (100 pg/day), or DHA (100 ng/day). Arrows indicate bone resorption areas and red areas indicate extensive bone resorption. (B) Ratio of bone
resorption area to total bone area. Results are expressed as means + SD (n = 4; **p < 0.01, *p < 0.05). Differences were determined by Scheffe’s test. (C) Serum
CTX levels in vivo. Serum was prepared from mice following 5 days of daily supracalvarial administration of PBS, LPS (100 pg/day), LPS (100 pg/day)+DHA (100
wg/day), LPS (100 pg/day)+DHA (100 pg/day)+AH7614 (100 wg/day), or DHA (100 g/day). Enzyme-linked immunosorbent assays was performed to determine

concentrations of circulating CTX. Data are shown as means + SD (n = 4; *p < 0.01, *p < 0.05). Differences were determined by one-way ANOVA and
Turkey-Kramer tests.
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FIGURE 4 | DHA inhibits expression of LPS-induced TNF-a and RANKL via
GPR120 in vivo. (A) Expression levels of RANKL mRNA in mouse calvariae
in vivo. (B) Expression levels of TNF-a mRNA in mouse calvariae in vivo. TNF-a
and RANKL mRNA levels were determined using real-time RT-PCR. Total RNA
from mouse calvariae was isolated after 5 days of daily supracalvarial
injections of PBS, LPS (100 pg/day), LPS (100 ng/day)+DHA (100 pg/day)
with or without AH7614 (100 wg/day) and DHA (100 .g/day). Expression
levels of RANKL and TNF-a mRNA were normalized to that of GAPDH. Data
are shown as means + SD (n = 4; **p < 0.01, *p < 0.05). Differences were
determined by one-way ANOVA and Tukey-Kramer tests.

indicated that DHA directly inhibited RANKL- and TNF-a-
induced differentiation of osteoclast precursors. In addition,
we investigated whether DHA inhibits RANKL- and TNF-a-
induced osteoclast formation via GPR120 activation by using
GPR120 antagonist AH7614 in vitro. AH7614 dose-dependently
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FIGURE 5 | DHA suppresses LPS-induced TNF-a mRNA expression in
macrophages but does not affect LPS-induced RANKL mRNA expression in
osteoblasts. (A) Osteoblasts from cranial bone were incubated with PBS, LPS,
LPS-+DHA with or without AH7614, or DHA alone. After 24-h culture, total
RNA was isolated and RANKL mRNA levels were determined using real-time
RT-PCR. (B) Peritoneal macrophages were cultured with PBS, LPS,
LPS+DHA with or without AH7614 or DHA alone. After 24-h culture, total RNA
was isolated and TNF-a mRNA levels were determined using real-time
RT-PCR. RANKL and TNF-a mRNA levels were normalized to that of GAPDH.
Data are expressed as means + SD (n = 4; *p < 0.01, *p < 0.05). Differences
were determined by one-way ANOVA and Turkey-Kramer tests.

increased the number of TRAP-positive cells in both RANKL-
and TNF-a-induced osteoclast formation in cells cultured with
DHA. These results suggested that DHA inhibits osteoclast
formation via GPR120 in vitro.

