M) Check for updates

] Physiol & Pathol Korean Med 39(4):103~112, 2025

Dual Role of Tanshinone IIA on the Differentiation and Function of

Bone Cells: Regulation of Ca*-oscillation in Osteoclasts
Geun Ha Park'?, Seoung Hoon Lee"**
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Tanshinone IIA (TIIA), known as a major constituent of Salvia miltiorrhiza Bunge, exhibits anti-inflammatory and
anti-osteoporotic activities. In this study, we investigated the effects of TIIA and its regulatory mechanism on
osteoclast and osteoblast differentiation. TIIA significantly inhibited the formation of TRAP(+)-mature osteoclasts and
resorption pits in a dose-dependent manner. The expression of the osteoclast differentiation marker genes and
activation of JNK, p38, and IkB were remarkably suppressed by TIIA during osteoclastogenesis. In addition, TIIA
removed RANKL-induced Ca®** oscillations through sequential inactivation of Bruton's tyrosine kinase (BTK) and
phospholipase C gamma (PLCyl and 2). Consequently, the expression of pivotal transcription factors in
osteoclastogenesis, c¢-Fos and nuclear factor of activated T-cells cytoplasmic 1 (Nfatcl), was remarkably decreased. By
contrast, TIIA stimulated the expression of osteoblast differentiation markers and transcription factors including
Runx2, resulting in increased nodule formation. Interestingly, TIIA dose-dependently suppressed osteoclast formation in
coculture with bone marrow cells (BMs) and osteoblasts via inhibiting the expression of Rankl and Csf-1 (M-csf) on
osteoblasts. These findings indicate that TIIA serves as a dual modulator of bone remodeling, suppressing
osteoclast-mediated resorption while enhancing osteoblast-mediated formation, thereby supporting its potential as a
therapeutic candidate for resorptive bone diseases.
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Introduction
transcription factor for osteoclast differentiation.

Osteoclasts, responsible for bone matrix resorption, are costimulatory pathway, immunoreceptor

ultimately leading to the activation of NFATcl, the key
In the

tyrosine-based

essential for maintaining bone remodeling and homeostasis.
They originate from bone marrow-derived precursors in
response to stimulation by receptor activator of nuclear
(RANKL) and

colony-stimulating factor (M-CSF). In contrast, osteoblasts

factor-xB ligand macrophage

are bone-forming cells that produce organic matrix
components such as collagen and modulate
osteoclastogenesis by expressing RANKL, M-CSF, and

osteoprotegerin  (OPG). RANKL, produced mainly by
osteoblasts, binds to its receptor RANK on osteoclast
precursors, initiating both canonical and costimulatory

)

signaling pathways!?. RANK

recruits TNF receptor-associated factor 6 (TRAF6), which

In the canonical pathway,

activates mitogen-activated protein kinases (MAPKs) and
(AP-1)

components like c-Fos, as well as the NF-xB pathway,

promotes the expression of activator protein-1

activation motif (ITAM)-containing adaptors such as FcRy
and DAP12 activate Bruton's tyrosine kinase (BTK) and
intracellular Ca*

oscillations that further enhance NFATc1 expression®.

phospholipase Cy (PLCy), resulting in

In recent years, the pharmacological modulation of
osteoclast and osteoblast activity has gained increasing
attention for the treatment of skeletal disorders such as
osteoporosis, osteoarthritis, and periodontitis. Natural
compounds from traditional medicinal plants have emerged
as attractive candidates due to their multifaceted biological

). Among

activities and relatively favorable safety profiles*
these, Tanshinone IIA (TIIA), a bioactive lipophilic compound
isolated from the roots of Salvia miltiorrhiza Bunge
(Danshen), has demonstrated broad pharmacological effects,
including anti-inflammatory, antioxidant, anti-proliferative,

)

and cardio- and neuroprotective properties®”. Previous
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studies have shown that TIIA suppresses the expression of
pro-inflammatory cytokines such as IL-1B, IL-6, and TNF-a
in an estrogen receptor-dependent manner and inhibits the
NF-kB signaling pathway through suppression of MAPKs in

89 TIA has also been shown

LPS-stimulated macrophages
to attenuate oxidative stress by modulating antioxidant
enzymes including superoxide dismutase (SOD), catalase,
(GPx), thereby

cytoprotective effects in various cellular contexts!®!V. TIIA

and glutathione peroxidase exerting
has been widely reported as a promising therapeutic
candidate for metabolic bone diseases, owing to its dual
regulatory actions on osteoclasts and osteoblasts. TIIA has
been shown to inhibit osteoclastogenesis by targeting the
RANKL-induced

activation of

signaling cascade, suppressing the
NF-xB, ERK, and Akt

down-regulating the expression of key osteoclastogenic

pathways, and

transcription factors such as c-Fos and NFATcl, thereby
impairing osteoclast differentiation and bone resorption

