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ABSTRACT 

Osteoporosis is a bone disorder marked by reduced bone density and increased fracture risk, primarily due to
enhanced formation or activity of bone-resorbing osteoclasts. Although current anti-resorptive therapies can 
effectively reduce osteoclast-mediated bone loss, their long-term use is often limited by adverse effects. 
Pristimerin (PRI), a naturally occurring quinone-methide triterpenoid, has been reported to possess anti-
inflammatory and anti-cancer properties through modulation of signaling pathways, including NF-κB and MAPK.
The anti-osteoclastic and bone-resorptive effects of PRI were examined in vitro using bone marrow-derived 
macrophages. Additionally, an ovariectomized (OVX) mouse model was employed to evaluate the protective
effects of PRI against bone loss in vivo. PRI inhibited early activation of NF-κB and ERK MAPK signaling, 
thereby suppressing downstream targets c-Fos and NFATc1 and preventing osteoclast maturation. In the OVX
model, PRI effectively mitigated bone loss by reducing osteoclast formation and resorptive activity. These 
findings suggest that PRI holds promise as a therapeutic agent for osteoclast-driven bone diseases such as 
osteoporosis by targeting key signaling pathways involved in osteoclast differentiation and function. 
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Introduction 

Bone tissue undergoes continuous remodeling to preserve structural integrity, a process maintained by the 
coordinated actions of osteoclasts, which resorb bone, and osteoblasts, which form bone [1]. Disruption of this 
balance, particularly due to excessive osteoclast formation or activity, is a central cause of osteolytic diseases such 
as postmenopausal osteoporosis [2]. Overactive osteoclast-mediated bone resorption leads to reduced bone mass, 
decreased mineral density, deterioration of bone microarchitecture, and heightened fracture risk [3]. Osteoporosis-
related fractures remain a major public health concern worldwide, contributing to morbidity, mortality, and 
elevated healthcare expenditures. Current anti-resorptive treatments can mitigate bone loss effectively, but long-
term use is often limited by adverse effects including ocular, renal, gastrointestinal toxicity, atypical fractures, 
and osteonecrosis of the jaw [4, 5]. This has driven interest in novel therapeutic strategies that target the molecular 
pathways regulating osteoclastogenesis. 
Osteoclasts develop from monocyte/macrophage lineage precursors under the influence of two critical cytokines: 
macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-κB ligand (RANKL) [6, 
7]. M-CSF promotes precursor proliferation and survival while enhancing RANK receptor expression, allowing 
osteoclast precursors to respond to RANKL, a TNF-family protein secreted or presented by osteoblasts and 
stromal cells [8]. Binding of RANKL to RANK triggers downstream signaling via TRAF proteins and other 
adaptor molecules, leading to activation of NF-κB and MAPK pathways. This early signaling cascade induces 
nuclear factor of activated T cells 1 (NFATc1), the master transcription factor driving osteoclast differentiation 
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[9, 10]. NFATc1 then orchestrates the expression of genes critical for osteoclast fusion (e.g., Dc-stamp) and bone-
resorbing enzymes (e.g., Trap/Acp5, Cathepsin K, Mmp-9) [11]. 
Pristimerin (PRI) is a naturally occurring quinone-methide triterpenoid found in plants of the Celastraceae and 
Hippocrateaceae families. PRI exhibits multiple pharmacological activities, including anti-inflammatory [12] and 
anticancer effects [13], mediated via pathways such as Akt/NF-κB and ROS/MAPK [14]. Moreover, PRI has 
demonstrated protective effects against arthritis-induced bone and cartilage damage by modulating RANKL and 
inflammatory cytokine expression [15]. Based on these findings, we hypothesized that PRI could inhibit RANKL-
induced osteoclast formation and resorptive function. In this study, we employed in vitro cellular and biochemical 
assays to investigate the effects of PRI on osteoclast differentiation and function, and further evaluated its 
therapeutic potential in vivo using a murine ovariectomy (OVX) model that recapitulates postmenopausal 
osteoporosis [16]. 

