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Abstract
Previously, we reported that cyclolinopeptides (CLs) extracted from flaxseed inhibited receptor activator of nuclear factor 
κ-B ligand (RANKL)-induced osteoclastogenesis from mouse bone marrow cells in vitro. However, mode of action involved 
in CLs-inhibited osteoclastogenesis has been yet unknown. Therefore, in this study, we investigated the details of inhibitory 
activity of cyclolinopeptide-F (CL-F) in osteoclastogenesis, as a representative of CLs. CL-F dose-dependently inhibited 
RANKL-induced osteoclastogenesis (IC50 0.58 µM) without cytotoxic effects. The inhibition by CL-F was mainly observed 
in macrophage colony-stimulating factor (M-CSF)-induced proliferation/differentiation phase from M-CSF responsive imma-
ture myeloid cells to monocyte/macrophage (M/Mϕ) lineage. Additionally, CL-F also slightly inhibited RANKL-induced 
differentiation phase from M/Mϕ to mature osteoclasts. Expression of RANKL receptor, RANK, in M-CSF-induced M/
Mϕ, i.e. osteoclast progenitor cells, was decreased by CL-F treatment. Furthermore, RT-PCR analysis revealed that CL-F 
inhibited c-fos gene expression, which is reported to be crucial for RANK expression in osteoclast progenitor cells induced 
with M-CSF from myeloid lineage cells. These results suggested that CL-F inhibits osteoclastogenesis via down regulation 
of c-fos expression, which leads to the down-regulation of RANK expression in M-CSF-induced osteoclast progenitors.
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Introduction

Flax (Linum usitatissimum L.) belongs to the Linaceae 
family. Flaxseeds contain α-linolenic acid, omega-3 fatty 
acid, and lignans, which are used for natural health prod-
ucts [1–4]. Flaxseeds also contain cyclic peptides known 
as cyclolinopeptides (CLs). Cyclolinopeptide A (CL-A) has 
been isolated from flaxseed oil and reported to have various 

biological activity, especially immunosuppressive activity 
[5, 6].

Previously, we reported that most of CLs inhibited recep-
tor activator of nuclear factor κ-B ligand (RANKL)-induced 
osteoclast formation. However, the inhibitory mechanism 
has not been known yet [7].

Bone tissue is continuously remodeled by osteoblasts and 
osteoclasts, which is in charge of bone formation and bone 
resorption respectively. The balance maintained by these 
cells is important for bone homeostasis. Most adult skel-
etal diseases, such as osteoporosis are due to disruption of 
bone remodeling balance by the dominant activity of bone 
resorption. Therefore, appropriate regulation of osteoclast 
differentiation and activation is important for prevention of 
these bone diseases [8]. Osteoclasts are giant multinucle-
ated cells existing along the bone surface, which originate 
from myeloid cells derived from hematopoietic stem cells 
[9]. M-CSF-responsive myeloid cells (colony-forming unit 
macrophage; CFU-M) proliferate and differentiate into 
monocyte/macrophage lineage cells (M/Mϕ), and then into 
monocytes and resident macrophages. In the process of the 
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generation of M/Mϕ lineage cells, appropriate stimulation 
by RANKL, expressed on osteoblasts, induce differentia-
tion from M/Mϕ to mononuclear osteoclasts, which fuse to 
each other and mature into multinuclear osteoclasts, which 
then acquire bone resorption function [10]. Osteoclastogen-
esis, differentiation from myeloid lineage cells to mature 
osteoclast, is mainly regulated by osteoblasts. M-CSF and 
RANKL are expressed in osteoblasts, and both are essential 
cytokines for osteoclastogenesis [11–13].

M-CSF is necessary to CFU-M for survival, proliferation, 
and differentiation. In osteoclastogenesis, M-CSF stimula-
tion leads to differentiation from myeloid cells into M/Mϕ 
lineage precursors [14]. Under M-CSF stimulation, M/Mϕ 
lineage precursors express c-Fos, a component of activator 
protein 1 (AP-1), and promotes RANK expression, a recep-
tor to RANKL [15]. RANKL-induced expression of nuclear 
factor of activated T cells c1 (NFATc1), a master regula-
tor of osteoclast differentiation, is also regulated by c-Fos 
[16]. Therefore, c-Fos is thought to play an essential role in 
M-CSF and RANKL signaling for osteoclastogenesis.

