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Bone-targeted celastrol nanocarrier
suppresses osteoclastogenesis in
postmenopausal osteoporosis

Check for updates

Xiaolong Yu1, Shengtao Zhang1, Zhiqi Wei1 & Qiang Xu1,2

Osteoporosis is a metabolic disorder characterized by progressive bone loss, particularly affecting
postmenopausal women. Excessive osteoclast activity contributes to bone resorption and skeletal
fragility. Celastrol, a natural triterpene, has demonstrated anti-inflammatory and anti-resorptive
effects, but its clinical application is limited by poor solubility and systemic toxicity. In this study, we
engineered a bone-targeted nano-sustained-release system using mesoporous silica nanoparticles
loaded with celastrol. The nanocarrier displayed high bone affinity, sustained drug release, and
favorable biocompatibility. In vitro, it suppressed RANKL-induced osteoclast formation and function
by downregulating NF-κB and MAPK signaling. In vivo, treatment of ovariectomized rats improved
bone mineral density, preserved trabecular microarchitecture, and reduced osteoclast numbers
without apparent systemic toxicity. These findings demonstrate that bone-targeted celastrol
nanoparticles provide an efficient and safe therapeutic strategy for postmenopausal osteoporosis by
inhibiting osteoclastogenesis and protecting bone structure.

Osteoporosis (OP) is a progressive skeletal disorder among the elderly
population, and with the increasing trend of aging populations worldwide,
its impact is becomingmore prominent1–3. In particular, the incidence ofOP
is higher in postmenopausal women, with one in every twowomen over the
age of 50 in the United States expected to experience an osteoporotic frac-
ture. Postmenopausal women face an increased risk for both vertebral and
non-vertebral fractures, as well as a higher likelihood of experiencing sub-
sequent fractureswithin1–2years of the initial event4.This is likely related to
physiological changes such as bone loss due to declining estrogen levels5,6. In
addition to reduced bone mineral density and typical symptoms of OP,
patientsmay also suffer from complications such as fractures, loss of height,
and postural deformities, all of which can substantially impair their overall
quality of life7–9. However, in the United States, only 24% of women aged 60
and above receive OP-targeted treatment within the first year after fracture.
Conventional treatments rely heavily on pharmacologic interventions,
including calcium supplements, vitamin D analogs, and growth
hormones10–12. Yet, prolonged use of these medications has been linked to
adverse effects and diminishing efficacy. While some studies have docu-
mented that supplementation with calcium and vitamin D reduces fracture
risk13–15, other studies have shown no such benefit16–19. Moreover, calcium
supplementsmay increase the risk of cardiovascular events, gastrointestinal
discomfort, and when combined with vitamin D, even nephrolithiasis20.

Given these limitations, there is an urgent need to identify and advance
novel therapeutic approaches21. The development of innovative strategies—
suchas gene therapy andnanodrugdelivery systems—mayoffer alternatives
or adjuncts to traditional treatments, broadening therapeutic options and
improving efficacy22.

This study focused on a bone-specific nano-formulated delivery plat-
form incorporating ThunderGodVine Extract and aspartic acid sequences,
proposed as a novel therapeutic modality for managing postmenopausal
OP. Celastrol has been reported to alleviate OP by inducing osteogenic
differentiation of bone marrow-derived mesenchymal stem cells, and by
inhibiting osteoclastogenesis and resorption activity through suppression of
β-activatedkinase 1-mediated activationof theNF-κBandMAPKpathways
and downregulation of osteoclast-related genes23–26. The research metho-
dology includes advanced nanotechnology synthesis methods and com-
prehensive evaluation of the performance andmechanisms of action of this
sustained-release material in in vitro and in vivo experiments27,28. Pre-
liminary results show that this Nano sustained-release material exhibits
promising effects in inhibiting osteoclast activity in preventing and treating
postmenopausal OP. The therapeutic mechanism is believed to involve
suppression of the NF-κB and MAPK axes29–31.

Furthermore, through in-depth research, we aim to elucidate the
mechanisms of action of this bone-targeted nano sustained-release system,

1Department of Orthopedics, The First Affiliated Hospital, Jiangxi Medical College, Nanchang University, Nanchang, China. 2Postdoctoral Innovation Practice
Base, The First Affiliated Hospital, Jiangxi Medical College, Nanchang University, Nanchang, People’s Republic of China. e-mail: xuqiangyisheng@126.com;
ndyfy09659@ncu.edu.cn

npj Science of Food |           (2025) 9:215 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00576-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00576-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00576-8&domain=pdf
mailto:xuqiangyisheng@126.com
mailto:ndyfy09659@ncu.edu.cn
www.nature.com/npjscifood


providing innovative insights and approaches for OP treatment32,33. Our
ultimate goal is to develop more effective therapeutic options for post-
menopausal OP patients, enhance the understanding of disease pathogen-
esis, and contribute to advancements in clinical management—ultimately
improving patients’ quality of life. Here, we strive to foster innovation and
progress in the field of OP therapy.