Materials and Methods  

Reagents and cell culture 
Pristimerin (≥98% purity) was purchased from Chengdu Biopurify Phytochemicals Ltd (Chengdu, Sichuan, 
China) and prepared as a 20 mM stock solution in dimethyl sulfoxide (DMSO), then diluted in culture medium 
for experiments. α-MEM medium supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin was used for cell culture (Thermo Fisher Scientific, Scoresby, Victoria, Australia). 
Recombinant murine RANKL and M-CSF were obtained from R&D Systems (Minneapolis, MN, USA). Primary 
antibodies targeting p38, phospho-p38, JNK, phospho-JNK, ERK, phospho-ERK, NF-κB p65, phospho-NF-κB 
p65, β-actin, and IκBα were purchased from Cell Signaling Technology (Danvers, MA, USA). NFATc1 antibodies 
were sourced from Santa Cruz Biotechnology (Dallas, TX, USA), and c-Fos antibodies from Abcam (Cambridge, 
UK). Cell counting kit-8 (CCK-8) was obtained from MedChemExpress LLC (Monmouth Junction, NJ, USA). 
Rhodamine-conjugated phalloidin and DAPI were purchased from Molecular Probes (Eugene, OR, USA) and 
Sigma-Aldrich (St. Louis, MO, USA), respectively. 
 
Cell culture and osteoclast differentiation 
Bone marrow macrophages (BMMs) were harvested from the femurs and tibias of six-week-old C57BL/6 mice 
by flushing the marrow cavity. Cells were maintained in α-MEM supplemented with 30 ng/mL M-CSF at 37°C 
in a humidified incubator containing 5% CO₂. Media were refreshed every two days to remove non-adherent cells, 
and after four days, adherent cells were considered BMMs suitable for downstream experiments [1]. 
For osteoclastogenesis, BMMs were plated at 8×10³ cells per well in 96-well plates and allowed to attach 
overnight. The next day, cells were treated with 50 ng/mL RANKL in the absence or presence of varying 
concentrations of pristimerin (PRI; 0.3125, 0.625, or 1.25 μM) for six days. To determine the differentiation stage 
at which PRI exerted its effects, cells were exposed to 1.25 μM PRI during early (days 1–3), mid (days 3–5), or 
late (days 5–6) osteoclastogenesis. Cells treated with RANKL alone served as positive controls. Culture media 
containing RANKL and PRI were replaced every two days. At the end of the experiment, cells were fixed with 
4% paraformaldehyde for 30 minutes and stained for tartrate-resistant acid phosphatase (TRAP). TRAP-positive 
cells with three or more nuclei were considered mature osteoclasts and quantified under a phase-contrast 
microscope [2]. 
 
Cell viability assay 
BMM viability under PRI exposure was measured using the CCK-8 assay. Cells were plated at 8×10³ cells/well 
in 96-well plates and incubated with 0.3125, 0.625, or 1.25 μM PRI for 48 hours. After incubation, 10 μL of CCK-
8 solution was added to each well and incubated for an additional two hours. Absorbance at 450 nm was measured 
using a TriStar2 LB 942 Multimode Microplate Reader (Berthold Technologies GmbH & Co.KG, Germany) [3]. 
 
Podosomal actin belt staining 
To evaluate the effects of PRI on the osteoclast cytoskeleton, mature osteoclasts were generated as described 
above with PRI at concentrations of 0, 0.3125, 0.625, or 1.25 μM. After six days, cells were fixed with 4% PFA 
for 15 minutes, permeabilized with 0.1% Triton X-100 for five minutes, and washed with PBS. Cells were blocked 
with 3% BSA in PBS for 30 minutes, then stained with Rhodamine-conjugated phalloidin (0.2% BSA-PBS) for 



Brooks  and Watson, Inhibition of NF-κB and ERK Signaling by Pristimerin Mitigates Osteoclast Formation and 
OVX-Induced Bone Loss 

 

 

 

169 

one hour in the dark. Nuclei were counterstained with DAPI for five minutes. Fluorescence images were acquired 
using a Cytation 5 imaging system and analyzed using Gen5 software (BioTek Instruments Inc., USA) [4]. 
Bone resorption assay 
To assess osteoclast-mediated bone resorption, BMMs were plated in 6-well plates at 1×10⁵ cells/well and cultured 
with 50 ng/mL RANKL for three days to generate pre-osteoclasts. These cells were detached with trypsin and 
reseeded in equal numbers onto 96-well plates coated with a hydroxyapatite matrix. Cells were treated with 
RANKL in combination with PRI (0, 0.3125, 0.625, or 1.25 μM) for an additional three days. Cells were removed 
using sodium hypochlorite, and resorption pits were visualized under a light microscope. The resorbed areas were 
quantified using ImageJ software (NIH, USA) [5]. 
 
