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Introduction: Osteoporosis is an osteolytic bone condition characterized by decreased bone 
strength and increased bone fragility. It is the result of elevated formation or activity of bone- 
resorbing osteoclasts. Although current therapeutic agents are efficacious against osteoclast- 
mediated bone loss, detrimental side effects preclude the long-term use of these agents. 
Pristimerin (PRI) is a naturally occurring quinone-methide triterpenoid that has been 
revealed to exert anti-inflammatory and anti-tumor effects via regulating various signaling 
cascades including NF-κB and MAPK activation.
Methods: The bone marrow macrophages were used to confirm the anti-osteoclastic and 
anti-resorptive functions of PRI in vitro. An in vivo ovariectomy (OVX) model was applied 
to verify the function of PRI protecting bone loss.
Results: PRI abolished the early activation of NF-κB and ERK MAPK signal cascades 
thereby thwarting the downstream expression of c-Fos and NFATc1, which prevented the 
production of mature osteoclasts. In vivo, PRI protects mice against ovariectomy (OVX)- 
mediated bone loss by diminishing osteoclast formation and bone resorptive activity.
Conclusion: Our study shows that PRI demonstrates therapeutic potential in the effective 
treatment against osteoclast-induced osteolytic diseases like osteoporosis.
Keywords: osteoporosis, osteoclast, pristimerin, ERK, NF-κB

Introduction
Bone tissue needs to undergo constant remodeling. The remodeling process is 
balanced in the alternating work of bone-resorbing and bone-forming.1 Thus, the 
activities of osteoclasts and osteoblasts are tightly coupled to maintain bone home
ostasis. However, the main reason of osteolytic bone diseases including post- 
menopausal osteoporosis is owing to upgrading osteoclast formation or excessively 
activating osteoclast bone resorption shifting the balance to net bone loss.2 The 
pathological manifestations of excessive osteoclast-mediated bone resorption 
including thinning of bones, decreasing in bone mass and bone mineral density 
leading to overall exacerbation in bone microstructures and increased risks of bone 
fractures characterizes post-menopausal osteoporosis.3 Fractures resulting from 
osteoporotic bone loss is a global health and socioeconomic problem with plentiful 
bone-associated diseases, and raised mortality and medical costs. Although cur
rently available anti-osteoporotic drugs are effective in alleviating bone loss, the 
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long-term use of such agents are associated with severe 
side-effects such as ocular, renal and gastrointestinal toxi
cities, atypical fractures, and osteonecrosis of the jaw.4,5 

The deep understanding of key pathways regulating osteo
clastogenesis has enabled the discovery of new novel 
approaches for treating osteolytic diseases with distinctive 
mechanisms of action.

Multinucleated osteoclasts form through mononuclear 
precursor cells of the monocyte/macrophage lineage fused 
under the action of two vital cytokines, receptor activator of 
nuclear factor-κB (NF-κB) ligand (RANKL) and macro
phage-colony stimulating factor (M-CSF).6,7 M-CSF func
tions can regulate proliferation and survival of monocytic 
precursor cells, besides upregulate the expression of surface 
RANK, the homologous receptor for RANKL. In the form of 
a surface protein or secretory factor osteoblasts and stromal 
cells produce RANKL, a member of the tumor necrosis 
factor (TNF) superfamily.8 The interaction between 
RANKL and RANK initiates a whole train of signaling 
events via intracellular adaptor proteins and TNF receptor- 
associated factor (TRAF) proteins. Mitogen-activated pro
tein kinase (MAPK) and NF-κB signaling pathways early 
activation can lead to robust induction of nuclear factor of 
activated T-cells 1 (NFATc1), which is a vital osteoclast 
transcription factor.9 NFATc1 is regarded as defining tran
scription factor essential to drive osteoclast generation and 
bone resorption.10 The production of numerous crucial osteo
clast genes touched on precursor cell fusion is regulated by 
NFATc1 transcription for instance, dendritic cell-specific 
transmembrane protein (Dc-stamp), and proteolytic enzymes 
involved in osteoclast resorption such as tartrate resistant 
acid phosphatase (Trap/Acp5), cathepsin K (Ctsk), and 
matrix metalloproteinase-9 (Mmp-9).11

Pristimerin (PRI) is a natural quinone-methide triterpe
noid compound extracted from plants of the Celastraceae 
and Hippocrateaceae family and exerts multiple pharmaco
logical activities with its anti-inflammatory12 and anti-cancer 
properties13 the most studied. It has been demonstrated that 
PRI induces apoptosis via the Akt/NF-κB and ROS/MAPK 
signal pathways.14 Interestingly, PRI have also been shown 
to exert protective effects against both arthritic inflammation, 
and cartilage and bone damage in the joints by modulating 
expression of RANKL expression and other pro- 
inflammatory cytokines.15 Given these promising effects, 
we hypothesized that PRI could potentially exert inhibitory 
effects against RANKL-induced osteoclastogenesis or bone 
resorptive function. In this study, we used complementary 
in vitro cellular and biochemical assays to check up the roles 

and molecular mechanism of PRI against RANKL-induced 
osteoclast differentiation, and mature osteoclast resorption 
function. We further examined potential therapeutic effects 
of PRI in vivo on bone loss caused by ovariectomy (OVX) in 
mice. The murine OVX-induced bone loss model is 
a relatively perfect model that closely mimics the conditions 
of post-menopausal osteoporosis and often used for investi
gating the biological effects of pharmacological agents.16