Specifically, this research focuses on exploring the underlying
mechanisms bywhich the nano sustained-releasematerial—loadedwith the
active extract from Tripterygium wilfordii (Thunder God Vine)—exerts its
therapeutic effects in postmenopausal OP. Particular attention is given to
the rolesof theNF-κBandMAPKaxes inmodulatingosteoclast activity.We
believe this study will provide critical scientific evidence to support the
development of novel OP treatment strategies, leading to improved clinical
outcomes and health benefits for affected individuals. By investigating both
the mechanisms and therapeutic efficacy of this innovative approach, we
aim to offer comprehensive treatment options for OP and contribute to the
broader understanding and clinicalmanagement of this debilitating disease.

Results
Preparation and characterization of bone-targeted nano-
sustained-release materials C@MSN-P-A8
The bone-targeted nanodrug delivery system, C@MSN-P-A8, was synthe-
sized using a modified sol-gel method. As illustrated in Fig. 1A,MSNs were
initially prepared using CTAB as a templating agent and TEOS as the silica
source. Amination was performed by treatingMSNs with APTMS, yielding
MSN-NH2. Celastrol was then loaded into MSN-NH2 to form Celas-
trol@MSN, and fluorescein isothiocyanate (FITC) was incorporated to
generate fluorescently labeled Celastrol@FITC-MSN-NH2. Separately,
PEG-ASP8 was synthesized by coupling HOOC-PEG-NH2 with the bone-
targeting peptide ASP8 using EDC-mediated condensation. The final pro-
duct, C@MSN-P-A8, was obtained by grafting PEG-ASP8 onto the surface
of Celastrol@FITC-MSN-NH2.

TEM revealed that MSN, C@MSN, and C@MSN-P-A8 maintained a
uniform spherical morphology (Fig. 1B). While MSN exhibited a well-
definedmesoporous structure, this structural clarity decreasedprogressively
after drug loading and surface modification, accompanied by an increase in
particle diameter. DLS analysis showed hydrodynamic diameters of
approximately 120.06 nm (MSN), 136.38 nm (C@MSN), and 173.94 nm
(C@MSN-P-A8) (Fig. 1C).

TGA further confirmedmaterial composition changes.Weight loss for
MSN,C@MSN, andC@MSN-P-A8was approximately 7.82%, 15.43%, and
25.54%, respectively (Fig. 1D).

Drug release profiles were evaluated in PBS. Within 42 h, C@MSN
released nearly 60% of Celastrol, demonstrating a burst release pattern. In
contrast, C@MSN-P-A8 showed a slower, more controlled release, with
~30% of Celastrol released over the same period, suggesting effective
sustained-release characteristics (Fig. 1E).

To assess bone-targeting capability, in vivo fluorescence imaging was
conducted. At 4 h post-injection, similar fluorescence signals were observed
in major organs for all nanoparticle formulations. However, at 72 h, MSN
and C@MSN were largely cleared from the liver and kidneys, while the
C@MSN-P and C@MSN-P-A8 groups exhibited stronger retention.
Notably, only the C@MSN-P-A8 group exhibited a markedly stronger
fluorescence signal in the femur at 72 h, indicating effective bone-targeted
delivery in vivo (Fig. 1F).

Meanwhile, nitrogen adsorption-desorption isotherms of MSN dis-
played a classical Langmuir type IV curve, confirming the presence of
mesoporous structures inMSN(Fig. 2A). Thepore size distribution, derived
from the adsorption branch, confirmed capillary condensation in the range
of 0.8–1.0 relative pressure (Fig. 2B). The specific surface area and average
pore diameter of MSN were calculated to be 875.21m2/g and 3.57 nm,
respectively.

As illustrated in Fig. 2C, D, C@MSN-P-A8 exhibited no significant
cytotoxicity in BMM or RAW264.7 cells at concentrations below 20 μM.