It has been reported that DHA inhibits bone loss in
ovariectomized mice owing to its inhibition of osteoclast
generation and activation in vivo (32). In addition, perinatal
DHA supplementation is associated with decreased bone
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FIGURE 6 | DHA does not suppress LPS-induced osteoclast formation, bone resorption and production of osteoclast-related cytokines (TNF-a and RANKL) in
Ffar4@ET/dET) mice. (A) Microscopic images and numbers of TRAP-positive cells. Osteoclast precursor cells from Ffar4@E1/dE1) mice were treated with M-CSF,
M-CSF+RANKL with or without DHA or DHA alone. TRAP staining was performed and TRAP-positive cells were counted. (B) Microscopic images and numbers of
TRAP-positive cells. Osteoclast precursor cells from Ffar4WE1/dE) mice were treated with M-CSF, M-CSF-+TNF-a with or without DHA or DHA alone, and then TRAP
staining was performed. TRAP-positive cells were counted. Scale bars =100 pm. (C) Histological sections of calvariae were prepared from Ffar4@E1/dE1) mice after 5
days of daily supracalvarial administration of LPS (100 pg/day) with or without DHA (100 pg/day). Sections were stained with TRAP solution and hematoxylin
counterstaining was performed. TRAP-positive cells were counted. Scale bars =100 pm. (D) Histological sections of calvariae were prepared from Ffar49E1/dET mice
after 5 days of daily supracalvarial administration of LPS (100 pg/day) with or without DHA (100 ng/day). The percentage of interface of bone marrow space covered
by osteoclast and the number of TRAP-positive cell per millimeter of interface of bone marrow space were evaluated. (E) Micro-CT reconstruction images of calvariae.
mice after 5 days of daily supracalvarial administration of LPS (100 p.g/day) with or without DHA (100 g/day). Arrows
indicate bone resorption areas and red areas indicate extensive bone resorption. Data are shown as means + SD (n = 4; **p < 0.01, *p < 0.05). Differences were
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FIGURE 7 | Putative model of the inhibitory effect of GPR120 activation by DHA in LPS-induced osteoclast formation and production of osteoclast-related cytokines
(RANKL and TNF-a) in vivo. Both RANKL and TNF-a have essential roles in inducing osteoclast differentiation. When osteoclast precursors are treated with RANKL,
TRAP-positive pre-osteoclasts are induced. These cells fuse and differentiate into osteoclasts under the influence of RANKL, subsequently inducing bone resorption.
TNF-a acts in a similar manner as RANKL to induce osteoclast differentiation. These cytokines also affect LPS-induced osteoclast formation and bone resorption

in vivo. LPS administration induces RANKL expression in osteoblasts and TNF-a expression in macrophages. Furthermore, LPS-induced TNF-a production increases
RANKL expression in osteoblasts. GPR120 activation directly inhibits osteoclast precursor differentiation and LPS-induced TNF-a expression in macrophages.
However, the inhibitory effect of GPR120 may be unrelated to RANKL expression in osteoblasts.

resorption, decreased osteoclast density and a higher bone
mass in rats (45). Periodontitis rats, which are generated
by oral infection of Porphyromonas gingivalis, treated with
fish oil containing DHA had signified less alveolar bone
resorption (46). In this study, DHA inhibited osteoclast
formation induced by LPS. Daily supracalvarial administration
of 100 pg of DHA for 5 days inhibited LPS-induced osteoclast
formation in vivo. The inhibitory effect of DHA on bone
resorption induced by LPS was also evaluated. The increase
in bone resorption was evaluated using the ratio of the bone
resorption area to total area in microfocus CT images. We
also determined bone destruction by evaluating the serum
CTX level. The increase in bone resorption was significantly
lower in the LPS and DHA group than in the LPS group.
These results indicated that DHA inhibits LPS-induced osteoclast
formation and bone destruction in vivo. The results of the
effect of DHA on osteoclast formation are similar to those
reported in previous studies (33, 34, 39, 44). Furthermore,
AH7614 increased osteoclast formation and bone resorption
in the LPS and DHA group. Taken together, these results
indicated that DHA inhibits LPS-induced osteoclast formation
via GPR120 in vivo.

