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In vitro and in vivo osteogenic activity of licochalcone A
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Abstract We investigated the in vitro and in vivo osteo-
genic activity of licochalcone A. At low concentrations,
licochalcone A stimulated the differentiation of mouse pre-
osteoblastic MC3T3-El1 subclone 4 (MC4) cells and
enhanced the bone morphogenetic protein (BMP)-2-induced
stimulation of mouse bi-potential mesenchymal precursor
C2C12 cells to commit to the osteoblast differentiation
pathway. This osteogenic activity of licochalcone A was
accompanied by the activation of extracellular-signal regu-
lated kinase (ERK). The involvement of ERK was confirmed
in a pharmacologic inhibition study. Additionally, noggin (a
BMP antagonist) inhibited the osteogenic activity of lic-
ochalcone A in C2C12 cells. Licochalcone A also enhanced
the BMP-2-stimulated expression of various BMP mRNAs.
This suggested that the osteogenic action of licochalcone A
in C2C12 cells could be dependent on BMP signaling and/or
expression. We then tested the in vivo osteogenic activity
of licochalcone A in two independent animal models.
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Licochalcone A accelerated the rate of skeletal development
in zebrafish and enhanced woven bone formation over the
periosteum of mouse calvarial bones. In summary, licoch-
alcone A induced osteoblast differentiation with ERK acti-
vation in both MC4 and C2C12 cells and it exhibited in vivo
osteogenic activity in zebrafish skeletal development and
mouse calvarial bone formation. The dual action of licoch-
alcone A in stimulating bone formation and inhibiting bone
resorption, as described in a previous study, might be ben-
eficial in treating bone-related disorders.
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Introduction

Bone homeostasis is maintained by the bone remodeling
process, which controls the balance between osteoclastic
bone resorption and osteoblastic bone formation (Boyle
et al. 2003; Harada and Rodan 2003). However, increased
osteoclastic activity, decreased osteoblastic activity, or
both can induce an imbalance in bone remodeling that
consequently leads to a reduction in bone mass. Reduced
bone mass increases the risk of fractures and the risk of
developing metabolic bone diseases, like osteoporosis.
Many studies have sought to restore balance in bone
remodeling by inhibiting osteoclastic bone resorption or
enhancing osteoblastic bone formation. Others have
attempted to treat bone diseases, including osteoporosis, by
accelerating bone formation with anabolic agents alone or
combined with anti-resorptive agents (Rosen and Bilezi-
kian 2001; Garces and Garcia 2006). Also, several studies
have identified active ingredients derived from natural
substances that may be used to treat osteoporosis without
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adverse effects (Whelan et al. 2006; Putnam et al. 2007,
Lee et al. 2010; Kim and Kim 2010).

Osteoblasts arise from mesenchymal stem cells and
contribute to bone mineralization with activities like cal-
cium deposition, which preserve bone strength and integ-
rity (Katagiri et al. 1994). The cross-talk among several
signaling pathways converges to regulate each step of
osteoblast differentiation; in addition, mitogen-activated
protein (MAP) kinases are essential for activating osteo-
blast differentiation via the induction of genes required for
differentiation (Hipskind and Bilbe 1998). The earliest
markers of osteoblasts, alkaline phosphatase (ALP) and
collagen type I (CollAl), and markers of mature osteo-
blasts, like osteopontin (OPN), have been shown to be
controlled by the degree of cross-talk among MAP kinase
pathways (Candeliere et al. 2001; Chae et al. 2002; Suzuki
et al. 2002; Wu et al. 20006).

Licochalcone A (Fig. 1a) is derived from licorice, one of
the most frequently used herbs in traditional medicine
(Shibata 2000). It has been shown to have anti-inflamma-
tory (Kolbe et al. 2006), anti-parasitic (Mi-Ichi et al. 2005),
anti-cancer (Rafi et al. 2000; Fu et al. 2004), and anti-
browning and depigmenting activities (Fu et al. 2005).
Recently, we found that it exhibited anti-resorptive activ-
ity; at low concentrations (up to 5 pM), licochalcone A
inhibited osteoclastogenesis and bone resorptive activity in
mature osteoclasts without cytotoxicity (Kim et al. 2008a).
This activity could alter bone homeostasis by changing the
balance between osteoclastic bone resorption and osteo-
blastic bone formation; however, some phytochemicals
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have dual activities (Kim et al. 2008b, c). In this study, we
investigated whether licochalcone A had an effect on
osteoblast differentiation. We studied two cell lines, mouse
pre-osteoblastic MC3T3-E1 subclone 4 (MC4) cells and bi-
potential mesenchymal precursor C2C12 cells. We also
examined the effect of licochalcone A on bone formation in
two in vivo models: zebrafish skeletal development and
mouse calvarial bone formation.

Materials and methods
Materials

Licochalcone A and extracellular-signal regulated kinase
(ERK) inhibitors, U0126 and PD98059, were purchased
from Merck Biosciences Calbiochem (La Jolla, CA, USA)
and Sigma (St Louis, MO, USA), respectively. Recombi-
nant human bone morphogenetic protein (thBMP)-2 and
noggin were purchased from PeproTech (Seoul, Korea).
All cell culture materials and antibodies were purchased
from HyClone (Logan, UT, USA) and Santa Cruz Bio-
technology Inc. (Santa Cruz, CA, USA), respectively.