Fig. 1 | Preparation and characterization of C@MSN-P-A8. A Schematic repre-
sentation of the preparation of C@MSN-P-A8. B Typical SEM images of MSNs,
C@MSN, andC@MSN-P-A8.CDLS curves ofMSNs, C@MSN, andC@MSN-P-A8.
D TGA curves of MSNs, C@MSN, and C@MSN-P-A8. E Drug release curve of

Celastrol from C@MSN-P-A8. F In vivo targeted fluorescence experiment: fluor-
escence images of various organs at 4 and 72 h post-injection of MSNs, C@MSN,
C@MSN-PEG, and C@MSN-P-A8.
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Collectively, these findings confirm the successful fabrication of a
bone-targeted mesoporous silica-based nano delivery system.

Inhibition of osteoclast formation and bone resorption by
C@MSN-P-A8
We then focused on the inhibitory potential of C@MSN-P-A8 in osteo-
clastogenesis. TRAP staining revealed that C@MSN-P-A8 significantly
suppressed the formation of TRAP-positive multinucleated osteoclasts in a
dose-dependent fashion, without inducing cytotoxicity. In contrast, the
untreated control group exhibited numerous large, TRAP-positive multi-
nucleated cells. Quantitative analysis showed a marked decline in both the
number and surface area of TRAP-positive osteoclasts uponC@MSN-P-A8
treatment (Fig. 3A). These findings were consistent with results obtained
using the RAW264.7 cell line (Fig. 4A).

In addition, F-actin ring formationwas disrupted byC@MSN-P-A8 in
a concentration-dependent fashion. In control cultures, well-organized,
circular F-actin rings were clearly observed. Treatment with increasing
concentrations of C@MSN-P-A8 resulted in fewer and morphologically
deformed actin rings (Fig. 3B), a trend also confirmed in RAW264.7 cells
(Fig. 4B).

Then, the effect of C@MSN-P-A8 on osteoclast-mediated bone
resorption was studied. Subsequently, before scanning electron micro-
scopy, toluidine blue staining was performed to better visualize the
resorptionpits. Bone sliceswere then treatedwith different concentrations
(0, 2.5, 5, and 10 μM) of C@MSN-P-A8 for 48 h. Scanning electron
microscopy revealed substantial reductions in both the number and area
of resorption pits on the bone surface in treated groups compared to
controls (Fig. 3C, D). Similar anti-resorptive effects were observed in
RAW264.7 cells (Fig. 4C, D).

Collectively, C@MSN-P-A8 effectively inhibits both the formation and
bone-resorptive activity of osteoclasts in vitro.

C@MSN-P-A8 inhibits osteoclast differentiation by modulating
the NF-κB and MAPK Axes
RANKL, a critical cytokine produced in the bone marrow microenviron-
ment, induces the differentiationof osteoclast precursors intomature, bone-
resorbingosteoclasts.Uponbinding to its receptorRANK,RANKLactivates
downstream pathways, most notably the NF-κB signaling cascade, which is

vital in osteoclastogenesis34,35. To evaluate the inhibitory effect of C@MSN-
P-A8 on osteoclast-specific gene expression, we conducted RT-qPCR ana-
lysis. As expected, RANKL stimulation notably elevated the expression of
TRAP,CTSK, andCTR.However, treatmentwithC@MSN-P-A8markedly
suppressed the mRNA levels of these genes in BMMs (Fig. 5A).

Given that the NF-κB and MAPK pathways are key drivers of osteo-
clast development and activity33, we next examinedwhether C@MSN-P-A8
modulates these pathways. Prior research has shown that Celastrol can
inhibit phosphorylation events inbothNF-κBandMAPKsignaling, thereby
attenuating osteoclast differentiation and preventing bone loss in ovar-
iectomized models36. Based on this, we assessed the phosphorylation states
of key signaling molecules following RANKL stimulation, with or without
C@MSN-P-A8 treatment.

In response to RANKL, p-p65 increased at 10min and declined at later
time points (30 and 60min). In contrast, cells in the RANKL plus C@MSN-
P-A8group exhibited reduced p-p65 expression at both 10 and30min,with
no significant difference at 60min relative to the RANKL group. Addi-
tionally, IκBα protein levels decreased upon RANKL stimulation at early
time points but were partially restored by C@MSN-P-A8. The phos-
phorylated form, p-IκBα, showed elevated expression at 10min under
RANKL alone, while this effect was significantly attenuated in the
RANKL+C@MSN-P-A8 treatment group (Fig. 5B).

