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Abstract

The hyperactivation of osteoclasts is crucial in the process of bone degradation, leading to alterations in pathological
bone resorption. The inhibition of excessive osteoclastogenesis and bone resorption through bioactive compounds derived
from natural sources could represent an effective strategy for prevention or treatment. Rosmarinic acid (RA), a naturally
occurring phenolic compound found in various aromatic plants, exhibits promising biological activities and therapeutic
potential against multiple diseases. This study aimed to clarify the inhibitory effects and molecular mechanisms of RA
on RANKL-induced osteoclastogenesis in RAW 264.7 cells. Treatment with RA at a non-toxic concentration resulted in
a significant reduction in both the number of osteoclasts observed in TRAP staining and TRAP enzymatic activities.
Quantitative real-time PCR analysis of mRNA gene expression revealed that RA significantly downregulated the
expression of seven osteoclast-specific markers, including TRAF6, TRAP, NFATcl, c-Fos, Cathepsin K, MMP-9, and
DC-STAMP. Furthermore, western blot analysis demonstrated that RA significantly suppressed the expression of
osteoclast-specific proteins such as TRAF6, NFATc1, c-Fos, Cathepsin K, MMP-9, and DC-STAMP, as well as the
phosphorylation of IxkBa and NF-kB p65 signaling proteins. Additionally, RA was found to reduce F-actin ring formation
and the area of bone resorption pits. In conclusion, RA effectively inhibits osteoclastogenesis, F-actin ring formation, and
bone resorption by suppressing the NF-kB signaling pathway. These findings suggest that RA could serve as an active
ingredient in dietary supplements for diseases related to osteoclast activity, such as osteoporosis.
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Introduction

Bone remodeling replaces old and damaged bone
with new bone through the coordinated actions of
osteoclasts and osteoblasts, thereby ensuring the
maintenance bone homeostasis [1,2]. This intricate
process is meticulously regulated by the equilibrium
between osteoblast-mediated bone formation and
osteoclast-mediated bone resorption [3]. An imbalance
between the excessive bone resorption, while bone
formation is decreased, contributes to the development
of osteolytic bone diseases, such as osteoporosis [4].
The bone resorption of osteoclast is the main aspect that
leads to bone loss, thereby osteoclast has become

potential therapeutic and drug target for anti-
osteoporosis [5]. Consequently, the inhibition of both
formation and function of osteoclast emerges as a
pivotal therapeutic approach for treating bone metabolic
diseases [6].

The osteoclast is a multinucleated macrophage
responsible for bone resorption in vivo. Osteoclasts are
derived from haematopoietic precursor cells of
monocyte/macrophage lineage, leading to the formation
of mature osteoclasts, that secretes acid and proteases to
degrade the mineralized bone matrix [7]. The receptor
activator of NF-kB (RANK) ligand (RANKL) plays an
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important role in osteoclastogenesis [8]. When RANKL
bindings to its specific receptor, RANK induces tumor
necrosis factor (TNF) receptor-associated factor 6
(TRAF6) recruitment, which subsequently activates
various signaling pathways, particularly the NF-«B
signal transduction pathway [9]. This cascade of
signaling ultimately, results in the activation of nuclear
factor of activated T cell c1 (NFATc1) and c-Fos, which
directly regulate osteoclast differentiation and
osteoclast-specific genes expression, such as tartrate-
resistant  acid  phosphatase  (TRAP), Matrix
metalloproteinase-9 (MMP-9), dendritic cell-specific
transmembrane protein (DC-STAMP), and cathepsin K
[10]. Notably, natural bioactive compounds derived
from  medicinal plants that could inhibit
osteoclastogenesis have an important agent for
alternative osteoporosis prevention or treatment.

Rosmarinic acid is an ester derived from caffeic
acid and 3,4-dihydroxyphenyllactic acid (Figure 1(A)).
It is commonly found and isolated from various plant
species, including Perilla frutescens L., Rosmarinus
officinalis L. (rosemary), Salvia officinialis L., and
Thunbergia laurifolia L. [11-13]. Rosmarinic acid has
many pharmacological effects including anti-
inflammatory, antioxidant, anticancer, antiviral,
antibacterial, antidiabetic, cardioprotective,
hepatoprotective, antidepressant, antiallergic activities
[14,15]. The occurrence of rosmarinic acid as a
secondary metabolite in medicinal herbs and food plants
is advantageous for health. Nevertheless, the specific
role of rosmarinic acid in inhibiting osteoclast activity
requires further elucidation to enhance our
understanding of its mechanisms concerning
osteoclastogenesis and bone resorption. In this study, we
investigated the effect of RA on inhibition of
osteoclastogenesis, gene and protein expression of
osteoclast-specific markers, F-actin ring formation,
bone resorption pit assay and its underlying mechanism
with the NF-«xB signaling pathway in RANKL-induced
RAW 264.7 cells.