Materials and Methods
Regent and Media
Pristimerin (PRI, purity of 98%) was got from Chengdu 
Biopurify Phytochemicals Ltd (Chengdu, Sichuan, 
China). PRI was dissolved in dimethyl sulfoxide 
(DMSO) to stock concentration of 20 mmol/L and 
further diluted to desired working concentrations using 
culture media. Fetal bovine serum (FBS), Gibco 
Minimum Essential Medium Alpha Modification (α- 
MEM) and penicillin/streptomycin were obtained from 
Thermo Fisher Scientific (Scoresby, Victoria, Australia). 
Complete α-MEM for cultivation contained 10% FBS 
and 1% penicillin/streptomycin. R&D Systems 
(Minneapolis, MN, USA) supplied recombinant mouse 
GST-rRANKL (RANKL) and macrophage-colony stimu
lating factor (M-CSF). Cell Signaling Technology 
(Danvers, MA, USA) supplied primary antibodies 
against p38 (#8690), p-p38 (#4511), p-JNK (#4668), 
JNK (#9252), p-ERK (#4370), ERK (#4695), and NF- 
κB p65 (#8242), phospho-NF-κB p65 (#3033), β-actin 
(#4970), IĸBα (#4814). NFATc1 (#sc-7294) was from 
Santa Cruz Biotechnology (Dallas, TX, USA). Primary 
antibodies against c-Fos (#ab134122) were from Abcam 
(Cambridge, UK). MedChemExpress LLC (Monmouth 
Junction, NJ, USA) provided cell counting kit-8 (CCK- 
8). Rhodamine-conjugated phalloidin and 4′,6-diami
dino-2-phenylindole (DAPI) were gained from 
Molecular Probes (Eugene, OR, USA) and Sigma- 
Aldrich (St Louis, MO, USA) respectively.

Cells Culture and Osteoclast 
Differentiation Assay
Primary bone marrow macrophages (BMMs) were 
extracted from the femur and tibia of 6-week-old 
C57BL/6 mice by marrow lavage. Extracted BMMs grew 
in complete α-MEM added 30 ng/mL M-CSF at 37°C 
under the condition of 95% air and 5% CO2. Replenish 
the culture media every 2 days to clear away non-adherent 
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cells and after 4 days adherent cells were considered 
BMMs that were suitable for subsequent applications.

To generate mature osteoclasts, BMMs were cultured 
with complete α-MEM added M-CSF in 96-well plates at 
a cell number of 8×103 per well and permitted to adhere to 
the culture plates overnight. Next day BMMs were induced 
by 50 ng/mL RANKL in the absence or presence of indi
cated concentrations of PRI (0.3125, 0.625, or 1.25 μM) for 
6 days. To further explore which stage of osteoclast differ
entiation was affected by PRI, cells were induced by 
RANKL with or without PRI with a concentration of 1.25 
μM on day 1–3 (early stage), day 3–5 (middle stage), or day 
5–6 (late stage) of osteoclast formation. Cells cultured with 
RANKL without PRI throughout the 6-day period were used 
as positive controls. Culture media supplemented with 
RANKL and PRI were changed every two days. The cells 
were fixed with 4% paraformaldehyde (PFA) for 30 mins 
and next tartrate-resistant acid phosphatase (TRAP) staining 
was implemented. Phase contrast images were captured by 
light microscope and TRAP-positive cells more than 3 
nuclei were recorded as osteoclasts.

Cell Viability/Cytotoxicity Assay
To estimate the viability of BMMs under PRI conditions, 
the cell counting kit-8 (CCK-8) was used. Briefly, BMMs 
uniformly planted with a number of 8×103 cells/well in 
96-well plates were treated by diverse concentrations of 
PRI (0.3125, 0.625 and 1.25 μM) for 48 hours. At last, 10 
μL CCK-8 was applied to culture cells for further 2 hours 
and the absorbance at 450 nm was detected using 
a TriStar2 LB 942 Multimode Microplate Reader 
(Berthold Technologies Gmbh & Co.KG, Baden- 
Württemberg, Germany).

Podosomal Actin Belt Staining
To investigate the effects of PRI on osteoclast actin cytos
keleton, BMM-derived osteoclasts were produced as 
described above under different concentrations of PRI (0, 
0.3125, 0.625, or 1.25 μM). After 6 days of osteoclasto
genesis, mature multinucleated osteoclasts were fixed in 
4% PFA around 15 mins, and then permeated in phos
phate-buffered saline (PBS) with 0.1% Triton X-100 about 
5 min. After washing with PBS several times, cells were 
blocked by 3% bovine serum albumin (BSA)-PBS nearly 
30 min and next incubated at 4°C with Rhodamine- 
conjugated phalloidin in 0.2% BSA-PBS for an hour with
out light. Next, DAPI was used to counterstain the cell 
nuclei nearly 5 min. Fluorescence images were gained 

from a Cytation 5 and analysed using associated Gen5 
Data Analysis Software (BioTek Instruments Inc, 
Winooski, VT, USA).