Cell culture and differentiation

Mouse pre-osteoblastic MC3T3-E1 subclone 4 (MC4) cells
and mouse bi-potential mesenchymal precursor C2C12
cells were purchased from American Type Culture Col-
lection (Manassas, VA, USA). MC4 cells were cultured in
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Fig. 1 Structure of licochalcone A and its osteogenic activity in MC4
cells. a Chemical structure of licochalcone A. b Effect of licochalcone
A on the viability of MC4 cells. The effect of licochalcone A on
osteoblast differentiation was evaluated in MC4 cells by measuring
(¢) ALP activity and (d) its staining on day 9 of differentiation
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(described in “Materials and methods”). The effect of licochalcone A
on mineralization was evaluated by measuring calcium deposits
(e) and visualized by alizarin red S and von Kossa staining on days 15
and 18 of differentiation (f), respectively. *P < 0.001
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growth medium (GM) with «-minimal essential medium (o-
MEM) supplemented with 10% fetal bovine serum (FBS),
100 U/ml of penicillin, and 100 pg/ml streptomycin. Cells
(1.5 x 10* cells/well) were plated in a 24-well plate and
cultured in GM with humidified 5% CO, at 37°C; the
medium was changed every 3 days. After reaching conflu-
ence, the cells were cultured in differentiation medium
(DM), which comprised GM with 50 pg/ml of ascorbic acid
(Fluka, Germany) and 10 mM of pf-glycerophosphate
(Sigma); the medium was changed every 3 days. C2C12
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) that contained 10% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cells were seeded
and, after 1 day, cells were differentiated by replacing the
medium with DMEM with 5% FBS and thBMP-2 (100 ng/
ml). The medium was changed every 3 days.

Cell viability assay

MC#4 cells were seeded in a 96-well plate in GM at 4 x 10°
cells/well. After 24 h, cells were incubated in GM or DM
with licochalcone A for 3 days. C2C12 cells were seeded
in a 96-well plate at 4 x 10° cells/well. After 24 h, cells
were incubated with licochalcone A for 1 or 3 days. Cell
growth was then evaluated in triplicate with a Cell
Counting Kit-8 (Dojindo Molecular Technologies, ML)
according to the manufacturer’s protocol; absorbance was
measured at 450 nm with the Wallac EnVision microplate
reader (PerkinElmer, Finland); cell viability was presented
as % of control (untreated).

Alkaline phosphatase staining and activity assay

Cells were washed twice with phosphate-buffered saline
(PBS), fixed with 10% formalin in PBS for 30 s, rinsed
with deionized water, and stained with an Alkaline Phos-
phatase (ALP) Kit (Sigma) under protection from direct
light. Images of stained cells were captured under a
microscope equipped with a DP70 digital camera (Olym-
pus Optical, Tokyo, Japan). To measure ALP activity, cells
were washed twice with PBS and sonicated in lysis buffer
(10 mM of Tris—HCI, pH 7.5, 0.5 mM of MgCl,, and 0.1%
Triton X-100). After centrifugation at 10,000 x g for 20 min
at 4°C, ALP activity in the supernatant was measured in
triplicate with the LabAssay ALP Kit (Wako Pure Chem-
icals Industries, Osaka, Japan) according to the manufac-
turer’s protocol. ALP activity was presented in units per
mg of cell lysate.

Alizarin red S staining

Cells were washed twice with PBS, stained with 40 mM
alizarin red S solution (pH 4.2) for 10 min at room

temperature, and washed twice with deionized water.
Images of stained cells were captured under a microscope
equipped with a DP70 digital camera.

Measurement of deposited calcium

To measure the amount of deposited calcium, cells were
washed twice with PBS, fixed in 3.7% formaldehyde in
PBS for 15 min, and decalcified with 300 pl of 1 N HCI
for 24 h. Calcium concentration was measured with the
Calcium C Kit (Wako Pure Chemicals Industries) accord-
ing to the manufacturer’s protocol.

von Kossa staining

Cells were washed with PBS and fixed with 2.5% glutar-
aldehyde in PBS for 30 min. After washing three times
with deionized water, cells were incubated with 5% silver
nitrate at room temperature under UV light until the cal-
cium turned black. After washing with deionized water
three times, images of stained cells were captured with a
microscope equipped with a DP70 digital camera.