Materials and methods

Materials

Rosmarinic acid from Rosemarinus officinalis L.
(purity > 98%), was purchased from Sigma-Aldrich. Fe-

tal Bovine Serum obtained from Capricorn. Minimum

Essential Medium (o.-MEM) and  Penicil-
lin/Streptomycin were purchased from GIBCO. Recom-
binant Mouse RANKL was purchased from BioLegend.
MTT powder and p-NPP (p-nitrophenyl phosphate)
were purchased from Bio basic. TRAP staining
reagents, p-nitrophenol and RIPA buffer were
purchased  from  Sigma-Aldrich.  FavorPrep™
Blood/Cultured Cell Total RNA Mini Kit were
purchased from Flavorgen. RevertAid First Strand
cDNA Synthesis Kit, DNase I, and BCA protein assay
kits were purchased from Thermo Fisher Scientific.
PCR Primers were synthesized by Macrogen. 5x HOT
FIREPolI® EvaGreen® qPCR Mix Plus (no ROX) were
purchased from Solis BioDyne, Estonia. All antibodies
used in this study were obtained from Elabscience,
Merck and Affinity Biosciences. Luminata™ Forte
Western HRP substrate and 4°,6- Dimmidine-2’-
phenylindole dihydrochloride (DAPI) were obtained
from Merck. Phalloidin-iFlour™ 488 Conjugate was
purchased from AAT Bioquest. Osteo Assay Surface
96-well plate was purchased from Corning. All the other
chemicals used were of the highest quality

commercially available.

Cell culture

The RAW 264.7 mouse macrophage cell line was
obtained from American type culture collection (ATCC,
TIB71™). RAW 264.7 cells were cultured in alpha-
MEM, pH 7.4, 2.2 g/L NaHCOs3, 100 U/mL Penicillin,
100 pg/mL Streptomycin, 1 mM sodium pyruvate, 10%
FBS (complete medium). Then, cells were maintained at
37 °C in an atmosphere with 5% CO; until the 80% -
90% confluent cells. The cells were subcultured and
counted the viable cells using a hemocytometer. Cells
were refed with fresh culture medium every 3 days.
RAW 264.7 cells can be differentiated into osteoclasts
upon exposure to recombinant RANKL.

Cell viability

Cell viability was assessed by MTT assay as
previously described [16]. The RAW 264.7 cells were
seeded at a density of 5x10° cells/well in 96-well plates.
Following incubation for 24 h, cells were treated with
various concentrations of rosmarinic acid (0.0625-2
pg/mL) for 1, 3 and 6 days. After incubation, MTT
solution (0.5 mg/mL in PBS) was added and incubated
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at 37 °C for 4 h. Then, the medium was removed and
DMSO added to fully dissolve the MTT formazan. The
absorbance for each well was measured at 540 nm in a
microplate reader (BioTek, USA) and the percentage of
cell viability was calculated compared with untreatment

control.

TRAP staining

The RAW 264.7 cells at a density of 5x10°
cells/well were placed in a 96-well plate and then treated
with RANKL (25 ng/mL) in the absence or presence of
various concentrations of rosmarinic acid (0.125, 0.25,
0.5 and 1 pg/mL) at 37 °C for 6 days. The cells were
stained using the modified method as previously
described [16]. Briefly, the cells were fixed with 10%
neutral buffer formalin (pH 6.8) for 15 min and washed
twice with Phosphate Buffered Saline (PBS). Then, cells
were stained with TRAP substrate solution (70 mM
sodium acetate, 30 mM acetic acid, 0.1 mg/mL
Naphthol AS-MX phosphate disodium salt, 0.1% Triton
X-100 (v/v), pH 5.5 containing 0.3 mg/mL Fast Red
Violet LB) for 1 h at 37 °C. After washing with PBS,
TRAP-positive multinucleated cells (> 3 nuclei) were
counted osteoclast positive cells using a light
microscope (Carl Zeiss™ Axio Vert.Al, ZEISS,

Germany).

