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Rosavin suppresses osteoclastogenesis in vivo and in vitro 
by blocking the nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) and mitogen-activated protein kinase 
(MAPK) signaling pathways
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Background: Bone homeostasis is mediated by osteoblast-related bone formation and osteoclast-related 
resorption. The imbalance of bone homeostasis due to excessive osteoclastogenesis or reduced osteogenesis 
can result in various disorders, such as postmenopausal osteoporosis (PMOP). The receptor activator of 
nuclear factor-κB ligand (RANKL)-induced nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) and mitogen-activated protein kinase (MAPK) pathways are essential in osteoclastogenesis. In 
this study, we aimed to investigate the effects of rosavin, an alkylbenzene diglycoside compound from the 
traditional Chinese medicine Rhodiola Rosea L, on RANKL-induced osteoclastogenesis in vitro and in vivo. 
Methods: The effects of rosavin on osteoclastogenesis were assessed by TRAP staining of bone marrow 
monocyte cells (BMMCs) and RAW 264.7 cells. The effects of rosavin on osteogenesis were determined 
using alkaline phosphatase (ALP) and alizarin red staining, as well as real-time quantitative reverse 
transcription polymerase chain reaction. Actin ring formation and bone formation experiments were 
performed to evaluate osteoclast function. Western blotting was carried out to determine the expression of 
osteoclastogenesis-related genes, and the activation of the NF-κB and MAPK pathways was evaluated by 
performing western blotting and immunofluorescence staining. Ovariectomized mice were used to explore 
the effect of rosavin on bone loss.
Results: Rosavin could inhibit osteoclastogenesis, suppress the function of osteoclasts, and decrease the 
expression of osteoclast differentiation-related genes, including tartrate-resistant acid phosphatase (TRAP), 
cathepsin K, matrix metalloproteinase-9 (MMP-9), calcitonin receptor (CTR), TNF receptor-associated 
factor 6 (TRAF-6), receptor activator of nuclear factor-κB (RANK), and colony-stimulating factor-1 receptor 
(c-fms). Rosavin inhibited RANKL-induced phosphorylation of p65 and inhibitory subunit of NF-κB alpha 
(IκBα), and suppressed p65 nuclear translocation. Rosavin was also found to inhibit the phosphorylation of 
extracellular-signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase (JNK). Furthermore, rosavin 
promoted osteogenesis in bone marrow mesenchymal stem cells (BMSCs). In vivo experiments showed that 
treatment with rosavin could alleviate ovariectomy-induced osteoporosis in mice. 
Conclusions: Our results indicated that rosavin suppressed RANKL-induced osteoclastogenesis in vivo 
and in vitro by blocking the NF-κB and MAPK pathways. Rosavin treatment is a potential therapy for the 
clinical treatment of osteoclastogenesis-related disorders.
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Introduction

In bone remodeling, the homeostasis between osteoblast-
mediated bone formation and osteoclast-mediated 
bone resorption is essential (1). The imbalance of bone 
homeostasis due to excessive osteoclastogenesis or reduced 
osteogenesis can result in various disorders, such as 
postmenopausal osteoporosis (PMOP), rheumatoid arthritis, 
and Paget’s disease (2-4). Promoting bone formation and 
inhibiting bone resorption are effective treatment strategies 
for bone loss diseases (5,6).

Osteoporosis is the most common bone loss disease, and 
is accompanied by an obvious decrease in bone density and 
lesions in bone tissue microstructure (7). The incidence 
of osteoporosis is often associated with age and sex (8). In 
recent years, there has been a dramatic increase in PMOP, 
with patients over 60 years old experiencing distinctly 
increased morbidity (9). Estrogen deficiency plays an 
important role in PMOP. During the postmenopausal 
period, various inflammation inhibitors decrease, and 
the expression of receptor activator of nuclear factor-
κB ligand (RANKL) increases significantly, resulting 
in excessive activation of osteoclasts and the promotion 
of bone resorption (10). As a result, the suppression 
of osteoclastogenesis remains a potential therapy for 
osteoclast-related bone diseases, such as osteoporosis.

