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Inflammation is a major cellular strain causing increased risk of osteo-degenerative diseases. Omega-3 fatty
acids have been great source in suppressing inflammation. We investigated the effect of a-linolenic acid (ALA)
on RANKL-stimulated osteoclast differentiation, LPS-induced and ovariectomized bone loss in mice models.
The bone marrow macrophages (BMMs) were isolated from femurs of ICR mice, stimulated with RANKL, and
treated with ALA (100, 200, 300 uM). Major analytical methods include histological analysis, osteoclasts viabil-
ity assay, serum cytokines and chemokines ELISA, and gene expression by gPCR.

ALA intervention inhibited RANKL-induced osteoclasts proliferation and differentiation. ALA inhibited bone re-
sorption activity as measured by materialization of F-actin ring structures as well. ALA suppressed the RANKL-
induced osteoclast markers c-Fos, c-Jun and NFATc1 together with transcription factor proteins TRAP, OSCAR,
cathepsin K and B3-integrin. ALA also suppressed the RANKL-stimulated phosphorylation of JNK, ERK, and AKT
as well as NF-xB and BCL-2 proteins. ALA intervention (100 and 300 mg/kg) to LPS-challenged mice showed
annulled morphometric changes induced by LPS by suppressing the levels of proinflammatory cytokines and
chemokines. ALA (100 and 300 mg/kg) intervention to estrogen-deficiency induced bone loss mice (ovariecto-
mized) showed reductions in TRAP* osteoclasts count, CTX-I expression, levels of IL-1p, IL-2, IL-6, IL10, TNF-o
and MCP-1 and iNOS and COX-2.

ALA suppresses RANKL-induced osteoclast differentiation and prevents inflammatory bone loss via downregu-
lation of NF-kB-iNOS-COX-2 signaling. ALA is suggested to be a preventive herbal medicine against inflamma-
tory bone disorders.
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Background

The skeletal disorder osteoporosis is characterized by abnor-
malities of bone structural strength, ultimately leading to the
increased risk of fracture. Osteoporosis is the most preva-
lent metabolic disorder of bones especially in older age. Since
treating osteoporotic fractures is a challenging task, restoring
skeletal integrity is more important which can be achieved by
increased bone formation (osteoblastogenesis) and by pre-
venting or reducing bone loss by decreased bone resorption
(osteoclastogenesis) [1]. Commonly used therapeutic inter-
ventions against osteoporosis mainly aim to block osteoclas-
tic bone resorption. Osteoblastogenesis targeting therapeutic
interventions may also be effective in reversing or prevent-
ing osteoporotic bone loss. Structural changes in bone like
formation and resorption are equilibrated simultaneous pro-
cesses under systemic regulation of factors like vitamin D and
parathyroid hormone, cytokines and chemokines, prostaglan-
dins (PGs), and nitric oxide (NO) [1-3]. Among the PGs, osteo-
blastic PGE2 is a potent local factor stimulating bone resorp-
tion both in vivo and in vitro [4]. In vitro studies demonstrated
the biphasic and concentration-dependent effects of PGE2 on
bone formation [5,6]. The effect of PGE2 supplementation is
concentration dependent; low concentration PGE2 stimulates
bone formation while high concentrations inhibits bone for-
mation [5,7]. Apart from PGE2, NO is another signaling mole-
cule playing various vital roles in biological processes includ-
ing bone structure-function and resorption [8]. NO is produced
from amino acid L-arginine and O, by the action of NO synthase
(NOS) in mostly mammalian cells. Among the 3 NOS isoforms,
iNOS is induced by cytokines, which indeed is elevated in os-
teoblasts by cytokines in several animals. Thus osteoblast-de-
rived NO may essentially contribute to localized inflammato-
ry bone destruction diseases like rheumatoid arthritis [9]. The
NO and PGE2 cross-talk in osteoblastic cells MC3T3-E1 dem-
onstrated that iNOS-mediated NO production in response to
the cytokine-activated cyclooxygenase-2 (COX-2) [10]. In re-
sponse to proinflammatory cytokines, iNOS-COX-2 cross-talk
causes overproduction of PGE2 and NO, which inhibits the ac-
tivity of an osteoblast formation marker alkaline phosphatase.

Alternative and herbal medicines containing omega-3 (n-3)
polyunsaturated fatty acids (PUFA) like eicosapentaenoic acid
(EPA, 20: 5n-3) and docosahexaenoic acid (DHA, 22: 6n-3) have
been used for their protective roles in inflammatory health con-
ditions including bone degeneration [11,12]. Omega-3 PUFA
have also been associated with improving protein synthesis
in muscles [13,14], and alleviation of muscular atrophy in can-
cer and sepsis [15,16]. Omega-3 PUFA in general appears to
be a novel drug agent in therapy of patients with severe in-
jury and inflammatory weight loss problems. Several related
studies have focused on the preventive use of n-3PUFA rich
dietary fish oil supplementation [17]. Similarly, the n-6PUFA
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rich dietary safflower oil and menhaden oil used to manage
aging-induced bone loss in middle-aged male rats showed re-
duced production of PGE2 and NO [18]. The preventive roles
of PUFA against inflammatory disease is largely mediated via
inhibition of overproduction of proinflammatory cytokines and
chemokines [11-13,17,18], yet the specific signaling pathways
involved remain unclear. The role of nuclear factor-xB (NF-xB),
iNOS-COX-2 and other proinflammatory cytokines and chemo-
kines are important considerations in understanding the mo-
lecular mechanisms of inflammatory bone disorders. Reports
suggest that suppressing NF-xB signaling reduces inflamma-
tion of bones and prevents degenerative bone diseases such
N-methyl pyrrolidone, a small bioactive molecule, stimulated
bone formation and inhibited osteoclast differentiation and
bone resorption by suppressing NF-kB signaling [19]. Recently
an extract of Allium hookeri was found to have potent anti-
inflammatory effects against lipopolysaccharide(LPS)-induced
RAW264.7 cells by suppressing NF-kB [20].