TRAP activity

The RAW 264.7 cells (6x10* cells/well) were
seeded in 12-well plates at 37 °C for 24 h. After that,
cells were subsequently treated with RANKL (25
ng/mL) in the absence or presence of various
concentrations of rosmarinic acid (0.125, 0.25, 0.5 and

1 pg/mL) and cultured for 6 days. Cells were scraped,

Table 1 Primer sets for qRT-PCR analysis.

centrifuged and lysed with lysis buffer (containing 0.1
M sodium acetate, pH 5.5, 0.1% Triton X-100 and 1 mM
PMSF) and briefly sonicated. After centrifugation, the
clear supernatants were used to analyze the TRAP
activity using a TRAP substrate solution (0.1 M sodium
acetate, pH 5.5, 1 mM ascorbic acid, 0.15 M KCI, 10
mM disodium tartrate and 5 mM p-nitrophenyl
phosphate). The enzymatic reaction was processed in
96-well plates at 37 °C for 30 min and then added with
0.3 N NaOH. The absorbance was evaluated at 405 nm
using a microplate reader. The TRAP specific activity
was calculated by normalization with total cellular

protein that was determined by BCA protein assay.

Gene expression by quantitative real time PCR

Cells (1.5%105 cells/well) were inoculated into a 6-
well plate, and they were induced by RANKL (25
ng/mL) in the absence or presence of various
concentrations of rosmarinic acid for 5 days. The total
RNA was isolated using total RNA extraction mini kit,
removed contaminating genomic DNA with DNase I
treatment and then reverse-transcribed into cDNA using
oligo(dT)s primer. Reverse transcription reactions were
performed using 1x HOT FIREPol® EvaGreen® qPCR
Mix Plus (no ROX) in triplicates according to the
manufacturer’s instruction. The primer sequences for
osteoclast specific genes were listed in Table 1. Real
Time PCR system was performed using CFX96™ Real-
Time PCR (Bio-rad, USA). The relative mRNA
expression of each gene was normalized with B-actin as
a reference protein. The relative quantification of 2-44¢4
method [17] was used to calculate the fold change in

target gene expression of treatment groups and control.

Primer name

Sequence (5' — 3')

TRAF6 Fw

TRAF6 Rv

NFATcl Fw

NFATcl Rv

c-Fos Fw

ATGCAGAGGAATCACTTGGCA

ACGGACGCAAAGCAAGGTT

CCCGTCACATTCTGGTCCAT

CAAGTAACCGTGTAGCTGCACAA

CGGCATCATCTAGGCCCAG
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Primer name

Sequence (5' — 3')

c-Fos Rv

TRAP Fw
TRAP Rv
CTSK Fw
CTSK Rv
MMP-9 Fw
MMP-9 Rv
DC-STAMP Fw
DC-STAMP Rv
[P-actin Fw

[P-actin Rv

TCTGCTGCATAGAAGGAACCG

CACTCCCACCCTGAGATTTGT

CATCGTCTGCACGGTTCTG

GAAGAAGACTCACCAGAAGCAG

TCCAGGTTATGGGCAGAGATT

CTGGACAGCCAGACACTAAAG

CTCGCGGCAAGTCTTCAGAG

AAACGATCAAAGCAGCCATTGAG

ATCATCTTCATTTGCAGGGATTGTC

ATTTCTGAATGGCCCAGGT

CTGCCTCAACACCTCAACC

Fw, forward; Rv, reverse.

Western blot analysis

RAW 264.7 cells at 2x10° cells/ well were seeded
in 6-well plates and induced with by RANKL (25 ng/ml)
in the absence or presence of various concentrations of
rosmarinic acid for indicated times. For western blotting
analysis, cells were harvested after washing with ice-
cold PBS, lysed with RIPA buffer containing 1 mM
PMSF and sonicated. Samples were separated by SDS-
PAGE, PVDF
membranes, and then blocked with 5% BSA in TBS

transferred onto  Immobilon-P
containing 0.2% Tween-20 for 1 h at room temperature.
The membranes were probed with primary antibodies at
4 °C for overnight. The blots were incubated with
horseradish peroxidase-conjugated secondary
antibodies for 1 h, and detected the chemiluminescence
signals by ImageQuant™ LAS 500 (GE Healthcare,

USA). The band intensities were quantified by ImagelJ.