Bone Resorption Assay
To examine anti-resorptive effects of PRI on osteoclasts, 
BMMs cultured in 6-well plates at a number of 1×105 

cells/well were induced by 50 ng/mL RANKL for 3 days 
until small multinucleated cells were formed. Cells were 
then dissociated from the wells with trypsin and then equal 
numbers of pre-osteoclasts were reseeded into 96-well 
plates coated with bone-mimicking hydroxyapatite matrix. 
Pre-osteoclasts cultured with 50 ng/mL RANKL and 
added to various concentrations of PRI (0, 0.3125, 0.625, 
or 1.25 μM) for further 3 days. After experiment, cells 
were cleared away using sodium hypochlorite solution and 
the resorption region visualized under a light microscope. 
Using ImageJ software (NIH, Bethesda, MD, USA) to 
quantify bone resorption area under each treatment 
condition.

RNA Obtainment and Real-Time 
Quantitative PCR (qPCR)
Osteoclast marker genes expression was assessed by quantita
tive real-time PCR (qPCR) analysis. Total RNA was collected 
using TRIzol reagent (Thermo Fisher Scientific) from BMM- 
derived osteoclasts cultured with 50 ng/mL RANKL without 
or with PRI (0.625 or 1.25 μM) for 6 days. First strand 
synthesis was then performed through the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific) on 
the basis of manufacturer’s statement to generate complemen
tary DNAs (cDNA). Real-time qPCR was implemented on 
a LightCycler® 96 System (Roche, Basel, Switzerland) in 
reaction mixtures containing FastStart Essential DNA Green 
Master Mix (Roche), cDNA template and specific primers of 
interest. The PCR amplification programs were the following: 
initial denaturation at 95°C for 10 min, followed by 35 cycles 
at 95°C for 10 sec, 60°C for 15 sec and 72°C for 10 sec. The 
2−ΔΔCt method was employed to standardize the expression of 
objective genes to β-actin housekeeping gene expression. 
Specific primer sequences against target genes are as follows: 
Ctsk (Forward: 5ʹ-AGGCGGCTATATGACCACTG-3ʹ; 
Reverse: 5ʹ-TCTTCAGGGCTTTCTCGTTC-3ʹ), Trap/Acp5 
(Forward: 5ʹ-ACGGCTACTTGCGGTTTCA-3ʹ; Reverse: 5ʹ- 
TCCTTGGGAGGCTGGTCTT-3ʹ), Mmp-9 (Forward: 5ʹ- 
GAAGGCAAACCCTGTGTGTT-3ʹ; Reverse: 5ʹ-AGAG 
TACTGCTTGCCCAGGA-3ʹ), Dc-stamp (Forward: 5ʹ- 
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TCTGCTGTATCGGCTCATCTC-3ʹ; Reverse: 5ʹ-ACTCC 
TTGGGTTCCTTGCTT-3ʹ), and β-actin (Forward: 5ʹ- 
TCCTCCCTGGAGAAGAGCTA-3ʹ; Reverse: 5ʹ-ATCTCCT 
TCTGCATCCTGTC-3ʹ).

Protein Obtainment and Western 
Blotting
To assess the roles of PRI during early RANKL-mediated 
signaling events, BMMs were cultured in a 6-well plate at 
1×106 cells/well overnight, and serum-starved for 3 hours, 
next added to 1.25 μM PRI for 1 hour, and then cultured with 
50 ng/mL RANKL for 5, 10, 20, 30, and 60 min. To evaluate 
the roles of PRI on late RANKL-stimulated signaling cas
cades, BMMs cultured in 6-well plates at number of 1×105 

cells/well in complete α-MEM were incubated by 50 ng/mL 
RANKL without or with 1.25 μM PRI 1, 3, and 5 days. 
Unstimulated BMMs were used as mock controls (time 
point 0). After the experimental period, total cellular protein 
was obtained by using RIPA lysis buffer added with 1% (v/v) 
phosphatase inhibitor, 1% (v/v) Phenylmethylsulfonyl fluor
ide (PMSF) and 1% (v/v) protease inhibitor. Protein lysates 
were centrifugated at 15,000 rpm for 10 min and the super
natant containing proteins were gathered and subjected to 
protein quantification. The same amounts of protein from 
each treatment condition were separated on 10–12% sodium 
dodecyl sulfatepolyacrylamide gel electrophoresis (SDS- 
PAGE) gels and electrotransfer to nitrocellulose membranes. 
Nitrocellulose membranes were blocked in tris buffered sal
ine with tween (TBST) added with 5% (w/v) skim milk 
around 1 hour at 37°C and next incubated overnight with 
specific primary antibodies diluted in TBST containing 1% 
(w/v) skim-milk at 4°C. TBST was employed to wash away 
free primary antibodies and the membranes were then incu
bated with suitable secondary antibodies for imaging by 
using an Odyssey Sa Infrared Imaging System (LI-COR 
Biosciences, Lincoln, NE, USA). The ImageJ software was 
employed to quantify the optical density of protein band 
intensity based on gray scale image.

Immunofluorescence Staining of NF-κB 
P65 and NFATc1 Nuclear Translocation
The nuclear localization of NF-κB p65 and NFATc1 in 
response to RANKL stimulation was examined by confocal 
fluorescence microscopy. For NF-κB p65 nuclear transloca
tion, BMMs were planted onto microscopy dishes overnight 
and serum-free medium starved cells for 3 hours, then pre- 
stimulated without or with 1.25 μM PRI for 1 hour, and next 

cultured with 50 ng/mL RANKL for 30 min. For NFATc1 
nuclear localization, BMMs were cultured with 50 ng/mL 
RANKL without or with 1.25 μM PRI for 5 days. 
Afterwards, cells were fixed 15 mins and then permeabi
lized using 0.1% Triton X-100 in PBS about 5 min. Non- 
specific immuno-reactivities were blocked with 3% BSA- 
PBS for 30 min. After extensive washes with PBS, cells 
were incubated with specific antibodies against NF-κB p65 
(sc-8008 PE; Santa Cruz Biotechnology, Santa Cruz, CA) or 
NFATc1 (sc-7294 AF488; Santa Cruz Biotechnology, Santa 
Cruz, CA) at 4°C overnight. Cells were then incubated with 
Alexa Fluor 552 (NF-κB p65) or Alexa Fluor 488 (NFATc1) 
secondary antibodies for 1 hour in the dark. Cell nuclei were 
counterstained using DAPI and fluorescence images 
acquired under a confocal microscopy (Leica, Germany).