Osteoclasts differentiate from monocyte-macrophages 
under the induction of macrophage colony-stimulating 
factor (M-CSF) and RANKL (11-13). RANKL binds to 
receptor activator of nuclear factor-κB (RANK), which 
then recruits the tumor necrosis factor receptor-associated 
factors (TRAFs), activating a variety of downstream signaling 
pathways, such as the mitogen-activated protein kinase 
(MAPK) and nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) pathways (14). Nuclear 
factor of activated T-cell cytoplasmic 1 (NFATc1) has 
been reported to be an essential transcriptional factor in 
osteoclast differentiation and is necessary for the expression 
of osteoclast-associated genes, such as cathepsin K, matrix 
metalloproteinase (MMP)-9, calcitonin receptor (CTR), 

and tartrate-resistant acid phosphatase (TRAP) (15,16). 
Targeting RANKL-mediated signaling to decrease the 
expression of NFATc1 is a potential treatment strategy 
for osteoclastogenesis-related disorders, including  
osteoporosis (17,18).

Natural medicines are important in clinical treatment (19).  
Rhodiola Rosea L is a traditional Chinese herb used for 
inflammation and pulmonary fibrosis, as well as for its 
antioxidant properties (20,21). Rosavin is one of the most 
important active alkylbenzene diglycoside compound 
ingredients of Rhodiola Rosea L, and has proven efficacy in 
nootropic, anti-depressant, anti-cancer, and antioxidative 
treatment (22-24). In the present study, we explored the 
role of rosavin on ovariectomy-induced osteoporosis 
in mice, which is an effective and widely used model to 
simulate PMOP, as well as the effects of rosavin on the 
differentiation and function of osteoclasts in vitro. The 
molecular mechanisms involved in this process were also 
investigated. We present the following article in accordance 
with the ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4255).

Methods

All procedures were approved by and performed in 
accordance with the ethical standards of the Ethics 
Committee of Shanghai Ninth People’s Hospital (No. 
SH9H-2019-T159-2), and were in compliance with the 
NIH Guide for the Care and Use of Laboratory Animals 
[2018].

Reagents

Rosavin was obtained from Nuodande Standard Technical 
Services (Shanghai, China). Reagents were diluted in 
phosphate-buffered saline (PBS) solution. Fetal bovine 
serum (FBS), antibodies, streptomycin, and penicillin were 
purchased from BioTNT (Shanghai, China).
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Cell proliferation analysis

The MTT assay was conducted according to the 
manufacturer’s instructions (Sigma-Aldrich, St. Louis, USA). 
Cells were placed into 96-well plates (1×104 cells/well). 
The doses of rosavin were as follows: 2.5, 5, 10, 20, and 
40 μM. Bone marrow monocyte cells (BMMCs), isolated 
from C57BL/6 mice, and RAW264.7 cells were cultured. 
After 72 hours, 50 μg/μL of MTT solution was added, and 
the absorbance of the plate was detected at 490 nm using a 
linked immunosorbent assay plate reader (Olympus, Tokyo, 
Japan). The experiments were independently performed 
three times.

In vitro osteoclastogenesis assay

BMMCs were washed from the femurs of C57 mice. Cells 
were cultured in minimum essential medium α (α-MEM) 
containing 1% penicillin, 1% streptomycin, and 10% FBS. 
Cells were seeded into 96-well plates containing M-CSF 
(30 ng/mL) and RANKL (100 ng/mL), and were incubated 
with different concentrations of rosavin (0, 1.25, 2.5, and  
5 μM). After 7 days, TRAP staining was conducted to detect 
the TRAP-positive cells (Sigma-Aldrich, St, Louis, USA). 
The experiments were independently performed three 
times, and the data were analyzed by one-way analysis of 
variance (ANOVA).

F-actin ring formation and pit formation assay

For the F-actin formation assay, cells were initially 
fixed with 4% paraformaldehyde for 1 hour and then 
washed twice with PBS. Next, the cells were conducted 
with fluorescein isothiocyanate (FITC)-phalloidin for  
2 hours and stained with 4’6-diamidino-2-phenylindole for  
20 minutes. 

For the pit formation assay, osteoclasts were cultured 
on a bone biomimetic synthetic plate (OsteoAssay Surface 
plates; Corning, NY, USA), and were induced with  
30 ng/mL of M-CSF and 100 ng/mL of RANKL. The 
area resorbed by the osteoclasts was detected using a light 
microscope (Lecia CTR400, Germany). The experiments 
were independently performed three times, and the data 
were analyzed by one-way ANOVA.