In this study, we investigated the mechanism of osteo-
clastogenesis inhibitory activity of CL-F in detail. Estimated 
from its oxidation states, cyclolinopeptide F (CL-F) is a sta-
ble peptide and abundantly contained in flaxseeds compared 
with other CLs exhibiting inhibitory activity. Furthermore, 
CL-F potently inhibited RANKL-induced osteoclast differ-
entiation without cytotoxicity [7]. Therefore, CL-F is suit-
able to be developed as health supplement for adult skeletal 
diseases since flaxseed is already used as health assistant 
food around the world [1–3].

Experimental procedure

Isolation and purification of CL‑F

CL-F was isolated according to the methods described pre-
viously [17]. In brief, flaxseed pomace was extracted with 
methanol and the extract was fractionated by HP-20. The 
fraction eluted with 100% methanol was then fractionated 
by silica gel column and ODS HPLC. Purification of CL-F 
was done by recrystallization and the purity was examined 
using HPLC, which is over 97%.

Preparation of bone marrow cells, bone 
marrow macrophages (BMMs), and induction 
of differentiation into osteoclasts

Bone marrow cells were prepared from femur and tibia 
of 4-8  weeks old male ICR mice (SLC Inc. Shizuoka, 
Japan). After hemolysis, bone marrow cells were seeded to 
petri-dish and cultivated in α-minimum essential medium 
(α-MEM: Wako Pure Chemical Industries, Ltd., Osaka, 

Japan) supplemented with 10% FBS (Equitec-Bio, Inc., TX, 
USA) and 100 ng/mL of M-CSF (leukoprol; Kyowa Hakko 
Kirin Co., Ltd., Tokyo, Japan).

After 72 h cultivation with M-CSF, non-adherent cells 
were washed out with PBS and adherent M/Mϕ were har-
vested as BMMs by pipetting. After re-seeding of BMMs 
with 20 ng/mL of M-CSF, osteoclast differentiation was 
induced by the addition of soluble RANKL (sRANKL, 
40 ng/mL, Wako Pure Chemical Industries, Ltd.) for 4 days 
[18, 19]. All experimental procedures were approved by the 
Hoshi University Animal Care and Use Committee.

Evaluation of CL‑F activity on osteoclastogenesis 
by tartrate‑resistant acid phosphatase (TRAP) assay

Bone marrow cells were seeded 1.5 × 105 cells/well in a 
96-wells microtiter plate and cultivated in α-MEM supple-
ment with 10% FBS and 20 ng/mL of M-CSF. After priming 
M/Mϕ for 24 h, sRANKL was added to a final concentra-
tion of 40 ng/mL. Various concentration of CL-F was simul-
taneously added to M/Mϕ with sRANKL. The cells were 
then incubated for 72 h before subjected to TRAP assay. 
The TRAP assay was based on the method described by 
Janckila, et al. [20]. Briefly, cells cultivated in a 96 well 
plate were lysed with 0.5% Triton-X 100 diluted in 50 mM 
sodium-tartrate dihydrate in 0.1 M acetate buffer (pH 5.4). 
After that, naphthol-AS-BI phosphate solution (Wako Pure 
Chemical Industries, Ltd.) was added to each well to a final 
concentration of 2.5 mM. Then, 96 well plate was incubated 
at 37 °C for 60 min, fluorescence signal at EX405/EM495–505 
was measured. Cyclosporine A (Tokyo chemical industry 
Co., LTD, Tokyo, Japan), used for positive control, is known 
to suppress osteoclast differentiation via inhibition of cal-
cineurin signal and the following NFATc1 translocation.

Staining of osteoclasts for TRAP activity

The solution that mixed naphtol AS-BI dissolved in N, 
N-dimethylformamide (Wako Pure Chemical Industries, 
Ltd.) and FAST red ITR salt (Sigma-Aldrich Co. LLC., 
USA) dissolved in TRAP buffer [50 mM sodium tartrate 
dihydrate, 0.1 M acetate buffer (pH 5.7)], were used as 
TRAP staining buffer. Cells including osteoclasts were fixed 
by 10% formalin, then washed 3 times by purified water. 
After addition of TRAP staining solution and incubation at 
37 °C for 20 min, TRAP-positive cells were stained as red 
for its enzymatic activity.

Evaluation of CL‑F activity on M‑CSF‑induced cell 
proliferation by MTT assay

The influence of CL-F on cell proliferation was evaluated by 
the MTT assay, which is based on mitochondrial succinate 
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dehydrogenase activity. Bone marrow cells were incubated 
with samples and M-CSF (20 ng/mL) for 4 days. At the 
end of the incubation period, 15 µL of 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 5 mg/
mL, Sigma) were added to each of the wells. The formed 
formazan crystal after another 3 h incubation was dissolved 
with 150 µL of dimethyl sulfoxide (Wako Pure Chemical 
Industries, Ltd.) and its optical density was measured using a 
microplate reader (Bio-Rad, Hercules, CA, USA) at 550 nm, 
with a reference wavelength at 700 nm.