Immunofluorescence assay for F-actin rings
To investigate whether rosmarinic acid can affect

the actin cytoskeleton in osteoclasts, RAW264.7 cells

were induced by RANKL stimulation (25 ng/mL) in the
absence or presence of various concentrations of
rosmarinic acid for 5 days. Cells were stained according
to the modified protocol previously described [18]. The
cells were fixed with 10% neutral buffer formalin (pH
6.8) for 15 min at room temperature and incubated with
0.1% Triton X-100 in PBS for 5 min. After washing with
cold PBS, the cells were incubated with 1:1,000
Phalloidin-iFluor™ 488 conjugate at room temperature
for 60 min. Then, the cells were washed twice with cold
PBS and incubated with 1 mg/mL DAPI for 30 min.
Fluorescence intensities were photographed under the
fluorescence microscope (IX71 Olympus, USA).
Finally, the fluorescence images were shown with green
color from the actin ring formation and blue color from

the nucleus.

Bone resorption pit assay
RAW 264.7 cells at a density of 5x10° cells/well
were plated onto osteo assay surface 96-well plates

(Corning Osteoassay, Corning, NY) coated with
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hydroxyapatite at the same density. Cells were induced
by RANKL (25 ng/mL) in the absence or presence of
various concentrations of rosmarinic acid for 21 days.
To detect the resorption pits, the wells were fixed with
10% sodium hypochloride for 5 min in room
temperature. After washing with PBS, the plate was
dried for 5 h and photographed under an inverted
microscope (Olympus, USA). Finally, the resorption pit
areas were observed by the formation of cavities from
the surface plate degradation and analyzed the pit area

by Imagel] software.

Statistical analysis

Data were expressed as the mean + standard
deviation. The differences between the mean values
were evaluated by one-way ANOVA followed by
Tukey’s HSD test, data analysis using SPSS 17.0
Windows Evolution Software (SPSS, Inc., Chicago, IL,
USA). A p value less than 0.05 was considered

statistically significant.

Results and discussion

The cytotoxic effect of rosmarinic acid on
RAW264.7 cells

We investigated the effect of rosmarinic acid on
cell viability and cytotoxicity in RAW 264.7 cells using
MTT assay to exclude the possibility that the inhibition
was due to cytotoxicity. As shown in (Figure 1(B)),
rosmarinic acid demonstrated no cytotoxic effects

(0.0625-1 pg/mL) after treatment for 6 days. Therefore,

rosmarinic acid at concentration of 0.125-1 pg/mL was
selected as suitable concentration for further

experiment.

Rosmarinic acid inhibits RANKL-induced
osteoclastogenesis

To investigate the effect of rosmarinic acid on
osteoclast differentiation, we used a general in vitro
osteoclast differentiation model of RANKL stimulation
in RAW 264.7 cells [19]. RAW264.7 cells were induced
by RANKL with or without rosmarinic acid (0.125-1
pg/mL) for 6 days. TRAP which is an important enzyme
marker of bone resorbing osteoclasts was examined in
vitro osteoclastogenesis assay both qualitative analysis
on TRAP staining and quantitative TRAP activity assay.
For TRAP histological staining, RANKL stimulation
induced TRAP-positive multinuclear osteoclast
formation, while rosmarinic acid treatment sequentially
decreased the red-purple color of positive TRAP
staining and significantly decreased the number of
TRAP-positive osteoclasts (Figures 1(C) - 1(E)). In
addition, rosmarinic acid treatment sequentially reduced
the numbers of nuclei and large osteoclasts in cell
differentiation (Table 2). Additionally, rosmarinic acid
significantly inhibited the TRAP enzymatic activity in
dose-dependent manner (Figure 1(F)). Therefore, it can
be concluded that rosmarinic acid effectively inhibit
osteoclastogenesis in RANKL-stimulated RAW 264.7