Thus, the present study aimed to investigate the role of a-lin-
olenic acid (ALA) in inflammatory bone diseased animal mod-
els and in receptor activator of nuclear factor kappa-B ligand
(RANKL)-induced osteoclast cell cultures. ALA, a n3PUFA main-
ly found in natural resources, is classified as one of 2 essen-
tial fatty acids considered necessary for health. ALA might
have anti-inflammatory effects like other O3FAs by decreas-
ing the levels of proinflammatory cytokines and chemokines.
The study intended to examine the interaction of NF-kB-iNOS-
COX2 cross links and to explore the involvement of other os-
teo-inflammatory signaling molecules like RANKL. Primarily
results of the study demonstrate that ALA prevents bone loss
and degeneration caused by inflammation.

Material and Methods

Materials

The a-linolenic acid and lipopolysaccharide was purchased from
Sigma-Aldrich (MO, USA). Most of the other chemicals and re-
agents of high purity-analytical grades were obtained from
manufacturers like Sigma-Aldrich, Invitrogen-Thermo Fisher,
Merck-Millipore etc., otherwise mentioned in methodology.

Experimental animals and models

The experimental procedures were conducted in accordance
with the Institutional Animal Ethical Committee with grant of
Animal Ethical Clearance for both animal model experiments
in the study. Male ‘Institute for Cancer Research (ICR)’ mice (5
week) and C57BL/6) female mice (6 week) were housed un-
der controlled conditions at 22-24°C temperature and 50-60%
humidity with 12 h light and dark cycle. Mice were allowed
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to free to access of food and water unless specified in groups
for specific dietary and living conditions.

Preparation of mouse BMMs, osteoclast differentiation and
cytotoxicity assay

Femurs and tibiae were extracted from male 5-week-old ICR
mice and flushed to isolate bone marrow cells (BMCs). Isolated
BMCs were resuspended in a-MEM media supplemented with
10% FBS and 1% penicillin and streptomycin. Isolated nonad-
herent cells were cultured in presence of macrophage colo-
ny-stimulating factor (M-CSF, 30 ng/ml) for 3 days. Isolated
floating cells content was discarded while adherent cells (ad-
hered to the bottom of the culture dish) were designated as
bone marrow macrophages (BMMs). The adherent BMMs were
seeded at 2x10° density per well and cocultured with M-CSF
(30 ng/mL) and RANKL (100 ng/mL) followed by treatment
with or without ALA for 4 days. Cells were then fixed in for-
malin (3.7%) for 30 min then permeabilized with Triton X-100
(0.1%). Cells were then stained for tartrate-resistant acid phos-
phatase (TRAP) and TRAP positive multinucleated cells (MNCs)
that contained more than 5 nuclei were counted and classi-
fied as osteoclasts. The cell viability of BMMs was assayed by
seeding 1x10* cells/well density in 96-well plates followed by
M-CSF (30 ng/mL) and ALA treatment at increasing concen-
trations for 3 days. Cytotoxicity was assayed by adding 50 pl
of XTT (sodium 3’-[1-(phenyl-aminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro) reagent following standard procedure.
The optical density was recorded at 450 nm in an automated
microplate reader (Molecular Devices, USA).

Bone resorption pit assay

Primary osteoblasts and BMCs were cocultured on a collagen
gel-coated petri dish (90 mm) in the media containing Vitamin
D3 and PGE2 for 6 days. Cocultured cells were detached by
1% trypsin-EDTA treatment with 0.1% collagenase at 37°C for
10 min, and then replated on hydroxyapatite-coated plates
followed by treatment with or without ALA for 24 h. The cells
were then removed and resorption pits were imaged and an-
alyzed using Imaging Software.

F-Actin ring formation staining

BMMs were cocultured with M-CSF (30 ng/mL) and RANKL (100
ng/mL) with indicated concentration of ALA for 3 days. Cells were
then fixed with phosphate-buffered saline (PBS) added with for-
malin (3.7%) for 30 min and permeabilized with PBST (0.1% Triton
X-100) for 20 min. Then cells were blocked with 2.5% bovine se-
rum albumin (BSA) for 60 min followed by staining with phalloi-
din (Thermofisher, CA, USA) and DAPI (4,6-diamidino-2-phenyl-
indole) (Sigma, USA) for 30 min at 37°C. Cells were subjected to
imaging sing a fluorescence microscope (Olympus, USA).

SongJ. et al.:
o-linolenic acid prevents inflammatory bone loss
© Med Sci Monit, 2017; 23: 5056-5069

RNA isolation and quantitative real-time PCR

BMMs were seeded at 2x10°/well density in 6-well plate and
cocultured with M-CSF (30 ng/ml) and RANKL (100 ng/ml)
with or without ALA for 4 days. Cells harvested from plates,
washed with PBS, and pelleted by centrifugation. Total cellu-
lar RNA from BMMs was isolated using TRIzol reagent (Thermo
Fisher Scientific Inc., OK, USA) as per manufacturer’s instruc-
tions. Total 1 pg cellular RNA was reverse transcribed using
Superscript Ill Reverse Transcriptase Kit (Thermo Fisher, USA)
according to manufacturer’s instruction. The RNA mixture was
incubated at 65°C for 10 min and cDNA was synthesized by
incubating with first strand buffer (50 mM Tris-HC|, pH 8.3; 75
mM KCl; 3 mM MgCl,), 100 mM dithiothreitol, RNase inhibitor
with Superscript Il reverse transcriptase at 45°C for 60 min.
Quantitative Real-Time PCR was performed on ABI 7500 Fast
Real-Time thermal cycler system (Applied Biosystems, USA)
in a reaction mixture (20 pL) containing 1 pg cDNA, 10 pmol
primers (forward and reverse each) and 10 pL of SYBR Green
dye (Thermo Fischer, USA). The Q-RT-PCR amplification con-
ditions were set at: 95°C for 5 min, 95°C for 1 min, 60°C for
30s, and 72°C for 1 min, for 40 cycles. SYBR Green binding to
double-stranded DNA resulted in the fluorescence that was
measured for quantified using the threshold cycle (Ct) value.
Relative levels of interleukins (IL-1B, IL-2, IL-6 and IL-10), iNOS
and COX-2 were normalized to that of B-actin using primers
as described earlier [21,22].