Detection of NO production in LPS‑stimulated BMMs

NO production was determined by the Griess assay. Super-
natant of the cultured medium (100 µL) of LPS-stimulated 
BMMs for 24 h was transferred to a 96-well microtiter plate, 
and then 100 µL of Griess reagent (1% sulfanilamide, 0.1% 
N-1-naphthylethylenediamine dihydrochloride in 2.5% 
H3PO4) was added. After incubation at room temperature 
for 15 min, the absorbances at 540 nm and 620 nm were 
measured with a microplate reader.

Evaluation of BMMs with flow cytometry

BMMs were harvested using flow cytometry buffer [10 mM 
Hepes (pH 7.4), 137 mM NaCl, 1 mg/mL glucose, 2 mM 
EDTA, 0.1% NaN3, 0.5% BSA] and incubated with anti-
CD16/32 antibody (Bio Legend, San Diego, CA, USA) on 
ice, for the prevention of non-specific binding, for 15 min. 
Each antibody was then added to the cells, and the mix-
ture was incubated on ice for another 30 min. Before flow 
cytometric analysis, cells were washed and resuspended in 
flow cytometry buffer and analyzed by FACSVerse (BD 
biosciences, Franklin Lakes, NJ, USA). APC-labeled anti-
mouse CD115, FITC-labeled anti-F4/80, FITC-labeled anti-
mouse CD68, PE-labeled mouse anti-TLR4, and PE-labeled 
mouse anti-CD14 antibodies were purchased from Bio Leg-
end (San Diego, CA, USA).

Isolation of CD115 positive cells

BMMs induced by M-CSF were harvested by flow cytom-
etry buffer, and incubated with biotinylated anti-CD115 
antibody (Bio Legend) on ice for 30 min. Streptavidin Par-
ticles Plus-DM (BD biosciences) was added to cells and 
then incubated on ice for 10 min. CD115 positive cells were 
isolated using BD IMag™ (BD Biosciences) at room tem-
perature for 10 min, and then washed by flow cytometry 

buffer. After 3 times washing, isolated CD115 positive cells 
were verified using flow cytometer or analyzed by RT-PCR 
and WB.

Reverse transcription‑PCR (RT‑PCR)

Total RNA was prepared from BMMs induced from bone mar-
row cells at various times of harvest using TRIzol (Ambion, 
Austin, TX, USA). Reverse transcriptions were performed 
using the ReverTra Ace kit (Toyobo, Osaka, Japan). Polymer-
ase chain reaction (PCR) were carried out using the PCR kit 
from Qiagen (Hilden, Germany). The synthesized forward 
and reverse primer sequences are as follows: β-actin (forward: 
5′-TCA​CCC​ACA​CTG​TGC​CCA​TCTAC-3′, reverse: 5′-GAG​
TAC​ TTG​CGC​TCA​GGA​GGAGC-3′), c-fos (forward: 5′-GAG​
AAG​GGG​CAG​GGT​GAA​GG-3′, reverse: 5′-CAA​TAT​AAG​
GGC​TGT​AAA​AGCCT-3′), fosl-1 (forward: 5′-AAC​CTT​
GCT​CCT​CCG​CTC​ACC-3′, reverse: 5′-GCT​GCT​GGC​TGT​
TGA​TGC​TGT-3′), rank (forward: 5′-CTC​TGC​GTG​CTG​CTC​
GTT​CC-3′, reverse: 5′-TTG​TCC​CCT​GGT​GTG​CTT​CT-3′), 
hur (forward: 5′-TCC​TCC​GAG​CCC​ATC​ACA​GT-3′, reverse: 
5′-CAA​AGG​GGC​CAA​ACA​TCT​GC-3′), ttp (forward: 5′-CCA​
CCA​TGG​ATC​TCT​CTG​CC -3′, reverse: 5′-GGC​GAA​GTA​
GGT​GAG​GGT​GA-3′), c-fms (forward: 5′-TCG​AAA​CGT​
GCT​GTT​GAC​CA-3′, reverse: 5′-TTC​TTC​GGT​GCA​AAT​
ACA​GG-3′), PU.1 (forward: 5′-TGT​GCT​TCC​CTT​ATC​AAA​
CC-3′, reverse: 5′-TTC​TTC​ACC​TCG​CCT​GTC​TT-3′).