cells.
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Figure 1 Effect of rosmarinic acid on cell viability, TRAP staining and activity in RANKL-induced RAW 264.7 cells.
(A) The chemical structure of rosmarinic acid and (B) Cell viability of RAW 264.7 cells after treatment with the
rosmarinic acid at concentrations of 0.0625 to 2 pg/mL for 1, 3 and 6 days compared to untreated control. For TRAP
assay, cells were cultured after treatment with RANKL (25 ng/mL) and rosmarinic acid (0.125, 0.25, 0.5, 1 pg/mL) for 6
days. (C) Top view of wells, (D) photographs were taken by an inverted microscope from TRAP staining, (E) graph
showing the number of osteoclasts of TRAP staining and (F) graph showing the TRAP activity. Each column and bar
represent the mean and standard deviation of three separated experiments for each data point, compared with RANKL
treated cells (**p < 0.005 compared with the culture without RANKL, **p < 0.01, ***p < 0.005, compared with the
treatment with RANKL stimulation). Magnification = 20x, Bar = 50 um.
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Table 2 The number of nucleuses in cell differentiation after treatment with rosmarinic acid on RANKL-induced RAW

264.7 cells.

Number of osteoclasts”

Number of nucleuses

Rosmarinic acid concentration**

Diff* 0.125 pg/mL 0.25 pg/mL 0.5 pg/mL 1 pg/mL
3 - 20 nucleuses 261 235 195 164 164
21 - 40 nucleuses 48 21 30 27 16
41 - 60 nucleuses 25 16 14 8 11
> 60 nucleuses 27 8 7 4 3
Total 361 280 246 203 194

# Data represent the mean of three separated experiments for each data point (n = 3)
* RANKL-induced RAW 264.7 cells without rosmarinic acid treatment
** RANKL-induced RAW 264.7 cells with rosmarinic acid (0.125, 0.25, 0.5, 1 pg/mL) for 6 days

mRNA

during

Rosmarinic acid downregulates

expression of osteoclast-specific genes
osteoclastogenesis

To verify that rosmarinic acid inhibits RANKL-
induced osteoclastogenesis in RAW 264.7 cells, we
directly determined the mRNA expression levels of
osteoclast-specific genes after treatment with rosmarinic
acid by quantitative RT-qPCR. As
(Figures 2(A) - 2(C)), the results revealed that RANKL
mRNA

expression levels of osteoclast related genes, while

shown in

stimulation markedly upregulated the
rosmarinic acid dramatically downregulated seven
genes containing TRAP, TRAF6, NFATcl, c-Fos,
Cathepsin K, MMP-9 and DC-STAMP, which are
specifically expressed in the process during osteoclast
differentiation and function. These results suggest that
rosmarinic acid inhibits the osteoclast differentiation by
suppressing the expression of osteoclast-specific genes,
which further confirmed its inhibitory action on

osteoclast formation and function.

Rosmarinic acid suppresses protein expression
of osteoclast-specific proteins and the NF-xB
signaling

To further confirm the role of rosmarinic acid on
protein expression in osteoclastogenesis, we directly
determined the expression levels of osteoclast-specific
proteins; TRAF6, NFATcl, c-Fos, Cathepsin K, MMP-
9 and DC-STAMP after treatment with rosmarinic acid.
The western blot analysis showed that RANKL

activated the expression level of those osteoclast-

specific proteins (Figure 3), whereas rosmarinic acid
significantly inhibited the protein expression of most
important transcription factors NFATcl and c-Fos in
osteoclastogenesis. Furthermore, rosmarinic acid also
decreased the protein expression of adaptor proteins
TRAF6, proteases in bone resorption Cathepsin K,
MMP-9 and osteoclast cell fusion DC-STAMP by
suppressing their protein expression (Figures 3). These
results indicated that romarinic acid exerts its anti-
osteoclastogenesis activity by reducing the expression
of the osteoclast-specific proteins.