Ovariectomy (OVX)-Induced 
Osteoporosis Model
The mice model of osteoporosis induced by OVX was 
applied to determine the in vivo improving efficacy of PRI 
against post-menopausal bone mass loss. Both of OVX 
model and subsequent treatment conditions were received 
approval from Ethics Review Committee of Guangxi 
Medical University (Guangxi, China). The surgical and 
experimental programs complied with the orientations set 
by the Animal Protection Committee of Guangxi Medical 
University. The Animal Experimental Center of Guangxi 
Medical University offered twenty-four healthy female 
C57BL/6 mice (12 weeks old) and were randomly assigned 
to 3 groups (n = 8 mice per group): Sham-operated group 
(saline injection), OVX group (saline injection), and OVX + 
PRI group (5 mg/kg bodyweight). Mice were anaesthetized 
with tribromoethanol and experienced bilateral ovariectomy 
(OVX groups) or received sham operation. All mice 
received intraperitoneal injections of penicillin to minimize 
post-operative infections. One-week post-surgery, mice 
received intraperitoneal injections of either PRI in saline 
(OVX + PRI group) or normal saline (Sham and OVX 
groups) once every two days for 6-weeks. After treatment 
period, all mice were euthanized and the tibial bones were 
removed and dealt with micro-computed tomography (CT) 
and histological analyses.

Micro-CT Scanning and Histological 
Analyses
The extracted tibial tissues were fixed in 4% PFA for 24 
hours and carried through high-resolution scanning on 
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a Bruker micro-CT system. Scanning was conducted at 
a current of 142 μA and voltage of 70 kV and the isometric 
pixel size was 10 μm. Three-dimensional (3D) reconstruc
tions and bone morphometric analyses were carried out 
using CTAn software. A square region of interest set at 
0.5 mm below the growth plate was applied to quantita
tively analyze bone parameters which included bone 
mineral density (BMD, mg/cm2), connectivity density 
(Conn.Dn, 1/mm3), trabecular number (Tb.N, 1/mm), tra
becular separation (Tb.Sp, mm), trabecular thickness (Tb. 
Th, mm), and percentage bone volume per tissue volume 
(BV/TV, %).

Histological assessments of fixed tibial bones were 
carried out following decalcification in 10% EDTA at 4° 
C for 1 week. Paraffin blocks were employed to embed 
bone tissues and next section them into 5 μm thick sec
tions. Bone sections were performed staining by hematox
ylin and eosin (H&E) and TRAP. Bone histomorphometry 
was performed in a blinded, unbiased manner, and the 
amount of TRAP-positive multinucleated osteoclasts was 
assessed in each group.

Statistical Analyses
Results submitted in this work are indicated as mean ± 
standard deviation (SD) or representative images from 
three or more independent experimental repeats. 
Statistical differences were based on Student’s t-test or 
analysis of variance (ANOVA) analysis with GraphPad 
Prism software version 7.0 (GraphPad Software, San 
Diego, CA, USA). A p-values <0.05 or unless otherwise 
stated were regarded statistically significant.

Results
PRI Inhibits RANKL-Mediated 
Osteoclastogenesis in vitro
First of all, we assessed the role of PRI (molecular 
structure presented in Figure 1A) on BMMs cell prolif
eration using the CCK-8 assay. As shown in Figure 1B, 
no toxicity was tested when cells were cultured with up 
to 1.25 μM PRI for 48 hours. Given that on average, 
5–6 days of RANKL stimulation is required to induce 
osteoclast formation, PRI concentrations of 0.3125, 
0.625 and 1.25 μM were selected for downstream inves
tigations. Afterwards, we evaluated the roles of PRI in 
RANKL stimulating osteoclasts generation process. As 
demonstrated in Figure 1C, BMMs treated with RANKL 
only formed large well-spread TRAP-positive 

multinucleated osteoclasts. On the other hand, 
a downward trend was showed in the amount of TRAP- 
positive multinucleated osteoclasts when were cultured 
with increasing concentration of PRI (Figure 1C-D). 
Cells treated with 1.25 μM PRI were predominantly 
TRAP-positive mononuclear cells (Figure 1C).

To further establish the stage of osteoclast forma
tion whereby PRI exerts anti-osteoclastic effects, 
RANKL-stimulated BMMs were cultured with 1.25 
μM PRI for a specified number of days during culture 
period (Figure 1E). Compared to BMMs stimulated 
with RANKL alone, a time-dependent effect was 
noticed when PRI was employed to treat with BMMs 
and the strongest inhibitory effect was presented when 
PRI was present on day 1 to day 3 (Figure 1E and F). 
When cells were exposed to PRI on the last two days 
of osteoclast formation (days 5 and 6) a modest but the 
TRAP-positive osteoclasts number was significantly 
reduced (Figure 1F). When cells were treated with 
PRI during the middle stages of osteoclast formation 
(day 3–5), the effect was between early and late treat
ments (Figure 1E and F). These results suggest that 
PRI predominantly inhibits the ability of BMM precur
sor cell to differentiate and fuse in response to RANKL 
stimulation.