All PCR products were separated by 1.5% agarose gel elec-
trophoresis and visualized by ethidium bromide staining.

Western blotting (WB)

Total cellular lysate was prepared from BMMs subjected to 
various treatments with laemmli buffer after isolation with 
CD115 antibody. The total protein concentrations were quan-
tified using the BCA protein assay kit (ThermoScientific, 
Rockford, IL, USA). Twenty micrograms of total protein were 
loaded into each well of an SDS–polyacrylamide gel. Sepa-
rated proteins were transferred to a polyvinylidene difluoride 
(PVDF) membrane (Amersham GE Healthcare, Buckingham-
shire, UK). Primary antibody was prepared by diluting with 
BlockAce (DS Pharma Biomedical Co., Ltd. Osaka, Japan). 
The primary antibodies used in this study are anti-Akt, anti-
p-Akt Ser473, anti-p-Akt Thr308, and RANK (Cell Signaling 
Technology, Beverly, California, USA). Horseradish peroxi-
dase-linked secondary antibody was used in this study (Amer-
sham, GE Healthcare). Fluorescence generated by the addition 
of ImmunoStar LD (Wako Pure Chemical Industries, Ltd.) was 
detected with BIAquire 285II Imaging System.
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Results

CL‑F inhibited osteoclasts formation, 
but not influenced on M‑CSF‑induced cell 
proliferation in bone marrow cells

TRAP is known as a marker enzyme for osteoclast differenti-
ation. Therefore, its gene expression, protein expression, and 
enzyme activity are utilized for index of osteoclastogenesis 
and identification of osteoclast lineage cells. CL-F reduced 
TRAP activity in a dose dependent manner from 0.31 to 
10 µM (IC50 0.58 µM). CL-F (1.25 µM) showed inhibi-
tory activity equal to or higher than that of cyclosporine A 

(1 µM) used as positive control (Fig. 1a). High dose CL-F 
(5–10 µM) potently inhibited generation of TRAP-posi-
tive mononuclear osteoclasts by microscopic observation 
(Figs. 1b4). Interestingly, low dose CL-F (0.07 µM) did not 
inhibit differentiation from M/Mϕ cells to TRAP-positive 
mononuclear osteoclasts (Fig. 1a), but inhibited formation 
of multinuclear osteoclasts (Figs. 1b3). Effect of CL-F on 
M-CSF-induced cell proliferation was examined using MTT 
assay and via microscope observation. Although M-CSF-
induced cell proliferation with cyclosporine A (1  µM) 
resulted in 75% viability compared with vehicle control 
(Fig. 2), cyclosporine A above 1 µM showed obvious cyto-
toxicity under microscopic observation (data not shown). 
On the other hand, CL-F did not show definite influences on 
M-CSF-induced cell proliferation at 20 µM, approximately 
35 times of the IC50 evaluated in TRAP assay (Figs. 1a, 2).

CL‑F affected mainly the priming of M/Mϕ 
toward differentiation into osteoclasts

To determine at what stage of osteoclast differentiation 
CL-F inhibits osteoclastogenesis, we prepared M/Mϕ lin-
eage cells as bone marrow macrophages (BMMs) with/
without CL-F for 3 days of the culture in the presence of 
M-CSF. Isolated BMMs and F-BMMs (F-BMMs; BMMs 
proliferated in the presence of CL-F) were respectively 
reseeded, and induced differentiation to osteoclasts lineage 
with M-CSF and sRANKL with/without CL-F for 4 days 
(Fig. 3a). When the BMMs as osteoclast progenitors were 
exposed to CL-F for the entire 7 days, TRAP activity was 
decreased to 20% compared with that in the cultures with-
out CL-F (Fig. 3b; column 1′ vs 4′). The CL-F-exposure 
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Fig. 1   Inhibitory activity of CL-F on osteoclastogenesis. Inhibitory 
activity of CL-F on osteoclastoganesis was evaluated using TRAP 
assay and TRAP staining. a Bone marrow cells (1.5 × 105 cells/well) 
were cultured in a 96-well plate with M-CSF (20  ng/mL). After 
24  h, sRANKL (40  ng/mL) was added for induction of osteoclast 
differentiation with various concentration of CL-F. TRAP activity 
was measured 3 days after sRANKL addition. Cyclosporine A (Cyc 
A; 1  µM) used as a positive control. All experimental groups were 
done with n = 4. b Bone marrow cell were cultured in 24-well plate 
(1 × 106 cells/well) with M-CSF (20 ng/mL). After 24 h, bone mar-
row cells were treated RANKL with/without CL-F. After cultiva-
tion for 3 days, osteoclasts were stained based on TRAP activity. b1; 
M-CSF + RANKL, b2; M-CSF, b3; M-CSF + RANKL + 0.07  µM 
CL-F, b4; M-CSF + RANKL + 5 µM CL-F