In vitro osteogenesis assay

C57BL/6 mice were sacrificed via pentobarbital sodium 

overdose.  Bone marrow mesenchymal  s tem cel l s 
(BMSCs) were obtained by washing the femurs of the 
mice. BMSCs were maintained in a complete medium 
supplemented with 1% streptomycin and penicillin,  
20 mM β-glycerophosphate, 10 nM dexamethasone, 
and 100 μg/mL ascorbic acid. After 20 days, alkaline 
phosphatase (ALP) staining and alizarin red staining were 
performed to detect the osteoblasts. The experiments were 
independently performed three times.

Polymerase chain reaction (PCR) analysis

Real-time quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) was used to detect the 
transcription of osteogenesis and osteoclastogenesis-
related genes. Briefly, whole-cell ribonucleic acid (RNA) 
samples were extracted using TRIzol reagent, as previously 
reported, and complementary deoxyribonucleic acid (DNA) 
was generated using a reverse transcriptase kit (25). The TB 
Green premix Ex Taq kit (Takara, CA, USA) was used to 
detect gene expression. Mouse-specific PCR primers were 
used. Mouse runt-related transcription factor 2 (Runx2), 
forward: 5'-GACTGTGGTTACCGTCATGGC-3', 
reverse: 5'-ACTTGGTTTTTCATAACAGCGGA-3'; 
m o u s e  o s t e o c a l c i n  ( O C N ) ,  f o r w a r d : 
5 ' - G G A C C A T C T T T C T G C T C A C T C T G C - 3 ' , 
r e v e r s e :  5 ' - T G T T C A C T A C C T T A T T G C
C C T C C T G - 3 ' ;  m o u s e  N F A T c 1 ,  f o r w a r d :  
5 '-ATGACGGGGCTGGAGCAGGA-3' ,  reverse : 
5 ' - T T A G G A G T G G G G G G A T C G T G C - 3 ' ; 
m o u s e  R A N K ,  f o r w a r d : 
5'-CTGCTCCTCTTCATCTCTGTG-3', reverse: 
5'- CTTCTGGAACCATCTTCTCCTC-3'; mouse 
colony-stimulating factor-1 receptor (c-fms), forward: 
5'-TTCACTCCGGTGGTGGTGGCCTGT-3', reverse: 
5'-GTTGAGTAGGTCTCCATAGCAGCA-3'. The 
experiments were independently performed three times, 
and the data were analyzed using the t-test and one-way 
ANOVA.

In vivo experiments

Eight-week-old female C57BL/6 mice were supplied by 
the Shanghai SLAC Laboratory Animal Center (SLAC, 
Shanghai, China). All mice were raised in a controlled 
environment at 25 ℃ under a 12-hour light/dark cycle. 
Sufficient food and water were available.

Eighteen mice were randomly separated into three 
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groups; a sham-operated group, an ovariectomized 
treatment with vehicle group, and a rosavin treatment 
group, with six mice in each group. During the operation, 
the mice were anesthetized with 1% pentobarbital sodium 
(30 mg/kg). Mice underwent bilateral OVX. Small incisions 
were made on the dorsal skin and peritoneum. Two ovaries 
and part of the oviduct were removed and pressed to stop 
any bleeding. The incision on the skin was closed with 
5-0 nonabsorbable suture lines. After the procedure, mice 
were allowed to recover for 24 h. The mice in the OVX 
(ovariectomy) + vehicle group and the OVX + rosavin 
group had both ovaries resected, while the mice in the 
sham-operated group received surgery to expose the 
ovaries without resection. Rosavin treatment group mice 
were intraperitoneally injected with rosavin (10 mg/kg) or 
PBS every day. After 6 weeks, the mice were sacrificed via 
pentobarbital sodium overdose (150 mg/kg).

Immunofluorescence staining

The effects of rosavin (5 μM) on p65 nuclear translocation were 
examined in RAW264.7 cell lines. Immunofluorescence 
was conducted as described previously (26). Cells were 
fixed with 4% paraformaldehyde for 20 minutes, and were 
then washed with Triton X reagents and blocked with 5% 
bovine serum albumin (BSA) for 20 minutes. Next, anti-p65 
antibody, anti-mouse immunoglobulin G (IgG) antibody, 
and fluorescein-conjugated streptavidin were added to the 
cells. The experiments were independently performed three 
times.