PRI Exhibits Anti-Resorption Effect 
in vitro
The formation of podosomal actin belts and subse
quently dense F-actin rings during bone resorption is 
critical for osteoclast function.17 To determine the influ
ence of PRI about the formation and morphology of the 
podosomal actin belt, we stained BMM-derived osteo
clasts treated in the absence or presence of PRI with 
Rhodamine-conjugated phalloidin. Consistent with inhi
bition of osteoclast formation, treatment with PRI also 
dose-dependently inhibited the actin belt formation 
(Figure 2A). We also observed significant decrease in 
the size of podosomal actin belt which correlated with 
reduced nucleation further indicating that PRI inhibited 
BMM precursor cell fusion during the early stages of 
osteoclast formation. This is particularly apparent fol
lowing treatment with 1.25 μM PRI where cells are 
predominantly mononuclear in nature with no podoso
mal actin belts (Figure 2A).

Functionally, the only cells that can resorb miner
alized bone matrix are osteoclasts. Thus, we test the 
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role of PRI about mature osteoclast bone resorptive 
function. To this end, pre-cultured osteoclasts around 
3 days were planted on bone mimicking hydroxyapa
tite-coated plates and appointed concentrations of PRI 
was used or not for further 3 days. In addition to the 
anti-osteoclastic effect shown earlier, PRI was also 
found to demonstrate dose-dependent anti-resorptive 
effects against mature osteoclasts (Figure 2B and C). 
Together these results further indicate that PRI exerts 
anti-osteoclastic effects against BMM precursor cell 
fusion and anti-resorptive effects against bone resorp
tion function of mature osteoclast.

PRI Hampers RANKL-Stimulated 
Upregulation of Osteoclast Marker 
Genes
RANKL-stimulated osteoclast formation and subsequent 
bone resorptive function require the upregulation of osteo
clast-specific genes like Dc-stamp, Ctsk, Trap, and Mmp-9 
(Figure 2D). These genes encode proteins required for 
precursor cell fusion (Dc-stamp) or proteolytic enzymes 
required for bone resorptive function (Ctsk, Trap and 
Mmp-9). Consistent with cellular roles on osteoclast for
mation and bone resorption, PRI treatment markedly 

Figure 1 PRI inhibits RANKL-induced osteoclast formation in vitro. (A) Chemical structure and molecular formula of Pristimerin (PRI). (B) The cellular cytotoxicity of 
indicated concentrations of PRI on bone marrow macrophages (BMMs) after 48 hours of treatment as assessed by the CCK-8 assay. (C) Representative TRAP stained phase- 
contrast images of the dose-dependent effect of PRI against BMM-derived osteoclast formation following stimulation with 50 ng/mL RANKL for 6 days (scale bar = 200 µm). 
(D) The number of TRAP-positive multinucleated osteoclasts with 3 or more nuclei were counted. (E) Representative TRAP stained phase-contrast images of the time- 
dependent effect PRI on osteoclast formation. BMMs stimulated with RANKL and treated with 1.25 μM PRI on the indicated days were fixed and stained for TRAP activity 
(scale bar = 100 μm). (F) The number of TRAP-positive multinucleated osteoclasts with 3 or more nuclei per time period were counted. Bar graphs presented as the mean 
± SD of at least three independent experiments; *p < 0.05 and ***p < 0.001 relative to the RANKL-only controls. All experiments are repeated 3 times.
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Figure 2 PRI impairs podosomal actin belt formation and mature osteoclast bone resorptive activity in vitro. (A) Representative immunofluorescence images of podosomal 
actin belt (rhodamine-conjugated phalloidin; red) from BMM-derived osteoclasts stimulated with 50 ng/mL RANKL without or with indicated concentrations of PRI. Cell 
nuclei were counterstained with DAPI (blue). (B) Representative phase-contrast images of the effect of PRI on mature osteoclast bone resorption. Equal numbers of pre- 
osteoclasts stimulated with 50 ng/mL RANKL for at least 3 days were seeded onto hydroxyapatite-coated OsteoAssay plates and then treated with indicated concentrations 
of PRI for further 3 days (scale bars = 200 μm). (C) The percentage of bone resorption area relative to total well area at each PRI concentration was quantified using ImageJ. 
(D) PRI dose-dependently suppressed RANKL-induced upregulation of osteoclast marker gene expression. Real-time PCR was performed on RNA extracted from cells 
stimulated with 50 ng/mL RANKL without or with indicated concentrations of PRI for 6 days. The mRNA expression levels of Dc-stamp, Trap/Acp5, Ctsk, and Mmp-9 genes 
were normalized to β-actin using the 2−ΔΔCt method and then displayed as fold change relative to RANKL-only control. Bar graph presented as mean ± SD of at least 3 
independent experiment; **p < 0.01 and ***p < 0.001 relative to RANKL-only control.
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attenuated these genes expression, which further cemented 
the dual anti-resorptive and anti-osteoclastic functions 
of PRI.