For the MAPK signaling cascade, RANKL stimulation led to an ele-
vation in the levels of p-JNK, p-ERK, and p-p38. Notably, the former two
weremarkedly reduced in theC@MSN-P-A8 group.While p-p38 remained
elevated at 10min post-stimulation, its levels declined at 30min following
C@MSN-P-A8 treatment, with no significant change observed at 60min
(Fig. 5C).

To further investigate downstream transcription factors, Western blot
analysis was performed to evaluate c-Fos and NFATc1 expression at 0, 1, 3,
and 5 days post-treatment. RANKL significantly induced bothproteins over
time. However, co-treatment with C@MSN-P-A8 brought about a sub-
stantial decline in the expression of c-Fos and NFATc1 relative to RANKL
alone (Fig. 5D). These effects were reproducible in the RAW264.7 cell line
(Supplementary Fig. 1A–D).

Overall, C@MSN-P-A8 represses osteoclast differentiation and func-
tion by suppressing the expression of osteoclast-specific genes and inter-
fering with NF-κB and MAPK signaling cascades in vitro.

Fig. 2 | Characterization ofMSN.AN2 adsorption-
desorption isotherm of MSN nanoparticles. B Pore
size distribution curve of MSN nanoparticles.
C CCK-8 assay showing the impact of C@MSN-P-
A8 on the viability of BMMs. D CCK-8 assay
demonstrating the effect of C@MSN-P-A8 on the
viability of RAW264.7 cells. * indicates comparison
between the two groups, P < 0.01, **P < 0.01. Each
cell experiment was performed in triplicate.
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C@MSN-P-A8 alleviates ovariectomy-induced OP in rats in vivo
The ovariectomy-inducedOPratmodel is widely recognized formimicking
postmenopausal OP in humans. To evaluate the therapeutic efficacy of
C@MSN-P-A8, we employed this model and conducted a series of in vivo
assessments.

Micro-CT analysis of femoral bone demonstrated that rats in the OP
group exhibited notable bone loss relative to the Sham group. This was
evidenced by decreased BMD, BV/TV, Tb.N, and Tb.Th, alongside an
increase in Tb.Sp. While the MSN-P-A8 group showed no notable
improvement, both the Celastrol and C@MSN-P-A8 treatment groups
demonstrated enhanced bone microarchitecture. Notably, C@MSN-P-A8
treatment led to more pronounced improvements in all measured para-
meters (Fig. 6A).

H&E staining further supported these findings. The OP group exhib-
ited sparse, thin trabeculae, disrupted trabecular organization, extensive
bone loss pits, and reduced cortical bone thickness. The MSN-P-A8 group
showed minimal restoration of structure. In contrast, treatment with either
Celastrol or C@MSN-P-A8 significantly improved trabecular morphology.
Femoral trabeculae became more continuous and organized, with reduced

bone loss regions, and the therapeutic effect of C@MSN-P-A8 was more
evident than that of free Celastrol (Fig. 6B).

Furthermore, TRAP staining revealed a substantial increase in
multinucleated osteoclasts in the OP group, consistent with enhanced
bone resorption. No significant reduction was observed in theMSN-P-A8
group. However, both Celastrol and C@MSN-P-A8 treatments led to a
marked decrease in TRAP-positive osteoclasts, with C@MSN-P-A8
demonstrating a more robust anti-osteoclastic effect (Fig. 6C). Addi-
tionally, histological examination of major organs demonstrated no
pathological alterations in any treatment group, including those receiving
C@MSN-P-A8. All tissues maintained normal architecture, suggesting
excellent systemic biocompatibility of the nanoplatform (Supplementary
Fig. 2).

In conclusion, these results suggest that C@MSN-P-A8 suppresses
ovariectomy-induced OP in rats.

Discussion
This study delves into the mechanisms concerning the therapeutic
significance of C@MSN-P-A8, focusing on its modulation of the NF-κB

Fig. 3 | Impact of C@MSN-P-A8 on BMMs osteoclast formation and bone
resorption. A TRAP staining to assess the effect of C@MSN-P-A8 on BMMs
osteoclast formation (Scale bar = 50 μm). B Immunofluorescence analysis to
investigate the influence of C@MSN-P-A8 on F-actin rings in BMMs (Scale
bar = 50 μm). C Representative images stained using toluidine blue (Scale

bar = 50 μm).D Bone resorption pit assay to determine the effect of C@MSN-P-A8
on BMMs osteoclast bone resorption function (Scale bar = 25 μm). * indicates
comparison between two groups, **P < 0.01, ***P < 0.001, each cell experiment was
performed in triplicate.
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Fig. 4 | Impact of C@MSN-P-A8 on RAW264.7 osteoclast formation and bone
resorption. A TRAP staining to assess the effect of C@MSN-P-A8 on RAW264.7
osteoclast formation (Scale bar = 50 μm). B Immunofluorescence analysis of the
influence of C@MSN-P-A8 on the F-actin ring in RAW264.7 cells (Scale
bar = 50 μm); C Representative images stained using toluidine blue (Scale bar =

