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Wheat seedling extract and its constituents @
attenuate RANKL-induced differentiation
and fusion of osteoclasts and bone resorption

HanGyeol Lee'®", Ji-Yeong Yang?', Shin-Hye Kim?, So-An Lim*’, Jae Kwang Kim* Chon-Sik Kang®,
Kyeong-Hoon Kim?, Sik-Won Choi*” and Woo Duck Seo'”

Abstract

The occurrence of osteoporosis gradually increases within the aging population. As the side effects of therapeutic
agents currently used for osteoporosis are increasing, the development of preventive and therapeutic agents derived
from natural products without any long-term side effects is important. Here, we investigated the effect of wheat seed-
ling extract (WSE) on the RANKL-mediated differentiation, fusion, and function of osteoclasts. WSE inhibited the differ-
entiation of RANKL-induced bone marrow macrophages and phosphorylation of AKT and ERK. Moreover, the protein
and mRNA expression levels of c-Fos and NFATc1 as well as RANKL-induced transcription of TRAP and OSCAR were
suppressed by WSE treatment. DC-STAMP and cathepsin K, which are essential for cell fusion and bone degradation,
were also inhibited by WSE. Furthermore, eight components constituting WSE were confirmed to decrease the osteo-
clast TRAP activity. Taken together, WSE may have potential implications as a useful therapeutic or preventive agent

for inhibition of bone loss.
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Introduction

Bone structurally supports the body, stores various min-
erals, and forms bone marrow structures necessary for
the development and maturation of various immune cells
through the process of remodeling. Bone homeostasis
is maintained by the continuous formation and resorp-
tion of bone tissue. However, an imbalance in this pro-
cess because of excessive bone resorption can lead to
bone loss and osteoporosis [1]. The prevalence of osteo-
porosis is 7.3% in males and 38.0% in females above 50
years in Republic of Korea [2], which is very high and it is
expected to accelerate further with the aging of the popu-
lation. Currently, bisphosphonates account for more than
85% of osteoporosis treatment, but it is known to cause
adverse effects such as fever, headache, pain in muscles
or joints, and nephrotoxicity [3, 4]. Therefore, it is nec-
essary to develop a preventive and therapeutic agent for
osteoporosis derived from natural products that has no
side effects and can be administered for a long time.
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Osteoclasts differentiate from the myeloid cells of the
monocyte/macrophage lineage and are unique cells
involved in the process of bone remodeling and bone
resorption in aged individuals [5]. Osteoclastogenesis
is a series of processes including differentiation, fusion,
and activation of osteoclasts and is tightly regulated by
many cytokines; both macrophage colony-stimulating
factor (M-CSF) and receptor activator of nuclear factor
kB ligand (RANKL) are necessary for osteoclast differen-
tiation [6]. RANKL binds to a receptor called RANK on
the surface of osteoclast precursors and activates AKT
and mitogen-activated protein kinases (MAPKs), includ-
ing the c-Jun N-terminal kinase (JNK), extracellular sig-
nal-regulated kinase (ERK), and p38 pathways, which, in
turn, continuously activate different transcription fac-
tors such as c-Fos and nuclear factor-activated T cells c1
(NFATc1) [7].

NFATcl is a master transcription factor that drives ter-
minal differentiation of osteoclasts by regulating specific
genes such as TRAP (tartrate-resistant acid phosphatase),
cathepsin K, DC-STAMP (dendritic cell-specific trans-
membrane protein) and OSCAR (osteoclast-associated
receptor) [7, 8]. In addition, bone tissue damage resulting
from bone resorption is related to the activation of osteo-
clast function via the activation of inflammation-related
factors [7, 9]. Thus, many studies have been conducted on
anti-resorptive activity and bone strengthening by regu-
lating osteoclast differentiation and functional inhibition.