Western blotting

RAW264.7 cells cultured with RANKL or RANKL & 
rosavin (5 μM) for different durations were prepared 
for western blotting to determine the expression 
of  osteoclastogenesis-related proteins,  including 
phosphorylated (p)-p65, p-inhibitory subunit of NF-κB 
(IκB), p-extracellular-signal-regulated kinase (ERK), p-c-
Jun N-terminal kinase (JNK), and p-p38. The samples 
were probed overnight with primary antibodies against 
β-actin (1:2,000, GB12001, Servicebio, China), TRAP 
(1:1,000, ab191406, abcam, USA), Cathepsin K (1:1,000, 
ab19027, abcam, USA), MMP-9 (1:1,000, ab219372, abcam, 
USA), CTR (1:1,000, ab114596, abcam, USA), TRAF6 
(1:500, 13411-1-AP, proteintech, USA), p-p65 (1:10,000, 
ab76302, abcam, USA), p65 (1:1,000, ab32536, abcam, 
USA), IκBα (1:10,000, ab133462, abcam, USA), p-ERK 

(1:1,000, ab201015, abcam, USA), ERK (1:1,000, GB12087, 
Servicebio, USA), p-JNK (1:1,000, ab124956, abcam, USA), 
JNK (1:1,000, ab179461, abcam, USA), p-p38 (1:1,000, 
ab195049, abcam, USA), and p38 (1:1,000, ab31828, abcam, 
USA). The membranes were subsequently incubated with 
secondary antibodies of anti-rabbit IgG (1:2,000, ab6721, 
abcam, USA). The experiments were independently 
performed three times, and the data were analyzed using 
the t-test.

Bone histomorphometric analysis 

The number of osteoclasts and amount of trabecular 
bone were evaluated by bone histomorphometric analyses 
as previously described. Mouse femurs were fixed and 
decalcified for at least 4 weeks. The 3-μm-thick bone 
sections were then stained with hematoxylin and eosin 
(H&E) and TRAP.

Micro-computed tomography (CT) analysis

We scanned 200 section planes below the growth plate of 
the mouse femurs (using Skyscan1172, Antwerp, Belgium). 
Built-in software was used to detect the trabecular bone and 
metaphyseal region. 

Enzyme-linked immunosorbent assay

All mice were sacrificed with pentobarbital sodium, and 
the arterial blood of the mice was collected. Next, the 
serum was centrifuged at 3,000 rpm for 10 minutes. The 
expression of OCN, Cross Linked C-telopeptide of Type 
|Collagen (CTX-1), tartrate-resistant acid phosphatase 
5b (TRAcp5b), and bone alkaline phosphatase (BALP) 
was detected using enzyme-linked immunosorbent assay 
(ELISA) kits according to the manufacturer’s instructions. 
The experiments were independently performed three 
times, and the data were analyzed by one-way ANOVA.

Statistical analysis

All data were expressed as the mean ± standard deviation 
(SD). Two independent group comparisons were conducted 
using the Student’s t-test. Comparisons among more than 
three groups were analyzed by one-way analysis ANOVA 
via the Statistical Product and Service Solutions (SPSS) 
statistical software. A P value <0.05 was regarded as being 
statistically significant.
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Results

Rosavin suppressed osteoclastogenesis

To perform the in vitro experiments, two standard 
osteoclastogenesis cellular models, BMMCs and RAW264.7 
cells, were used for an MTT assay. The results indicated 
that rosavin showed no cytotoxicity below 5 μM (Figure 1A). 
We then examined the role of rosavin in the differentiation 
of osteoclasts. Cells were induced with RANKL and M-CSF 
and treated with 1.25, 2.5, or 5 μM rosavin. Seven days 
later, the number of TRAP-positive cells was calculated. As 
shown in Figure 1B,C, compared to the control group, the 
TRAP-positive cells decreased significantly after treatment 
with rosavin (*, P<0.05, **, P<0.01), indicating that rosavin 
suppressed osteoclast differentiation in a concentration-
dependent manner.

Rosavin promoted osteogenesis in vitro

To explore the effects of rosavin on osteogenesis, ALP 
staining and alizarin red staining were performed. As shown 
in Figure 1D, alizarin red- and ALP-positive cells increased 
significantly with rosavin treatment, indicating that rosavin 
promoted osteogenic differentiation. In addition, qRT-
PCR revealed that the expression levels of Runx2 and 
OCN, which are related to osteogenesis, were significantly 
increased after treatment with rosavin (Figure 1E, **, 
P<0.01). These results demonstrated that rosavin promoted 
osteogenesis of BMSCs in vitro.