1213 Moreover, TIIA reduces actin ring formation

activity
and the expression of osteoclast-specific markers, including
calcitonin receptor and integrin B3, further diminishing
osteoclastic bone-resorptive function. Concomitantly, TIIA
enhances osteoblast differentiation and survival through
multiple mechanisms. It activates ERK1/2-Runx?2 signaling in
periodontal ligament stem cells and synergizes with
BMP-2-induced

Smad-dependent transcriptional

osteogenesis by promoting p38 and

activation of Runx2 in
mesenchymal progenitor cells'"'®. Additionally, TIIA inhibits
cyclooxygenase-2 (COX-2) and prostaglandin E2 synthesis in
osteoblasts, mitigating inflammation-induced bone loss'®. In
vivo studies corroborate these findings, demonstrating that
TIIA administration enhances bone mass, collagen content,
and biomechanical strength in osteoporotic mouse models,
while reducing osteoblast apoptosis and oxidative damage

)

via NF-xB pathway suppression!”. Collectively, these

findings indicate that TIIA may be a promising therapeutic
bone-degenerative diseases, including
arthritis,

Although emerging reports suggest that TIIA may exert

agent for

osteoporosis, rheumatoid and periodontitis'®.
protective effects against bone loss by modulating osteoclast
and osteoblast functions. However, the underlying molecular
RANKL-mediated

oscillations and the

mechanisms, particularly regarding

signaling pathways including Ca*
transcriptional regulation of osteoclastogenesis, have not
been fully elucidated.

In this study, we investigated the effects of TIIA on
both osteoclast and osteoblast differentiation and function
in vitro models.

using We focused on dissecting the

(BTK/PLCy/Ca**
pathways as well as canonical (MAPKs and NF-xB) pathways

costimulatory oscillations) signaling
in osteoclast precursors, and examined TIIA's effect on
osteoblast-mediated osteoclastogenesis in coculture systems.
Furthermore, we assessed TIIA's anabolic effects on
osteoblast differentiation by analyzing key transcription
factors and matrix protein expression. Our findings provide
new evidence that TIIA acts as a dual-action regulator of
bone remodeling and support its therapeutic potential for

bone-resorptive diseases.

Materials and Methods

1. Experimental animals and reagents

We used the C57BL/6N mice which were purchased
from Orient Bio Inc. (Seungnam, Korea) for preparing bone
marrow-derived osteoclast precursors and stromal cells
(BMSCs) in this study. All experiments using mice were
performed following the protocol (WKU19-17) approved by
the Animal and Use Committee of

Care Wonkwang

University. All agents used for cell culture were purchased
from HyClone (Rockford, IL, USA). Soluble recombinant
mouse RANKL and recombinant human macrophage

colony-stimulating factor (M-CSF) were provided by T. Kim
(KIOM, Daejeon, Korea). Tanshinone IIA (TIIA, Cat. # T4952)
was purchased from Sigma-Aldrich (Seoul, Korea) and
dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to
prepare a stock solution. All antibodies against proteins
used in this study were purchased from conventional

vendors which were previously described.

2. Assessment of cell viability

Cell viability was measured by using EZ-Cytox
enhanced cell viability assay kit (Itsbio, Korea), following the
manufacturer’s protocol. Bone marrow cells (BMs) prepared
from the tibiae and femora of 6~8 weeks-old C57BL/6N
mice were cultured to produce adherent bone
marrow-derived macrophages (BMMs) in a-minimal essential
medium (a-MEM) supplemented with 10% FBS and M-CSF
(30 ng/mL) for 3 days. BMMs were seeded with various TIIA
(0, 0.2, 0.5, 1, 2, 5 and 10 pg/mL) concentrations in 96-well
culture plates at a density of 1 X 10* cells/well and were
with M-CSF (30 ng/mL), or
alternatively, BMMs were cultured with 5 pg/mL TIIA under
M-CSF

calvaria-derived primary osteoblasts (2 X 10* cells/well)

cultured for 3 days

treatment for 4  days. For  osteoblasts,

plated in 96-well culture plate were cultured with various

THA (0, 0.5, 1, 2, and 5 pg/mL) concentrations in
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osteogenic media containing L-ascorbic acid (50 pg/mL) and
10 mM days. The
EZ-Cytoxreagent was added to cultured cells for 4 h at

B-glycerophosphate  for 28

37°C, following the manufacturer's protocol at indicated
culture days. Absorbance was measured at 450 nm using a
Sunrise™ enzyme-linked immunoassay (ELISA) plate reader
(Tecan, Switzerland).