Protein isolation and western blotting

Total cellular protein was isolated from BMMs cultures by har-
vesting-pelleting the by centrifugation followed by lysis in cell
lysis buffer containing 20 mM Tris pH 7.5, 1 mM EDTA, 150
mM NaCl, 2.5 mM sodium pyrophosphate, 1% Triton X-100,
1% sodium vanadate, 1 mM phenylmethane sulfonyl fluoride
(PMSF) and freshly added protease inhibitor cocktail. Cells
were lysed for 30 min at 4°C with intermittent vortex mixing
followed by centrifugation at 10,000xg for 10 min at 4°C. The
supernatant was collected, designated as total cellular pro-
tein, and protein estimation performed using BCA protein as-
say kit (Sigma, MO, USA). A total of 20 pg protein each sam-
ple was electrophoresed by SDS-PAGE and protein bands were
transferred onto PVDF transfer membranes (Merck-Millipore,
Darmstadt, Germany). Protein transferred membranes were
blocked in fat-free skimmed milk followed by binding with pro-
tein specific primary antibodies following standard procedure.
Membranes were then treated with respective secondary anti-
bodies and protein bands were detected using Enhanced Chemi-
Luminescence (ECL) solution (Thermo Fisher, USA). Primary an-
tibodies for anti-caspase-3 (CST#9662)), anti-procaspase-9
(CST#9508), anti-PARP (CST#9542), anti-Bcl2 (CST#2876), an-
ti-Bcl-xL (CST#2762), anti-ERK (sc-93), anti-pERK (CST#9106),
anti-AKT (CST#4691), anti-pAKT (CST#9271), anti-JNK (sc-572),
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anti-pJNK (sc-6254), anti-NF-xB (p65) (NB100-2176), anti--
actin (sc-1615), anti-cFos (ab184666), anti-cJun (CST#9165),
anti-NFATc1 (NB100-56732), anti-TRAP (ab133238), anti-OS-
CAR (ab93817), anti-B3-integrin (ab119992), anti-cathepsin K
(ab66237) were obtained from Cell Signaling Technology (CST);
Santacruz Biotech. (sc); Abcam (ab); Novus Biologicals (NB).

Lipopolysaccharides (LPS)-induced bone loss mice model

The effect of ALA was examined also on LPS-induced inflam-
matory bone destruction in 5-week-old male ICR mice. Mice
were randomly divided into 4 groups containing 5 mice each
(n=5, each group). Mice were treated: control (PBS); LPS (10
mg/kg); LPS+ALA100 (100 mg/kg); LPS+ALA300 (300 mg/kg).
LPS was injected intraperitoneally at 10 mg/kg dose on day
one only while ALA and PBS were administered orally daily for
9 days. Mice were allowed to free access for food and water
and sacrificed on day 10.

Ovariectomized bone loss mice model

The effect of ALA was examined on estrogen deficiency-in-
duced bone loss in 8-week-old female C57BL/6 mice. Mice
were randomly divided into 4 groups (n=3, each group): con-
trol; ovariectomized (OVX); OVX-ALA (100 and 300 mg/kg).
Mice in all groups except control mice were subjected to re-
moval of ovary. Bilateral ovariectomy was performed by CO,
anesthesia to mice followed by surgical incision and remov-
al of ovaries and then suturing. Ovariectomized mice were di-
vided in to 3 groups (OVX) for treatment with or without ALA.
After 4 weeks of surgical recovery, mice were orally adminis-
tered with ALA at 100 and 300 mg/kg or PBS in control mice
daily for 4 weeks followed by sacrifice and further analyses.

High-resolution microcomputed tomography and
histological analysis

The High-Resolution microcomputed tomography (micro-CT)
Analysis (NFR-Polaris-5160) was performed to analyze the
metaphysical changes and degenerative signs in bone. Female
8-week-old C57BL/6 mice were used to extract out intact left
femur for h-micro-CT analysis. Scanning of femurs was per-
formed over a 2-mm distance from the growth plate and a to-
tal of 200 sections per scan were obtained. Then 3D recon-
struction was performed for bone morphological analysis for
bone volume per tissue volume (BV/TV), trabecular separa-
tion (Tb.Sp), trabecular thickness (Tb.Th), and trabecular num-
ber (Tb.N) using Imaging tools. Extracted femurs were fixed in
4% neutral-buffered paraformaldehyde for 24 h for decalcifi-
cation. Femurs were decalcified in 15% EDTA for 2 weeks fol-
lowed by paraffin embedding. Bone sections of 5 pm thickness
were cut using microtome and stained with hematoxylin and
eosin (H&E) for histological examination, while other sections
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were stained for TRAP positivity. Bone resorption parameters
including osteoclasts count per field of bone tissue were quan-
tified using Imaging software (Pro-Plus).

Systemic inflammation assessment and serum analysis

The magnitude of inflammation was determined by measure-
ment of the levels of proinflammatory cytokines and chemo-
kines (IL-1B, IL-2, IL-6, IL10, TNF-a, and IFN-}), monocyte che-
moattractant protein 1 (MCP-1) from plasma (20 pL) using a
multiplex Mouse Cytokine Immunoassay kit (Bio-Rad, USA) fol-
lowing the manufacturer’s protocols. Serum RANKL and OPG
levels were detected using commercial ELISA Assay Kits accord-
ing to the manufacturer’s protocol (R&D Systems, MN, USA).
Serum cross linked C-telopeptide of type | collagen (CTX-I) lev-
els, a specific marker of bone resorption, were determined us-
ing a mouse-specific ELISA Assay Kit as per the manufactur-
er’s protocol (Biomatik, DE, USA).

Statistical analyses

Experiments of the study were performed at least in tripli-
cates. Data were quantitatively expressed mean+standard de-
viation (SD). Statistical analysis of results was performed us-
ing SPSS v.17 (SPSS Inc., USA). Analysis of variance followed
by a Tukey’s post hoc test was used to compare parameters
among 3 groups. P<0.05 was considered statistically significant.