Western blot analysis

Cells were homogenized in buffer that consisted of 10 mM
Tris—HCI (pH 7.5), 150 mM NacCl, 0.05% (v/v) Tween 20,
1 mM phenylmethylsulfonyl fluoride (PMSF), and one
protease inhibitor cocktail tablet (Roche, Mannheim, Ger-
many) at 4°C. The homogenate was centrifuged at
10,000x g for 15 min. Concentrations of protein in the
supernatant were determined with the bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA).
Samples (20 pg) were mixed with sample buffer (100 mM
Tris—HCI, 2% sodium dodecyl sulfate, 1% 2-mercap-
toethanol, 2% glycerol, 0.01% bromophenol blue, pH 7.6),
incubated at 95°C for 15 min, and loaded onto 10%
polyacrylamide gels. Electrophoresis was performed with
the Mini Protean 3 Cell (Bio-Rad, Carlsbad, CA, USA).
The resolved proteins were transferred to a nitrocellulose
membrane (Schleicher & Schuell BioScience, Dassel,
Germany). To ascertain the amount of protein loaded and
the transfer efficiency, the membranes were stained with
Ponceau S staining solution. For immunoanalysis, the
membranes were washed and incubated in blocking buffer
(10 mM Tris—HCI, pH 7.5, 150 mM NaCl, 0.1% Tween 20,
and 3% nonfat dry milk) and then incubated with diluted
primary antibodies (1:1,000) for 2 h at room temperature.
Following the primary antibody reactions, the membranes
were washed with blocking buffer three times (15 min
each) and then probed with diluted secondary antibodies
(1:2,000) for 1 h. The membranes were washed three times
(15 min each), then developed with SuperSignal West
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Femto Maximum Sensitivity Substrate (Pierce), and eval-
uated with the LAS-3000 luminescent image analyzer (Fuji
Photo Film Co., Ltd., Kanagawa, Japan). The signal from a
blot was quantified with ImageJ (http://rsb.info.nih.gov/ij/
index.html) and presented as the fold change relative to the
total intensity of the control.

Evaluation of mRNA expression

Primers (Table 1) were designed with an on-line primer
design program (Rozen and Skaletsky 2000). Total RNA
was isolated with TRIzol reagent (Life Technologies,
Rockville, MD, USA) according to the manufacturer’s
protocol. The concentration and purity of total RNA were
calculated by measuring absorbance at 260 and 280 nm.
First strand cDNA was synthesized with 2 g of total RNA,
1 uM of oligo-dT;g primer, and Omniscript Reverse
Transcriptase (Qiagen, Valencia, CA, USA). SYBR green-
based quantitative PCR was performed with the Stratagene
Mx3000P Real-Time PCR system and Brilliant SYBR
Green Master Mix (Stratagene, La Jolla, CA, USA). Each
reaction contained 3 pl of first-strand cDNA diluted 1:50
and 20 pmol of primers, according to the manufacturer’s
protocols. The PCR thermocycling protocol consisted of
three segments. The first segment (95°C for 10 min) acti-
vated the polymerase; the second segment included 40
cycles at 94°C for 40 s (denaturation), 60°C for 40 s
(annealing), and 72°C for 1 min (extension); the third
segment was performed to generate PCR product temper-
ature dissociation curves (‘melting curves’) at 95°C for
1 min, 55°C for 30 s, and 95°C for 30 s. All reactions were
run in triplicate, and data were analyzed with the pAACT
method (Livak and Schmittgen 2001). A cDNA that

encoded glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the control. Significance was
determined with GAPDH-normalized 2~ 24T values.

Alizarin red S-based zebrafish skeleton
development assay

Zebrafish embryos were placed into a 24-well plate (7-10
embryos per well) 5 days after fertilization and maintained
in 1 ml of buffered medium (sea salt, 0.06 mg/1L) that
contained licochalcone A. The medium was changed every
day. On day 8 post fertilization, the embryos were fixed in
4% paraformaldehyde and washed three times with PBS
that contained 0.1% Tween 20 (PBST) at 10-min intervals.
Next, the embryos were treated with a bleaching solution
(PBST with 1% KOH and 3% H,O,) at room temperature
until pigmented cells were removed (after about 30 min to
1 h). When the pigmented cell removal was complete, the
embryos were washed 3 times with PBST at 10-min
intervals and treated with 1 ml of alizarin red S staining
buffer (pH 4.2) to stain the formed bone. After destaining
in 1% KOH, the embryos were treated successively with
KOH solutions that contained 20% glycerol, 50% glycerol,
and 80% glycerol.

In vivo murine calvarial bone formation assay

The in vivo bone-forming activity of licochalcone A was
evaluated with lyophilized collagen sponges, as described
previously (Ha et al. 2006), with modifications. Briefly,
collagen sponges were loaded with 5 pl of vehicle or
5 mM licochalcone A. The sponges were then implanted
over the calvarial bones of ICR mice (n = 4 per group;

Table 1 Primer sequences used

Target gene

Forward (5'-3")