Rosavin inhibited the function of osteoclasts in vitro

To explore the effects of rosavin on the function 
of osteoclasts, we performed actin ring formation 
experiments. BMMCs were incubated with RANKL and 
M-CSF with 1.25, 2.5, or 5 μM rosavin. The fluorescein 
isothiocyanate (FITC)-phalloidin staining results indicated 
that the number and size of the F-actin rings decreased 
in a concentration-dependent manner (Figure 2A, **, 
P<0.01). The results demonstrated that rosavin suppressed 
the formation of F-actin rings during the process of 
osteoclastogenesis.

Bone resorption experiments were also conducted to 
identify the role of rosavin on the function of osteoclasts. 
The results showed that clear pits had formed on the bone 
biomimetic synthetic surface with RANKL and M-CSF 
induction. However, after the administration of rosavin, the 
resorbed area reduced markedly (Figure 2B, ***, P<0.001).

Rosavin inhibited osteoclastogenesis at an early stage

To investigate the influence of rosavin on the process of 
osteoclastogenesis, we treated BMMCs and RAW264.7 
cells with rosavin (5 μM) on day 1, 3, or 5 after induction 
with M-CSF and RANKL. TRAP staining results showed 
that rosavin mainly suppressed osteoclast formation on 
the first day (**, P<0.01). However, when administered 
on day 3 for RAW 264.7 cells and day 5 for BMMCs, 
rosavin did not inhibit osteoclast formation (Figure 3A,B). 
Western blotting demonstrated that the expression levels of 
osteoclastogenesis-related genes, including TRAP, cathepsin 
K, MMP-9, CTR, and TRAF6, decreased considerably after 
administration of rosavin on day 1; however, the inhibitory 
effects decreased when rosavin was administered on days 3 
and 5 (Figure 3C, **, P<0.01). NFATc1 plays an essential 
role in osteoclastogenesis and is necessary for the expression 
of osteoclast-associated factors (27). As shown in Figure 3D, 
the PCR results of NAFTc1 were consistent with those of 
western blotting of RAW264.7 cells (**, P<0.01). We also 
performed qRT-PCR to detect the expression of RANK 
and c-fms, and the results demonstrated that rosavin did 
not affect c-fms or RANK expression induced by M-CSF  
(Figure 3E).  These findings indicated that rosavin 
suppressed osteoclast differentiation at an early stage.

Rosavin suppressed the NF-κB pathway in 
osteoclastogenesis

RANKL-mediated NF-κB signaling is important for 
osteoclastogenesis (28). We conducted immunofluorescence 
staining to investigate the localization of p65 treated with 
rosavin. The nuclear translocation of p65 was significantly 
suppressed by rosavin after RANKL induction (Figure 4A). 
After stimulation of M-CSF and RANKL in RAW264.7 
cells, p65 was phosphorylated and subsequently translocated 
into the nucleus. However, treatment with 5 μM rosavin 
markedly decreased nuclear translocation. Western blotting 
indicated that rosavin treatment could inhibit the RANKL-
induced phosphorylation of p65 and IκBα (Figure 4B). 
The above results indicated that rosavin inhibited NF-κB 
signaling induced by RANKL stimulation.

Rosavin suppressed the activation of the MAPK pathway

Next, we investigated the role of rosavin in MAPK 
signaling. It has been reported that RANKL-induced 
expression of NFATc1 is closely associated with Proto-
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Figure 1 Rosavin inhibits osteoclastogenesis in vitro. (A) MTT analysis of the cytotoxic effects in RAW264.7 and BMMCs. (B) Formation 
of TRAP-positive cells from BMMCs and quantification of osteoclasts. (C) Formation of TRAP-positive cells from RAW264.7 cells and 
quantification of osteoclasts. (D) ALP and alizarin red staining of BMSCs. (E) QRT-PCR of Runx2 and OCN from BMSCs. (*, P<0.05, **, 
P<0.01).

oncogene c-fos (c-Fos), and that c-Fos is activated by the 
MAPK pathway (29). The results of qRT-PCR showed 
that rosavin treatment could inhibit the expression of c-Fos 
(Figure 4C, **, P<0.01). We also performed western blotting 
experiments to explore the phosphorylation of ERK, 
p38, and JNK, which are the major intermediates of the 
MAPK pathway. The results showed that ERK, p38, and 
JNK phosphorylation was substantially increased after the 

induction of RANKL and M-CSF. However, after rosavin 
treatment (5 μM), the activation levels of these factors 
decreased, indicating that rosavin treatment suppressed 
RANKL-induced MAPK signaling (Figure 4D). 