PRI Attenuates RANKL-Mediated 
Activation of NF-κB and ERK Signaling 
Pathways
The upregulation of osteoclast genes is controlled by the 
timely activation of several RANKL response signaling 
pathways including the NF-κB and MAPK pathways. The 
timely activation of these two signaling cascades is 
required for efficiently and effectively driving of the 
differentiation of BMM precursor cells towards the 
osteoclast lineage. To investigate the effects of PRI 
against NF-κB and MAPK signaling following RANKL 
stimulation, Western blot analyses were performed. As 
demonstrated in Figure 3A and B, within 5 mins of 
RANKL stimulation and persisting to 30 mins, the NF- 
κB inhibitory subunit IκBα rapidly degraded via the 
proteasome. IκBα prevents the nuclear transport of NF- 
κB subunits by masking the nuclear localization signals 
(NLS) of NF-κB subunits.18 As IκBα is degraded, it no 
longer masks the NLS of the NF-κB p65 subunit thus 
enabling it to be phosphorylated within 5 mins and per
sisting to 10 mins (Figure 3A and C) and then translo
cated to the nucleus (Figure 3D) where it can play 
a transcriptional function on target genes. In contrast, 
treatment with 1.25 μM PRI completely abolished 
RANKL-induced IκBα degradation, and NF-κB p65 
phosphorylation and nuclear localization (Figure 3A-D). 
Thus, these data indicate that PRI can completely inhibit 
RANKL-induced NF-κB signaling pathway activating.

The MAPK signaling pathways activating consisting of 
three members, ERK, JNK, and p38, is also necessary for 
driving osteoclast differentiation. Stimulation of BMM pre
cursor cells with RANKL rapidly stimulates the activation 
phosphorylation of all three members of MAPK signaling 
cascade (Figure 3E-H). The ERK, JNK, and p38 phosphor
ylation activation occurs within 5 mins of RANKL stimula
tion. For ERK phosphorylation lasted for 10 mins before 
returning to basic levels. For JNK and p38, phosphorylation 
persisted for 20 mins before returning to basic levels. 
Nevertheless, PRI treatment only inhibited the activation 
phosphorylation of ERK not that of JNK or p38 (Figure 
3E-H). Surprisingly, PRI treatment sustained the activation 
of JNK compared to RANKL stimulation alone (Figure 3E 
and G). Together, these results suggested that PRI can inhibit 

RANKL-stimulated ERK activation but at the same time 
potentiates RANKL-induced JNK activation.

PRI Inhibits RANKL-Induced Induction 
and Activation of NFATc1
The timely activation of NF-κB and MAPK signaling cas
cades is crucial for the efficient downstream induction of 
nuclear transcription factors such as c-Fos and NFATc1 
(Figure 4A-C), with the latter being a direct downstream 
transcriptional target of c-Fos.10,19 The most important distal 
transcription factor, NFATc1, transcription controls many 
osteoclast marker genes that drive osteoclast generation, 
fusion and resorption.20 Consistent with ablated NF-κB and 
ERK signaling, the downstream expression of c-Fos and 
NFATc1 on day 3 was obviously hampered by PRI treatment 
(Figure 4A-C). Furthermore, the nuclear translocation of 
NFATc1 was significantly blocked following PRI treatment 
further attesting to impediment of NFATc1 transcriptional 
activity (Figure 4D). Collectively, the ablation of early NF- 
κB and ERK signaling by PRI effectively hampered c-Fos 
and NFATc1 proteins induction and transcriptional activities 
thereby contributing to the anti-osteoclastic effects of PRI.

PRI Protects Mice Against Ovariectomy 
(OVX)-Mediated Bone Loss in vivo
We next assessed whether the encouraging in vitro anti- 
resorptive and anti-osteoclastic roles of PRI translates to 
protective effects against osteoclast-mediated bone loss 
caused by OVX in mice. One week after bilateral OVX or 
sham operation, mice were treated with intraperitoneal injec
tions of normal saline or 5 mg/kg PRI for further 6 weeks. 
Compared with Sham-operated mice, three-dimensional 
reconstructions of high-resolution micro-CT images of 
excised tibial bone revealed extensive bone loss in normal 
saline-treated OVX mice (Figure 5A). Morphometric analysis 
presented significant reductions in bone volume (BV/TV; 
Figure 5B), trabecular number (Tb.N; Figure 5C), bone 
mineral density (BMD; Figure 5F) and connectivity density 
(Conn.Dn; Figure 5G), and increasing trend in trabecular 
spacing (Tb.Sp; Figure 5D), bone changes that were consis
tent with osteoporotic phenotype. Treatment with PRI on the 
other side, protected mice against OVX-induced bone loss, 
improving morphometric parameters of BV/TV, Tb.N, Tb.Sp, 
BMD and Conn.Dn (Figure 5A-G). No difference in trabecu
lar thickness (Tb.Th; Figure 5E) was observed in both groups.

H&E histological assessments provided further evidence 
for PRI treatment in protecting mice against the deleterious 
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effects of OVX-induced bone loss (Figure 5H). Additionally, 
TRAP stained sections (Figure 5H) demonstrated significant 
differences in the number of TRAP-positive osteoclasts in 
each group (Figure 5I). Together these results clearly suggest 
that the in vitro anti-resorptive and anti-osteoclastic effects of 
PRI can be recapitulated to protect mice from bone loss 
caused by OVX in vivo.