Several reports showed that DHA inhibits pro-inflammatory
cytokine production from several cell types. DHA can inhibit
TNF-a and interleukin (IL)-6 production in primary mouse
macrophages and RAW 247.6 cells by binding to GPR120
(27). DHA also reduces LPS-induced production of pro-
inflammatory cytokines, such as TNF-a, IL-1f, and IL-6, in

THP-1 macrophages (47). Furthermore, DHA reduces IL-1p
expression in bone marrow-derived macrophages (48). We
suspect that the mechanisms of inhibitory effect of LPS-induced
osteoclast formation and bone resorption in vivo by DHA
are conceivable via either of two possible mechanisms. One
possible mechanism is DHA blocks expression of LPS-induced
cytokines associated with osteoclast formation. It is well-known
that RANKL and TNF-a are important factors in osteoclast
formation (2, 6, 7). Several groups showed that LPS is able
to induce TNF-a and RANKL expression in vivo (13, 49, 50).
In the present study, TNF-a and RANKL mRNA expression
levels were increased in LPS-treated mice. On the other hand,
TNF-o and RANKL mRNA expression was suppressed in
DHA and LPS co-administered mice in comparison with LPS-
treated mice. Our results were consistent with the hypothesis
that DHA inhibits osteoclast formation by suppressing the
expression of LPS-induced production of osteoclast-associated
cytokines. Another possible mechanism of DHA inhibition is
that DHA directly suppresses osteoclast formation by influencing
cell differentiation. Our results indicated that DHA directly
inhibited both RANKL- and TNF-a-induced differentiation of
osteoclast precursor cells into osteoclasts. Moreover, AH7614
increased the concentration of osteoclast-related cytokines in
LPS and DHA-treated mice. The results suggested that DHA
inhibited LPS-induced production of osteoclast-related cytokines
via GPR120 in vivo. These results indicated that the inhibitory
effects of DHA on osteoclast formation by LPS in vivo are
due to both decreased production of osteoclast-associated
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cytokines and direct actions of DHA on osteoclast precursors
through GPR120.

Next, we evaluated whether DHA inhibits LPS-induced
TNF-a mRNA expression in macrophages. The results indicated
that downregulation of TNF-a mRNA by DHA might result
from a direct action of DHA on macrophages. AH7614 increased
LPS-induced TNF-a mRNA expression in macrophages with
DHA treatment. Therefore, the results suggested that DHA
inhibited LPS-induced TNF-a in macrophages via GPRI20.
In addition, we investigated the influence of DHA on LPS-
induced RANKL expression in osteoblasts, but no effect of
DHA on LPS-induced RANKL expression was found. Our
results suggested that DHA likely suppresses LPS-induced
osteoclast formation in vivo by directly inhibiting LPS-
induced TNF-a expression in macrophages. This inhibition
subsequently blocks RANKL expression in osteoblasts,
although there is no effect of DHA on LPS-induced RANKL
expression in osteoblasts, in addition to direct inhibition of
osteoclast formation.

Finally, we evaluated whether both RANKL- and TNF-a-
induced osteoclast formation is inhibited by DHA through
GPR120 and whether DHA inhibits LPS-induced osteoclast
formation and bone resorption in vivo via GPR120 by using
GPR120-deficient mice. The effects of DHA on osteoclast
formation in vitro disappeared by using osteoclast precursors
from GPR120-deficient mice and inhibition of LPS-induced
osteoclast formation and bone resorption by DHA in vivo
disappeared in GPR120-deficient mice. The results strongly
suggested that the effect of DHA on osteoclast formation in vivo
and in vitro was maintained via GPR120.

REFERENCES

1. Crotti TN, Dharmapatni AA, Alias E, Haynes DR. Osteoimmunology:
major and costimulatory pathway expression associated with chronic
inflammatory induced bone loss. J Immunol Res. (2015) 2015:281287.
doi: 10.1155/2015/281287
2. Teitelbaum SL. Osteoclasts: what do they do and how do they do it? Am |
Pathol. (2007) 170:427-35. doi: 10.2353/ajpath.2007.060834
3. Azuma Y, Kaji K, Katogi R, Takeshita S, Kudo A. Tumor necrosis factor-o
induces differentiation of and bone resorption by osteoclasts. J Biol Chem.
(2000) 275:4858-64. doi: 10.1074/jbc.275.7.4858

. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake S,
et al. Tumor necrosis factor alpha stimulates osteoclast differentiation by a
mechanism independent of the ODF/RANKL-RANK interaction. ] Exp Med.
(2000) 191:275-86. doi: 10.1084/jem.191.2.275