Fig. 2   Influence of CL-F on M-CSF-induced cell proliferation. 
Effects of CL-F on cell proliferation were evaluated using MTT assay. 
Bone marrow cells (1.5 × 105 cells/well) were cultured in a 96-well 
plate and treated M-CSF (20  ng/mL) with various concentration of 
CL-F. After 3 days cultivation, MTT solution was added to cells and 
incubated for 4 h. CL-F ( ), cyclosporine A (  1 µM) used as a 
positive control. All experimental groups were done with n = 4
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for only 0–3 days resulted in 30% TRAP activity compared 
with that in the cultures without CL-F for the entire 7 days 
(Fig. 3b; column 1′ vs 3′). However, when the cells were 
treated only for the last 4 days with CL-F, the TRAP activ-
ity was approximately 50% compared to the control group 
(Fig. 3b; column 1′ vs 2′), suggesting that CL-F acts on 
M-CSF-dependent osteoclast progenitors at the early stage 
in the process of osteoclast differentiation.

CL‑F modulated M‑CSF‑induced differentiation 
toward M/Mϕ lineage as osteoclast progenitor 
and generated cells with different morphology

We found that M-CSF-induced BMMs treated with CL-F 
(F-BMMs) had different morphology compared with that 
of BMMs without CL-F (BMMs) under microscopic obser-
vation (data not shown). F-BMMs showed a slightly larger 
spherical morphology than BMMs and showed weak adhe-
sion. Therefore, flowcytometric analysis was employed to 
investigate the details of morphological difference between 
BMMs and F-BMMs.

CD115 is a M-CSF receptor expressed in cells from 
M-CSF-responsive immature myeloid to M/Mϕ lineage, of 
which expression increase as proliferation and differentiation 
progressed after M-CSF stimulation. CD115 expression in 
F-BMMs was slightly higher than that in BMMs (Fig. 4a).

In analysis of CD115-gated cells indicated in Fig. 4a, 
F-BMM showed higher values of forward scattered light 
(FSC) and side scattered light (SSC) than that in BMMs, 
indicating F-BMMs have larger cell size and higher internal 
complexity (Fig. 4b, c). Next, the expression of F4/80, CD14 
and CD68 in CD115-positive BMMs and F-BMMs, which 
are known as surface markers of M/Mϕ lineage cells, were 
investigated. All of macrophagic surface marker, F4/80, 
CD14, and CD68, were expressed higher in F-BMMs than 
in BMMs, speculating CL-F enhanced differentiation toward 
the cells with features of mature macrophages (Fig. 4d–f).

Then, LPS-stimulated NO production was investigated for 
finding functional difference between BMMs and F-BMMs. 
However, NO production stimulated by LPS was not influ-
enced by CL-F treatment (Fig. 5). Furthermore, expression 
of TLR4 (CD165), a LPS receptor, was also not influenced 
in F-BMMs as shown by flow cytometric analysis (data not 
shown).

CL‑F down‑regulates c‑fos expression and RANK 
expression in CD115 positive cells

For further investigation of CL-F activity, CD115 positive 
cells were isolated from other cells mixed in the culture by 
using biotinylated anti-CD115 antibody and avidin-conju-
gated magnetic particles. Indicated in appendix figure, the 
purity of CD115-positive cells was above 95% after the 
isolation.