Results

ALA modulates differentiation and function of RANKL-
induced osteoclast

The effect of ALA was evaluated on osteoclast differentiation
by stimulating mouse BMMs cocultured with M-CSF and RANKL
followed by ALA treatment. The cell viability and toxicity as-
sayed using XTT assay kit for osteoclast differentiation. Control
group cell cultures showed high number of TRAP-positive os-
teoclasts while ALA treatment showed reduction in the number
of TRAP-positive cells in a dose-dependent manner (Figure 1A).
As compared to control (100%), ALA treatment showed 67, 42
and 28% TRAP-positive cells at 100, 200 and 300 uM concen-
trations, respectively. The XTT assay results showed that ALA
had no significant effect on viability of cells thus no resultant
toxicity at the indicated concentrations (data not presented).
Resorption pits were analyzed on hydroxyapatite-coated plates
seeded with mature osteoclasts. Control sets showed resorp-
tion pits in a high frequency which was subsequently inhibited
by ALA in a dose-dependent manner (Figure 1B). As compared
to control (100%), ALA treatment showed reduction in pit area
to 66, 44 and 18% at 100, 200 and 300 uM concentrations,
respectively. The materialization of F-actin (filamentous actin)
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Figure 1. Effect of ALA on osteoclast differentiation and maturation. (A) BMMs were cocultured with M-CSF (30 ng/mL) and RANKL
(100 ng/mL) with indicated concentrations of ALA for 3 days. TRAP-positive multinucleated cells were counted as osteoclasts
(bar graph). * P<0.008 vs. control group. (B) Mature osteoclasts seeded on hydroxyapatite-coated plates were treated
with indicated concentrations of ALA for 24 h. Cells were imaged and pit areas were visualized and quantified. * P<0.006,
** P=0.002 vs. control. (C) BMMs were cultured and treated with ALA and stained with DAPI with phalloidin. Fluorescence
imaging was performed and for visualization and quantification of F-actin rings. * P<0.004, *** P=0.001 vs. control.

ring structures in osteoclasts is a precise marker of the osteo-
clasts’ bone resorption activity. Thus, the effects of ALA on os-
teoclast function and bone resorption was examined. F-actin
ring formation was inhibited in an ALA dose-dependent man-
ner (Figure 1C). F-actin formation was inhibited in a similar pat-
tern to TRAP-positive cells with 82, 66 and 34% F-actin ring for-
mation at 100, 200 and 300 pM concentrations, respectively.
These results collectively demonstrate that ALA reduced both
the formation and bone resorption properties of osteoclasts.

ALA inhibits RANKL-induced osteoclastogenesis

The effect of ALA on RANKL-mediated osteoclastogenesis was
analyzed by assessing the levels of osteoclast marker, c-Fos, c-
Jun and nuclear factor of activated T cells cytoplasmic (NFATc1).
c-Fos, c-Jun and NFATc1 are reportedly involved in osteoclast
differentiation [23,24]. BMMs were treated with RANKL for 24
h with or without ALA (100 and 200 puM) and total cellular pro-
tein were isolated and proteins expression level was analyzed
by western blotting (Figure 2). Western blotting results show
that RANKL-induced the levels of all 3 marker proteins in 24
h of treatment time, as compared to RANKL negative BMMs.
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Figure 2. Effect of ALA on RANKL-induced osteoclastogenesis
marker proteins. M-CSF (30 ng/mL) and RANKL (100
ng/mL) treated BMMs were cocultured with indicated
concentrations of ALA for 3 days. Cells were then
harvested, protein isolated, and western blotting was
performed.

Furthermore, BMMs treated with ALA showed suppressed levels
of all 3 proteins in a dose-dependent manner. To analyze any
contraindications, RANKL negative BMMs were treated with
200 uM ALA and the levels of c-Fos, c-Jun and NFATc1 were
analyzed by western blotting, which shows that ALA has no
effect on RANKL negative BMMs (data not shown). In addition
to c-Fos, c-Jun and NFATc1, we also analyzed the levels of the
transcription factor proteins TRAP, osteoclast-associated immu-
noglobulin-like receptor (OSCAR), B3-integrin and cathepsin K
by western blotting. These proteins are reportedly involved in
RANKL-induced osteoclastogenesis [23,24]. Results show that
RANK induced the levels TRAP, OSCAR and, 33-integrin and ca-
thepsin K in 24 h of treatment time which were subsequently
suppressed by treatment with ALA in a dose-dependent man-
ner (Figure 2). These results indicate that ALA could attenuate
the protein levels of c-Fos, c-Jun and NFATc1 along with oth-
er transcriptional regulators in osteoclastogenesis. These re-
sults indicate too that ALA may be utilized in bone disorders
featuring degeneration and inflammation.
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ALA regulates osteoclastogenesis by modulating cell
growth and death signaling