50 μm); (D) Bone resorption pit assay evaluating the effect of C@MSN-P-A8 on
osteoclast bone resorption function (Scale bar = 25 μm). * indicates comparison
between the two groups, ***P < 0.001. The cell experiments were performed in
triplicate.

https://doi.org/10.1038/s41538-025-00576-8 Article

npj Science of Food |           (2025) 9:215 5

www.nature.com/npjscifood


andMAPKpathways inmanagingOP. Compared to previouswork, our
study provides a more comprehensive analysis of the signaling-level
interactions through which C@MSN-P-A8 inhibits osteoclast
differentiation and bone resorption, offering deeper mechanistic
insights into its potential as an anti-osteoporotic agent. In vitro
experiments confirmed that C@MSN-P-A8 effectively suppresses
osteoclast formation and bone resorption, findings that are consistent
with prior studies on Celastrol and related nanomaterials37–39. However,
unlike earlier work, our research delves further into the specific roles of
the NF-κB and MAPK pathways, which are central to osteoclastogen-
esis. Our results report additional evidence for the regulatory effects of
C@MSN-P-A8 on these signaling pathways and offer mechanistic
insights into its role in suppressing osteoclast differentiation40–42, and
further validate C@MSN-P-A8 as a refined and more effective delivery
platform43,44.

In the in vivo OVX rat model, C@MSN-P-A8 treatment significantly
improved bone microarchitecture, as shown by micro-CT and histological
assessments. These results align well with previous research on Celastrol-
based therapies23–26, but our study further demonstrates that the PEG-Asp8-

modified MSNs substantially enhance bone-targeting specificity and sus-
tained drug release compared toCelastrol alone. This highlights the value of
smart nanocarrier systems in improving pharmacodynamics and site-
specific therapeutic effects.

Based on these findings and existing literature, we propose that
C@MSN-P-A8 alleviates postmenopausal OP primarily through suppres-
sion of the NF-κB and MAPK signaling axes, positioning it as a promising
candidate for futureOP therapies. This approachmayoffer a safer andmore
effective alternative to conventional treatments and lays the groundwork for
novel clinical strategies in managing postmenopausal bone loss. None-
theless, several limitations of this study should be reported. The current
research is basedonanimalmodels and short-termobservationperiods, and
lacks data from long-term evaluations or clinical trials. Furthermore, while
our study focuses on key nodes within the NF-κB and MAPK pathways, it
does not comprehensively explore upstream components such as IKK
kinases, whose roles in response to C@MSN-P-A8 treatment remain to be
clarified.

In summary, this study provides new mechanistic evidence that
C@MSN-P-A8 effectively represses osteoclastogenesis and bone resorption

Fig. 5 | Impact of C@MSN-P-A8 on BMMosteoclast-specific gene expression and
the NF-κB and MAPK signaling pathways. A RT-qPCR analysis of osteoclast-
specific gene expression levels of CTSK, TRAP, and CTR mRNA in each group.
BWestern blot assessment of the expression levels of p-IκBα and p-p65 proteins in
the NF-κB pathway in each group of cells. CWestern blot analysis of the expression

levels of p-JNK, p-ERK, and p-p38 proteins in the MAPK pathway in each group of
cells.DWestern blot analysis of the protein expression levels of c-fos andNFATc1 in
each group of cells. ‘ns’ indicates no significant difference between the two groups,
* represents comparisonbetween the twogroups,*P < 0.05,**P < 0.01,***P < 0.001.
The cell experiments were conducted in triplicate.
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by targeting theNF-κBandMAPKaxes.Thesefindingsnot only support the
continued development of bone-targeted Celastrol nanotherapies but also
contribute valuable knowledge toward the molecular regulation of OP.
Future research should expand on these findings through long-term,multi-

model, and potentially clinical investigations, aiming to optimize treatment
efficacy and safety.