Plant foods, including vegetables, fruits, rice, barley,
and wheat, are consumed in many countries for over
thousands of years. They contain naturally occurring
bioactive components that may promote human health.
Wheat is one of the most important crops grown world-
wide and is a major staple food crop for more than 40%
of the world population [10]. Recently, wheat-based
food have attracted extensive attention in the consumer
market. Wheat seedlings are used as health functional
supplement as they are rich in nutrients, such as amino
acids, minerals, vitamins, and chlorophyll. It also pro-
duces gallic acid, epigallocathechin, epicatechin, and
p-coumaric acid, which are undetected in wheat seed [11,
12]. Therefore, various studies have been conducted to
examine the functionality, anti-mutagenicity [13], anti-
cancer [14], and anti-oxidant effects of the compounds
from wheat seedlings [15]. Furthermore, in our previous
report, we identified and profiled various compounds in
wheat seedling and confirmed the antioxidant effects of
the extracts [16]. Additionally, the compounds we discov-
ered in wheat seedlings have numerous known physio-
logical effects. Isoorientin has been reported to suppress
asthma and inflammation [17, 18], Isoschaftoside to alle-
viate fatty liver [19], and Isovitexin to have anti-inflam-
matory and anti-diabetic effects [20]. Particularly,
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Isoorientin and Isocalinoside have been reported to show
effects on osteoporosis and chronic osteomyelitis in rats
[21, 22]. We focused on the anti-osteoporosis effects of
some wheat seedling compounds and confirmed that the
impact of wheat seedling extracts(WSE) on osteoclast
formation is not known. In this study, we investigated the
effect of WSE and its bioactive compounds on RANKL-
mediated osteoclast differentiation, fusion, and bone
resorption and the potential mechanism underlying its
anti-osteoclastogenic activity.

Materials and methods
Preparation of WSE and its compounds
The Korean wheat cultivar Keumkang was used in this
study and the growth and extraction method are as fol-
lows. This cultivar was planted in 2019 using artificial
soil in a growth chamber. The growth conditions were as
follows: temperature, 18—20 °C; humidity, 60—70%; illu-
mination intensity, 5500 1x; and light, 12 h — dark, 12 h
(repeated alternatively). The wheat seedlings were har-
vested after 11 d. The harvested seedlings were air-dried
at 50 °C for 2 d to remove moisture and were freeze-
dried subsequently at —78 °C. The dried wheat seed-
lings (0.5 kg) were extracted using aqueous fermented
ethanol (40%) for 12 h at 60°C. The extracts were fil-
tered, evaporated in vacuum, and freeze-dried to obtain
56.4 g of WSE as dried powder. WSE was dissolved in
10% Dimethyl sulfoxide(DMSO), 45% MeOH, and 45%
distilled water for quantitative analysis, and dissolved
in 100% DMSO for biological activity experiments, and
there were no insoluble components. We have previ-
ously reported on phenolic phytochemicals in WSE and
method for isolation has been described in detail [16].
The list of eight compounds used in this experiment is
shown in Table 1.

The structure, identification, quantitative analysis, and
validation methods for the phenolic metabolites of WSE
are shown in Additional file 1.

Table 1 List of eight components constituting wheat seedlings

Label Identification Mw?
1 3-O-Feruloylquinic acid 3683
2 Luteolin-6-C-arabinoside-8-C-glucosdie (Isocarlinoside) 580.5
3 Luteolin-6-C-3-glucoside (Isoorientin) 4484
4 Apigenin-6-C-arabinoside-8-C-3-glucoside (Isoschafto- 564.5
side)
5 Isovitexin-2"-O-glucoside (Meloside A) 5945
6 Apigenin-6-C-glucoside (Isovitexin) 4324
7 Isoscoparin-2"-O-glucoside 624.5
8 Chrysoeriol-6-C-B-glucoside (Isoscoparin) 4624

2 MW molecular weight
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Reagents and antibodies

Mouse soluble RANKL and M-CSF were purchased from
R&D Systems (Minneapolis, MN, USA). Penicillin, strep-
tomycin, alpha-minimum essential medium (a-MEM),
and fetal bovine serum (FBS) were purchased from Inv-
itrogen Life Technologies (Carlsbad, CA, USA). Antibod-
ies against the following proteins were purchased from
the companies as indicated: actin, c-Fos, NFATc1, and
secondary antibodies (Santa Cruz Biotechnology, Dal-
las, TX, USA); p-AKT, AKT, and MAPKs (ERK, JNK, and
p38) including the phosphorylated form (Cell Signaling
Technology, Beverly, MA, USA).