To further investigate the mechanism of ALA-mediated inhi-
bition of osteoclastogenesis, we examined the effects of ALA
on RANKL-induced proteins in cell growth and death signaling
pathways. BMMs were treated with RANKL for 24 h without or
with ALA (100 and 200 pM) and total cellular protein were iso-
lated and level of proteins was analyzed by western blotting
(Figure 3). Western blotting results show that RANKL induced
the levels of all 3 marker proteins in 24 h of treatment time, as
compared to RANKL negative BMMs. BMMs treated with ALA
showed suppressed levels of all 3 proteins in a dose-depen-
dent manner. RANKL stimuli are supposed to enhance the lev-
els of cell growth signaling molecules like c-Jun NH2-terminal
kinases (JNK), extracellular signal-regulated kinases (ERK) and
AKT (protein kinase B) by activating their phosphorylation. The
phosphorylation of JNK and ERK is associated with enhanced
cell growth; osteoclastogenesis in case of bones is apparent-
ly stimulated by RANKL. JNK-ERK-AKT signaling pathways ac-
tivate cell growth signaling in general and as well as they are
characterized by reduced cell death. Thus, we assessed the ef-
fect of ALA on cell growth and death signaling genes by analyz-
ing their protein levels by western blotting (Figure 3). Results
show that RANKL moderately induced the levels of total forms
of JNK, ERK and AKT at 24 h of treatment of BMMs. Likewise,
RANKL stimuli enhanced the phosphorylation of JNK, ERK and
AKT, as demonstrated by high levels of pJNK, pERK and pAKT.
Treatment of RANKL-stimulated BMMs by ALA showed dose-
dependent slight suppression in total forms of JNK, ERK and
AKT while phosphorylated form of JNK, ERK and AKT were
fairly more suppressed. Along with suppression of cell growth
signaling proteins, we also examined the level of cell death
signaling components mainly apoptosis related proteins by
western blotting (Figure 3). Results show that RANKL stim-
ulation moderately suppressed the levels of caspase-3 and
poly (ADP-ribose) polymerase (PARP) proteins. Furthermore,
we observed that ALA treatment to RANKL-stimulated BMMs
caused noticeable suppression in the levels of caspase-3 and
PARP in a dose-dependent manner. Caspase-3 is an execution-
er caspase causing cell death by cleaving a nuclear substrate
PARP. Suppression of caspase-3 and PARP, apoptosis inacti-
vation, may also be among the causes of more cell growth,
which was subsequently suppressed by treating with ALA. In
addition to above proteins we also observed that ALA signif-
icantly suppressed the levels of NF-kB in a dose-dependent
manner (Figure 3), which was elevated by RANKL stimulation
to BMMs. RANKL-mediated activation of NF-kB may correlate
with osteoclastogensis by the fact that NF-xB is a transcrip-
tional upregulator of BCL-2 family anti-apoptotic proteins like
BCL-2 and BCL-xL. Although western blotting demonstrated
only fair decrease in BCL-2 and BCL-xL proteins by RANKL stim-
ulation, ALA treatment clearly increased the inhibited levels of
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Figure 3. Effect of ALA on cell growth signaling events and apoptosis.

M-CSF (30 ng/mL) and RANKL (100 ng/mL) treated BMMs were

cocultured with indicated concentrations of ALA for 3 days. Cells were then harvested, protein isolated, and western blotting

was performed.

BCL-2 and BCL-xL proteins (Figure 3). The anti-apoptotic effect
of RANKL in osteoclast is reported to be mediated by JNK/c-Jun
signaling [25] and ERK and NF-kB pathways are reciprocally in-
volved in survival and activation of osteoclasts [26]. These re-
ports strongly correlate with our results as well as BCL-2 and
BCL-xL results are complementary to the results of caspase-3
and PARP. These results collectively demonstrate that RANKL
induced osteoclastogenesis by enhancing cell growth signal-
ing and suppressing cell death signaling.

ALA prevents LPS-induced bone loss in mice

LPS is a proven inflammatory polysaccharide, a major cell wall
component of Gram negative bacteria. LPS elicits the release
of various proinflammatory molecules like cytokines and che-
mokines, metalloproteinases and other inflammatory mole-
cules [27-29]. LPS enhances the rate of bone resorption by
modulating the production of tumor necrosis actor-a (TNF-),
IL-1, prostaglandin E2 (PGE2) causing severe inflammatory bone
degeneration [27-29]. LPS may stimulate osteoclast differenti-
ation and activation by modulating RANKL-induced mitogen-
activated protein kinases (MAPKs) signaling components and
that suppression of these signaling molecules may suppress

the inflammation and degeneration of bones [30]. In this or-
der, we examined the effects of ALA on LPS (10 mg/kg) induced
bone loss in mice by removing femur for subsequent analy-
ses. Firstly, control and treated mice groups were analyzed for
morphometric features which revealed that treatment of LPS-
induced mice with ALA restored morphometric parameters in
a dose-dependent manner. We assessed BV/TV percent ratio,
Tb.Sp in mm, Th.N per mm, and Tb.Th in mm and compared
among various mice groups (Figure 4A). Control mice showed
40+4% BV/TV ratio that was inhibited by LPS stimulation to
2345%. LPS-induced reduction in BV/TV ratio was further re-
voked by treatment with ALA in dose-dependent manner, 28+5
and 34+4% at 100 and 300 mg/kg respectively, with statisti-
cal significance (Figure 4A). Control mice showed 0.24+0.04
mm Tb.Sp ratio that was elevated to double (0.48+0.05 mm)
by LPS stimulation. LPS-induced elevation of Th.Sp was further
suppressed by treatment with ALA in dose-dependent manner,
0.36+0.04 and 0.28+0.03 mm at 100 and 300 mg/kg respec-
tively, with statistical significance (Figure 4A). The Th.N param-
eter per mm was normal in control mice (3.4+0.4) that were
reduced to 2.2+0.3 by LPS stimulation. LPS-induced reduction
in To.N (per mm) was further revoked by treatment with ALA
in dose-dependent manner, 2.6+0.2 and 3.3+0.3 at 100 and
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Figure 4. Effect of ALA on LPS-induced bone loss in mice. (A) 5-week-old ICR mice were stimulated with LPS injection (10 mg/kg)
followed by treatment with indicated concentrations of ALA for 9 days. Femurs were radiographed by micro-CT and BV/
TV, Tb.Sp, Th.N and Th.Th of each femur were recorded.  P<0.018 vs. control, * P<0.008 vs. LPS, ** P<0.032 vs. control,
*** P<0.041 vs. control. (B) The levels of RANKL, OPG and CTX-l were measured from serum in ng/ml and RANKL/OPG ratio
was presented.  P<0.012 vs. control, * P<0.028 vs. LPS, ** P<0.006 vs. LPS, *** P<0.046 vs. control. (C) Femurs were dissected,
fixed and sectioned, stained with H&E (upper) and treated with TRAP reagent (lower) followed by counting of TRAP*
osteoclasts (OC) per field of tissue. ~ P<0.008 vs. control, * P<0.032 vs. LPS.