3. In vitro osteoclast culture, actin ring, and pit formation
Osteoclast differentiation and formation were performed
as previously described”?. For in vitro stromal cell-free
osteoclastogenesis, BMMs were cultured at various TIIA (0,
0.2, 0.5, 1,2, and 5 pg/mL) concentrations under the
presence of M-CSF (30 ng/mL) and RANKL (100 ng/mL) for
4 days with replacing media on day 3. For cocultures to
in 96-well plates (1 x 10°
cells/well) were cocultured with preosteoblastic calvaria cells
(1 x 10* cells/well) in a-MEM containing 50 nM 1
o,25-(OH)2D3 supplemented with or without TIIA (0, 0.2, 0.5,
1,2, and 5 pg/mL) for 7 days. Fresh media with or without

generate osteoclasts, BMs

TIIA was replaced every 3 days. As previously describedl19),
cells fixed with 10% formalin and permeabilized with
EtOH/Acetone (1:1) were stained with rhodamine-phalloidin
OR, USA) to label the

F-actin ring, and sequentially followed by tartrate-resistant

from Molecular Probes (Eugene,

acid phosphatase (TRAP) solution assay to measure TRAP
activity at the absorbance of 405 nm using p-nitrophenyl
phosphate (Sigma-Aldrich, Seoul, Korea) and TRAP staining
assay to TRAP-positive
multinucleated cells (TRAP(+)-MNCs, >3 nuclei). To examine

assess the formation of
bone resorptive activity of osteoclasts, BMMs were plated on
a Cosmo Bio 48-well bone resorption assay plate (Tokyo,
Japan) and cultured with/without TIIA (5 pg/mL) under
M-CSF and RANKL treatment for 7 days. The resorption pit
area was cleared using bleach and analyzed using Image ]
software (NIH 1.52).

4. In vitro osteoblast differentiation

Assessment of osteoblast differentiation including
measurement of alkaline phosphatase (ALP) activity and
nodule formation was done as previously described”. In
brief,

cultured to confluence

calvaria-derived osteoblast cells
in 24-well

osteogenic medium (MEM-o supplemented with 10% FBS, 10

primary were

culture plates with

mM PB-glycerophosphate, and 50 pg/mL of L-ascorbic acid)
for indicated periods. The osteogenic medium containing
TIA (0.5 pg/mL) or not was replaced every 3 days. For
measurement of ALP activity, cultured cells were washed

twice with Tris-buffered saline (TBS)
staining with an ALP substrate mixture (BCIP and NBT) for

nodule

and followed by

10 min. To assess mineralized formation,
preosteoblastic calvaria cells were cultured for indicated
periods, and then cells were washed twice with TBS. The
cells were then stained with alizarin red S (10 mg/mL) for
10 to 20 min at room temperature. After washing with
distiled water and air-drying, the stained cells were

detected under light microscopy.

Table 1. The nucleotide sequences of primers used in this study.

Gene Primer
Forward (5'-3") Reverse (5'-3')
AcpS (Trap) CTGGAGTGgﬁEgATGCCAGC TCCGTGCTCEGGEGATGGACC
Oscar GGGGTAACGGATCAGCTCCC CCAAGGAGCCAGAACGTCG
CAGA AAACT
CtsK ACGGAGGCATTGACTCTGAA GTTGTTCTTATTCCGAGCCAA
(Cathepsin K) GATG GAG
Tm7sf4 TGGAAGTTCACTTGAAACTAC CTCGGTTTCCCGTCAGCCTCT
(Dc-stamp) GTG CTC
ATP6VOd2 TCAGATCTCTTCAAGGCTGTG GTGCCAAATGAGTTCAGAGT
CTG GATG
N CTCGAAAGACAGCACTGGAG CGGCTGCCTTCCGTCTCATA
atc CAT G

Spp1 (secreted
phosphoprotein 1, CCCTACAGTCGATGTCCCCA GGATGACATCGAGGGACTCC
Osteopontin)

Bglap GCCTTCATGTCCAAGCAGGAG GCGGTCTTCAAGCCATACTG
(Osteocalcin) G GT

Coltal TGACTGGAAGAGCGGAGAGT GAATCCATCGGTCATGCTCT
g’\% Sgﬂ';?;‘;‘:) CAGTAACCGCTGCCCGAATCC r6aTaTGACCTCATTGCCCT

Runk2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT
Sp7 (Osterix)  GAGGAAGAAGCCCATTCACA GCAGGCAGGTGAACTTCTTC

Gapdh  TGCCAGCCTCGTCCCGTAGAC CCTCACCCCATTTGATGTTAG

5. Real-time quantitative PCR

Real-time PCR was performed to assess osteoclast or
osteoblast differentiation as shown previously20). Briefly, for
osteoclasts, BMMs were cultured in a-MEM supplemented
with 10% FBS under M-CSF (30 ng/mL) and RANKL (100
ng/mL) treatment for 4 days containing with or without TIIA
(5 pg/mL). For osteoblasts, preosteoblastic calvarial cells
were cultured in osteogenic medium for 24 days with or
without TIA (0.5 pg/mL) treatment. Additionally,
calvaria-derived osteoblasts (7 X 10* cells/well) were
cultured in a 24-well culture plate with 50 nM 1
a,25-(OH)2D3 for 7 days in the presence or absence of TIIA
(2 pg/mL). Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) from the cultured cell at
the indicated time points. One microgram of total RNA was
cDNA,