Ethics statement

This study was conducted in strict accordance with the
recommendations of the Standard Protocol for Ani-
mal Study of Gangnam Severance Hospital Biomedical
Center (Permit No. 2016 — 0238). The experimental pro-
tocol (ID No. 0238) was approved by the Institutional
Animal Care and Use Committee of Yonsei University
College of Medicine. Every effort in this study was made
to minimize the number of animals and their suffering,
stress, and discomfort.

Preparation of osteoclast precursor cells

All experiments were performed as described previ-
ously [23] with some modifications. Five-week-old male
imprinting control region (ICR) mice (Damul Science
Co. Deajeon, Korea) were maintained in a room illu-
minated daily from 07:00 to 19:00 (12-h light:12-h dark
cycle), with controlled temperature (23 +1 °C) and venti-
lation (10—12 times per hour); humidity was maintained
at 55+5%, and the animals had free access to a stand-
ard animal diet and tap water. Bone marrow cells were
obtained from the 5-week-old male ICR mice by flushing
their femurs and tibias with a-MEM-containing antibi-
otics (100 units/ml penicillin, 100 pg/mL streptomycin).
The bone marrow cells were cultured on culture dishes
for 1 d in a-MEM supplemented with 10% FBS and
M-CSF (10 ng/mL). The non-adherent bone marrow cells
were plated on Petri dishes and cultured for 3 d in the
presence of M-CSF (30 ng/mL). After washing out the
non-adherent cells, the adherent cells were used as bone
marrow-derived macrophages (BMMs).

Osteoclast differentiation

The BMMs were maintained in a-MEM supplemented
with 10% FBS, 100 units/ml penicillin, and 100 pg/mL
streptomycin. The medium was changed every 3 d and
BMMs were incubated a humidified atmosphere and 5%
CO, at 37 °C. The BMMs (1x10* cells/well in a 96-well
plate or 3x 10° cells/well in a 6-well plate) were cultured
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with M-CSF (30 ng/mL) and RANKL (10 ng/mL) for
4 d and multinucleated osteoclasts differentiated from
BMMs were observed by microscopy.

TRAP staining and activity assay

The mature osteoclasts were visualized by staining for
TRAP, a biomarker of osteoclast differentiation. Briefly,
the multinucleated osteoclasts were fixed with 10%
formalin for 10 min, permeabilized with 0.1% Triton
X-100 for 10 min, and then stained with TRAP solution
(Sigma-Aldrich, Saint Louis, MO, USA). The TRAP-
positive multinucleated osteoclasts (MNC; nuclei>3 or
nuclei > 10) were counted. To measure TRAP activity, the
multinucleated osteoclasts were fixed in 10% formalin for
5 min, permeabilized with 0.1% Triton X-100 for 10 min,
and then treated with TRAP buffer (100 mM sodium cit-
rate, pH 5.0, 50 mM sodium tartrate) containing 3 mM
p-nitrophenyl phosphate (Sigma-Aldrich) at 37 °C for
5 min. The reaction mixtures in the wells were trans-
ferred to new plates containing an equal volume of 0.1 N
NaOH and the optical density values were measured at
405 nm on a SpectraMax M5 fluorescence spectropho-
tometer (Molecular Devices, San Jose, CA, USA).

Cell proliferation assay

The BMMs were plated in 96-well plates in triplicates.
After treatment with WSE and its constituents, the cells
were incubated for 3 d and the cell viability was meas-
ured using the Cell Counting Kit 8 (Dojindo Molecular
Technologies, Rockville, MD, USA).