Reverse (5'-3")

in this study
ALP ATGGGCGTCTCCACAGTAAC TCACCCGAGTGGTAGTCACA
CollAl ACGTCCTGGTGAAGTTGGTC CAGGGAAGCCTCTTTCTCCT
OPN CGATGATGATGACGATGGAG TGGCATCAGGATACTGTTCATC
c-Jun TCCCCTATCGACATGGAGTC TGAGTTGGCACCCACTGTTA
JunD CGACCAGTACGCAGTTCCTC AACTGCTCAGGTTGGCGTAG
c-Fos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA
Fra-1 AGAGCTGCAGAAGCAGAAGG CAAGTACGGGTCCTGGAGAA
Fra-2 ATCCACGCTCACATCCCTAC GTTTCTCTCCCTCCGGATTC
NFATcl GGGTCAGTGTGACCGAAGAT GGAAGTCAGAAGTGGGTGGA
BMP-2 GGGACCCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGA
BMP-4 CCTGGTAACCGAATGCTGAT AGCCGGTAAAGATCCCTCAT
BMP-6 CAACGCCCTGTCCAATGAC ACTCTTGCGGTTCAAGGAGTG
BMP-7 CGATACCACCATCGGGAGTTC AAGGTCTCGTTGTCAAATCGC
BMP-9 CAGGTGAGAGCCAAGAGGAG CCTTTGTGGGGAACTTGAGA
Runx2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
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Central Lab Animal, Seoul, Korea). Three weeks after drug
implantation, the calvarias were harvested, fixed in 4%
paraformaldehyde, decalcified in 12% EDTA, embedded in
paraffin, and sectioned. Sections were deparaffinized
through graded xylene washes, dehydrated in a graded
series of ethanol washes, and stained with hematoxylin and
eosin (H&E). The thickness of woven bones was quantified
with the Image Pro-plus program, version 4.0 (Media
Cybernetics, Inc., Bethesda, MD, USA).

Statistical analysis

Significance was determined using the Student’s ¢ test and
differences were considered significant when P < 0.05.

Results
Osteogenic activity of licochalcone A in MC4 cells

We evaluated the effect of licochalcone A (Fig. la) on
osteoblast differentiation by measuring ALP activity in
MC4 cells on day 9 of differentiation. Up to a concentration
of 10 puM, licochalcone A did not exhibit any cytotoxicity
under growth and differentiation culture conditions
(Fig. 1b). Indeed, it significantly induced ALP activity at
low concentrations (2-5 pM; Fig. 1c). This licochalcone
A-stimulated ALP induction was visualized with ALP
staining (Fig. 1d). We then investigated licochalcone
A-induced mineralization by measuring the amounts of
calcium deposited on days 15 and 18 of differentiation
(Fig. le). Consistent with its stimulatory effect on ALP
activity, licochalcone A significantly induced mineraliza-
tion at low concentrations (2-5 pM); the level of deposited
calcium in cells treated with licochalcone A was over 4-fold
higher than that in the control. On differentiation day 18,
calcium deposits were visualized by alizarin red S and von
Kossa staining (Fig. 1f). Because we observed that licoch-
alcone A had osteogenic activity at low concentrations,
5 uM licochalcone A was used in subsequent experiments.

We confirmed the osteogenic activity of licochalcone
A in MC4 cells by measuring the mRNA expression

levels of molecular markers for the early and late stages
of osteoblastic differentiation; licochalcone A at 5 pM
significantly induced the mRNA Ievels of ALP and
Coll1A1 on differentiation day 9 and the level of OPN on
day 18 (Table 2).

ERK activation and AP-1 expression in licochalcone
A-induced osteogenesis in MC4 cells

To elucidate the mechanism of action of licochalcone A in
osteoblast differentiation, we used western blotting to
evaluate its effect on MAP kinase activation. In MC4 cells,
licochalcone A induced the phosphorylation of ERK within
5 min; conversely, it induced the dephosphorylation of
JNK (Fig. 2a). These results suggested that ERK activation
and/or JNK inactivation was involved in the osteogenic
action of licochalcone A. To explore further the association
between licochalcone A and MAP kinase activity, we
evaluated the effect of the ERK-specific inhibitor, U0126,
on licochalcone A-induced activation of MAP kinases and
ALP expression (Fig. 2b). MC4 cells were treated with
different concentrations of U0126 for 30 min and then
incubated with licochalcone A for 5 min. This showed that
U0126 dose-dependently inhibited licochalcone A-induced
ERK activation. Additionally, U0126 functionally inhibited
licochalcone A-stimulated ALP induction in a dose-
dependent manner. We did not observe any cytotoxicity in
MC4 cells associated with U0126 at the concentrations
used in this study (data not shown). These results indicated
that licochalcone A may affect osteogenesis via ERK
activation.

The induction of osteoblast differentiation-related
genes could also be related to the induction of tran-
scription factors; therefore, we investigated the effect of
licochalcone A on the mRNA expression levels of acti-
vator protein (AP)-1 family members (c-Jun, JunD, c-Fos,
Fra-1, and Fra-2) and the nuclear factor of activated
T-cells, cytoplasmic, calcineurin-dependent 1 (NFATcl)
with real-time PCR analysis. As shown in Table 3, on
differentiation day 18, licochalcone A treatment was
associated with significantly increased c-Jun, c-Fos, and
Fra-1 mRNA expression levels.