In summary, this study demonstrates that the bone-targeted nano
sustained-release system C@MSN-P-A8 effectively alleviates OP in
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Fig. 6 | Impact of C@MSN-P-A8 on bone loss in osteoporotic rats. A Micro-CT
image and statistical analysis of three-dimensional reconstruction for bone para-
meters, including BMD, BV/TV, Tb. Th, Tb. Sp, and Tb. N in each group of rats. The
left image represents the best-case sample, and the right image represents the worst-
case sample within each group, along with statistical analysis of bone parameters
(Scale bar = 1mm). B Representative H&E-stained images of rat femurs with green
arrows indicating trabeculae and black arrows indicating bone marrow cavities

(Scale bar=1 mm/200 μm). The left image represents the best-case sample, and the
right image represents the worst-case sample within each group, along with statis-
tical analysis of bone parameters. C Representative TRAP-stained images of rat
femurs and quantitative analysis of osteoclast numbers on each bone surface (Scale
bar = 100/25 μm). Yellow arrows represent osteoclasts. ‘ns’ indicates no significant
difference between the two groups, * represents comparison between the two groups,
**P < 0.01, ***P < 0.001. Each group consisted of six mice.
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ovariectomized rats by inhibiting osteoclast formation and bone-resorptive
function (Fig. 7). Through a series of cellular and animal experimentations,
we systematically revealed the therapeutic potential and underlying
mechanisms of C@MSN-P-A8 in OP treatment. In vitro, C@MSN-P-
A8 significantly suppressed RANKL-induced osteoclast differentiation,
which was mechanistically linked to the blockage of the NF-κB andMAPK
pathways. Specifically, C@MSN-P-A8 reduced the degradation of IκBα and
decreased the phosphorylation levels of JNK, ERK, and p38, indicating its
regulatory role in blocking osteoclastogenic signaling cascades. In vivo,
administration of C@MSN-P-A8 in an OVX rat model significantly
improvedbonemass andmicroarchitecture. Compared to the untreatedOP
group, treated animals exhibited higher bone density and reduced osteoclast
activity, highlighting the material’s osteoprotective efficacy. These findings
suggest that C@MSN-P-A8 not only inhibits osteoclast function but also
exemplifies the potential of nanotechnology-enabled targeted drug delivery
systems for sustained and precise therapeutic intervention in bone
disorders.

Despite these promising results, the study contains several limita-
tions. The long-term biocompatibility and systemic stability of C@MSN-
P-A8 remain to be fully evaluated in diverse biological contexts.
Furthermore, the absence of direct comparisons with established anti-
resorptive agents, such as RANKL inhibitors, limits the assessment of its
relative therapeutic potency. The impact of C@MSN-P-A8 on hormone
levels, which are crucial in postmenopausal OP, was also not addressed.
Future studies should aim to validate the long-term efficacy and safety of
C@MSN-P-A8 in extended preclinical models, directly compare its per-
formance with clinically approved treatments, investigate hormonal
regulation and systemic metabolic effects, and optimize nanocarrier
design and drug loading strategies to enhance therapeutic index while
minimizing off-target toxicity.

Methods
Preparation of bone-targeted nano sustained-release materials
C@MSN-P-A8
The synthesis of MSNs was performed following established protocols45.
Briefly, 100mg of cetyltrimethylammonium bromide (CTAB) was dis-
solved in 50mLof deionizedwater, and 0.35mLof 2MNaOHsolutionwas

addedunder stirring.Themixturewasheated to 70 °C, afterwhich0.5 mLof
tetraethyl orthosilicate (TEOS; T110595-100ml, Aladdin, USA) was added
dropwise. Subsequently, 0.5 mLof ethyl acetate was introduced, followedby
stirring for 30 s and aging at 70 °C for 2 h. The resulting precipitate was
harvested, washed with ethanol, and subjected to reflux in 10% (v/v)
hydrochloric acid/ethanol solution at 78 °C for 6 h to remove CTAB,
yielding purified MSNs46.

To obtain amino-functionalizedMSNs (MSN-NH₂), MSN (1 g) was
redispersed in 100 mL of anhydrous ethanol. Then, 1 mL of APTMS was
gradually added, and the suspension was stirred for 12 h. The functio-
nalized nanoparticles were harvested by centrifugation at 5000 rpm for
25 min and repeatedly rinsed with deionized water to eliminate excess
APTMS. The resulting MSN-NH₂, bearing with amino groups on both
internal and external surfaces, was dried under vacuum47. For drug
loading, 50 mg of MSN-NH₂ was suspended in 10 mL of methanol
containing 35 mg of Celastrol (HY-13067, MedChemExpress, China).
The mixture was shaken at 25 °C for 4 h. The Celastrol-loaded nano-
particles (C@MSN) were then isolated via centrifugation at 10,000 rpm,
and any loosely bound surface drug was removed by washing with dis-
tilled water48.