Western blotting

The BMMs were washed with ice-cold PBS and lysed
in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 1 mM sodium fluoride, 1 mM
sodium vanadate, and 1% deoxycholate) supplemented
with protease inhibitors (Roche, Basel, Switzerland).
After centrifugation at 15,000 X g for 15 min, the protein
in the supernatant was quantified using the detergent
compatible (DC) protein assay kit (Bio-Rad, Hercu-
les, CA, USA). The quantified proteins were denatured,
separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis with 4—12% gradient gels and trans-
ferred onto a polyvinylidene difluoride membrane using
the iBlot 2 Dry Blotting System (Thermo Fisher Scien-
tific). Blots were incubated with primary antibodies in 1%
BSA overnight at 4 °C and then incubated with secondary
antibodies in 5% skim milk at room temperature for 2 h.
The membranes were developed using SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific) and visualized on a LAS-4000 luminescent
image analyzer (GE Healthcare Life Sciences, Little Chal-
font, UK). Actin was used as the loading control.



Lee et al. Applied Biological Chemistry (2023) 66:65

RNA isolation and real-time polymerase chain reaction
(PCR) analysis

Primers were designed using the Primer3 online tool.
Primer sets used in this study are shown in Table 2.

Total RNA was extracted from BMMs using Trizol
reagent (Invitrogen). First-stand cDNA was synthe-
sized using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Real-Time PCR was per-
formed using Applied Biosystems Power-Up SYBR green
PCR master mix (Thermo Fisher Scientific) and quanti-
fied using Quantstudio®5 Real-Time PCR (Thermo Fisher
Scientific). The gene encoding glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as an internal
standard. All reactions were performed in triplicates and
data were analyzed using the 2724 method [24].

10. F-actin ring staining

Preosteoclasts derived from BMMs in cultures with
M-CSF (30 ng/mL) and RANKL (10 ng/mL) for 3 d on
black clear glass plates were treated with WSE or vehicle
for 1 d. Then, the cells were fixed with 10% formalin for
5 min, permeabilized with 0.1% Triton X-100 for 10 min,
and then stained with phalloidin-FITC (Sigma-Aldrich)
for 10 min. The actin rings of mature osteoclasts were
photographed under a fluorescence microscope (10X
magnification).

Bone-pit formation analysis

Mature osteoclasts were obtained by isolating osteo-
blasts from the calvariae of new born mice using serial
digestion with 0.1% collagenase (Gibco, Paisley, UK) as
previously described [25]. The bone marrow cells were
isolated as described above. Osteoblasts (3.5x10° cells/
well) and BMMs (1x10° cells/well) were co-cultured
on a collagen-coated 90-mm dish in the presence of 1q,

Table 2 The primer sequences used in this study

Target gene Forward primer (5'-3') Reverse primer (5'-3')

c-fos CCAGTCAAGAGCATCAGC  AAGTAGTGCAGCCCGGAGTA
AA

NFATc1 GGGTCAGTGTGACCG GGAAGTCAGAAGTGGGTGGA
AAGAT

TRAP GATGACTTTGCCAGTCAG  ACATAGCCCACACCGTTCTC
CA

OSCAR AGGGAAACCTCATCCGTT  GAGCCGGAAATAAGGCACAG
TG

DC-STAMP CCAAGGAGTCGTCCATGA  GGCTGCTTTGATCGTTTCTC
T

CathepsinK  GGCCAACTCAAGAAG GTGCTTGCTTCCCTTCTGG
AAAAC

GAPDH ACCACAGTCCATGCCATC TCCACCACCCTGTTGCTGTA
AC
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25-dihydroxyvitamin D, (VitD;) and prostaglandin E,
(PGE,) for 6 d. The complete a-MEM with VitD; and
PGE, was changed every 3 d. The co-cultured cells were
detached from the collagen-coated dishes using 0.1% col-
lagenase and then re-plated on a bone biomimetic syn-
thetic surface (Corning, NY, USA) of a 24-well plate.
After 1 h, the cells were treated with RANKL (10 ng/mL)
and WSE for 24 h. The cells were stained for TRAP and
photographed under a light microscope at 10X magni-
fication. To observe the resorption pits, the slides were
washed with PBS and treated with 5% sodium hypochlo-
rite for 5 min. The plate was washed with PBS, dried, and
photographed under a light microscope. The resorbed
areas were quantified using the Image] software.