Rosavin treatment reduced bone loss in OVX mice

To verify the impacts of rosavin in vivo, we constructed an 
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Figure 2 Rosavin inhibits osteoclast function in vitro. (A) Actin ring structures of osteoclasts and quantification of actin rings after rosavin 
treatment. (B) Pit formation assay of osteoclasts and quantification of the pits area after rosavin treatment. (**, P<0.01, ***, P<0.001).
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Figure 4 Rosavin inhibits the RANKL-induced NF-κB and MAPK signaling pathways. (A) Rosavin inhibits RANKL-induced p65 nuclear 
translocation. (B) Rosavin inhibits the phosphorylation of the p65, p50, and IκB proteins. (C) Results of qRT-PCR of c-Fos in BMMCs. (D) 
Rosavin inhibits the phosphorylation of the ERK, JNK, and p38 proteins. (**, P<0.01).

ovariectomized mouse model to mimic postmenopausal 
osteoporosis (PMOP) in clinical work. All mice (six in each 
group) were healthy before and after the operation. The 
mice were intraperitoneally injected with rosavin (10 mg/kg) 
daily for 6 weeks. No adverse events were observed in the 
mice. The micro-CT results demonstrated that compared 
with sham group, OVX led to significant bone loss, while 
rosavin administration significantly preserved bone volume, 
with notable increases in Trabecular area (Tb.Area), 
Trabecular number (Tb.N), Bone volume/Total voume 
(BV/TV), and Bone Mineral Density (BMD) compared with 
the OVX group (Figure 5A,B). H&E staining showed that 
rosavin treatment attenuated bone loss in the distal femur 

(Figure 6A). In addition, we performed TRAP staining 
to explore the effects of rosavin on osteoclastogenesis  
in vivo. The results indicated that rosavin treatment reduced 
the amount of TRAP-positive cells on trabecula bone  
(Figure 6B). To investigate osteoclast and osteoblast activity, 
the serum expression levels of BALP, CTX-1, TRAcp5b, 
and OCN were determined (Figure 6C). Compared to 
the OVX group, the levels of CTX-1 and TRAcp5b 
were reduced by treatment with rosavin, indicating that 
osteoclastogenesis was inhibited (**, P<0.01). Also, the 
levels of OCN and BALP were increased after rosavin 
treatment (**, P<0.01), demonstrating the osteogenesis-
promoting effect of rosavin. These data indicated that 
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rosavin treatment attenuated bone loss in ovariectomized 
mice via promotion of osteogenesis and inhibition of 
osteoclastogenesis.

Discussion

In this study, we showed that rosavin promoted osteogenesis 
and suppressed osteoclast differentiation, F-actin formation, 
and bone resorption. For molecular mechanisms, rosavin 
suppressed RANKL-induced NF-κB and MAPK signaling 
in the early stage of osteoclastogenesis. Furthermore, we 

found that rosavin reduced OVX-induced bone loss in vivo.
The homeostasis between bone formation (mediated by 

osteoblasts) and bone resorption (mediated by osteoclasts) 
is important in bone metabolism (30-32). Inhibition of 
osteogenesis by osteoblasts or excessive osteoclastogenesis 
by osteoclasts can result in several disorders, such as PMOP 
and rheumatoid arthritis (9). Thus, there is a pressing 
need for research into potent agents for the treatment of 
osteoclast-induced disorders.