Table 2 Effect of licochalcone A on the mRNA expression levels of osteoblast differentiation-related genes in MC4 cells

Licochalcone A (uM) Differentiation day 9

Differentiation day 18

ALP CollAl OPN
0 1.01 &+ 0.16 1.02 £ 0.27 1.01 £ 0.13
5 3.05 £ 0.18%* 242 £ 0.21* 36.38 £ 3.72%*

Cells (1.5 x 10* cells/well) were plated in a 24-well plate and differentiated into osteoblasts. The medium was changed every 3 days

* P <0.01, ** P <0.001
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Fig. 2 Effects of licochalcone A on activation of signaling pathways.
a The effect of licochalcone A on the activation of MAP kinases was
evaluated by western blot analysis. MC4 cells (2 x 10° cells) were
seeded in a 6-well plate and cultured in GM. After reaching
confluence, cells were incubated with DM in the absence or presence
of licochalcone A for 5-30 min. Western blot analysis was performed
as described in “Materials and methods”. b Effect of U0126 on
licochalcone A-stimulated ERK activation and ALP induction. MC4
cells (2 x 10° cells) were seeded in a 6-well plate and cultured in GM
for 2 days. After reaching confluence, cells were pre-incubated with
U0126 for 30 min and then incubated in DM with licochalcone A for
5 min. For ALP staining, cells (1.5 x 10* cells/well) were seeded in a
24-well plate and cultured in GM. After reaching confluence, cells
were pre-incubated with U0126 for 2 h and then cultured in DM with
licochalcone A. On day 3 of differentiation, licochalcone A was
added after U0126 pretreatment for 2 h, and then ALP staining was
performed on day 6. The blot signals were quantified with ImageJ and
expressed as the fold change relative to the total intensity of the
control

ERK activation and BMP expression in licochalcone
A-induced osteogenesis in C2C12 cells

We next examined whether licochalcone A could induce
bi-potential mesenchymal C2C12 cells to commit to the
osteoblast differentiation pathway. Interestingly, licochalcone
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A exhibited osteogenic activity in C2C12 cells only in the
presence of BMP-2. No cytotoxicity was observed at con-
centrations up to 5 uM of licochalcone A (Fig. 3a). Further-
more, in the presence of BMP-2 (200 ng/ml), licochalcone A
stimulated ALP expression (Fig. 3b).

To elucidate the mechanism of action of licochalcone A
in inducing C2C12 cells to commit to becoming osteo-
blasts, we evaluated MAP kinase activation in C2C12 cells
(Fig. 3c). Consistent with the results in MC4 cells, lic-
ochalcone A dose-dependently induced the phosphoryla-
tion of ERK, but reduced that of INK. We also used U0126
or PD98058 to experimentally confirm the involvement of
ERK activation in the licochalcone A-induced enhance-
ment of BMP-2 osteogenic activity. As shown in Fig. 3d,
ERK activation and ALP induction by licochalcone A and
BMP-2 could be inhibited by preincubation of the cells
with U0126 or PD98059 for 2 h before treatment.

We reasoned that the ability of anabolic agents to
stimulate mesenchymal stem cells to commit to becoming
osteoblasts may depend on the cell’s ability to increase the
level of endogenous BMPs. Therefore, we evaluated
whether noggin, a BMP antagonist, inhibited licochalcone
A-enhanced ALP induction in the presence of BMP-2.
When C2C12 cells were incubated with BMP-2 and lic-
ochalcone A for 4 days and then incubated with noggin for
an additional 2 days, licochalcone A-enhanced ALP
induction was dose-dependently inhibited by noggin
(Fig. 3e). Together with the BMP-2-dependent osteogenic
activity of licochalcone A, these results suggested that
BMP expression and signaling were involved in the oste-
ogenic action of licochalcone A in C2C12 cells.

We further examined whether BMP expression was
involved in the osteogenic action of licochalcone A in
C2C12 cells by evaluating the mRNA expression levels of
endogenous BMPs. As shown in Table 4, BMP-2 and BMP-
4 mRNA expression levels were significantly increased by
the combination of BMP-2 and licochalcone A and by
BMP-2 alone. Additionally, BMP-7 and BMP-9 expression
were also significantly induced by the combination of BMP-
2 and licochalcone A. The mRNA induction of ALP (an
early marker of osteoblast differentiation) and Runx2 (one
of the major osteogenic transcription factors) were also
confirmed in C2C12 cells by real-time PCR.

In vivo osteogenic activity of licochalcone A

Next, we examined the effect of licochalcone A on bone
formation in two in vivo models, the zebrafish skeletal
development model and the mouse calvarial bone forma-
tion model. In zebrafish embryos, at 8 days post fertiliza-
tion, licochalcone A enhanced the development of
Meckel’s cartilage (MC; a precursor of the temporoman-
dibular joint), the palatoquadrate (pq), the opercle (op), and
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Table 3 Effect of licochalcone A on the mRNA expression levels of transcriptional factors in MC4 cells on the differentiation day 18
Licochalcone A (uM) c-Jun JunD c-Fos Fra-1 Fra-2 NFATcl