NFATcl and c-Fos are the most important
transcriptional factors in osteoclastogenesis; they
activate the expression of other osteoclast-specific genes
[20]. Upregulation of various osteoclast related genes
plays an essential role in a series of processes, such as
osteoclast adhesion, migration, acidification and
degradation of extracellular matrix [21]. c-Fos was
reported to be critical for transcriptional activation of
NFATcl in RANKL-induced osteoclastogenesis [22].
Our gene expression studies and western blot results
indicated that NFATcl and c-Fos were significantly
inhibited by rosmarinic acid (Figures 2 and 3), which
may be a result of the inhibition of NF-xB signaling
pathway. Likewise, previous research has been reported
rosmarinic acid suppressed osteoclast differentiation by
inhibiting NFATcl downregulation [23]. Additionally,
our results found that rosmarinic acid inhibited the
mRNA expression and proteins of the osteoclast
markers, TRAP, Cathepsin K, MMP-9 and DC-STAMP

(Figures 2 and 3), which were directly or indirectly
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involved in the osteoclast differentiation and bone
resorption [24,25]. TRAP is an essential enzyme marker
of osteoclast function and degree of bone resorption
[26]. Cathepsin K is one of the most potent cysteine
proteases for the degradation of type I collagen in
osteoclast-mediated bone resorption [27,28]. MMP-9, a
type IV collagenase is highly expressed in osteoclast

cells and plays an important role in degradation of
extracellular matrix during osteoclast differentiation
[29]. DC-STAMP is essential regulator for cell—cell
fusion in osteoclast. This transmembrane protein is
highly expressed in osteoclasts but not in macrophages
[30].
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Figure 2 mRNA expression of rosmarinic acid by qRT-PCR. RAW 264.7 cells were treated with or without RANKL (25
ng/mL) and rosmarinic acid (0.125, 0.25, 0.5, 1 pg/mL) for 5 days. (A) The expression of osteoclast specific genes
(NFATcl, TRAP, MMP-9 and Cathepsin K, (B) TRAF6, c-Fos and (C) DC-STAMP were detected by RT-qPCR. Results

were normalized to the expression of the f-actin gene. Each column and bar represent the mean and standard deviation

of triplicate for each data point, compared with RANKL treated cells (**p < 0.005, compared with the culture without

RANKL), (***p <0.005 compared with RANKL treated cells).

The NF-«B signaling is the main signal transduc-
tion pathway activated NFATcl and c-Fos, ultimately
resulting in RANKL-stimulated osteoclastogenesis [20].

Osteoclast formation is activated with RANKL
stimulation. The interaction of RANKL/RANK receptor
binding recruits TRAF6 and related molecules, and then
triggers the activation of the NF-«B signal transduction

pathway. TRAF6 plays essential roles for osteoclast dif-
ferentiation and bone resorption activity [31]. TRAF6 is
the first receptor to act upon the binding of RANK and
RANKL to induce the downstream in NF-«xB pathway
[32]. The activation of signaling molecules induces tran-
scription factors such as NFATc1 and c-Fos that are es-
sential for osteoclast differentiation [33]. NFATcl plays
the role of a master transcription regulator of osteoclast
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differentiation. c-Fos involves early induction of
NFATcl The
activation of NFATcl and c-Fos induce expression of

for osteoclast differentiation [34].

genes involved in osteoclast functions such as cathepsin
K, TRAP and others. The genes that are regulated by
these transcription factors directly contribute to
osteoclast differentiation [35].

NF-xB is an important signal mediator for
regulation of osteoclastogenesis [36]. Phosphorylation
of IkB proteins by the IkB kinase (IKK) complex is a
critical step in the NF-kB activation cascade. This
process leads to degradation of IkB-a and the release of
p65/p50 heterodimers, which translocate to the nucleus

[37]. In addition, phosphorylation of the p65 component

of NF-kB plays a role in activation of NF-xB pathway
and osteoclast differentiation stimulated by RANKL
[38]. To evaluate the effect of rosmarinic acid on the
NF-«xB pathway, we quantified the phosphorylation of
IkBa and p65 of treatment by western blot analysis. As
shown in (Figure 4(A)), RANKL markedly increased
the phosphorylation of IkBo and NF-kB p65, while
rosmarinic ~ acid  significantly = decreased  the
phosphorylation of IkBa and p65 proteins, indicating its
regulation through the NF-kB signaling pathway. These
data suggested that rosmarinic acid inhibits the
RANKL-induced early activation of the NF-xB

signaling pathway during osteoclastogenesis.
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Figure 3 Rosmarinic acid decreases protein expression of osteoclast specific proteins. (A) Western blot analysis of

osteoclast specific proteins. (B-H) The quantification of protein expression was used -actin as an internal control. Data

represent the mean and standard deviation of three separated experiments (n = 3), of band density of target protein for
each data point (*#p < 0.005, compared with the culture without RANKL), (*p < 0.05, **p <0.01, ***p < 0.005 compared

with RANKL treated cells).
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Figure 4 Rosmarinic acid inhibits osteoclast differentiation by suppressing the activation of NF-xB signaling pathway.