Statistical analyses

All quantitative values are presented as mean * standard
deviation. Each experiment was performed in triplicates
and repeated three to five times. Figures are representa-
tive images of each experiment. Statistical differences
were analyzed using the Student’s ¢-test, and a value of
p <0.05 was considered significant.

Results

WSE attenuated RANKL-induced osteoclast differentiation

in BMMs

To investigate the effect of WSE on osteoclastogenesis,
we used BMMs derived from mouse bone marrow cells.
WSE strongly inhibited the RANKL-induced TRAP-pos-
itive multinucleated cells in a dose-dependent manner
(Fig. 1A). Consistent with this result, WSE also signifi-
cantly attenuated the number of TRAP- positive MNCs
(nuclei>3 or >10) in a dose-dependent manner (Fig. 1B).
The inhibitory effect of WSE on osteoclastogenesis was
verified by evaluating TRAP activity (Fig. 1C). To exclude
the possibility that WSE attenuated osteoclastogenesis
because of its cytotoxicity, BMMs were incubated with
WSE in the presence of M-CSF for 3 d, and the cell sur-
vival was evaluated. WSE did not affect the survival of
BMMs, which indicated that its anti-osteoclastogenic
activity was not because of cytotoxicity (Fig. 1D). Col-
lectively, these results indicated that WSE significantly
inhibited RANKL-induced osteoclast differentiation
without any apparent cytotoxicity.

WSE inhibited the RANKL-induced expression levels

of c-Fos/NFATc1 by downregulating the AKT/ERK signaling
pathway

To better understand the mechanisms of WSE inhibition
on osteoclastogenesis, we evaluated the osteoclast differ-
entiation-related molecules, including RANKL-induced
transcriptional factors and the RANK-RANKL signaling
pathways. As shown in Fig. 2A, RANKL stimulates the
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Fig. 1 WSE inhibits RANKL-induced osteoclastogenesis. The BMMs were cultured for 4 d in the presence of RANKL (10 ng/mL) and M-CSF (30 ng/
mL) in the presence of the vehicle (prethanol) or the indicated concentrations of WSE. A The cells were stained with TRAP solution. B TRAP-positive
MNCs were counted as osteoclasts, and C TRAP activity was measured. D The cytotoxicity of WSE on BMMs was evaluated using the CCK-8 assay.

Data are expressed as the mean+SD and are representative of at least three experiments. < 0.05; " < 0.001 versus the RANKL-treated group; "* <

0.001 versus the control

activation of RAC-alpha serine/threonine-protein kinase
(AKT) and MAPKs, including ERK, c-JNK, and p38;
WSE treatment blocks the RANKL-induced phosphoryl-
ation of AKT and ERK.

Next, we investigated whether WSE could regulate the
osteoclastogenesis-specific transcription factors required
for the RANKL-induced AKT and MAPK signaling path-
ways. As shown in Fig. 2B, the mRNA expression levels
of c-Fos and NFATcl were elevated when treated with
RANKL along with the vehicle. However, its expression
was significantly attenuated by WSE treatment. In addi-
tion, WSE also significantly inhibited the expression lev-
els of c-Fos/NFATcl-dependent genes, such as TRAP
and OSCAR. Immunoblot analysis further showed that
the RANKL-mediated induction of transcription factors
was significantly reduced by WSE treatment (Fig. 2C).
Collectively, these results demonstrated that the inhibi-
tory effect of WSE on osteoclast differentiation could be
because of the attenuation of c-Fos/NFATc1 levels via the
AKT and MAPK signaling pathways.

WSE suppressed RANKL-induced osteoclast formation at all
stages of osteoclast differentiation

Because osteoclast differentiation was inhibited by
WSE, we evaluated the anti-osteoclastogenic activ-
ity of WSE during the differentiation stages of osteo-
clasts. Treatment with WSE for 24 h at four time points
(Fig. 3A) suppressed the RANKL-induced osteoclast
formation (Fig. 3B). Additionally, TRAP activity was
also inhibited during the indicated periods (Fig. 3C).