RNA extraction and quantitative PCR (qPCR) 
Total RNA was isolated from BMM-derived osteoclasts treated with RANKL, with or without PRI (0.625 or 1.25 
μM), using TRIzol reagent (Thermo Fisher Scientific). Complementary DNA (cDNA) was synthesized using the 
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR was performed on a 
LightCycler® 96 System (Roche) with FastStart Essential DNA Green Master Mix (Roche). The cycling program 
consisted of an initial denaturation at 95°C for 10 minutes, followed by 35 cycles at 95°C for 10 seconds, 60°C 
for 15 seconds, and 72°C for 10 seconds. Relative gene expression levels were calculated using the 2⁻ΔΔCt 
method and normalized to β-actin. The primer sequences were: 

 Ctsk: F 5ʹ-AGGCGGCTATATGACCACTG-3ʹ, R 5ʹ-TCTTCAGGGCTTTCTCGTTC-3ʹ 

 Trap/Acp5: F 5ʹ-ACGGCTACTTGCGGTTTCA-3ʹ, R 5ʹ-TCCTTGGGAGGCTGGTCTT-3ʹ 

 Mmp-9: F 5ʹ-GAAGGCAAACCCTGTGTGTT-3ʹ, R 5ʹ-AGAGTACTGCTTGCCCAGGA-3ʹ 

 Dc-stamp: F 5ʹ-TCTGCTGTATCGGCTCATCTC-3ʹ, R 5ʹ-ACTCCTTGGGTTCCTTGCTT-3ʹ 

 β-actin: F 5ʹ-TCCTCCCTGGAGAAGAGCTA-3ʹ, R 5ʹ-ATCTCCTTCTGCATCCTGTC-3ʹ [6]. 

Protein extraction and western blot analysis 
To examine the effects of PRI on early RANKL-triggered signaling, BMMs were plated at 1×10⁶ cells per well 
in 6-well plates and allowed to adhere overnight. Cells were serum-starved for three hours, pretreated with 1.25 
μM PRI for one hour, and then stimulated with 50 ng/mL RANKL for 5, 10, 20, 30, or 60 minutes. For analysis 
of later signaling events, BMMs (1×10⁵ cells/well) were cultured with RANKL in the presence or absence of 1.25 
μM PRI for 1, 3, or 5 days. Unstimulated BMMs served as controls (time 0). Protein extraction was performed 
using RIPA buffer containing 1% PMSF, 1% protease inhibitor, and 1% phosphatase inhibitor. Lysates were 
centrifuged at 15,000 rpm for 10 minutes, and supernatants were collected for protein quantification. Equal 
amounts of protein were resolved by 10–12% SDS-PAGE and transferred to nitrocellulose membranes. 
Membranes were blocked with 5% skim milk in TBST for one hour at 37°C and incubated overnight at 4°C with 
specific primary antibodies diluted in 1% skim milk-TBST. Following washes, membranes were probed with 
corresponding secondary antibodies and visualized using an Odyssey Sa Infrared Imaging System (LI-COR 
Biosciences, USA). Band intensity was quantified with ImageJ software [1]. 
 
Immunofluorescence for NF-κB p65 and NFATc1 nuclear translocation 
Nuclear translocation of NF-κB p65 and NFATc1 was assessed using confocal microscopy. For NF-κB p65, 
BMMs were plated on microscopy dishes overnight, serum-starved for 3 hours, pretreated with or without 1.25 
μM PRI for 1 hour, and then stimulated with 50 ng/mL RANKL for 30 minutes. For NFATc1, BMMs were treated 
with RANKL ± PRI (1.25 μM) for 5 days. Cells were fixed in 4% PFA for 15 minutes, permeabilized with 0.1% 
Triton X-100 for 5 minutes, and blocked with 3% BSA-PBS for 30 minutes. Primary antibodies against NF-κB 
p65 (sc-8008 PE; Santa Cruz Biotechnology) or NFATc1 (sc-7294 AF488; Santa Cruz Biotechnology) were 
incubated overnight at 4°C, followed by secondary antibody staining (Alexa Fluor 552 for NF-κB p65 or Alexa 
Fluor 488 for NFATc1) for 1 hour in the dark. Nuclei were counterstained with DAPI, and images were captured 
by confocal microscopy [2]. 
 