The expressions of c-fos and fosl1, which belongs to the 
c-Fos family, are known as crucial transcription factors in 
the process of osteoclast differentiation, which also regu-
lates RANK expression, receptor for RANKL, in osteoclast 
progenitor, i.e., BMMs. The expressions of c-fos and fosl1 
in isolated CD115-positive cells after 48 h treatment with/
without CL-F were investigated using RT-PCR, and were 
revealed to be decreased in F-BMMs compared with BMMs. 
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Fig. 3   CL-F-affected phase in the process of osteoclastogenesis. To 
determine at what stage of osteoclast differentiation CL-F inhibits 
osteoclastogenesis, BMMs with/without CL-F (20  µM) for 3  days 
of the culture in the presence of M-CSF (20  ng/mL) was prepared. 
Isolated BMMs and F-BMMs were reseeded and induced differen-
tiation to osteoclasts lineage with M-CSF and sRANKL (40 ng/mL) 
for 4 days. Generated osteoclasts in each treatment were measured by 
TRAP assay (n = 4). a Scheme of the culture protocol of this experi-
ment. b TRAP activity after respective treatments according to a. 
Column 1–4; BMMs and F-BMMs induced by M-CSF with/with-
out CL-F were respectively reseeded and stimulated only M-CSF 
(20 ng/mL). Column 1′–4′; BMMs and F-BMMs induced by M-CSF 
with/without CL-F were stimulated to differentiation by M-CSF 
(20 ng/mL) + RANKL (40 ng/mL) after reseeding. column 1 and 1′; 
DMSO → DMSO, column 2 and 2′; DMSO → CL-F, column 3 and 3′; 
CL-F → DMSO, column 4 and 4′; CL-F → CL-F. *; p < 0.05 by Tuk-
ey’s multiple comparison test
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Furthermore, rank expression regulated by the c-Fos fam-
ily was also decreased in F-BMMs (Fig. 6a). On the other 
hand, gene expression of M-CSF receptor, c-fms, or PU.1 
was not altered. The attenuation of RANK protein expres-
sion in F-BMMs was also confirmed by western blotting 
using RANK specific antibody (Fig. 6b). In the same sam-
ples, expression and phosphorylation of AKT, a downstream 
factor of M-CSF signaling, were not influenced by CL-F 
(Fig. 6b). The stability of c-fos mRNA is regulated by HuR 
and TTP. Since the expression level of c-fos mRNA in 
F-BMM was decreased, the expression of hur and ttp were 
investigated by RT-PCR. The differences in the expression 
levels of hur and ttp were not found between F-BMM and 
BMM (Fig. 6a).

CL‑F also down‑regulates RANKL‑induced c‑fos 
expression in osteoclast differentiation processs

During RANKL-induced osteoclast differentiation process, 
sustaining c-Fos expression in progenitor cells is essential 
for NFATc1 expression, master regulator for osteoclastic 
differentiation. In Fig. 6a, the down-regulation of c-fos 
by CL-F in F-BMMs was revealed. However, as shown in 

Fig. 4   Morphological difference between BMMs and F-BMMs and 
respective expression of macrophagic surface antigens. a–f Bone 
marrow cells were treated M-CSF (20  ng/mL) with/without CL-F 
(20 µM) for 2 days. a CD115 expression of proliferated BMMs and 
F-BMM were detected. b BMMs and c F-BMM were gated with 

CD115, and evaluated by FSC/SSC. d F4/80, e CD14 and f CD68 
expression in CD115-gated BMMs and F-BMM were detected with 
specific antibodies. a, d–f Black line indicates BMMs and dashed line 
indicates F-BMMs respectively

Fig. 5   LPS-induced NO production in BMMs and F-BMMs. Bone 
marrow cells were cultured in a 96-well plate and stimulated with 
M-CSF (20  ng/mL) with/without CL-F (none; open column, 5 
microM; hatched column, 10 microM; filled column). After 2  days 
cultivation, BMMs were stimulated by LPS (100  ng/mL) for 24  h, 
and NO amount produced in BMMs and F-BMMs were respectively 
measured using Griess assay
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Fig. 3, when the cells were treated only for the last 4 days 
with CL-F, the TRAP activity was also decreased to approxi-
mately 50%. Therefore, the effect of CL-F on c-fos expres-
sion in RANKL-RANK signaling, differentiation signaling 
toward osteoclasts, was investigated. Total mRNA was har-
vested at 1, 3 and 24 h after sRANKL stimulation with/with-
out CL-F in BMMs, and c-fos mRNA was detected using 
RT-PCR. As a result, c-fos mRNA expression 24 h after 
RANKL addition was obviously decreased in BMMs treated 
with CL-F, but but no obvious change was found from 1 to 
3 h after RANKL stimulation (Fig. 7).

Discussions

We previously reported the osteoclastogenesis inhibitory 
activity of cyclolinopeptides (CLs) isolated from Flax [7]. 
In this study, we investigated the inhibitory mechanism of 
CL-F on osteoclastogenesis.