In particular, the number of TRAP-positive multinu-
cleated giant osteoclasts with >10 nuclei were signifi-
cantly reduced by WSE (3 pg/ml) treatment between
3 and 4 d after RANKL stimulation (Fig. 3D). These
results indicated that the anti-osteoclastogenic activ-
ity of WSE could be involved at all stages of osteoclast
differentiation.

WSE inhibited the RANKL-induced osteoclasts fusion

To examine the mode of anti-osteoclastogenic action,
we investigated the formation of actin ring, which is a
defining characteristic of MNCs and osteoclasts fusion-
mediated molecule induction. As shown in Fig. 4A,
incubation of preosteoclasts with 3 pg/mL WSE for 1
d almost completely attenuates the formation of giant
osteoclasts as seen with TRAP staining (Fig. 4A; upper
panel) and fluorescence-conjugated phalloidin (Fig. 4A;
lower panel) as compared with vehicle treatment. As
described above, the presence of 3 pg/ml WSE signifi-
cantly reduced the number of fused osteoclasts with
>10 nuclei (Fig. 4B). To investigate the anti-fusion
action of osteoclasts by WSE treatment, we evaluated
the transcriptional expression of DC-STAMP, a criti-
cal factor necessary for osteoclast fusion. As shown
in Fig. 4C, the addition of WSE significantly reduces
the RANKL-mediated transcriptional expression of
DC-STAMP. Thus, our results showed that WSE also
inhibited cell fusion in the processes of osteoclast
differentiation.
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Fig.2 WSE inhibits c-Fos/NFATc1 transcription factors by attenuating AKT/ERK phosphorylation. A In the condition of serum starvation for 1 h,
the BMMs were pretreated with or without WSE (3 pg/mL) for 1 h prior to RANKL stimulation (10 ng/mL) at the indicated time periods. Then,

the protein expression levels were evaluated using western blot analysis, and one representative result obtained from three independent
experiments yielding similar results is shown. B The BMMs were stimulated with RANKL (10 ng/mL) and M-CSF (30 ng/mL) in the presence

or absence of WSE (3 ug/mL) for the indicated times. Total RNA was isolated using TRIzol reagent and the mRNA expression levels were evaluated
using RT-gPCR. Relative levels of c-Fos, NFATcT, TRAP, and OSCAR were normalized to GAPDH. <001, < 00010 versus the vehicle control. C The
effect of WSE on the protein expression level of RANKL-induced transcription factors was evaluated using western blot analysis. Actin was used

as the internal control. Data are representative of at least three experiments

WSE attenuated the bone-resorbing activity of mature
osteoclasts

Because osteoclast differentiation and fusion were inhib-
ited by WSE, we speculated that WSE could subsequently
repress the osteoclast function or the bone-resorbing
activity of mature osteoclasts. When purified mature
osteoclasts from the co-culture were re-plated on a bone
biomimetic synthetic surface and cultured in the presence
or absence of WSE for 1 d, WSE treatment did not affect
the formation and number of TRAP-positive multinucle-
ated cells as compared to vehicle treatment, as seen by
TRAP staining (Fig. 5A; upper panel). However, the addi-
tion of WSE significantly reduced the bone resorption
areas (Fig. 5A; lower panel). Furthermore, the resorbed
areas quantified using bone-pit measurement were
remarkably reduced in WSE-treated osteoclasts (Fig. 5B).
Hence, we examined the expression of molecules related
to bone resorption; WSE significantly attenuated the

levels of RANKL-induced transcription of cathepsin K,
which plays a vital role in bone resorption by osteoclasts
(Fig. 5C). These results indicated that the addition of
WSE could inhibit the RANKL-induced bone-resorptive
function of mature osteoclasts.