OVX-Induced osteoporosis model 
To evaluate the in vivo protective effect of PRI against postmenopausal bone loss, a bilateral ovariectomy (OVX) 
model was performed in 12-week-old female C57BL/6 mice. All procedures were approved by the Ethics 
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Committee of Guangxi Medical University. Mice were randomly assigned to three groups (n = 8 per group): Sham 
+ saline, OVX + saline, and OVX + PRI (5 mg/kg). Mice were anesthetized with tribromoethanol, ovariectomized, 
or sham-operated, and received intraperitoneal penicillin to prevent infections. One week post-surgery, PRI or 
saline was administered intraperitoneally every two days for six weeks. After treatment, mice were euthanized, 
and tibiae were harvested for micro-CT and histological analyses [3]. 
 
Micro-CT imaging and histology 
Fixed tibiae (4% PFA, 24 h) were scanned using a Bruker micro-CT system at 70 kV, 142 μA, and a 10 μm 
isotropic voxel size. Three-dimensional reconstructions and quantitative analysis of trabecular bone parameters—
BMD, connectivity density (Conn.D), trabecular number (Tb.N), trabecular separation (Tb.Sp), trabecular 
thickness (Tb.Th), and BV/TV—were performed using CTAn software. For histology, bones were decalcified in 
10% EDTA at 4°C for one week, embedded in paraffin, and sectioned at 5 μm. Sections were stained with H&E 
and TRAP, and osteoclast numbers were quantified in a blinded manner [4]. 
 
Statistical analysis 
All data are presented as mean ± SD. Experiments were independently repeated at least three times. Statistical 
comparisons were made using Student’s t-test or one-way ANOVA with GraphPad Prism 7.0. P-values < 0.05 
were considered statistically significant [5]. 

PRI suppresses RANKL-driven osteoclast formation in vitro 
To determine whether PRI influences osteoclastogenesis, we first tested its cytotoxicity on BMMs using the CCK-
8 assay. As depicted in Figure 1b, PRI did not exhibit noticeable toxicity at concentrations up to 1.25 μM after 
48 hours of exposure. Based on the typical timeframe of 5–6 days required for RANKL to induce osteoclast 
differentiation, three concentrations of PRI (0.3125, 0.625, and 1.25 μM) were selected for further studies. 
Subsequent experiments assessed the effects of PRI on RANKL-induced osteoclast development. BMMs treated 
with RANKL alone formed large, well-spread, TRAP-positive multinucleated osteoclasts (Figure 1c). In contrast, 
PRI treatment caused a clear, dose-dependent reduction in the formation of multinucleated osteoclasts, with the 
highest dose (1.25 μM) primarily yielding TRAP-positive mononuclear cells (Figures 1c and 1d). 
 

   

a) b) d) 

c) 
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e) f) 

Figure 1. PRI Suppresses RANKL-Induced Osteoclast Differentiation In Vitro 
(a) Chemical structure and molecular formula of Pristimerin (PRI). 

(b) Assessment of cytotoxicity of various PRI concentrations on bone marrow macrophages (BMMs) after 48 
hours using the CCK-8 assay. 

(c) Representative TRAP-stained phase-contrast images showing the dose-dependent inhibitory effect of PRI 
on RANKL-induced osteoclast formation over 6 days (50 ng/mL RANKL; scale bar = 200 µm). 

(d) Quantification of TRAP-positive multinucleated osteoclasts (≥3 nuclei). 
(e) Representative TRAP-stained images illustrating the time-dependent inhibitory effect of PRI on osteoclast 
formation. BMMs were treated with 1.25 μM PRI at different stages of RANKL stimulation (scale bar = 100 

µm). 
(f) Quantification of TRAP-positive multinucleated osteoclasts (≥3 nuclei) at each treatment stage. Data are 
presented as mean ± SD from at least three independent experiments; *p < 0.05, ***p < 0.001 vs. RANKL-

only controls. All experiments were performed in triplicate. 
 