Maxima

transcribed to the first-strand following the

manufacturer's instructions, by reverse

transcriptase from Thermo Scientific (Seoul, Korea) with
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random primers. The VeriQuest SYBR Green gqPCR Master
mix from Affymetrix (Santa Clara, CA, USA) was used for a
real-time PCR operated by StepOnePlus™ Real-Time PCR
Systems from Applied Biosystems (Forster City, CA, USA).
Normalization of all results from real-time PCR was

performed with that of glyceraldehyde 3-phosphate
dehydrogenase (Gapdh). The primers used in this study

were listed in Table 1.

6. Western blot analyses

BMMs were cultured with or without TIA (5 ug/mL)
under M-CSF (30 ng/mL) and RANKL (100 ng/mL) treatment
for the indicated times. For measurement of short-term
intracellular signaling, BMMs supplemented with M-CSF (30
ng/mL) were pretreated with TIIA (5 pg/mL) for 2 h, and
then stimulated with RANKL (100 ng/mL). After washing
with cold PBS, the cells were lysed with
radioimmunoprecipitation assay (RIPA) buffer (25 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% sodium dodecyl (SDS))
(PMSF),

Mannheim, Germany),

sulfate

containing 1 mM phenylmethylsulfonyl fluoride
protease inhibitor cocktail (Roche,
and phosphatase inhibitor tablets (Thermo Scientific, Seoul,
The supernatant (cell lysate) was harvested by

14,000xg for 10 min at 4C for
SDS-polyacrylamide gel
(SDS-PAGE) was performed with total cell lysate (30 pg) and
then

difluoride

Korea).
centrifugation at
immunoblotting. electrophoresis
the proteins transferred
(PVDF) (Amersham  Hybond-P,
GE-Healthcare Life Science, USA). Blotted membrane was
blocked with 5% skim milk in Tris-buffered saline with
Tween 20 (TBST; 50 mM Tris-HCl, pH 7.6, 150 mM NaCl,
and 0.1% Tween-20) for 2 h, and then the primary antibody
(1:1000 dilution) and the secondary antibody
(HRP-conjugated IgG, 1:5000 dilution) in TBST were
sequentially treated. The enhanced chemiluminescence (ECL)

were to polyvinylidene

membranes

detection system (Thermo Scientific, USA) according to the
detect

were

manufacturer’s instructions was used to

immunoreactive proteins. The detected proteins

quantitated using Image ] software (NIH 1.52).

7. Measurement of Intracellular Ca®* concentration ([Ca®li)
To assess the effect of TIIA on Ca?-modulation, [Ca®[i
was determined by using the fluorescent Ca® indicator
(Fura-2, AM) as previously described'. To induce osteoclast
differentiation, BMMs were cultured on coverslips under
RANKL (100 ng/mL) treatment for 24 h. Then, Fura-2 (5 n
M) was added into cell culture for 50 min at 37°C. After

reaction, unloaded fura-2 was washed out by continuous
perfusion of HEPES-buffered medium (10 mM HEPES, pH
7.4, 140 mM NaCl, 5 mM KCl, 1 mM MgCl;, 1 mM CaCl,
and 10 mM glucose). TIA (5 png/mL) diluted in
HEPES-buffered medium was rapidly treated on cells for
specific times. Fura-2 in the cells was excited with dual
wavelengths (340 and 380 nm), and the emitted wavelength
(510 nm) was captured using a CCD camera. Captured
images were digitized and presented as F340/380 ratio.
MetaFluor software (Molecular Devices, Downingtown, PA,

USA) was used to analyze captured images.

8. Statistical Analyses

Data in this study were analyzed using the Student’s
t-test, and are presented as mean * SD. A p-value <0.05
was considered statistically significant. All experiments were
repeated at least twice, and representative data are shown.