CL-F inhibited osteoclastogenesis in a dose dependent 
manner and its IC50 was determined to be 0.58 µM (Fig. 1a). 
Furthermore, CL-F inhibited the formation of multinuclear 
osteoclasts even at 70 nM (Fig. 1b), suggesting it is effec-
tive in the process of RANKL-induced osteoclast differ-
entiation and maturation. Moreover, CL-F did not show 
obvious effects on M-CSF-induced cell proliferation and 
cell viability (Fig. 2). Cyclosporine A, a positive control, 
is a cyclic peptide similar to CL-F which showed osteoclas-
togenesis inhibitory activity at 1 µM. However, it showed 
cell toxicity at 1 µM or higher concentration. It is known that 
cyclosporine A inhibits phosphatase activity of calcineurin 
whose activity is required for NFAT activation. Consider-
ing it together with our result, CL-F was suggested to have 
different inhibitory mechanism from that of cyclosporine A 
in osteoclastogenesis (Fig. 1a, b).

During the whole process of osteoclast differentiation, 
CL-F showed more effective inhibition in the M-CSF-
induced proliferation/differentiation phase than in the 
RANKL-induced differentiation phase. Moreover, M/Mϕ 
cells pretreated with CL-F during M-CSF-induced differen-
tiation phase were hard to differentiate into osteoclasts com-
pared to that treated with CL-F under RANKL stimulation 
(Fig. 3b). However, CL-F also showed inhibitory activity 
during RANKL-stimulated differentiation phase and matu-
ration into multinuclear osteoclasts. These data suggested 
that CL-F interferes with common factor in both M-CSF and 
RANKL signaling leading to osteoclastogenesis.

In the process of these studies, we found that M-CSF 
induced BMMs treated with CL-F (F-BMMs) had different 
morphology compared to M-CSF induced BMMs without 
CL-F (BMMs) under microscopic observation (data not 
shown). Furthermore, F-BMM indicated the feature hard to 
differentiate into osteoclasts by RANKL stimulation. From 
these results, the difference between F-BMMs and BMMs 
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Fig. 6   Downregulation of c-fos and RANK expression in CD115 
positive F-BMMs. a Bone marrow cells were stimulated by M-CSF 
(20  ng/mL) with/without CL-F (20  µM) for 2  days. Proliferated 
BMMs and F-BMMs were isolated using anti-CD115 antibody. Total 
mRNA in BMMs and F-BMMs was respectively extracted and cDNA 
was prepared by RT-reaction. PCR was performed using cDNAs, 
and specific primers of c-fos, fosl1-1, c-fms, PU.1, rank, hur, ttp, and 
β-actin, and the expression level of mRNA was semi-quantitatively 
examined. The numbers in parentheses indicate the number of PCR 
cycles. b Total protein was prepared from BMMs and F-BMMs iso-
lated with anti-CD115 antibody as same procedure as a. WB was 
performed using specific antibodies to RANK, AKT, p-AKT (ser473) 
and p-AKT (thr308). The experiments of a and b were performed 
three times, and the reproducibility was confirmed
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mRNA was extracted at 1, 3 and 24  h after RANKL stimulation 
and cDNA was prepared by RT-reaction. PCR was performed using 
cDNAs, and specific primers of c-fos and β-actin, and the expression 
level of mRNA was semi-quantitatively examined. The numbers in 
parentheses indicate the number of PCR cycles
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was investigated for characterization of F-BMM and clari-
fication of CL-F activity. Flow cytometry analysis revealed 
that, F-BMM showed larger FSC and SSC values than 
BMMs, indicating F-BMMs have larger cell size and higher 
internal complexity (Fig. 4a, b).

Signaling of M-CSF via its receptor, CD115, is essential 
for both M/Mϕ lineage progenitor generation and RANKL-
induced osteoclast differentiation. CD115 expression is 
increased on the cells in proliferation and differentiation 
process stimulated by M-CSF, i.e. from M-CSF-responsive 
immature myeloid to M/Mϕ lineage cells [21]. Indicated in 
Fig. 4a, although CD115 expression in F-BMMs was slightly 
higher than that in BMMs, significant difference of CD115 
expression between BMMs and F-BMMs was not observed.

Next, proliferated BMMs and F-BMM were gated with 
CD115, and evaluated by the expressions of F4/80, CD14 
and CD68 as surface markers of M/Mϕ lineage cells. As a 
result, F4/80, CD14, and CD68 expression were found to 
be increased in F-BMMs, suggesting CL-F enhanced dif-
ferentiation toward cells that have features of mature mac-
rophages (Fig. 4d–f).