To determine the specific stage of osteoclast differentiation affected by PRI, RANKL-stimulated BMMs were 
exposed to 1.25 μM PRI during defined periods of the 6-day culture (Figure 1e). PRI exerted the most pronounced 
inhibitory effect when applied during the early differentiation stage (days 1–3), markedly reducing TRAP-positive 
multinucleated osteoclasts compared to RANKL-only controls (Figures 1e and 1f). Treatment during the late 
stage (days 5–6) produced a modest but significant reduction, while administration during the intermediate stage 
(days 3–5) yielded an intermediate effect. These findings indicate that PRI primarily suppresses the differentiation 
and fusion of BMM precursors in response to RANKL stimulation. 
 
PRI attenuates osteoclast resorptive function in vitro 
The assembly of podosomal actin belts and mature F-actin rings is essential for osteoclast bone resorption [17]. 
To investigate the impact of PRI on osteoclast cytoskeletal organization, BMM-derived osteoclasts were treated 
with varying concentrations of PRI and stained with Rhodamine-conjugated phalloidin. Consistent with its 
inhibitory effects on osteoclastogenesis, PRI treatment reduced both the formation and size of podosomal actin 
belts in a dose-dependent manner (Figure 2a). The highest concentration (1.25 μM) largely prevented precursor 
cell fusion, resulting in predominantly mononuclear cells devoid of actin rings, further confirming the suppression 
of early osteoclast development. 
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a) 

b) c) 

d) 
Figure 2. PRI Inhibits Podosomal Actin Belt Formation and Bone Resorption in Mature Osteoclasts In Vitro 

(a) Immunofluorescence images showing podosomal actin belts (Rhodamine-phalloidin, red) in BMM-
derived osteoclasts treated with 50 ng/mL RANKL in the absence or presence of PRI. Nuclei were 

counterstained with DAPI (blue). 
(b) Representative phase-contrast images demonstrating the effect of PRI on mature osteoclast-mediated bone 
resorption. Pre-osteoclasts were cultured with RANKL for 3 days, then reseeded onto hydroxyapatite-coated 

plates and treated with PRI for an additional 3 days (scale bar = 200 μm). 
(c) Quantification of bone resorption area relative to total well area, analyzed using ImageJ. 

(d) Dose-dependent suppression of osteoclast marker gene expression by PRI. mRNA levels of Dc-stamp, 
Trap/Acp5, Ctsk, and Mmp-9 were measured by qPCR after 6 days of RANKL stimulation with or without 
PRI, normalized to β-actin, and presented as fold change relative to RANKL-only controls. Data represent 
mean ± SD of at least three independent experiments; **p < 0.01, ***p < 0.001 vs RANKL-only control. 

 
PRI suppresses bone resorptive activity of mature osteoclasts 
Osteoclasts are uniquely responsible for resorbing mineralized bone matrix. To evaluate whether PRI affects this 
functional activity, pre-osteoclasts cultured for 3 days were reseeded onto hydroxyapatite-coated plates and treated 
with various concentrations of PRI for 3 additional days. PRI treatment dose-dependently reduced the resorption 
area compared to controls (Figures 2b and 2c), demonstrating that PRI not only inhibits osteoclast formation but 
also diminishes the bone-resorptive function of mature osteoclasts. 
 



Brooks  and Watson, Inhibition of NF-κB and ERK Signaling by Pristimerin Mitigates Osteoclast Formation and 
OVX-Induced Bone Loss 

 

 

 

173 

PRI inhibits RANKL-induced upregulation of osteoclast-specific genes 
Osteoclast differentiation and bone resorption require the induction of genes essential for precursor fusion (Dc-
stamp) and proteolytic activity (Ctsk, Trap/Acp5, Mmp-9) (Figure 2d). Consistent with its inhibitory effects on 
osteoclast formation and resorption, PRI significantly suppressed the RANKL-mediated upregulation of these 
genes, confirming its dual anti-osteoclastic and anti-resorptive actions. 
 
PRI blocks RANKL-induced activation of NF-κB and ERK pathways 
The expression of osteoclast-specific genes is tightly regulated by signaling cascades triggered by RANKL, 
particularly the NF-κB and MAPK pathways. Activation of these pathways is essential for directing BMM 
precursors towards osteoclast differentiation. Western blot analyses revealed that RANKL stimulation caused 
rapid degradation of the NF-κB inhibitory protein IκBα within 5 minutes, persisting up to 30 minutes (Figures 3a 
and 3b). IκBα degradation exposes the nuclear localization signal of NF-κB p65, allowing its phosphorylation 
(5–10 minutes) (Figures 3and 3c) and nuclear translocation (Figure 3d), where it promotes transcription of target 
genes [18]. Treatment with 1.25 μM PRI effectively prevented IκBα degradation, p65 phosphorylation, and 
nuclear translocation, demonstrating that PRI robustly inhibits RANKL-induced NF-κB signaling. 