Discussion
Bone metabolism is balanced by the mutual activities of 
osteoclasts bone resorption and osteoblasts bone formation. 
The synergistic interplay between these two bone cells ensures 
the structural integrity of the skeletal tissues remain in optimal 
condition. However, this disorder of balance leads to excessive 
osteoclast bone resorption underlies metabolic osteolytic 

Figure 3 PRI abolishes RANKL-induced activation of NF-κB and ERK MAPK signaling pathways. (A) Representative immunoblot images of the effect of PRI on the early 
activation of NF-κB signaling in response to RANKL stimulation. Total cellular proteins were extracted from BMM pretreated with 1.25 μM PRI for 1 hour and then 
stimulated with 50 ng/mL RANKL for indicated times. Protein expression and phosphorylation status of p65 and IκBα were assessed using specific antibodies. β-actin was 
used as internal loading control. (B and C) Densitometric quantitation of protein expression of IκBα relative to β-actin, and p-p65 relative to p65, using ImageJ software. (D) 
Immunofluorescence images of p65 nuclear translocation following RANKL stimulation without or with 1.25 μM PRI treatment (Magnification = 40×). Cell nuclei were 
counterstained with DAPI. (E) Representative immunoblot images of the effect of PRI on the early activation of MAPK signaling in response to RANKL stimulation. Protein 
expression and phosphorylation status of ERK, JNK, and p38 were assessed using specific antibodies. β-actin was used as internal loading control. (F-H) Densitometric 
quantitation of protein expression of p-ERK relative to ERK, p-JNK relative to JNK, and p-p38 relative to p38 by using ImageJ software. Bar graphs presented as mean ± SD 
of at least 3 independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 relative to RANKL-only control.

Drug Design, Development and Therapy 2021:15                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                          
69

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


conditions including post-menopausal osteoporosis.21 Current 
pharmacological interventions that offer some therapeutic ben
efits against osteoclast-mediated bone loss include bispho
sphonates, calcium supplements, estrogen replacements and 
selective estrogen receptor modulators, and anti-RANKL 
antibody.22 However, undesirable and in some cases severe 
side effects exist including cardiovascular events, nephrotoxi
city, osteonecrosis of the jaw, atypical fractures, and malignant 
tumor formation,4,5,23 limit their long-term use. Hence, the 
identification of new effective and safer alternatives is urgently 
needed for the treatment and management of osteolytic dis
eases, for instance osteoporosis. Therefore, this study showed 
that pristimerin (PRI) inhibits osteoclast generation and 
resorption and prevents OVX-induced bone loss partly by 
attenuating the inhibition of RANKL-stimulated activation of 
NF-κB and ERK MAPK signaling pathways.

PRI is a natural triterpenoid compound extracted from 
plants of the Celastraceae and Hippocrateaceae family. 
PRI has attracted much attention over the years for its 
chemopreventive and chemotherapeutic properties,24 anti- 
inflammatory, anti-oxidant, anti-arthritic, anti-malarial, 
anti-viral, anti-bacterial activities,12,15,25,26 and anti- 
tumour effects against breast cancer, lung cancer, prostate 
cancer, cervical cancer, gliomas, leukemias, and multiple 
myeloma tumors.14,27,28 Based on the results presented in 

this study, we now add anti-osteoclastic and anti-resorptive 
properties to the list of biological effects exerted by PRI. 
Mononuclear cells responding to RANKL fused as multi
nucleated osteoclasts. The combination of RANKL and its 
cognate receptor RANK on monocytic precursor cells 
recruits the adaptor protein TRAF6 and rapidly motivates 
serial signaling events which drives precursor cell differ
entiation and fusion into multinucleated giant cells and 
subsequent bone resorption.29 The NF-κB and MAPK 
(consisting of family members ERK, JNK, and p38) sig
naling pathways are two of the earliest pathways initiated 
in answer to RANKL stimulation.

TRAF6 stimulates NF-κB and MAPK by recruiting and 
activating TAK1. Activated TAK1 then activates IκB kinase 
(IKK) complex which successively phosphorylates and med
iates IκBα ubiquitin-dependent proteasomal degradation. The 
degradation of IκBα releases p65/p50 NF-κB heterodimer 
subunits from NF-κB heterodimer/IκBα complex, enabling 
the p65/p50 subunits to be phosphorylated and then translo
cated to the nucleus for initiation of transcriptional activity.30 

The importance of NF-κB proteins have been demonstrated in 
double-knockout mice which exhibits critical osteopetrotic 
phenotype owing to impaired osteoclast formation.31 Our 
biochemical analyses provide evidence for an inhibitory func
tion of PRI on NF-κB activation in response to RANKL 

Figure 4 PRI thwarted RANKL-induced induction of c-Fos and NFATc1. (A) Representative immunoblot images of the effect of PRI on the downstream induction of c-Fos 
and NFATc1 transcription factors in response to RANKL stimulation. Total cellular proteins extracted from BMM-derived osteoclasts co-treated with 50 ng/mL RANKL and 
1.25 μM PRI for 0, 1, 3 and 4 days were subjected to Western blot analyses using specific antibodies against c-Fos and NFATc1. β-actin was used as internal loading control. 
(B and C) Densitometric quantitation of protein expression of NFATc1 relative to β-actin, and c-Fos relative to β-actin by using ImageJ software. (D) Immunofluorescence 
images of NFATc1 nuclear translocation following RANKL stimulation without or with 1.25 μM PRI treatment (Magnification = 20×). Cell nuclei were counterstained with 
DAPI. Bar graphs presented as mean ± SD of at least 3 independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 relative to RANKL-only control group.
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stimulation. PRI treatment completely abolished the degrada
tion of IκBα and consequently hindered p65 phosphorylation, 
nuclear translocation, and NF-κB transcriptional activity. The 
suppression function of PRI on NF-κB signaling is consistent 
with previous reports in murine macrophages,26 and various 
cancer cells including myeloma, fibrosarcoma, osteosarcoma, 

esophageal cancer, ovarian carcinoma, pancreatic cancer, and 
leukemia cells.15,32–35 Interestingly, the study by Lu and col
leagues suggests that PRI inhibits two key steps in the NF-κB 
signaling cascade: TAK1 activation of IKK and IKK- 
dependent phosphorylation of IκBα, the latter of which is in 
line with our observations.