300 mg/kg respectively, with statistical significance (Figure 4A).
However, there was no significant change in Tb.Th (mm) by
LPS stimulation and by treating with ALA. We further deter-
mined the effect of ALA to RANKL and osteoprotegerin (OPG)
proteins expression by ELISA from serum. The serum levels
of RANKL were normal in control mice (0.18+0.03 ng/ml) that
were significantly elevated to 0.42+0.04 by LPS stimulation.
LPS-induced elevated levels of RANKL were further suppressed
by treatment with ALA in dose-dependent manner, 0.31+0.04
and 0.22+0.03 at 100 and 300 mg/kg respectively, with sta-
tistical significance (Figure 4B). The OPG expression level in
control mice serum was 4.8+0.6 ng/ml that was significantly
reduced by LPS stimulation to 0.31+0.06 ng/ml. LPS-induced
reduction in OPG levels was further suppressed by treatment
with ALA in dose-dependent manner, 0.31+0.04 and 0.22+0.03
at 100 and 300 mg/kg respectively, with statistical significance
(Figure 4B). As observed the levels of RANKL and OPG, their

ratio (RANKL/OPG) was significantly high in LPS-stimulated
mice that were subsequently suppressed by ALA treatment in
dose-dependent manner (Figure 4B). We further performed
histological analysis of LPS-induced mice for osteoclast for-
mation and bone loss and osteoclasts count (Figure 4C). The
H&E stained plates show that LPS stimulation caused severe
degenerative changes in bone sections that were revoked by
ALA treatment. Similarly, the LPS stimulation caused remark-
able increase in the TRAP* osteoclasts count that were sub-
sequently suppressed by ALA in a dose-dependent manner.
The quantitative estimation of TRAP* OC relative to control
(100+14) show that LPS was 1.57-fold high in TRAP* OC that
was suppressed to 1.42- and 1.14-fold at 100 and 300 mg/kg
of ALA, respectively (Figure 4C). We also estimated the levels
of C-terminal telopeptide of type I collagen (CTX-I) concentra-
tion in serum of mice. CTX-l is a bone resorption marker that
was noticeably elevated in LPS-stimulated mice (56+8 ng/ml)
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Figure 5. Effect of ALA on OVX-induced bone loss in mice. (A) 8-week-old C57BL/6 mice were ovariectomized followed by treatment

with indicated concentrations of ALA for 4 weeks. Femurs were radiographed by micro-CT and BV/TV, Tb.Sp, Tb.N and Th.Th
of each femur were recorded. » P<0.038 vs. control, * P<0.026 vs. OVX. (B) The levels of CTX-I were measured from serum in
ng/ml. » P=0.024 vs. control, * P=0.026 vs. OVX. (C, D) Femurs were dissected, fixed and sectioned, stained with H&E (upper)
and treated with TRAP reagent (lower) followed by counting of TRAP* osteoclasts (OC) per field of tissue. » P=0.007 vs.

control, * P=0.026 vs. OVX, * P=0.014 vs. OVX.

as compared to control (347 ng/ml). Furthermore, treatment
of LPS-induced mice with ALA at 100 and 300 mg/kg showed
466 and 38+5 ng/ml CTX-I in serum, respectively. Collectively
these results indicate that ALA treatment resulted in the down-
regulation of RANKL and up-regulation of OPG and suppres-
sion of the levels of CTX-I in LPS-treated mice.

ALA prevents OVX-mediated bone loss in mice

The ovariectomized (OVX) mice model is a preclinical animal
model for the study of osteoporosis, widely used for pharma-
cological interventions against estrogen-deficiency induced
bone loss. OVX mice were treated with and without ALA at
100 and 300 mg/kg dose for 4 weeks followed by removal of

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

femur and subsequent analyses as described in LPS-induced
mice model. The morphometric analysis shows that BV/TV ra-
tio in control mice was 6.4+1.2% that was inhibited by ovari-
ectomy (OVX group) to 2.8+0.8%. OVX mice with reduced BV/
TV ratio were further revoked by treatment with ALA in dose-
dependent manner, 3.8+1.1 and 5.4+0.8% at 100 and 300 mg/
kg respectively, with statistical significance (Figure 5A). Control
mice showed 0.52+0.06 mm Th.Sp ratio that was elevated to
0.66+0.07 mm in OVX mice, which was further suppressed by
treatment with ALA with statistical significance at 300 mg/
kg (P=0.036). The Th.N parameter per mm from control mice
(2.3+0.2) was reduced in OVX mice (1.8+0.3), which were further
revoked by treatment with ALA with statistical significance at
300 mg/kg (P=0.042). The Th.Th (mm) was marginally reduced
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Figure 6. Effect of ALA on proinflammatory cytokines and chemokines. (A) M-CSF (30 ng/mL) and RANKL (100 ng/mL) treated BMMs
were cocultured with indicated concentrations of ALA for 3 days. Cells were then harvested, RNA isolated, cDNA synthesized,
and gPCR performed. Quantification of gene was presented relative to normalized control (1.0 fold). ~ P<0.012 vs. control,

* P<0.032 vs. RANKL. (B) Systemic inflammation assessment from LPS-challenged mice. A multiplex Mouse Cytokine
Immunoassay was performed and quantity of proteins was presented in pg/ml serum. ~ P<0.012 vs. control, * P<0.032 vs.

RANKL.

in OVX mice (P=0.048) as compared to control that was further
revoked by ALA treatment. The levels of CTX-l were estimated
from serum that was moderately high in OVX mice (24 ng/ml)
as compared to control (16 ng/ml). CTX-I levels were noticeably
reduced in OVX mice treated with ALA especially at 300 mg/kg
(17.5 ng/ml, P=0.022) (Figure 5B). We further performed histo-
logical analysis of OVX mice for osteoclast formation and bone
loss (Figure 5C) and osteoclasts count (Figure 5D). The H&E
stained plates from OVX mice showed remarkable degenera-
tive signs that were revoked by ALA treatment. Similarly, the
OVX mice showed a remarkable increase in TRAP* osteoclasts
count that were subsequently suppressed by ALA treatment.

The quantitative estimation of TRAP* OC was much high in OVX
mice (88+14) as compared to control mice (48+11). The ALA in-
tervention to OVX mice showed suppression in TRAP* OC in a
dose-dependent manner with statistical significance (Figure 5D).
Collectively these results indicate that ALA intervention restored
the OVX-mediated bone erosion.