Constituents of WSE suppressed the RANKL-induced
osteoclastogenic activity

In order to identify the anti-osteoclastogenic potential
of compounds constituting WSE during the differentia-
tion stages of osteoclasts, we isolated and identification
of eight major constituents from WSE (Fig. 6A). Their
identified chemical structures are shown in Additional
file 1. Next, we studied their inhibitory effects on osteo-
clastogenicity by TRAP staining. Constituents of WSE
inhibited the RANKL-induced TRAP-positive multinu-
cleated cells (Fig. 6B). The inhibitory effect on osteoclas-
togenesis for each compound was verified by evaluating
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Fig.4 WSE attenuates RANKL-induced actin ring formation. A Preosteoclasts incubated with or without 3 pg/mL WSE for 1 d. The formation

of giant osteoclasts was observed using TRAP staining and fluorescence-conjugated phalloidin, and B TRAP-positive MNCs were counted
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TRAP activity (Fig. 6C). At a concentration of 100 pM,
luteolin-6-C-arabinoside-8-C-glucosdie (isocarlinoside,
compound 2), luteolin-6-C-B-glucoside (isoorientin,
compound 3), and chrysoeriol-6-C-3-glucoside (isosco-
parin, compound 8) reduced the TRAP activity compared
to the positive control (vehicle only) by 70, 81, and 73%,
respectively. Furthermore, all compounds significantly
reduced TRAP activity at 300 pM, which is consistent
with the staining results. In particular, luteolin-6-C-
arabinoside-8-C-glucosdie (isocarlinoside, compound 2)
and luteolin-6-C-B-glucoside (isoorientin, compound 3)
were reduced by 22% and 25%, respectively. Cell viabil-
ity test was performed to verify whether the decrease
in TRAP activity was a result of cytotoxicity in BMM
cells (Fig. 6D). Although the cell viability was slightly
increased by chrysoeriol-6-C-B-glucoside (isoscoparin,
compound 8), the results showed that all compounds had
no significant effect on the cytotoxicity of BMM cells.
Collectively, these results indicated that all constituents
of WSE contributed to inhibit RANKL-induced osteo-
clast differentiation without cytotoxicity.

Discussion
Osteoporosis is a skeletal disease characterized by micro-
structural abnormalities and decreased bone mass and
is caused by the enhanced activity of osteoclasts that
destroy bone as compared to the bone forming osteo-
blasts [26]. Therefore, for the treatment and prevention
of osteoporosis, strategies for inhibition of bone resorp-
tion include inhibition of the osteoclast activity or pro-
motion of bone formation by functional activation of
osteoblasts [27].

In this study, we found that the non-cytotoxic con-
centration of WSE not only reduced the number of

differentiated osteoclasts but also inhibited the activ-
ity of TRAP (Fig. 1). Osteoclast precursor prolifera-
tion and survival is because of ERK and AKT activation
through c-Fms, a tyrosine kinase receptor belonging to
the type III protein tyrosine kinase family, in the pres-
ence of M-CSF [28]. Upon differentiation of pre-osteo-
clast because of M-CSF stimulation, RANK is expressed
on the cell membrane and TRAF6 is activated upon
RANKL-RANK binding [29]. Activated TRAF6 fur-
ther stimulates MAPKs, including ERK, JNK and p38,
to activate c-Fos or directly activates AKT, which sub-
sequently induces the expression of NFATcl, a major
differentiation factor for osteoclasts [30]. WSE sup-
pressed the activation of c-Fos as well as AKT and ERK
(Fig. 2). In addition, we demonstrated that the mRNA
and protein expression levels of NFATcl decreased dur-
ing the osteoclast differentiation. NFATc1 contributes
to osteoclast differentiation by producing various pro-
teins such as OSCAR, DC-STAMP, TRAP, and cath-
epsin K [31]. Our results indicated that WSE inhibited
the expression of NFATcl in osteoclast formation and
blocked the differentiation of osteoclasts by reducing
the action of various factors responsible for osteoclast
differentiation.