Results

1. Analysis of the effect of TIIA on cell viability and
osteoclastogenesis

Prior to assessing the effect on osteoclastogenesis, the
cytotoxicity of TIIA on osteoclast precursors (BMMs) had
been examined. When BMMs in the presence of M-CSF were
cultured with various TIIA concentrations for 3 days, cell
cytotoxicity was not detected up to 5 ng/mL TIIA, but it
dramatically increased at 10 pg/mL (Fig. 1A). Additionally,
BMMs supplemented with M-CSF were cultured in 5 pg/mL
TIIA for 4 days and cell viability was daily monitored. There
was no significant difference between the daily cell
viabilities of the control (0 pg/mL) and TIIA-treated (5
ng/mL) cells (Fig. 1B). Thus, according to these cytotoxicity
results, 5 pg/mL TIIA was selected and treated for most
experiments in this study. Then we investigated the effect of
THA on RANKL-induced osteoclast
activation. BMMs were cultured with various concentrations
of TIIA in the condition of M-CSF and RANKL treatment for

4 days. To measure osteoclast differentiation and formation,

differentiation and

the TRAP solution assay and TRAP staining were performed.
TIIA gradually inhibited the differentiation and formation of
TRAP(+)-multinucleated (MNCs,
considered as osteoclasts, in a
1C and D). The

decrease in osteoclastogenesis commenced at 1 pg/mL and

cells over 3 nuclei),
mature

concentration-dependent manner (Fig.

was almost abolished in 5 pg/mL TIIA. Consistently, total
TRAP

TRAP(+)-osteoclasts, was also steadily reduced from 1 to 5

activity from mono-, di-, and multi-nuclear
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pg/mL TIA concentrations (Fig. 1E). To verify TIIA impact
on the bone-resorbing activity of osteoclasts, in vitro
F-actin ring and pit formation were examined in osteoclasts
cultured with or without TIIA treatment. The formation of
F-actin ring, which is needed for resorption of bone matrix,
was significantly diminished in TIIA-treated osteoclasts
compared to untreated control cells. Consistent with the
results of actin ring formation, pit formation by
TIIA-treated osteoclasts on the hydroxyapatite-coated plate
in contrast to that of
(Fig. 1F).

reduction of bone-resorbing activity via modulation of the

was also markedly decreased

untreated control cells Consequently, the

F-actin ring and pit formation is attributable to alleviated
differentiation and formation of TRAP(+)-mature osteoclasts.
Taken together, these data demonstrate that TIIA obviously
has an on osteoclast

inhibitory effect differentiation,

formation, and activation.

A 140 B 129
=120 =
2 g
PRl T o
g g
g w £
z a e
b Y

] ]

No. of TRAP+MNCs

2 15 W o
} 20
*%
15
£
uw
3
3 05 *
= L]
0 02 05 1 2
TIIA (ug'mL)
50
T
=
g
= 30
£
[dl]
2
é b1
#
]
NC TIIA

Effects of Tanshinone IIA

Fig. 1. (TIA) on cell viability, and
RANKL-induced osteoclast formation and activation. A. Bone
marrow-derived macrophages (BMMs) were cultured in the presence of
M-CSF (30 ng/mL) with the indicated concentrations of TIIA for 3 days. B.
BMMs were cultured with 5 pg/mL of TIIA under M-CSF treatment for 4
days. Cell viability was examined as described in materials and methods.
C-F. BMMs were cultured in the presence of RANKL (100 ng/mL) and
M-CSF (30 ng/mL) with the indicated concentrations of TIIA for 4 days. C.
The cells were fixed and stained for tartrate-resistant acid phosphatase
(TRAP). D. TRAP(+)-multinucleated cells (MNCs) with >3 nuclei were
counted as mature osteoclasts. E. Total TRAP activity from TRAP(+)-mono-,

di-, and multi-nuclear cells were assayed at an absorbance of 405 nm
(A405). F.  F-actin  rings in osteoclasts were stained  with
rhodamine-phalloidin (left panel) at 4 days and osteoclast resorptive activity
was measured by pit formation on hydroxyapatite-coated plates at 7 days
in culture conditions with or without 5 pg/mL TIIA (right panel). Data are
presented as the mean + SD and are representative of three independent
experiments. *p < 0.05, *p < 0.01, and #p < 0.001 versus the untreated
control (0 pg/mL TIIA). NS: not significant. Scale bar, 200 pm.
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Fig. 2. Effects of TIIA on the expression of osteoclast differentiation
marker genes and RANKL-induced intracellular signaling. BMMs were
cultured with RANKL (100 ng/mL) and M-CSF (30 ng/mL) treatment in the
presence or absence of TIIA (5 ug/ml) for 4 days or indicated culture
times. A. The expression of osteoclast differentiation marker genes was
examined by real-time PCR according to the protocol in Materials and
Methods. Relative mRNA levels were expressed as fold change of mRNA
level compared between TIIA-treated cells and untreated control cells. B.
Whole cell lysates (30 pg) were subjected to SDS-PAGE and the expression
of proteins was analyzed by western blot. Specific antibodies were used
for the detection of c-Fos (upper panel) and NFATc1 (lower panel)
expression, respectively. C. BMMs cultured in the presence of M-CSF (30
ng/mL) were pretreated with TIIA (5 ug/mL) for 2 h and then stimulated
with RANKL (100 ng/mL) stimulation to produce intracellular signaling. The
whole-cell lysate was prepared at the indicated times and analyzed by
SDS-PAGE and immunoblotting. The activation of MAPKs (ERK, JNK, and
p38) and IkBa were detected using their respective specific antibodies.
Fold change normalized by actin or non-phosphoryated form is presented
in the lower panel. Data are expressed as the mean = SD and are
representative of at least two independent experiments. *p < 0.05 and **p
< 0.01 versus the untreated control group (0 pg/mL TIIA), NS: not
significant.