ALA intervention suppressed gene expression of
inflammation mediators

In order to delineate the mechanism, we assessed the lev-
els of inflammation-related cytokines and chemokines from
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serum of LPS-induced mice. The gene expression analysis of
RANKL-induced BMMs treated with ALA showed interesting
result. Stimulating BMMs with RANKL intensely increased the
expression levels of IL-1B, IL-2, IL-6, IL10, iNOS and COX-2
genes (Figure 6A). ALA intervention remarkably suppressed
the levels of most of these immune components in plasma in
dose-dependent manner. As compared to control (normalized
to 1.0), RANKL stimulation to BMMSs caused increase in the
expression of IL-1B, IL-2, IL-6, IL10, iNOS and COX-2 genes by
3.4, 2.9, 3.2, 2.8, 2.8 and 3.2 folds, respectively. These over-
expressed gene levels were suppressed by ALA treatment in
a dose-dependent manner, nearly to control (Figure 6A). LPS
is known to readily interact with the abundant TLR4 recep-
tors and eliciting inflammatory response that was measured
from blood plasma by multiplex immunoassay. In in vivo ex-
periments, challenging mice with LPS dramatically increased
the levels of IL-1, IL-2, IL-6, IL10, TNF-a. and MCP-1 in plasma
(Figure 6B). ALA intervention remarkably suppressed the lev-
els of most of these immune components in plasma in dose-
dependent manner. As compared to control (normalized to
1.0), LPS induced the levels of IL-2, IL-1B, IL-6, IL10, TNF-o. and
MCP-1 by 2.96, 2.24, 2.54, 1.79, 2.02 and 1.55 folds, respec-
tively. These elevated levels were suppressed by ALA treat-
ment to LPS-stimulated mice in a dose-dependent manner to
a level close to control (Figure 6B). These results suggest that
ALA protect against LPS-induced inflammation and damage in
bones by suppressing the levels of proinflammatory molecules.

Discussion

Several bone degenerative disorders feature overproduction
of inflammatory mediators causing weight loss, bone disor-
ders, organ failure and death. LPS potentially activates the im-
mune system releasing a variety of cellular inflammatory me-
diators like IL-1p, IL-2, IL-6, IL-10 and TNF-a resulting in severe
bone degeneration. Ovariectomy causes estrogen imbalance
and thus inflammatory bone disorder. Various anti-inflamma-
tory therapeutic and preventive modalities are attempted yet
the side-effect of chemical interventions remains a major con-
cern. This could possibly be limited by using natural product
with potent anti-inflammatory effects. In this study, we inves-
tigated the effect of a-linolenic acid on RANKL-mediated os-
teoclast differentiation, LPS-induced bone loss in mice, and on
estrogen-deficiency induced bone loss in ovariectomized mice.
Results of the study mainly advocate the use of ALA containing
omega-3 fatty acids supplements with preventive properties.

Aging is a natural process but may occur with issues of meta-
bolic bone diseases like rheumatoid arthritis, osteoporosis, and
Paget’s disease [1]. The supreme difficulties associated with
bone diseases are mainly diagnosis followed by therapy espe-
cially for osteoporosis. Osteoclasts are the major bone-resorbing
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multinucleated giant cell types produced by hematopoietic stem
cells upon stimulation by the cytokines receptor activator of
NF-xB ligand RANKL and M-CSF or CSF-1. RANKL is a member
of the TNF family, an osteoclast marker causing exaggerated
cell proliferation and differentiation. M-CSF is thus the major
regulator of osteoclast progenitor and macrophage prolifera-
tion and survival [31,32]. The binding of RANKL to the RANK
receptor activates multiple downstream signaling pathways
including NF-xB, AKT and MAPKs (mainly ERK, p38 and JNK).
It causes further activation of the transcription factors like c-
Fos, clun and NFATc1 inducing osteoclast differentiation [31].
In addition, Ca?* signaling also plays important role in meta-
bolic bone disorders that was modulated by oleanolic acid ac-
etate in RANKL-induced osteoclast differentiation [33]. Natural
omega-3 PUFAs like eicosapentaenoic acid, docosahexaeno-
ic acid and ALA have shown anti-inflammatory effects by de-
creasing the levels of proinflammatory cytokines and chemo-
kines [11,12]. ALA is an n-3 fatty acid classified as one of 2
essential fatty acids considered necessary for health. Since
they are not produced within the human body, they must be
acquired through diet such as ALA is obtained from seeds (like
chia and flaxseed), nuts (especially walnuts), and many com-
mon vegetable oils. We have meticulously investigated the ef-
fect of ALA on inflammatory bone degeneration in mice mod-
els and on osteoclast differentiation.

The in vitro analyses performed in this study demonstrate that
ALA intervention inhibits RANKL-induced osteoclastogenesis
and differentiation function (Figure 1). The cytotoxicity assay
showed RANKL-induced high number of TRAP-positive osteo-
clasts that were inhibited by ALA. The bone resorption activity
as measured by materialization of F-actin ring structures was
also inhibited by ALA. In continuation ALA inhibited the levels
of formation of resorption pits formed by RANKL stimulation.
The growth inhibitory effect of ALA on osteoclasts was possi-
bly mediated by suppression of osteoclast markers c-Fos, c-
Jun and NFATc1. RANKL stimulated BMMs when treated with
ALA showed suppressed levels of all 3 proteins. ALA also in-
hibited the RANKL stimulated levels of the transcription factor
proteins TRAP, OSCAR, B3-integrin and cathepsin K (Figure 2).
Altogether these results indicated that ALA could suppress
the activities of c-Fos, c-Jun and NFATc1 along with other tran-
scriptional regulators in osteoclastogenesis. Modulating cFos
has been interesting measure in osteoclastogenic problems.
cFos and NFATc1 deficient mice have shown symptoms of os-
teopetrosis because of defects in osteoclastogenesis [34,35].
Furthermore, NFATc1 regulation by c-Fos during osteoclasto-
genesis is facilitated by the activity of osteoclast-specific genes
such as TRAP, OSCAR, B3-integrin, DC-STAMP, CTR, and cathep-
sin K [35-38]. Thus, our findings infer that ALA could downreg-
ulate the expression of various genes and proteins in osteo-
clasts differentiation and function. RANKL is known to induce
phosphorylation of MAPK proteins such as JNK, ERK and AKT
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as critical upstream events in bone formation. Thus, the p38
and JNK inhibition and apoptosis reactivation in osteoclasts
have gained clinical interest [25,26,39]. In this study, ALA was
found to regulate osteoclastogenesis by modulating the levels
of cell growth and death signaling genes and proteins. RANKL-
stimulated BMMs enhanced levels of cell growth signaling mol-
ecules like JNK, ERK and AKT especially their phosphorylated
forms were elevated. It indicates that RANKL possibly induc-
es phosphorylation of JNK, ERK and AKT which then causes
enhanced osteoclastogenesis. ALA intervention to RANKL-
stimulated BMMs altered the effects of RANKL and JNK, ERK
and AKT phosphorylations were diminished (Figure 2). RANKL-
stimulated BMMs were slow in apoptosis as observed by re-
duced levels pro-caspase-3 and PARP as well as high levels of
anti-apoptosis proteins Bcl-2 and Bcl-xL. ALA intervention to
these cells revoked the effects of RANKL and showed apop-
tosis reactivation activity (Figure 3). These results confirmed
that ALA has preventive role in RANKL-induced osteoclastogen-
esis by suppressing cell growth signaling and by reactivating
apoptosis. The anti-apoptotic effect of RANKL in osteoclast is
reported to be mediated by JNK/c-Jun signaling [25] and ERK
and NF-kB pathways are reciprocally involved in survival and
activation of osteoclasts [26]. These reports strongly correlate
with our results as well as BCL-2 and BCL-xL results are com-
plementary to the results of caspase-3 and PARP.