5. Fuller K, Murphy C, Kirstein B, Fox SW, Chambers TJ. TNFalpha
potently activates osteoclasts, through a direct action independent of
and strongly synergistic with RANKL. Endocrinology. (2002) 143:1108-18.
doi: 10.1210/endo.143.3.8701

6. Kitaura H, Sands MS, Aya K, Zhou P, Hirayama T, Uthgenannt B, et al.
Marrow stromal cells and osteoclast precursors differentially contribute to
TNF-a-induced osteoclastogenesis in vivo. ] Immunol. (2004) 173:4838-46.
doi: 10.4049/jimmunol.173.8.4838

7. Kitaura H, Zhou P, Kim HJ, Novack DV, Ross FP, Teitelbaum SL. M-
CSF mediates TNF-induced inflammatory osteolysis. J Clin Invest. (2005)
115:3418-27. doi: 10.1172/]JCI26132

8. Wong M, Ziring D, Korin Y, Desai S, Kim S, Lin J, et al. TNFalpha blockade
in human diseases: mechanisms and future directions. Clin Immunol. (2008)
126:121-36. doi: 10.1016/j.clim.2007.08.013

In conclusion, we demonstrated that DHA inhibits LPS-
induced osteoclast formation and bone destruction in vivo
and directly inhibits RANKL- and TNF-a-induced osteoclast
formation in vitro. The underlying mechanisms by which DHA
inhibits LPS-induced osteoclast formation and bone destruction
in vivo were associated with its inhibition of LPS-induced TNF-a
production in macrophages and direct inhibition of RANKL- and
TNF-a-induced osteoclast formation via GPR120 (Figure 7).

AUTHOR CONTRIBUTIONS

AK and HK contributed to conception, design, data acquisition,
data analysis, data interpretation, and drafting of the manuscript.
HK and AI contributed to critical revision of the manuscript. KK,
SO, JQ, W-RS, FO, TN, AM, and YN collected the samples and
performed data analyses. HK and IM supervised the project. All
authors provided final approval and agree to be accountable for
all aspects of the work.

FUNDING

This work was supported in part by JSPS KAKENHI grants from
the Japan Society for the Promotion of Science (No. 16K11776 to
HK, No. 16K20637 to KK, and No. 18K09862 to IM).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00157/full#supplementary-material

9. Abu-Amer Y, Ross FP, Edwards J, Teitelbaum SL. Lipopolysaccharide-
stimulated osteoclastogenesis is mediated by tumor necrosis factor via its P55
receptor. ] Clin Invest. (1997) 100:1557-65. doi: 10.1172/JCI119679
Dumitrescu AL, Abd-El-Aleem S, Morales-Aza B, Donaldson LF. A model
of periodontitis in the rat: effect of lipopolysaccharide on bone resorption,
osteoclast activity, and local peptidergic innervation. J Clin Periodontol. (2004)
31:596-603. doi: 10.1111/j.1600-051X.2004.00528.x

. Bostanci N, Allaker RP, Belibasakis GN, Rangarajan M, Curtis MA, Hughes
FJ, et al. Porphyromonas gingivalis antagonises Campylobacter rectus induced
cytokine production by human monocytes. Cytokine. (2007) 39:147-56.
doi: 10.1016/j.cyt0.2007.07.002

Kitaura H, Kimura K, Ishida M, Kohara H, Yoshimatsu M, Takano-Yamamoto
T. Immunological reaction in TNF-alpha-mediated osteoclast formation and
bone resorption in vitro and in vivo. Clin Dev Immunol. (2013) 2013:181849.
doi: 10.1155/2013/181849

Kikuchi T, Matsuguchi T, Tsuboi N, Mitani A, Tanaka S, Matsuoka M,
et al. Gene expression of osteoclast differentiation factor is induced by
lipopolysaccharide in mouse osteoblasts via Toll-like receptors. J Immunol.
(2001) 166:3574-9.