2. Assessment of TIIA inhibitory effects on the expression of

osteoclast differentiation factors and modulation of

intracellular signaling
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Regarding the results of Fig. 1, the inhibitory effect of
TIIA on osteoclast differentiation and activation was verified
at the molecular level. The expression of osteoclast
differentiation marker genes including Acp5 (Trap), Oscar,
CtsK, Atp6v0d2, Tm7sf4 (Dc-stamp),

measured by real-time PCR, and the expression of crucial

and Nfatcl, was
transcription factors, such as c-Fos and NFATcl, for
osteoclastogenesis was observed using immunoblot analysis.
TIIA significantly suppressed the expression of all tested
marker genes (Fig. 2A). Moreover, the expression of c-Fos
and NFATcl was remarkably inhibited by TIIA treatment
compared to untreated control during the indicated culture
times (Fig. 2B). Next, we examined how TIIA decreases
and NFATcl RANKL-mediated
osteoclastogenesis. First, NF-xB and MAPKs activation as

c-Fos expression on
the canonical intracellular signaling pathways induced by
the RANKL/RANK interaction were evaluated. BMMs cultured
in M-CSF treatment were pretreated with/without TIIA (5 p
g/mL). Then the cells were induced by RANKL (100 ng/mL)
treatment and the activation of MAPKs and IxBa were
measured using western blot analysis. Except for ERK,
activation of the tested other MAPKs like JNK and p38, and
phosphorylation of IkBa were appreciably suppressed by
TIIA treatment (Fig. 2C). Overall, these results support that
TIIA negatively regulates RANKL-mediated osteoclastogenesis
1). In addition, the
is caused by suppression of

regarding the previous results (Fig.
inhibitory effect of TIIA
c-Fos/NFATc1 expression, the key transcription factors for
and formation, via

osteoclast differentiation, activation,

down-regulation of MAPKs and IkBa..

3. Modulation of Ca2+ signaling by TIIA on RANKL-mediated
osteoclastogenesis
RANKL/RANK

intracellular Ca®* signaling leading to NFATcl expression

interaction is also able to induce
and activation, as a costimulatory signal pathway which is

another important intracellular signaling for
osteoclastogenesis. Therefore, it was tested whether TIIA
affects RANKL-mediated Ca?" oscillations. BMMs stimulated
with RANKL were promptly treated with TIIA. Typical Ca®
oscillations exhibited in RANKL-stimulated cells was changed
as soon as TIIA treatment commenced. Intracellular Ca?
concentration vanished by TIIA
treatment (Fig. 3A). Next, the modulation of BTK and PLCy

activation responsible for intracellular Ca® oscillations by

frequency instantly

RANKL treatment was examined. The phosphorylation of
BTK and PLCyl/ 2 were normally stimulated by RANKL
treatment. RANKL-induced activation of BTK and PLCyl/2
in TIIA pretreated cells was progressively decreased, unlike

untreated control cells (Fig. 3B). Collectively, these data
indicate that TIIA regulates not only MAPKs, specifically JNK
and p38, and IkBo activation but also Ca?* oscillations via
modulation of BTK/PLCy activation. Conclusively, it leads to
suppress c-Fos and NFATcl induction, crucial transcription
factors in osteoclastogenesis, followed by inhibition of
RANKL-stimulated osteoclast differentiation, activation, and

formation.
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Fig. 3. Effects of TIIA on the modulation of RANKL-induced
intracellular Ca®* oscillations and signaling. A. BMMs stimulated by
RANKL for 24 h were acutely treated with TIIA (5 pg/mL) at the indicated
times and the change in intracellular Ca®* concentration was compared
with that of untreated control cells. RANKL-stimulated Ca?* oscillations
were measured using the fluorescence Ca2+ indicator (Fura-2, AM). B. The
activation of BTK and PLCy1/2, which are mediators in RANKL-induced
Ca®* signaling, were assessed using their specific phosphorylated or
nonphosphorylated respective antibodies. Fold change normalized by their
non-phosphorylated proteins is presented in the lower panel. Data are
presented as the mean = SD and are representative of at least two
independent experiments.