0 1.00 &+ 0.11 1.01 &+ 0.17 1.01 &+ 0.16 1.01 £ 0.13 1.02 + 0.25 1.00 £ 0.05
5 4.00 £ 0.59%%** 1.00 £+ 0.79 5.95 £ 2.27* 3.57 £ 1.07* 1.93 + 0.66 2.02 £ 1.41

Cells (1.5 x 10* cells/well) were plated in a 24-well plate and differentiated into osteoblasts. The medium was changed every 3 days

* P <0.05, ** P <0.01, ¥* P < 0.001
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2’ + BMP-2 (200 ng/ml) - + - PD98059 (0.1 uM)
F g 100- 0 125 25 - - - + 00126 (0.3 uM)
=8 — — -‘—' ERK
> 50 - |-—-=._i.=.|p-ERK — — p
% 2 1.00 1.75 1.74 1.00 143 1.12 0.93
O oL F T S| :RK ERK

0 1.25 25 5 _

1.00 1.01 0.96

Licochalcone A (LM)

|.- R s = |p—JNK

1.00 0.87 0.44

| ALP staining

===«

ALP activity (units/mg)

1.00 1.05 1.10

I“ - = —'|p—p38

1.00 0.99 0.93

100 102 098

E + + + + BMP-2 (100 ng/ml)
+ Licochalcone A (5uM)
100 Noggin (ng/ml)

p38 - - 50

-

— — — —l Actin

Licochalcone A (uM) + BMP-2 (200 ng/ml) T00 104 108

Fig. 3 Osteogenic activity of licochalcone A and its mechanism of
action in C2C12 cells. Effects of licochalcone A on cell viability (a),
rhBMP-2-induced osteoblast differentiation (b), and activation of
MAP kinases (c¢) were evaluated in C2C12 cells with a CCK-8 assay,
ALP staining, and western blot analysis, respectively. For western
blot analysis, cells (2 x 10° cells in a 6-well plate) were plated and
cultured for 1 day. Cells were incubated in DMEM with 5% FBS,
BMP-2, and licochalcone A for 5 min. The blot signals were
quantified with ImageJ and expressed as the fold change relative to
the total intensity of the control. d The effect of U0126 or PD98059
on licochalcone A-enhanced ERK activation and ALP induction in

Table 4 Effect of licochalcone A on the mRNA expression levels of
osteoblast differentiation-related genes in C2C12 cells on the differ-
entiation day 3

BMP-2 (100 ng/ml) - + +
Licochalcone A (5 uM) - - +

BMP-2 1.14 £ 0.77 2.78 £ 0.02* 3.73 + 0.01*¢
BMP-4 1.00 £ 0.03 1.22 £ 0.11° 1.66 + 0.01>¢
BMP-6 1.02 £ 025 0.86 + 024 1.06 + 0.18
BMP-7 1.02 +£0.02 1.52+0.11 1.71 + 0.07°¢
BMP-9 0.98 £ 0.01 145+ 0.07 2.13 + 0.34>¢
Runx2 0.96 £ 0.01 1.20 £ 0.01° 1.52 + 0.07>¢
ALP 1.05 £ 0.06 1.66 + 0.17 2.48 + 0.34>¢

Cells (1 x 10° cells/well) suspended with DMEM with 10% FBS
were plated in a 6-well plate. After 1 day, cells were cultured in
DMEM with 5% FBS, 100 ng/ml BMP-2 and 5 pM licochalcone A
for 3 days

Control versus treated groups, “P < 0.05, °P < 0.001; BMP-2-treated
group versus BMP-2 plus licochalcone A-treated group, P < 0.01,
4P < 0.001

the presence of BMP-2 (100 ng/ml) was evaluated by western blot
analysis and ALP staining/activity assay, respectively. The western
blot analysis was performed and quantified as described above, but
cells were pre-incubated with U0126 or PD98059 for 2 h. For ALP
staining, cells (4 x 10° cells/well) were plated in a 96-well plate for
1 day. Cells were pre-incubated with U0126 or PD98059 for 2 h and
then cultured in DMEM with 5% FBS, BMP-2 and licochalcone A for
2 days. e The effect of noggin on licochalcone A-enhanced ALP
induction was evaluated by ALP staining, as described above. BMP-2
and licochalcone A treatment started on differentiation day 2, noggin
treatment started on day 4, and ALP staining was performed on day 6

the vertebrae (vb), particularly at 5 uM (Fig. 4a). This
corresponded with the results from the cell culture exper-
iments. We also evaluated the in vivo bone-forming
activity of licochalcone A with the mouse calvarial bone
formation model. First, we implanted collagen sponges
soaked with 5 pl of vehicle or 5 mM licochalcone A onto
the calvarial bones of mice. After 3 weeks, the calvarial
bones were examined for newly formed bone. H&E
staining showed that licochalcone A significantly enhanced
the woven bone formation over the periosteum of the cal-
varial bones (Fig. 4b); the thickness of newly formed
woven bone in licochalcone A-treated mice was 3.5-fold
higher than that in vehicle-treated mice.