(A) Representative Western blot images of the effect of rosmarinic acid on RANKL-induced IkBa degradation and p65

protein phosphorylation. (B) Representative Western blot images of the effect of rosmarinic acid on the RANKL-induced

IkBa degradation after treatment for 6 days. Specific antibodies were used to evaluate the protein expression and
phosphorylation levels of IkBa and NF-kB p65. (B,C) The ratio of phosphorylated IkBa and NF-«B p65 was quantified,

normalized with B-actin control and compared with total protein band. The above data are expressed as the mean + SD of

three separated experiments for each data point (n = 3); (#p < 0.005, compared with the culture without RANKL), (*p <
0.05, ***p < (0.005 compared with RANKL treated cells).

Rosmarinic acid

reduced F-actin

ring

formation in osteoclast differentiation

To investigate whether rosmarinic acid can affect

ruffled border, is formed. F-actin rings serve as crucial
indicators of osteoclast maturation, mature osteoclast
function, and bone resorption [40,41]. After RANKL

the actin cytoskeleton in osteoclasts, we observed with
the F-actin ring formation assay. An actin ring is a
characteristic actin structure that is essential for bone
resorption by osteoclasts [39]. Upon adhesion to bone,
osteoclasts polarize and reorganize their cytoskeleton to
generate a ring-like F-actin-rich structure, the sealing
zone, wherein the osteoclast’s resorptive organelle, the

stimulation, the results showed that mature osteoclasts
formed many characteristic circular F-actin rings in the
periphery of cells (Figure 5). However, treatment with
rosmarinic acid was observed to decrease both the size
and number of F-actin ring structures, indicating
rosmarinic acid significantly suppressed the formation

of F-actin rings.
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Figure 5 Effect of rosmarinic acid on F-actin ring formation of RANKL-induced RAW 264.7 cells. Cells were monitored
for 5 days after treatment with RANKL (25 ng/mL) and rosmarinic acid (0.125, 0.25, 0.5, 1 ug/mL). The F-actin ring was
fluorescence stained with Phalloidin 488 and DAPI. Magnification = 10x, bar = 200 pm.

Rosmarinic acid reduced osteoclast resorption
by bone resorption pit assay

To explore whether rosmarinic acid effects on
osteoclast bone resorption, we used the hydroxyapatite-
coated plates to culture osteoclasts. Bone resorption is
performed by osteoclasts, which are specialized cells
known to be capable of resorbing bone. This property is
due to their unique ability to solubilize the two main
constituents of the bone matrix, collagen and mineral

[42,43]. According to the results (Figures 6(A) and
6(B)), compared to the RANKL group, the bone pit
areas generated by mature osteoclasts were significantly
decreased in rosmarinic acid treatment groups in a dose-
dependent manner. These results were consistent with
the data obtained from F-actin formation. All the above
results indicated that rosmarinic acid strikingly inhibited
the RANKL-induced osteoclastogenesis and the bone
resorption capacity of osteoclast.
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Figure 6 Effect of rosmarinic acid on bone resorption pit assay. RANKL-induced RAW 264.7 cells were monitored for

21 days after co-treatment with rosmarinic acid (0.125, 0.25, 0.5, 1 pg/mL). (A) The photograph was taken with an

inverted microscope and (B) graph showing the percentage of resorption pit area. Each column and bar represent the mean

and standard deviation of three separated experiments for each data point, compared with RANKL treated cells (*p <

0.05, **p < 0.01). Magnification = 20X, Bar = 50 pm.

Conclusions

This research study demonstrated that rosmarinic
acid suppressed osteoclast formation and differentiation
by blocking TRAF6-dependent activation of the NF-xB
signaling pathway, which decreased two vital
downstream transcription factors, NFATcl and c-Fos
expression. Then, the gene and protein expression of
osteoclast-specific markers was down-regulated,
inhibited the formation of the F-actin ring and bone
resorption. These findings suggest that rosmarinic acid
could be an attractive bioactive compound and,

therefore, might exert a beneficial effect on bone health.
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