4. Investigation of TIIA effect on the osteoclastogenic
function of osteoblasts via coculture conditions

In vivo, osteoclasts and osteoblasts directly interact and
osteoblasts support osteoclast differentiation and formation
via induction of RANKL and M-CSF expression. Therefore,
explored whether TIIA affect the
osteoclastogenic ability of osteoblasts in mimic conditions in

we further could
vivo. Calvaria-derived osteoblasts were cocultured with bone
in the presence of 1la,25-(OH)2D3.
Consistent with previous results of stromal cell-free BMM
M-CSF and RANKL, TIA
inhibited osteoclast differentiation and

marrow cells (BMs)
culture in presence of
dose-dependently
formation in coculture conditions (Fig. 4A-C). These results
show that TIIA also could suppress osteoblast-supported
osteoclastogenesis is in the coculture system. Regarding this
coculture conditions, we doubted

inhibitory effect in
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whether TIIA is also targeted to osteoblasts as well as
osteoclasts. Accordingly, we evaluated the expression of 1
o,25-(OH)2D3-treated osteoclastogenic
factor genes, such as Csfl (M-csf), Tnfsfll (Rankl), and
Tnfrsfllb (Opg) (Fig. 4D). Although the expression of Csfl
showed a sharply decreased pattern on Day 1, the

osteoblast-derived

expression of Tnfsfll and Csfl was increased, and the
expression of Tnfrsfllb was significantly decreased in a
However, TIIA

treatment dramatically suppressed Tnfsfll expression and

time-dependent manner, respectively.
mildly decreased Csfl expression. On the other hand, there
was no effect on the expression of Tnfrsfllb, the decoy
receptor gene for RANKL. These data demonstrate that the
inhibitory effect of TIIA on coculture conditions has
resulted from not only the repression of osteoclast itself but
osteoblast-derived

also the suppression of the

osteoclastogenic activity.
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Fig. 4. Effects of TIIA on osteoblast-mediated osteoclastogenesis and
the expression of osteoblast-derived osteoclastogenic factors in
coculture conditions. A-C. BMs (1 x 105 cells/well) were cocultured
with calvaria-derived osteoblastic cells (1 x 104 cells/well) in the
presence of 50 nM 1a,25-(OH)2D3 with or without TIIA (0, 0.2, 0.5, 1,
2, and 5 pg/ml) for 7 days. A. Cultured cells were fixed and TRAP
staining was conducted to detect osteoclasts. B. Mature osteoclasts
were considered by a count of TRAP(+) MNCs with >3 nuclei. C. Total
TRAP activity was assessed by the TRAP solution assay as described
in Materials and Methods. D. Calvaria-derived osteoblasts were
cultured with 50 nM 1a,25-(OH)2D3 for the indicated treatment
periods in the presence or absence of TIIA (2 ug/mL). The expression
of osteoblast-derived osteoclastogenic factors was examined by

real-time PCR. The mRNA expression levels were normalized to
Gapdh and presented as relative mRNA levels. The data are expressed
as the mean + SD and are representative of at least two independent
experiments. NS, not significant. *p < 0.05, **p < 0.01 versus the
untreated control (0 pg/mL TIIA). Scale bar, 200 um.
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Fig. 5. Effects of TIIA on osteoblast cell viability, differentiation, and
mineralized nodule formation. Calvaria-derived primary osteoblasts were
cultured in osteogenic medium with various concentrations of TIIA (0, 0.5,
1, 2, and 5 pg/mL) or fixed TIIA (0.5 pug/mL) for 28 days. A. Cell viability
was examined as described in Materials and Methods. B. Osteoblast
differentiation and activity were assessed by ALP staining with substrate
mixture (BCIP/ NBT) and mineralized nodule with Alizarin Red S. C.
Regarding the confirmation of osteoblast differentiation at the molecular
level, the expression of osteoblast differentiation markers and transcription
factor genes were examined by real-time PCR. mRNA levels were
normalized to Gapdh and expressed as a fold change relative to control.
Data are demonstrated as the mean + SD and are representative of at
least two independent experiments. *p < 0.05 and **p < 0.01 versus the
untreated control group (0 pg/mL TIIA), NS: not significant.

5. Examination of TIIA effect on osteoblast differentiation
and function

Since bone metabolism and remodeling are performed
by collaboration between osteoclasts and osteoblasts, we
next investigated whether osteoblast differentiation could be
affected by the presence of TIIA. First, we assessed the
viability of calvaria-derived primary osteoblast cells to
respond to TIIA treatment. Although cell viability showed a
slight decrease in 1 pg/mL TIIA treatment on day 14, cell
viability at wunder 1 pg/mL TIIA concentrations was
comparable to untreated control cells in all tested periods
(Fig. b5A).