Integrins are crucial adherence molecules expressed on 
cell surface of macrophages and osteoclasts. In particular, 
αvβ3 is prominently expressed on osteoclasts, and is known 
as an essential factor for differentiation and function of oste-
oclasts [21]. However, significant differences were not found 
in expression of integrin αv, α5, β1, β3 (data not shown). 
For finding functional differences between F-BMMs and 
BMMs, the LPS-stimulated NO production was determined 
by Griess method, but it was not influenced by CL-F treat-
ment (Fig. 5). Expression of TLR4 (CD165), a LPS receptor 
in macrophages, was also not influenced in F-BMMs, as 
shown by flow cytometric analysis (data not shown).

Bone marrow contains various hematopoietic cells. 
CD115 (CSF-1R, c-Fms) is a receptor of M-CSF and 
CD115 positive cells were known as osteoclast precursors 
[22]. Since the ratio of CD115 positive cells, CFU-M, in 
freshly prepared bone marrow cells was extremely low [23], 
CD115 positive cells proliferation was stimulated by M-CSF 
to become the dominant population in the culture system 
employed in this study. However, CD115 positive cells had 
to be isolated from other lineage cells since other mixed 
cells interfere in further investigation (Fig. 6). In analysis 
using isolated CD115-positive cells, expression of c-fos 
and fosl-1 were found to be lower in F-BMMs compared to 
BMMs. Furthermore, both rank mRNA and RANK protein 
expression regulated by c-Fos family were also decreased 
in F-BMMs. In RANKL-promoted differentiation phase, 
expression of c-fos was decreased in CL-F-treated BMMs 
24 h after RANKL stimulation although initial expression 
of that from 1 to 3 h was not altered (Fig. 7).

It is known that c-Fos is involved in cell proliferation, dif-
ferentiation and apoptosis. Since c-fos−/− mice were observed 

to have osteopetrosis, which is caused by the absence of osteo-
clasts, c-Fos is thought to be an essential factor in osteoclas-
togenesis [24, 25]. In osteoclastogenesis, c-Fos expression 
is continuously elevated by RANKL stimulation [26, 27]. 
Fra-1 (fosl-1) known as c-Fos family is a transcriptional tar-
get of AP-1 including c-Fos. Overexpression of Fra-1 by viral 
gene transfer in vitro or in transgenic mice was able to rescue 
c-Fos-dependent osteoclast differentiation [28]. Recently, it is 
reported that c-Fos expression in M-CSF signaling leads to up-
regulation of RANK expression in BMMs [15]. Considering 
these reports and our results, F-BMM is suggested to be unable 
to differentiate into osteoclast lineage because of the lack of 
RANKL-RANK signaling caused by c-Fos down-regulation. 
F4/80 up-regulation in F-BMM was observed in Fig. 5c. F4/80 
is known as a marker of mouse mature macrophage, and its 
expression in BMMs is induced by M-CSF [29]. The num-
ber of F4/80 positive macrophage was reported to increase 
in c-Fos lacking mice [26]. From this observation, it is sug-
gested that F4/80 up-regulation in F-BMM was caused by c-fos 
reduction by CL-F. The stability of c-fos mRNA is regulated 
by HuR and TTP, both of which are mRNA stabilizing fac-
tor. HuR stabilizes mRNA by binding on AU-rich element 
(ARE) on 3′-UTR and TTP leads to degradation by binding 
ARE as well [30, 31]. The expression level of hur and ttp in 
F-BMM and BMM were found to be similar (Fig. 6). These 
data suggested that reduction of c-fos mRNA expression in 
F-BMM was caused by transcriptional regulation independent 
of mRNA stability.

Osteoporosis is a disease characterized by low bone mass 
and microarchitectural deterioration of bone tissue, leading to 
enhanced bone fragility and a consequent increase in fracture 
risk. At the moment, most of natural products thought to be 
effective on osteoporosis are isoflavones, lignans, and coumes-
tan known as phytoestrogen. Actually, ipriflavone, a derivative 
of isoflavone, has been clinically used on osteoporosis [32, 33].

Our study suggests that CL-F inhibits c-fos expression 
in M-CSF and RANKL signaling, which are common fac-
tor leading to osteoclastogenesis. Especially, CL-F leads to 
the down-regulation of RANK expression and reduction of 
RANKL-RANK signaling via inhibition of c-fos expression. 
Additionally, CL-F is expected not to have health risks because 
cytotoxic effects were not observed. CL-F has new inhibitory 
mechanism for inactivating osteoclastogenesis, and is expected 
to become an effective and safe health supplement for adult 
skeletal diseases.
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