Zou W, Bar-Shavit Z. Dual modulation of osteoclast differentiation
by lipopolysaccharide. ] Bonme Miner Res. (2002) 17:1211-8.
doi: 10.1359/jbmr.2002.17.7.1211

. Calder PC. n-3 Fatty acids and cardiovascular disease: evidence explained and
mechanisms explored. Clin Sci. (2004) 107:1-11. doi: 10.1042/CS20040119
Goldberg RJ, Katz J. A meta-analysis of the analgesic effects of omega-3
polyunsaturated fatty acid supplementation for inflammatory joint pain. Pain.
(2007) 129:210-23. doi: 10.1016/j.pain.2007.01.020

Galarraga B, Ho M, Youssef HM, Hill A, McMahon H, Hall C, et al.
Cod liver oil (n-3 fatty acids) as an non-steroidal anti-inflammatory drug

Frontiers in Endocrinology | www.frontiersin.org

12

March 2019 | Volume 10 | Article 157


https://www.frontiersin.org/articles/10.3389/fendo.2019.00157/full#supplementary-material
https://doi.org/10.1155/2015/281287
https://doi.org/10.2353/ajpath.2007.060834
https://doi.org/10.1074/jbc.275.7.4858
https://doi.org/10.1084/jem.191.2.275
https://doi.org/10.1210/endo.143.3.8701
https://doi.org/10.4049/jimmunol.173.8.4838
https://doi.org/10.1172/JCI26132
https://doi.org/10.1016/j.clim.2007.08.013
https://doi.org/10.1172/JCI119679
https://doi.org/10.1111/j.1600-051X.2004.00528.x
https://doi.org/10.1016/j.cyto.2007.07.002
https://doi.org/10.1155/2013/181849
https://doi.org/10.1359/jbmr.2002.17.7.1211
https://doi.org/10.1042/CS20040119
https://doi.org/10.1016/j.pain.2007.01.020
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Kishikawa et al.

DHA Inhibits Osteoclast Formation

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

sparing agent in rheumatoid arthritis. Rheumatology. (2008) 47:665-9.
doi: 10.1093/rheumatology/ken024

Woodman RJ, Watts GE, Puddey IB, Burke V, Mori TA, Hodgson JM, et al.
Leukocyte count and vascular function in Type 2 diabetic subjects with
treated hypertension. Atherosclerosis. (2002) 163:175-81. doi: 10.1016/S0021-
9150(01)00770-5

Connor WE. Importance of n-3 fatty acids in health and disease. Am J Clin
Nutr. (2000) 71 (Suppl. 1):171S—5S. doi: 10.1093/ajcn/71.1.171S

Laviano A, Rianda S, Molfino A, Rossi Fanelli F. Omega-3 fatty
acids in cancer. Curr Opin Clin Nutr Metab Care. (2013) 16:156-61.
doi: 10.1097/MCO.0b013e32835d2d99

Wellhauser L, Belsham DD. Activation of the omega-3 fatty acid receptor
GPR120 mediates anti-inflammatory actions in immortalized hypothalamic
neurons. J Neuroinflam. (2014) 11:60. doi: 10.1186/1742-2094-11-60

Oh DY, Lagakos WS. The role of G-protein-coupled receptors in mediating
the effect of fatty acids on inflammation and insulin sensitivity. Curr Opin Clin
Nutr Metab Care. (2011) 14:322-7. doi: 10.1097/MCO.0b013e3283479230
Talukdar S, Olefsky JM, Osborn O. Targeting GPR120 and other fatty acid-
sensing GPCRs ameliorates insulin resistance and inflammatory diseases.
Trends Pharmacol Sci. (2011) 32:543-50. doi: 10.1016/j.tips.2011.04.004
Yonezawa T, Kurata R, Yoshida K, Murayama MA, Cui X, Hasegawa
A. Free fatty acids-sensing G protein-coupled receptors in drug targeting
and therapeutics. Curr Med Chem. (2013) 20:3855-71. doi: 10.2174/
09298673113209990168

Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, Fukusumi S, et al.
Free fatty acids regulate insulin secretion from pancreatic beta cells through
GPR40. Nature. (2003) 422:173-6. doi: 10.1038/nature01478

Hirasawa A, Tsumaya K, Awaji T, Katsuma S, Adachi T, Yamada M, et al. Free
fatty acids regulate gut incretin glucagon-like peptide-1 secretion through
GPR120. Nat Med. (2005) 11:90-4. doi: 10.1038/nm1168

Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al.
GPRI20 is an omega-3 fatty acid receptor mediating potent anti-
inflammatory and insulin-sensitizing effects. Cell. (2010) 142:687-98.
doi: 10.1016/j.cell.2010.07.041

Ichimura A, Hirasawa A, Poulain-Godefroy O, Bonnefond A, Hara T, Yengo
L, et al. Dysfunction of lipid sensor GPR120 leads to obesity in both mouse
and human. Nature. (2012) 483:350-4. doi: 10.1038/nature10798

Yan Y, Jiang W, Spinetti T, Tardivel A, Castillo R, Bourquin C, et al.
Omega-3 fatty acids prevent inflammation and metabolic disorder through
inhibition of NLRP3 inflammasome activation. Immunity. (2013) 38:1154-63.
doi: 10.1016/j.immuni.2013.05.015

Oh DY, Walenta E, Akiyama TE, Lagakos WS, Lackey D, Pessentheiner AR,
et al. A Gprl20-selective agonist improves insulin resistance and chronic
inflammation in obese mice. Nat Med. (2014) 20:942-7. doi: 10.1038/nm.3614
Yore MM, Syed I, Moraes-Vieira PM, Zhang T, Herman MA, Homan
EA, et al. Discovery of a class of endogenous mammalian lipids
with anti-diabetic and anti-inflammatory effects. Cell. (2014) 159:318-32.
doi: 10.1016/j.cell.2014.09.035

Sun D, Krishnan A, Zaman K, Lawrence R, Bhattacharya A, Fernandes
G. Dietary n-3 fatty acids decrease osteoclastogenesis and loss of bone
mass in ovariectomized mice. J Bone Miner Res. (2003) 18:1206-16.
doi: 10.1359/jbmr.2003.18.7.1206

Kasonga AE, Deepak V, Kruger MC, Coetzee M. Arachidonic acid
and docosahexaenoic acid suppress osteoclast formation and activity in
human CDI14+ monocytes, in vitro. PLoS ONE. (2015) 10:e0125145.
doi: 10.1371/journal.pone.0125145

Rahman MM, Bhattacharya A, Fernandes G. Docosahexaenoic acid is more
potent inhibitor of osteoclast differentiation in RAW 264.7 cells than
eicosapentaenoic acid. J Cell Physiol. (2008) 214:201-9. doi: 10.1002/jcp.21188
McHugh KP, Hodivala-Dilke K, Zheng MH, Namba N, Lam J, Novack D,
et al. Mice lacking beta3 integrins are osteosclerotic because of dysfunctional
osteoclasts. J Clin Invest. (2000) 105:433-40. doi: 10.1172/JCI8905

Takeshita S, Kaji K, Kudo A. Identification and characterization of the
new osteoclast progenitor with macrophage phenotypes being able to
differentiate into mature osteoclasts. ] Bone Miner Res. (2000) 15:1477-88.
doi: 10.1359/jbmr.2000.15.8.1477

Shen WR, Kimura K, Ishida M, Sugisawa H, Kishikawa A, Shima K,
et al. The Glucagon-Like Peptide-1 Receptor Agonist Exendin-4 Inhibits

Lipopolysaccharide-Induced Osteoclast Formation and Bone Resorption via
Inhibition of TNF-alpha Expression in Macrophages. J Immunol Res. (2018)
2018:5783639. doi: 10.1155/2018/5783639