For osteoblast differentiation, calvaria-derived
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primary osteoblastic cells were cultured in supplement of

osteogenic factors such as L-ascorbic acid and B

-glycerophosphate. Differentiated cells were stained to
examine ALP activity or mineralized nodule formation at
indicated culture days. ALP activity and the formation of
mineralized nodules considerably increased in
TIIA-untreated control culture under osteogenic factors (Fig.
5B). However, ALP activity between cultures with or without
TIIA treatment was comparable. Nevertheless, interestingly,
the formation of mineralized nodules was slightly augmented
in TIIA-treated conditions compared with that of untreated
control cells (Fig. 5B). Consistent with the above results, the
expression of Alp was not altered by TIIA treatment during
osteoblast differentiation. However, TIIA treatment enhanced
the expression of the other genes related to osteoblast
differentiation (Fig. 5C). The expression of the bone matrix
and Collal, has

exhibited more enhanced patterns in TIIA treated cultures

protein genes, such as Sppl, Bglap,

than of untreated control cells on late differentiation
Moreover, TIIA

improved the expression of Runx2 and Sp7, which are

culture periods. treatment markedly
known as important transcription factors for osteoblast

differentiation and function, compared with that of
nontreated control cells. These results indicate that TIIA
could improve bone formation via promoting the expression
of osteoblast differentiation-related factors and bone matrix
production. Therefore, it seems that TIIA possesses the dual
effect on bone metabolism and remodeling not only as a
positive regulator for osteoblast differentiation but also as

an inhibitor for osteoclastogenesis.

Discussion

The current study elucidates the dual role of
Tanshinone IIA (TIIA) in bone metabolism, highlighting its
inhibit

osteoblast differentiation, thereby demonstrating its potential

capacity to osteoclastogenesis while promoting

as a dual-action regulator for bone resorption and

formation. The bidirectional modulation of TIA on
osteoclasts and osteoblasts offers a promising therapeutic
approach for treating osteolytic bone diseases, where the
imbalance between bone resorption and formation is
pathologically significant. TIIA exhibited a potent inhibitory
effect on RANKL-induced osteoclast differentiation and
bone-resorbing function in a dose-dependent manner. The
suppression of TRAP-positive multinucleated cell formation,
F-actin ring development, and resorption pit formation

underscores its capacity to functionally impair osteoclast

maturation and activity (Fig. 1). This suppression was
linked to the
osteoclastogenic genes such as Acpb, Ctsk, Oscar, Tm7sf4,
and Nfatcl,

expression of pivotal

mechanistically down-regulation of key
and further confirmed by the decreased
transcription factors c¢-Fos and
NFATcl (Fig. 2). These findings align with previous reports
indicating that TIIA exerts anti-osteoclastic activity by
modulating the MAPK and NF-xB pathways,
decreased NFATcl activation, which is pivotal for osteoclast
differentiation®'*?". Importantly, the study revealed that TIIA
disrupts the RANKL-induced costimulatory signaling pathway
by inhibiting BTK and PLCyl/2 phosphorylation, thereby
attenuating intracellular Ca®*" oscillations, which constitute

leading to

an essential signal for NFATcl activation (Fig. 3). The
inhibition of BTK and PLCy-mediated Ca** oscillations by
TIIA represents a novel mechanistic insight, as these signals
are known to synergistically enhance NFATc1 transcriptional
activity during osteoclastogenesis®?). The TIIA-mediated
abolition of Ca®*" oscillations thus represents a novel

mechanism for its inhibitory action, suggesting its
interference with the ITAM-dependent signaling cascade that
integrates RANKL and immunoreceptor-derived signals.

In addition to its osteoclast-inhibitory role, TIIA also
enhanced osteoblast differentiation, as evidenced by
increased mineralized nodule formation and upregulation of
osteoblast-related genes such as Bglap, Collal, and Sppl,
along with key transcription factors Runx2 and Sp7 (Fig. 5).
While ALP activity remained unaffected, the promotion of
matrix maturation and mineralization suggests that TIIA acts
preferentially on the late stages of osteoblast differentiation.
This selective promotion of osteoblastic activity, without
cytotoxic effects at effective doses, adds therapeutic value
by potentially enhancing bone formation in clinical settings.
Further supporting its dual action, TIIA was found to
reduce osteoblast-mediated osteoclastogenesis in coculture
experiments by down-regulating the expression of
osteoclastogenic cytokines Tnfsfll (Rankl) and Csfl (M-csf)
in lo,25-(OH):Ds-treated osteoblasts. Interestingly, TIIA did
not affect the expression of Tnfrsfllb (Opg), suggesting a
targeted suppression of pro-osteoclastogenic rather than

anti-osteoclastogenic signals from osteoblasts. This finding

highlights  TIIA’'s  ability to modulate the bone
microenvironment through both direct and indirect
pathways.

Conclusions

Collectively, these results position TIIA as a potential
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therapeutic agent with dual modulatory effects on bone cell
populations. Its ability to decouple bone resorption from
bone formation provides a pharmacological advantage over
current antiresorptive therapies, which often impair both
osteoclast and osteoblast functions, thereby limiting bone
remodeling. Future in vivo studies and clinical trials will be
essential to validate the efficacy and safety of TIIA in
models of osteoporosis, rheumatoid arthritis, and

periodontitis.
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