Discussion

In the present study, we found that licochalcone A exhib-
ited osteogenic activity at low concentrations; it stimulated

@ Springer



S. N. Kim et al.

1462
A Dorsal view Lateral view Ventral view
8 - ~ | .
2 = edg <
Q - e ‘
Sdpf
- -

1

4
*
4|
<\
A
A

Licochalcne A (uM)
5

10
AN
A\
b4 )

Vehicle

Licochalcone A

Fig. 4 Evaluation of in vivo osteogenic activity of licochalcone A in
zebrafish and mouse calvaria. a Zebrafish at 5 days after fertilization
were treated with licochalcone A for 3 days and then fixed and
stained with alizarin red S. The appearance of Meckel’s cartilage
(MC), palatoquadrate (pq), opercle (op), and vertebrae (vb) are
indicated with arrows. b Collagen sponges containing licochalcone A
(5l of 5 mM) were placed onto mouse calvarial bones. After
3 weeks, the mice were killed and calvarial bones were removed,
fixed, decalcified, and embedded. Sections were stained with H&E
and photographed at x200 magnification. The arrows indicate the
thickness of newly formed bone. The thickness of woven bones was
quantified with the Image Pro-plus program. *P < 0.001

the differentiation of MC4 cells and enhanced the BMP-2-
mediated induction of C2C12 cells to commit to becoming
osteoblasts. Its osteogenic activity via ERK activation was
confirmed, because it could be blocked with low concen-
trations of the ERK-specific inhibitor U0126 (<0.3 pM)
and PD98059 (<0.1 uM). These results suggested that the
ERK signaling pathway was involved in the osteogenic
activity of licochalcone A. However, in contrast, the inhi-
bition of ERK phosphorylation with high concentrations of
PD98059 (>25 uM) has been shown to promote the BMP-
2-induced ALP activity in C2C12 cells (Gallea et al. 2001).
This biphasic, concentration-dependent effect of ERK
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inhibitors like PD98059 should be evaluated in a future
study. Furthermore, we confirmed the osteogenic activity
of licochalcone A in two in vivo models. We found that
licochalcone A enhanced skeletal development in zebrafish
and significantly stimulated the formation of woven bone
in mice.

In MC4 cells, 5 pM of licochalcone A significantly
induced mRNA expression of ALP and CollAl on day 9 of
differentiation and OPN expression on day 18. These genes
are required for osteoblast differentiation and have been
shown to be induced by the activation of MAP kinases.
Previous studies suggested that p38 activation was critical
for the regulation of ALP expression, one of the earliest
markers of the osteoblast phenotype, during the differen-
tiation of MC3T3-El cells (Suzuki et al. 2002). In primary
human osteoblasts, ERK activation was directly related to
ALP activity induced by a vitamin D3 analog (Chae et al.
2002). Furthermore, CollAl expression during matrix
maturation was regulated by both ERK and JNK signaling
pathways (Wu et al. 2006). Finally, mineralization results
in the induction of several non-collagenous proteins that
provide markers for mature osteoblasts, including OPN
(Candeliere et al. 2001). Interestingly, the oscillatory flow-
activated induction of OPN expression was reported to be
mediated through the ERK pathway (Wu et al. 2006).
Taking these findings into consideration, the complexity of
osteoblastic gene expression could be controlled by the
degree of cross-talk between MAP kinase pathways. In
turn, the activation of each MAP kinase involved in the
process of osteoblast differentiation is likely to be depen-
dent upon the cell type, the particular stimuli, or the stage
of differentiation. In this study, licochalcone A triggered
the activation of ERK in MC4 cells under differentiation
conditions. Furthermore, licochalcone A-induced ERK
activation and ALP induction were dose-dependently
inhibited by U0126, an ERK-specific inhibitor. This sug-
gested that the stimulatory effect of licochalcone A on the
differentiation of MC4 cells could depend on its potential
to activate the ERK signaling pathway.

Additionally, the MAP kinase induction of the expres-
sion of genes required for osteoblast differentiation could
be regulated by the coordination between MAP kinases and
transcription factors like AP-1 and NFATc1. For example,
uridine triphosphate-induced OPN expression is mediated
by the coordination between the protein kinase C-activated
NF-xB pathway and the ERK-activated AP-1 pathway
(Renault et al. 2005). Furthermore, several studies have
suggested that induction of AP-1 expression could control
bone formation and remodeling by regulating the expres-
sion of several osteoblast-specific genes through AP-1
binding sites in their promoters (McCabe et al. 1996;
Wagner 2002; Narayanan et al. 2004; Sakata et al. 2004).
In this study, licochalcone A at 5 uM significantly induced
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the mRNA expression levels of several AP-1 family
members, including c-Jun, c-Fos, and Fra-1, but not
NFATcl. This suggested that AP-1 expression could be
involved in the osteogenic activity of licochalcone A in
MC4 cells. Our results are consistent with those of other
studies that reported extracellular glucose-induced up-reg-
ulation of c-Jun expression and transcriptional induction of
c-Fos expression by parathyroid hormone during osteoblast
differentiation (McCauley et al. 1997; Zayzafoon et al.
2000). Furthermore, Fra-1 was shown to be an important
regulator of bone mass; it affected bone matrix production
and maintained osteoblast activity (Jochum et al. 2000;
Eferl et al. 2004).