Natural products play a valuable role in clinical 
treatment. Rhodiola rosea L is a traditional Chinese herb 

Figure 5 Rosavin ameliorates OVX-induced bone loss in vivo. (A) Micro-CT representative graphs of distal femoral sections from each 
group 6 weeks after the operation. (B) Tb.Area, BV/TV, Tb.N, and BMD analysis of the distal femur. (**, P<0.01).
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Figure 6 Rosavin inhibits the formation of osteoclasts in vivo. (A) H&E staining of distal femoral sections from each group 6 weeks after the 
operation. (B) TRAP staining of distal femoral sections from each group 6 weeks after the operation. (C) Serum levels of CTX-1, TRAcp5b, 
OCN, and BALP (**, P<0.01).

used for inflammation and the prevention of pulmonary 
fibrosis, as well as for its antioxidant properties (21-24).  
Rosavin is among the most medicinal alkylbenzene 
diglycosides  of  Rhodiola  Rosea L,  and has  been 
demonstrated to be effective in nootropic, anti-depressant, 
anti-cancer, and antioxidative treatment. Previous studies 
have demonstrated that disruption of the immune balance 
could lead to an imbalance between osteoclasts and 
osteoblasts (33). Therefore, we speculated that rosavin could 
be effective in the treatment of OVX-induced osteoporosis, 
which has not been reported previously.

In our research, we conducted an MTT assay before in 
vitro experiments to evaluate the cytotoxic effects of rosavin. 
We then explored the effects of rosavin on osteoclast 
differentiation. The results demonstrated that rosavin 
inhibited the formation of mature osteoclasts at an early stage 
of osteoclastogenesis. The following experiments showed 
that rosavin could promote BMSC osteogenesis in vitro. 

NFATc1 is  an essential  regulator of osteoclast 
differentiation and is associated with the expression of 
osteoclastogenesis-related genes, including CTR, MMP-9, 
TRAP, TRAF6, and cathepsin K (34,35). The results of qRT-
PCR and immunofluorescence staining showed that rosavin 
inhibited the RANKL-induced transcription of NFATc1 in 
RAW264.7 cells. The results of western blotting demonstrated 
that the expression of TRAP, TRAF6, MMP-9, CTR, and 
cathepsin K was inhibited by rosavin in a concentration-
dependent manner. Further experiments showed that rosavin 
inhibited osteoclastogenesis at an early stage. Bone loss 
can be effectively attenuated by blocking RANKL-induced 
signaling to inhibit osteoclastogenesis (36). 

Therefore, we performed immunofluorescence staining 
and western blotting to explore the potential mechanisms 
of action of rosavin. The results showed that rosavin 
blocked p65 nuclear translocation and inhibited RANKL-
induced phosphorylation of p65, IκBα, ERK, p38, and JNK, 
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indicating that rosavin inhibited osteoclastogenesis via 
suppression of the NF-κB and MAPK signaling pathways.

Osteoporosis, a chronic age-related disease, is typically 
accompanied by abundant bone loss and a higher incidence 
of fracture. The main pathogenic factors of this disease 
include excessive bone resorption and disruption of bone 
formation. Specifically, excessive osteoclastogenesis, which 
is caused by abnormal activation of RANKL signaling, 
has been recognized as being the key aspect in the 
development of osteoporosis (37). Therefore, inhibition 
of osteoclastogenesis is an effective therapy for osteoclast-
related diseases such as osteoporosis. 

Through the in vivo study, we found that rosavin 
reduced bone loss in the OVX mouse model. The results 
of H&E staining and micro-CT showed that rosavin 
treatment attenuated trabecular bone loss in the distal 
femur. Furthermore, TRAP staining indicated that rosavin 
treatment reduced the number of TRAP-positive cells 
around the bone trabecula. The serum levels of CTX-1,  
TRAcp5b,  OCN, and BALP were determined to 
investigate osteoclast and osteoblast activity. Compared 
to the OVX group, the levels of CTX-1 and TRAcp5b 
were reduced after treatment with rosavin, indicating that 
osteoclastogenesis was inhibited. Furthermore, the levels 
of OCN and BALP increased after rosavin treatment, 
demonstrating an osteogenesis-promoting effect of 
rosavin. These results demonstrated that rosavin treatment 
attenuated bone loss in OVX mice via promotion of 
osteogenesis and inhibition of osteoclastogenesis. 

However, there are still some limitations to this study. 
For instance, it did not investigate the exact drug target of 
rosavin, and further studies are needed to explore whether 
rosavin could be used to treat osteoporosis patients.

Conclusions

Via a series of in vivo and in vitro experiments, the present 
study demonstrated that rosavin promoted osteogenesis and 
suppressed RANKL-induced osteoclastogenesis. We found 
that rosavin inhibits osteoclastogenesis at an early stage by 
suppressing the NF-κB and MAPK signaling pathways. 
Our research indicated that rosavin could be a potentially 
effective therapy for osteoclast-related disorders.
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