 

 

a) 

 

b) c) d) 

 

f) g) 

 
e) h) 

Figure 3. PRI Suppresses RANKL-Triggered NF-κB and ERK MAPK Pathways 
(a) Immunoblot analysis showing early NF-κB activation in BMMs pretreated with 1.25 μM PRI for 1 hour 

and then stimulated with 50 ng/mL RANKL for varying times. Total and phosphorylated p65, as well as 
IκBα, were detected with specific antibodies; β-actin served as loading control. 

(b, c) Quantification of protein band intensities for IκBα (normalized to β-actin) and p-p65 (normalized to 
total p65) using ImageJ. 
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(d) Confocal images illustrating nuclear translocation of p65 following RANKL treatment with or without 
PRI (magnification = 40×); nuclei were stained with DAPI. 

(e) Western blots depicting the effects of PRI on the MAPK signaling cascade (ERK, JNK, p38) following 
RANKL stimulation. 

(f–h) Densitometric analyses of phosphorylated ERK, JNK, and p38 relative to total protein levels. Data 
represent mean ± SD of three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001 vs RANKL 

only. 
 

PRI selectively targets ERK signaling 
Activation of MAPKs—including ERK, JNK, and p38—is crucial for the differentiation of BMMs into 
osteoclasts. Upon RANKL stimulation, phosphorylation of all three kinases was rapidly induced within 5 minutes 
(Figures 3e–3h). ERK phosphorylation peaked at 10 minutes, while JNK and p38 remained phosphorylated for 
up to 20 minutes. Treatment with PRI specifically suppressed ERK phosphorylation but had little effect on p38. 
Interestingly, JNK phosphorylation appeared to be maintained longer in PRI-treated cells compared to controls 
(Figures 3e and 3g). These results suggest that PRI selectively inhibits ERK activation while modulating JNK 
signaling during osteoclastogenesis. 
 
PRI impairs NFATc1 expression and nuclear localization 
NF-κB and MAPK signaling are critical for the induction of osteoclast-specific transcription factors, particularly 
c-Fos and NFATc1, which regulate genes required for osteoclast differentiation, fusion, and resorptive function 
[10, 19, 20] (Figures 4a–4c). PRI treatment markedly reduced the RANKL-induced expression of both c-Fos and 
NFATc1 by day 3. Furthermore, PRI inhibited the translocation of NFATc1 into the nucleus (Figure 4d), 
indicating a strong blockade of its transcriptional activity. Together, these data demonstrate that PRI disrupts early 
RANKL signaling, thereby preventing downstream activation of transcriptional programs necessary for osteoclast 
formation and function. 
 

a) 

 
b) c) d) 

Figure 4. PRI Suppresses RANKL-Induced c-Fos and NFATc1 Expression 
(a) Western blot analysis showing the effect of PRI on the expression of transcription factors c-Fos and 

NFATc1 in BMM-derived osteoclasts. Cells were co-treated with 50 ng/mL RANKL and 1.25 μM PRI for 0, 
1, 3, and 4 days. β-actin served as a loading control. 

(b, c) Quantitative densitometry of NFATc1 and c-Fos protein levels relative to β-actin, calculated using 
ImageJ. 

(d) Confocal immunofluorescence illustrating the nuclear localization of NFATc1 following RANKL 
stimulation with or without PRI treatment (1.25 μM) (magnification = 20×). Nuclei were counterstained with 
DAPI. Data are presented as mean ± SD from at least three independent experiments; *p < 0.05, **p < 0.01, 