BMPs control the initial differentiation of mesenchymal
stem cells (MSCs) into osteoblasts. Previous studies have
shown that BMPs could potently induce osteogenesis
(Phimphilai et al. 2006) and that MAP kinases were
involved in the BMP-2-induced stimulation of bi-potential
C2C12 cells to commit to the osteoblast pathway (Gallea
et al. 2001). In our study, licochalcone A induced ALP
expression and ERK activation in C2CI12 cells in the
presence of BMP-2. Moreover, these inductions were
inhibited by U0126. This suggested that the effect of lic-
ochalcone A on the BMP-2-induced commitment to the
osteoblast pathway may have depended on its potential to
induce ERK activation. These results were consistent with
those observed in MC4 cells. In addition, the stimulatory
effect of licochalcone A on ALP expression was not
observed in the absence of BMP-2 (data not shown); fur-
thermore, treatment with noggin dose-dependently inhib-
ited the licochalcone A-mediated enhancement of BMP-2-
stimulated ALP induction. These results suggested that the
osteogenic activity of licochalcone A might be dependent
on BMP signaling and expression.

We then evaluated the osteogenic action of licochalcone
A by examining its potential to induce the expression of
endogenous BMPs. Real-time PCR revealed that licochal-
cone A significantly enhanced the BMP-2-induced mRNA
expression of BMP-2, BMP-4, BMP-7, and BMP-9. The
osteogenic activity of BMP-2 was previously reported in
human clinical trials (Boden et al. 2000; Valentin-Opran
et al. 2002); the osteogenic activities of BMP-4, BMP-7,
and BMP-9 were reported in C2C12 cells (Yeh et al. 2002;
Li et al. 2003; Bessa et al. 2009). The ability of BMPs to
enhance the expression of other BMP genes could play an
important role in the process of bone formation. Gene
transfer of BMP-2 and BMP-7 induced rapid bone forma-
tion and increased endogenous BMP-4 expression (Kawai
et al. 2006). BMP-2 treatment enhanced the expression of
other BMP genes during bone cell differentiation (Chen
et al. 1997). Additionally, in our study, licochalcone A
enhanced the BMP-2-stimulated induction of Runx2
mRNA expression. Runx2 is a key transcription factor in

the BMP-2 signaling pathway, which controls osteoblast
precursor cell differentiation by regulating the expression
of osteogenesis-related genes (Lian et al. 2003; Gersbach
et al. 2004; Phimphilai et al. 2006; Bessa et al. 2009).

Additionally, in both MC4 and C2CI2 cells, JNK was
inhibited during licochalcone A-induced osteoblast differ-
entiation. TGF-f-responsive JNK cascades have been
suggested to negatively regulate ALP activity and miner-
alization in MC3T3-E1 cells (Sowa et al. 2002). Further-
more, TNF-o¢ inhibited the BMP-induced osteoblast
differentiation in C2C12 cells by activating JNK signaling;
a pharmacological study revealed that the JNK inhibitor,
SP600125, partially restored the TNF-a-mediated sup-
pression of BMP-induced Runx2 and osteocalcin mRNA
expression (Mukai et al. 2007). Those results suggested
that JNK inhibition might be involved in activating the
osteogenic process in both MC4 and C2C12 cells.

The observed in vitro osteogenic activity of licochalcone
A led us to evaluate its in vivo osteogenic activity with
animal models. Zebrafish were previously demonstrated to
be successful models for identifying agents with anabolic
effects on the skeleton (Du et al. 2001; Fleming et al. 2005).
When zebrafish embryos were treated with 5 pM licochal-
cone A, the rate of skeletal development accelerated; this
observation corresponded with the results of our cell culture
experiments. We also confirmed the in vivo bone-forming
activity of licochalcone A in a mouse calvarial bone for-
mation model. When collagen sponges soaked with lic-
ochalcone A were implanted onto the calvarial bones of
mice, woven bone formation was significantly enhanced
over the periosteum of the calvarial bones. In these experi-
ments, we did not add any BMPs with licochalcone A;
nevertheless, new bone was formed. Considering that sub-
cutaneous injection of BMP-2 has been shown to stimulate
periosteal surface bone formation in mice (Chen et al. 1997),
licochalcone A may trigger bone formation by inducing the
activation of endogenous BMPs in mice. Additionally,
considering that licochalcone A could induce BMP mRNA
expression, we cannot rule out the possibility that the in vivo
osteogenic activity of licochalcone A in mice might have
been due to its induction of BMP expression.

In conclusion, we found that licochalcone A exhibited
osteogenic activity in vitro and in vivo. Licochalcone A
significantly induced osteoblast differentiation through
ERK activation in MC4 and C2CI12 cells; more impor-
tantly, it showed in vivo activity in zebrafish skeletal
development and mouse calvarial bone formation models.
The dual action of licochalcone A in stimulating bone
formation and inhibiting bone resorption (Kim et al. 2008a)
might be beneficial for treating bone-related disorders.
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