To functionalize the particles with polyethylene glycol (PEG), C@MSN
was dispersed in 10mL of water containing 28mg of silane-PEG-COOH
(S164249-100mg,Aladdin,USA), followedbyadditionof 0.2mLof ammonia
solution. The suspension was stirred for 4 h and centrifuged at 10,000 rpm,
followed by trice washes to obtain PEGylated particles (C@MSN-P). Subse-
quently, 30mg of C@MSN-P was suspended in 5mL of MES buffer. To
activate carboxyl groups, 5mg of EDC (22980, ThermoFisher, USA) and
3.8mg of NHS (24500, ThermoFisher, USA) were reacted for 30min. Sub-
sequently, 5mg of Asp8 peptide (Shanghai Top-peptide Biotechnology Co.,
Ltd., China) was introduced, and the mixture was stirred for 2 h. The final
bone-targeted nanoparticles (C@MSN-P-A8) were harvested by centrifuga-
tion at 10,000 rpm and washed thoroughly with deionized water.

For fluorescence tracking, the particles were labeled with fluorescent
dye fluorescein isothiocyanate (FITC, HY-66019, MedChemExpress,
China). FITC was dissolved in methanol (1mg/mL), and 500 μL of this
solution was supplemented to the methanol suspension of nanoparticles,
which was stirred overnight at ambient temperature. Unbound FITC was

Fig. 7 | Synthesis of C@MSN-P-A8 and its
molecular mechanism in osteoporosis treatment.
A Synthesis process of Bone-Targeted Nano
Sustained Release Materials C@MSN-P-A8.
BMolecular mechanism schematic of
C@MSN-P-A8 for preventing and treating
postmenopausal osteoporosis by inhibiting
osteoclast formation and bone resorption
through the suppression of the NF-κB and
MAPK signaling pathways.
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eliminated by centrifugation at 7000 rpm, followed by repeated washing
with ultrapure water. The FITC-labeled nanoparticles were stored at 4 °C49.

Characterization of bone-targeted nano-sustained-release
materials C@MSN-P-A8
The morphology and ultrastructure of MSN, C@MSN, and C@MSN-P-A8
were examined using transmission electron microscopy (TEM; JEM2010,
JEOL, Tokyo, Japan). To evaluate surface area and pore characteristics,
nitrogen adsorption-desorption isotherms were gained utilizing a Micro-
meritics porosity analyzer (Norcross, USA). The Brunauer-Emmett-Teller
(BET) method was employed to calculate specific surface area, while pore
size distribution and volume were assessed using the Barrett-Joyner-
Halenda (BJH) model. Particle size distribution and hydrodynamic dia-
meter of the samples were determined via dynamic light scattering (DLS) at
298 K with the help of a Zetasizer Nano instrument (Malvern Instruments,
UK). The sample’s thermal decomposition profile and compositional fea-
tures were examined using thermogravimetric analysis (TGA 209F1,
Netzsch, Germany). The analysis was carried out under an inert nitrogen
atmosphere with temperature ramping at 10 °C per minute (Netzsch,
Germany)45,48.

Drug release assessment
To evaluate the release kinetics of Celastrol, 5 mL of either C@MSN or
C@MSN-P-A8 dispersion was enclosed in a dialysis membrane (MWCO:
3000 Da) and incubated in phosphate-buffered saline (PBS, pH 7.4). The
setup was maintained at 37 °C with gentle agitation at 100 rpm using a
thermostatic shaker. At designated time points, 1mL of the external med-
ium was collected and immediately replenished with an equal volume of
fresh PBS to preserve sink conditions. The amount of Celastrol releasedwas
determined via inductively coupled plasma atomic emission spectroscopy
(ICP-AES)45,50.

In vivo bone-targeting characteristics of C@MSN-P-A8
Three-month-old female Sprague-Dawley (SD) rats, weighing
220–260 g, were obtained from Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China) and housed under SPF conditions with
controlled temperature (22–25 °C), humidity (45–60%), and a 12-h
light/dark cycle. Chow andwater were supplied freely for the duration of
the experiment. After a week of acclimatization, they weremonitored for
health status. All procedures were granted by the Animal Ethics Com-
mittee of the First Affiliated Hospital of Nanchang University, in com-
pliance with institutional and national guidelines for the care and use of
laboratory animals.