38. Shima K, Kimura K, Ishida M, Kishikawa A, Ogawa S, Qi ], et al. C-X-C Motif
Chemokine 12 Enhances lipopolysaccharide-induced osteoclastogenesis
and bone resorption in vivo. Calcif Tissue Int. (2018) 103:431-42.
doi: 10.1007/500223-018-0435-z

39. Boeyens JC, Deepak V, Chua WH, Kruger MC, Joubert AM, Coetzee M. Effects
of omega3- and omega6-polyunsaturated fatty acids on RANKL-induced
osteoclast differentiation of RAW264.7 cells: a comparative in vitro study.
Nutrients. (2014) 6:2584-601. doi: 10.3390/nu6072584

40. Cornish J, MacGibbon A, Lin JM, Watson M, Callon KE, Tong PC,
et al. Modulation of osteoclastogenesis by fatty acids. Endocrinology. (2008)
149:5688-95. doi: 10.1210/en.2008-0111

41. Kim HJ, Yoon HJ, Kim BK, Kang WY, Seong SJ, Lim MS, et al
G Protein-Coupled receptor 120 signaling negatively regulates osteoclast
differentiation, survival, and function. J Cell Physiol. (2016) 231:844-51.
doi: 10.1002/jcp.25133

42. Sona C, Kumar A, Dogra S, Kumar BA, Umrao D, Yadav PN.
Docosahexaenoic acid modulates brain-derived neurotrophic factor via
GPR40 in the brain and alleviates diabesity-associated learning and memory
deficits in mice. Neurobiol Dis. (2018) 118:94-107. doi: 10.1016/j.nbd.
2018.07.002

43. Waugquier F, Philippe C, Leotoing L, Mercier S, Davicco MJ, Lebecque P, et al.
The free fatty acid receptor G protein-coupled receptor 40 (GPR40) protects
from bone loss through inhibition of osteoclast differentiation. J Biol Chem.
(2013) 288:6542-51. doi: 10.1074/jbc.M112.429084

44. Kim HJ, Ohk B, Yoon HJ, Kang WY, Seong SJ, Kim SY, et al. Docosahexaenoic
acid signaling attenuates the proliferation and differentiation of bone marrow-
derived osteoclast precursors and promotes apoptosis in mature osteoclasts.
Cell Signal. (2017) 29:226-32. doi: 10.1016/j.cellsig.2016.11.007

45. Fong L, Muhlhausler BS, Gibson RA, Xian CJ. Perinatal maternal
dietary supplementation of omega3-fatty acids transiently affects bone
marrow microenvironment, osteoblast and osteoclast formation, and
bone mass in male offspring. Endocrinology. (2012) 153:2455-65.
doi: 10.1210/en.2011-1917

46. Kesavalu L, Vasudevan B, Raghu B, Browning E, Dawson D, Novak JM, et al.
Omega-3 fatty acid effect on alveolar bone loss in rats. ] Dent Res. (2006)
85:648-52. doi: 10.1177/154405910608500713

47. Weldon SM, Mullen AC, Loscher CE, Hurley LA, Roche HM.
Docosahexaenoic acid induces an anti-inflammatory profile in
lipopolysaccharide-stimulated ~ human ~ THP-1  macrophages  more
effectively than eicosapentaenoic acid. J Nutr Biochem. (2007) 18:250-8.
doi: 10.1016/j.jnutbio.2006.04.003

48. Williams-Bey Y, Boularan C, Vural A, Huang NN, HwangIY, Shan-Shi C, et al.
Omega-3 free fatty acids suppress macrophage inflammasome activation by
inhibiting NF-kappaB activation and enhancing autophagy. PLoS ONE. (2014)
9:¢97957. doi: 10.1371/journal.pone.0097957

49. Wada N, Maeda H, Yoshimine Y, Akamine A. Lipopolysaccharide stimulates
expression of osteoprotegerin and receptor activator of NF-kappa B
ligand in periodontal ligament fibroblasts through the induction of
interleukin-1 beta and tumor necrosis factor-alpha. Bone. (2004) 35:629-35.
doi: 10.1016/j.bone.2004.04.023