Figure 5 PRI protects against OVX-induced bone loss in mice in vivo. (A) Representative 3D reconstructions of micro-CT scans of tibial trabecular and cortical bone 
(cross-section) from mice in Sham (normal saline), OVX (normal saline), and OVX + PRI (5 mg/kg bodyweight) groups. (B-G) Morphometric analysis of bone parameters 
including percentage bone volume to tissue volume (BV/TV, %), trabecular bone number (Tb.N, mm−1), trabecular separation (Tb.S, mm), trabecular bone thickness (Tb. 
Th, mm), bone mineral density (BMD, mg/cm2) and connectivity density (Conn.Dn, 1/mm3). (H) Representative H&E and TRAP stained histological sections of tibial bone 
from control and experimental groups. (I) Quantitative histomorphometric analysis of the number of TRAP-positive cells in each group. Bar graph presented as mean ± SD 
from 8 samples per group; *p < 0.05, **p < 0.01, and ***p < 0.001 relative to control group.
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TAK1 also functions as the upstream MAPK kinase 
kinase (MAP3K) that activates all three downstream 
MAPK pathways including JNK, p38, and ERK.36 

Cooperatively, activation of three MAPK signaling pathways 
is important in the efficient stimulation of osteoclastogenesis. 
Monocytic precursors derived from JNK1 or ERK1 knock
out mice presents with reduced capacity to differentiate 
towards the osteoclast lineage.37,38 Additionally, ERK is 
also important for osteoclast survival and in the maintenance 
of osteoclast cell polarity in the process of bone resorption.39 

Besides, p38 signaling is mainly participated in osteoclast 
generation and not activity.40 Our present work discovered 
that PRI significantly restrained the activation of ERK sig
naling but had no influence in p38 activation. The inhibitory 
effect of PRI on ERK has previously been reported and is 
associated with pro-apoptotic effect of PRI.41 Interestingly, 
PRI treatment was found to sustain the activation of 
RANKL-induced activation of JNK. PRI has previously 
been displayed can induce cell apoptosis and autophagy via 
the elevation in ROS generation which subsequently acti
vated the ASK1/JNK signaling pathway in human breast 
cancer and in chronic myeloid leukemia cells.42 The sus
tained activation of phosphorylation of JNK could be put 
down to the activation of the ROS/ASK1/JNK pathway but 
further investigation will need to be carried out.

The early activation of NF-κB and MAPK signals 
coordinates the induction of c-Fos, an important compo
nent of the AP-1 transcription factor complex, and 
NFATc1, the main transcription factor in osteoclast 
differentiation.9 The loss of c-Fos or NFATc1 leads to 
complete loss of osteoclast formation, which causes 
severe osteopetrosis in mice.10 Over-expression of 
NFATc1 is capable of rescuing the osteoclast defect in 
NF-κB-deficient and c-Fos-deficient mice indicating that 
NFATc1 is the most distal transcription factor required for 
osteoclast generation process.43 NFATc1 induction and 
transcriptional activity is not only markedly induced by 
early RANKL signaling cascades but also sustained by the 
course of osteoclast generation process via the co- 
stimulatory Ca2+ oscillation-mediated self-sustaining 
auto-amplification system.44 Activated NFATc1 translo
cates to the nucleus and cooperates with other transcrip
tion factors to induce the production of relevant 
osteoclast-specific genes, for example Dc-stamp, Trap/ 
Acp5, Mmp-9, and Ctsk.11 In agreement with the suppres
sion role of PRI on NF-κB and ERK signaling activation, 
the downstream expression of c-Fos and NFATc1, and the 
nuclear localization of NFATc1 was markedly thwarted. 

Furthermore, quantitative gene expression analysis 
attested to the inhibition of NFATc1 transcription with 
the gene expression of Trap/Acp5, Dc-stamp Mmp-9, 
and Ctsk significantly downregulated following PRI 
treatment.

Together our data suggest that PRI exerts its anti- 
osteoclastic effects via the restraint of RANKL-mediated 
activation of ERK MAPK and NF-κB signaling pathways 
which hence thwarted the downstream activation transcrip
tion factors c-Fos and NFATc1, the latter of which is a key 
driver in the transcriptional upregulation of osteoclast genes 
participated in differentiation, fusion, and bone resorption. 
Additionally, these promising in vitro was successfully 
translated into in vivo benefits, with PRI administration 
protecting mice against the deleterious bone loss effects of 
estrogen-deficiency following OVX. Morphometric analyses 
of bone parameters show marked improvements in bone 
volume and trabecular bone architecture. Histological 
assessment revealed reductions in osteoclast numbers and 
activity following PRI administration. Thus collectively, our 
research data provide convincing evidence for the potential 
application of PRI as a therapeutic agent against osteoclast- 
mediated osteolytic conditions.
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