***p < 0.001 vs RANKL-only controls. 
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PRI mitigates OVX-induced bone loss in mice 
To examine whether the anti-osteoclastic and anti-resorptive effects of PRI observed in vitro translate to in vivo 
benefits, we employed a murine ovariectomy (OVX) model of post-menopausal bone loss. One week after OVX 
or sham surgery, mice were administered intraperitoneal injections of either saline or PRI (5 mg/kg) every other 
day for 6 weeks. High-resolution micro-CT imaging of excised tibiae revealed severe bone deterioration in saline-
treated OVX mice compared to Sham controls (Figure 5a). Morphometric quantification demonstrated a marked 
reduction in bone volume fraction (BV/TV), trabecular number (Tb.N), bone mineral density (BMD), and 
connectivity density (Conn.Dn), accompanied by an increase in trabecular separation (Tb.Sp) (Figures 5b–5d 
and 5f–5g), consistent with osteoporotic bone loss. 
In contrast, PRI-treated OVX mice displayed significantly preserved bone microarchitecture, with improved 
BV/TV, Tb.N, BMD, Conn.Dn, and decreased Tb.Sp compared to saline-treated OVX animals (Figures 5a–5g). 
No significant changes in trabecular thickness (Tb.Th) were observed between groups (Figure 5e). These findings 
indicate that PRI effectively protects against OVX-induced bone loss and preserves bone structural integrity in 
vivo. 
 

 
a) 

  
b) c) d) 

 
e) f) g) 
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h) i) 
Figure 5. PRI Attenuates OVX-Induced Bone Loss in Mice 

(a) Three-dimensional micro-CT reconstructions of tibial trabecular and cortical bone from Sham (saline), 
OVX (saline), and OVX + PRI (5 mg/kg) mice. 

(b–g) Quantitative bone morphometry showing BV/TV (%), trabecular number (Tb.N, mm⁻¹), trabecular 
separation (Tb.Sp, mm), trabecular thickness (Tb.Th, mm), bone mineral density (BMD, mg/cm²), and 

connectivity density (Conn.Dn, 1/mm³). 
(h) Representative histological sections stained with H&E and TRAP from tibiae of different groups. 

(i) Quantification of TRAP-positive multinucleated osteoclasts in each group. Data are presented as mean ± 
SD, n = 8 per group; *p < 0.05, **p < 0.01, ***p < 0.001 versus control. 

 
Histological evaluation corroborated the micro-CT findings, showing that PRI administration mitigated OVX-
induced trabecular bone loss (Figure 5h). TRAP staining further demonstrated a marked reduction in osteoclast 
numbers in PRI-treated OVX mice compared with untreated OVX controls (Figures 5h–5i). Collectively, these 
results indicate that the in vitro anti-osteoclastic and anti-resorptive effects of PRI translate into significant 
protection against OVX-induced bone loss in vivo. 
 