The rationale behind using both the LPS challenged and ovari-
ectomized mice model in this study was to ascertain the ef-
fect of ALA on diverse inflammatory conditions. As LPS di-
rectly alters bone environment, estrogen regulates osteoclast
proliferation and differentiation activity by promoting TGF-B-
induced osteoclast apoptosis. Thus, estrogen agonists could
increase OPG production by activating estrogen receptor-o
which subdues RANKL activity [40,41]. Ovariectomy causes es-
trogen deficiency and upregulates osteoclastogenesis by en-
hancing T cell TNF-a production. OVX also induces the Th17
cell differentiation secreting IL-7 that stimulates bone loss by
enhancing osteoclast production and inhibiting osteoblast dif-
ferentiation [41,42]. LPS challenged mice showed inflamma-
tory bone loss by stimulating osteoclast differentiation, while
ALA intervention to LPS-challenged mice prevented these ef-
fects (Figure 4). The morphometric analysis showed that LPS-
stimulated mice had reduced BV/TV ratio, elevated Th.Sp (mm),
and reduced Th.N (per mm) and that ALA intervention reverted
these effects to significant levels. Also, ALA intervention sup-
pressed the LPS-induced levels of RANKL, OPG and CTX-Il in
serum of mice. The histological features were also improved
by ALA treatment to LPS challenged mice and LPS-stimulated
TRAP positive osteoclast count was also suppressed by ALA.
The mechanism behind anti-inflammatory effects of ALA was
possibly mediated by suppression of proinflammatory cytokines
and chemokines. In ovariectomized mice also ALA was preven-
tive to the inflammatory response due to estrogen-dependent
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bone loss (Figure 5). ALA treated OVX mice showed improved
morphometric features as compared to diseased mice. OVX
mice showed reduced BV/TV ratio, elevated Tb.Sp ratio and re-
duced Th.N, and these altered morphometric parameters were
reverted to close to control in ALA treated OVX mice. The his-
tological analysis of ALA treated OVX mice femur was compar-
atively improved showing reduced osteoclast formation and
bone loss by ALA. ALA treatment showed suppressed TRAP*
osteoclasts count increased due to ovariectomy. ALA treated
caused suppression of expression of CTX-I that were elevat-
ed by ovariectomy. Collectively these results indicate that ALA
intervention restored the OVX-mediated bone erosion which
may involve suppression of the expression of proinflammato-
ry chemokines and cytokines. RANKL-stimulated BMMs and
LPS-challenged mice showed an aberrant expression of IL-1f,
IL-2, IL-6, IL10, TNF-0, and MCP-1 and iNOS and COX-2 were
remarkably suppressed to the level close to control by ALA
treatment (Figure 6). These results demonstrate the anti-in-
flammatory role of ALA in LPS challenged mice which might be
mediated by suppression of the expression of proinflammato-
ry molecules. Reduction in IL-1, IL-2 and IL-6 levels by ALA in-
dicates the mechanistic approach involved in the suppression
of inflammation as well as reduction in osteoclast differentia-
tion. Notably, NF-xB is known to interact with iNOS-COX-2 as
well as BCL-2 family, thus it plays pivotal role in bone inflam-
mation and degeneration by transcriptional up-regulation of
proinflammatory cytokines and chemokines. Recent reports
suggest that downregulation of NF-xB, iNOS, COX-2, IL-1f,
MMPs by plant extracts and single molecules prevents inflam-
matory bone loss and other degenerations of bone [19,20,43-
46). These reports strongly support our findings in concluding
that downregulation of NF-kB, iNOS-COX2, and other inflam-
mation mediators exerts anti-inflammatory effects in degen-
erative inflamed bones. Modulation of NF-kB-iNOS-COX-2 and
associated molecules has been associated with prevention of
inflammation in not only bones [28,30,47] but also in cancers
especially intestinal inflammation and colon cancer [21,22,48]
and their downregulation by natural resources has been po-
tentially preventive.

Conclusions

Results of the study demonstrate that ALA suppresses RANKL-
induced osteoclast differentiation by modulating expression
of ERK, JNK, AKT and NF-xB signaling components and down-
stream activation of NFATc1 and target genes expression. ALA
also causes apoptosis reactivation. ALA furthermore restored
bone density in LPS challenged mice as well as OVX-induced
bone loss mice model. The mechanism behind the effects of
ALA is apparently by modulating NF-kB-iNOS-COX-2 and as-
sociated proinflammatory cytokines and chemokines that ul-
timately suppress inflammation and osteoclast differentiation,
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reactivates apoptosis. These findings are first to our knowledge
for using ALA against inflammatory bone disorder. Findings of
the study advocate the use of ALA as a promising therapeutic
agent for preventing inflammation-driven bone diseases like
osteoporosis and rheumatoid arthritis.
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