Cell-cell fusion is essential for multinucleated osteo-
clast formation and maturation, and the preferential
expression of DC-STAMP in the late stage is involved in
this process [32]. In DC-STAMP-deficient mice, multi-
nucleated osteoclasts are lost and the activity of bone
resorption is significantly reduced, eventually result-
ing in osteopetrosis [33], indicating that DC-STAMP is
essential for osteoclastogenesis and bone maintenance.
We found that cell fusion and mRNA expression of



Lee et al. Applied Biological Chemistry (2023) 66:65

A

100 7

1

@
o
1

60 7]

&

»n
o
L

Relative Absorbance

o

Page 9 of 11

o
o4

T
35

T T
40 45

Time (min)

Negative Positive

M-CSF (30 ng/mL) + RANKL (10 ng/mL)

100 pM

300 uM

150

e 2 9 -
B2 ® o=

TRAP activity (abs 405 nm) (2
[(—]
o

o

M-CSF (50 ng/mL) + RANKL (30 ng/mL)

0OpM @100 pM ®300 pM

—
=3
=

Survival rate (%)
2

Fig. 6 FEight key compounds of WSE inhibits RANKL-induced osteoclastogenesis. A Typical chromatogram detected at 235 nm of phenolic
phytochemical compositions in wheat seedlings extracts. The BMMs were cultured for 4 d in the presence of RANKL (10 ng/mL) and M-CSF (30 ng/
mL) in the presence of the vehicle (DMSO) or the indicated concentrations of each compound. B The cells were stained with TRAP solution. C TRAP
activity was measured. D The cytotoxicity of compounds on BMMs was evaluated using the CCK-8 assay. Data are expressed as the mean+SD
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DC-STAMP were inhibited by WSE during osteoclast
differentiation (Figs. 3 and 4). Collectively, these results
suggested that WSE with anti-osteoclastogenic activity
is involved in osteoclast differentiation from the initial
to the terminal phases of osteoclastogenesis.

Cathepsin K is a type of lysosomal cysteine protease
and plays a critical role in osteoclastic bone resorption
by cleaving the organic matrix of the bone. Wilson et al.
[34] report that cathepsin K is required for the initial
formation of actin rings and activation of osteoclasts.
Our results showed that WSE effectively suppressed
the mRNA expression of RANKL-induced cathepsin K

<0.001 versus the negative control; "~ < 0.001 versus the positive control

and inhibited its bone-resorbing activity (Fig. 5). Taken
together, WSE could inhibit the bone resorption function
of osteoclasts.

The current results suggest that the eight key com-
pounds constituting WSE exhibit anti-osteoclastoge-
netic activity at high concentrations. (Fig. 6). Although
individual compounds require higher concentration
treatment compared to the extract, it is worth con-
sidering the synergy of various compounds within the
plant extract [35, 36]. Often, plant extracts, or fractions
thereof, have been observed to demonstrate greater
clinical biological activity than single constituents,
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providing uniqueness and novelty derived from the
individual characteristics of the plant, rather than
the effects of single compounds [37, 38]. The effects
of isoorientin and isoscoparin, which are present in
high quantities in wheat extracts, have been reported
to decrease the production of nitric oxide and Tumor
Necrosis Factor-alpha (TNF-a), thus showing anti-
inflammatory effects [39]. TNF-a has been demon-
strated to be involved in bone resorption associated
with inflammatory diseases of bone [40]. In addition, it
was reported that TNF-« in combination with RANKL
significantly stimulated the osteoclasts differentiation
and upregulated the mRNA expression of osteoclasts
marker [41]. Taken together, it was hypothesized that
various compounds that inhibit osteoclast differen-
tiation and bone resorption exist in WSE, and TNF-«a
is involved in this process. Based on the previously
reported results and the present findings, isoorientin
and isoscoparin will have value in the treatment and
prevention of bone-related diseases including inflam-
matory diseases of the bone such as osteoarthritis.

In the present study, the inhibitory effects of WSE on
differentiation of osteoclasts and bone-resorbing activ-
ity were demonstrated in vitro and the plausible inhibi-
tory mechanism was validated. Also, eight compounds
constituting WSE had potent effects on TRAP activity
in BMM cells. It was considered necessary to examine
the effects of WSE on osteoblast differentiation and val-
idate its efficacy using an animal model. Although the
in vitro and in vivo observations may differ, the above
results suggest that WSE can be an effective candi-
date for the treatment of bone-related diseases such as
osteoporosis, rheumatoid arthritis, osteoarthritis, and
periodontitis.
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