Results and Discussion 

Bone homeostasis is maintained by the coordinated activities of osteoclasts, which mediate bone resorption, and 
osteoblasts, responsible for bone formation. This interplay ensures skeletal structural integrity. Dysregulation of 
this balance, particularly excessive osteoclast activity, underlies osteolytic disorders such as post-menopausal 
osteoporosis [21]. Current anti-resorptive therapies—including bisphosphonates, calcium supplementation, 
estrogen replacement, selective estrogen receptor modulators, and anti-RANKL antibodies—have demonstrated 
clinical efficacy [22]. However, these treatments are often associated with severe side effects, such as 
cardiovascular complications, nephrotoxicity, osteonecrosis of the jaw, atypical fractures, and increased tumor 
risk [4, 5, 23], limiting their long-term application. Therefore, the development of safer, effective alternatives 
remains a priority in osteoporosis management. 
Our findings reveal that pristimerin (PRI), a natural triterpenoid from the Celastraceae and Hippocrateaceae 
families, inhibits osteoclast differentiation and bone resorption, protecting against OVX-induced bone loss. PRI 
has previously been reported to possess chemopreventive and chemotherapeutic effects [24], as well as anti-
inflammatory, antioxidant, anti-arthritic, anti-malarial, antiviral, antibacterial, and anti-tumor activities [12, 14, 
15, 25–28]. The present study expands the known biological effects of PRI by demonstrating its anti-osteoclastic 
and anti-resorptive potential. 
Osteoclast differentiation is driven by the interaction of RANKL with its receptor RANK on 
monocyte/macrophage precursors, which recruits the adaptor protein TRAF6 to initiate downstream signaling 
cascades that promote cell fusion into multinucleated osteoclasts and activation of bone resorption [29]. Among 
these pathways, NF-κB and MAPK signaling (ERK, JNK, and p38) are crucial for early osteoclastogenesis. 
Activation of TRAF6 stimulates TAK1, which subsequently activates the IκB kinase (IKK) complex. IKK 
phosphorylates IκBα, triggering its ubiquitination and proteasomal degradation. This releases the p65/p50 NF-κB 
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heterodimers, allowing their phosphorylation, nuclear translocation, and initiation of transcriptional programs 
required for osteoclast differentiation [30]. NF-κB deficiency in double-knockout mice results in severe 
osteopetrosis due to impaired osteoclast formation [31]. 
Our biochemical analyses demonstrate that PRI effectively inhibits NF-κB activation by preventing IκBα 
degradation, p65 phosphorylation, nuclear translocation, and downstream transcriptional activity. These results 
are consistent with previous studies in murine macrophages [26] and multiple cancer cell types, including 
myeloma, fibrosarcoma, osteosarcoma, esophageal carcinoma, ovarian carcinoma, pancreatic cancer, and 
leukemia cells [15, 32–35]. 
 Interestingly, Lu et al. reported that PRI can inhibit two critical steps in the NF-κB signaling cascade: the 
activation of IKK by TAK1 and the subsequent IKK-mediated phosphorylation of IκBα, the latter of which aligns 
with our observations. TAK1 also serves as an upstream MAP3K that triggers the three primary MAPK 
pathways—ERK, JNK, and p38—which together play essential roles in promoting osteoclast differentiation [36]. 
Studies using JNK1 or ERK1 knockout mice show that monocytic precursors lacking these kinases have 
diminished capacity to differentiate into osteoclasts [37, 38]. Beyond differentiation, ERK signaling contributes 
to osteoclast survival and maintenance of cell polarity during bone resorption [39], whereas p38 is primarily 
involved in osteoclast formation rather than resorptive activity [40]. 
Our findings reveal that PRI markedly suppresses ERK activation while leaving p38 unaffected. This ERK 
inhibition is consistent with prior reports linking PRI to pro-apoptotic effects [41]. Unexpectedly, PRI treatment 
prolonged RANKL-induced JNK activation. Previous studies have demonstrated that PRI can induce apoptosis 
and autophagy via ROS generation, which in turn activates the ASK1/JNK pathway in human breast cancer and 
chronic myeloid leukemia cells [42]. Therefore, the sustained JNK phosphorylation observed here may be 
attributed to ROS-mediated ASK1/JNK activation, though further investigation is warranted. 
Early NF-κB and MAPK activation coordinates the induction of transcription factors c-Fos and NFATc1, both 
essential for osteoclastogenesis [9]. Loss of c-Fos or NFATc1 abolishes osteoclast formation, resulting in severe 
osteopetrosis in mice [10]. Notably, overexpression of NFATc1 can rescue osteoclast defects in c-Fos- or NF-κB-
deficient models, highlighting NFATc1 as a critical distal regulator of osteoclast differentiation [43]. NFATc1 
activation is initially triggered by early RANKL signaling and is subsequently sustained via Ca²⁺ oscillation-
mediated auto-amplification [44]. Once activated, NFATc1 translocates to the nucleus and cooperates with other 
transcription factors to drive expression of osteoclast-specific genes such as Dc-stamp, Trap/Acp5, Mmp-9, and 
Ctsk [11]. In line with PRI-mediated inhibition of NF-κB and ERK pathways, both c-Fos and NFATc1 induction 
and NFATc1 nuclear localization were significantly suppressed. Correspondingly, transcription of downstream 
osteoclast markers, including Trap/Acp5, Dc-stamp, Mmp-9, and Ctsk, was markedly reduced following PRI 
treatment. 
Overall, our data indicate that PRI exerts anti-osteoclastic effects by restraining RANKL-mediated activation of 
ERK MAPK and NF-κB signaling, thereby preventing downstream activation of c-Fos and NFATc1, which are 
essential for osteoclast differentiation, fusion, and bone resorption. Importantly, the in vitro anti-resorptive and 
anti-osteoclastic effects of PRI translated to in vivo protection, as PRI administration mitigated estrogen-
deficiency–induced bone loss in OVX mice. Morphometric analyses showed significant improvements in bone 
volume and trabecular architecture, while histological evaluation revealed a reduction in osteoclast numbers and 
activity. Collectively, these findings provide strong evidence supporting PRI as a potential therapeutic agent for 
osteoclast-mediated osteolytic diseases. 
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