50. Zou W, Amcheslavsky A, Bar-Shavit Z. CpG oligodeoxynucleotides modulate
the osteoclastogenic activity of osteoblasts via Toll-like receptor 9. ] Biol Chem.
(2003) 278:16732-40. doi: 10.1074/jbc.M212473200

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Kishikawa, Kitaura, Kimura, Ogawa, Qi, Shen, Ohori, Noguchi,
Marahleh, Nara, Ichimura and Mizoguchi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2019 | Volume 10 | Article 157


https://doi.org/10.1093/rheumatology/ken024
https://doi.org/10.1016/S0021-9150(01)00770-5
https://doi.org/10.1093/ajcn/71.1.171S
https://doi.org/10.1097/MCO.0b013e32835d2d99
https://doi.org/10.1186/1742-2094-11-60
https://doi.org/10.1097/MCO.0b013e3283479230
https://doi.org/10.1016/j.tips.2011.04.004
https://doi.org/10.2174/09298673113209990168
https://doi.org/10.1038/nature01478
https://doi.org/10.1038/nm1168
https://doi.org/10.1016/j.cell.2010.07.041
https://doi.org/10.1038/nature10798
https://doi.org/10.1016/j.immuni.2013.05.015
https://doi.org/10.1038/nm.3614
https://doi.org/10.1016/j.cell.2014.09.035
https://doi.org/10.1359/jbmr.2003.18.7.1206
https://doi.org/10.1371/journal.pone.0125145
https://doi.org/10.1002/jcp.21188
https://doi.org/10.1172/JCI8905
https://doi.org/10.1359/jbmr.2000.15.8.1477
https://doi.org/10.1155/2018/5783639
https://doi.org/10.1007/s00223-018-0435-z
https://doi.org/10.3390/nu6072584
https://doi.org/10.1210/en.2008-0111
https://doi.org/10.1002/jcp.25133
https://doi.org/10.1016/j.nbd.2018.07.002
https://doi.org/10.1074/jbc.M112.429084
https://doi.org/10.1016/j.cellsig.2016.11.007
https://doi.org/10.1210/en.2011-1917
https://doi.org/10.1177/154405910608500713
https://doi.org/10.1016/j.jnutbio.2006.04.003
https://doi.org/10.1371/journal.pone.0097957
https://doi.org/10.1016/j.bone.2004.04.023
https://doi.org/10.1074/jbc.M212473200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Docosahexaenoic Acid Inhibits Inflammation-Induced Osteoclast Formation and Bone Resorption in vivo Through GPR120 by Inhibiting TNF-α Production in Macrophages and Directly Inhibiting Osteoclast Formation
	Introduction
	Materials and Methods
	Animals and Reagents
	Histological Analysis
	Preparation of Osteoclast Precursors for Osteoclast Formation
	Isolation of Murine Macrophages
	RNA Preparation and Real-Time RT-PCR Analysis
	Analysis of Bone Resorption
	Measurement of Serum C-Terminal Telopeptide (CTX) of Type I Collagen
	Statistical Analyses

	Results
	DHA Inhibits RANKL- and TNF-α-Induced Osteoclast Formation via GPR120 Activation in vitro
	DHA Inhibits LPS-Induced Osteoclast Formation via GPR120 Activation in vivo
	DHA Inhibits LPS-Induced Bone Resorption via GPR120 Activation in vivo
	DHA Inhibits Expression of LPS-Induced TNF-α and RANKL mRNAs in vivo
	DHA Suppresses LPS-Induced TNF-α Expression in Macrophages but Does Not Inhibit RANKL Expression in Osteoblasts
	DHA Does Not Suppress LPS-Induced Osteoclast Formation, Bone Resorption and Production of Osteoclast-Related Cytokines (TNF-α and RANKL) in Ffar4(dE1/dE1) Mice

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