Twenty-four rats were randomized into MSN, C@MSN, C@MSN-P,
and C@MSN-P-A8 groups (n = 6 per group). Each group received a single
tail vein injection of the correspondingnanoparticle formulation at a dose of
50mg/kg. At 4 and 72 h post-injection, animals were anesthetized with 3%
isoflurane for induction and maintained at 1.5–2.5% isoflurane via inhala-
tion, with anesthetic depth continuously assessed based on respiratory
patterns and absence of reflexes. To ensure unconsciousness during
euthanasia, an overdose of isoflurane ( ≥ 5% in oxygen) was administered
until complete cessation of cardiac and respiratory activity. Humane end-
points were defined as >20% body weight loss, persistent inability to access
food or water, or signs of severe distress such as labored breathing or
lethargy. Animals weremonitored daily for general health, withmonitoring
increased to twice daily if any signs of severe illness were observed. After
euthanasia, major organs—including the heart, liver, spleen, lungs, kidneys,
and femurs—were harvested. Fluorescence distribution in each organ was
visualized using a fluorescence imaging system to assess the biodistribution
and bone-targeting efficacy of the formulations36,45.

CCK-8
BMMs(1 × 104/well)wereplated in96-well plates andpre-cultured for 24 h in
α-MEM enriched with 15% FBS, 1% penicillin-streptomycin, and 30 ng/mL
macrophage colony-stimulating factor (M-CSF). After attachment, cells were

exposed toC@MSN-P-A8 at varying concentrations (0, 1.25, 2.5, 5, 10, 20, 40,
and 80 μM) for another 24 h. Cell viability was tested utilizing CCK-8 assay
(Solarbio, CA1210).

Similarly, RAW264.7 cells were seeded at 3 × 103 cells per well in 96-
well plates and cultured in DMEM containing 15% FBS and 1% penicillin-
streptomycin. Following 24 h of incubation, the cells were exposed to the
same gradient of C@MSN-P-A8 concentrations for 24 h.

Following treatment, 10 μL of CCK-8 reagent was supplemented for
2-h of incubation at 37 °C in a5%CO2 incubator. The absorbance at 450 nm
was examined utilizing a microplate reader to determine cell viability51.

Immunofluorescence detection of F-actin ring
To visualize osteoclast cytoskeletons, RAW264.7 or BMMs were seeded
onto sterile glass coverslips in 24-well plates. Once fused, cells were treated
with 50 ng/mL receptor activator of nuclear factor κB ligand (RANKL) and
C@MSN-P-A8 at 0, 2.5, 5, or 10 μM until mature osteoclasts appeared in
control wells. Fixationwas performed using 4%paraformaldehyde (20min,
RT), followed by 0.1% Triton X-100 permeabilization (5min) and PBS
washes. F-actin was labeled with TRITC-phalloidin (40734ES75, Yeasen),
and nuclei were counterstained withDAPI. Coverslips weremounted using
ProLongTM Diamond (Invitrogen) and imaged by confocal microscopy
(LSM5, Zeiss). F-actin ring structures were quantified utilizing ZEN soft-
ware to assess osteoclast formation and cytoskeletal organization36,52.

Bone resorption pit assay
Bovine bone slices were placed into 96-well plates, and osteoclast precursors
(2.5 × 105 cells/well) were seeded and cultured in appropriatemedia at 37 °C
for at least 14 days to allow formation of mature osteoclasts. Following
incubation, cells were removed by sonicating the wells in 250 μL of 70%
isopropanol for at least 15min. The bone slices were then stained with 1%
toluidine blue (100 μL per slice) for 2min at ambient temperature. Residual
dye was removed by rinsing the slices five times with 250 μL of Milli-Q
water. Resorption pits, which appeared as dark blue regions, were visualized
and quantified under a light microscope or using bone morphometric
analysis software53.

In our experiments, RAW264.7 or BMMcells were seededonto bovine
bone slices in 96-well plates and cultured in complete DMEM containing
50 ng/mL RANKL to induce osteoclast differentiation. Cells were subjected
to C@MSN-P-A8 treatment (0, 2.5, 5, and 10 μM) and maintained for
5 days. Following treatment, cells were mechanically eliminated from the
bone surfaces, and the slices were analyzed utilizing scanning electron
microscopy (SEM; FEI Quanta 250), followed by quantification utilizing
ImageJ software (NIH, Bethesda, MD)23,54.

Quantification of target gene expression by RT-qPCR
RAW264.7 and BMMs were cultured in 6-well plates with 50 ng/mL
RANKL and treated with 10 μMC@MSN-P-A8 for 5 days. Total RNAwas
extracted employing TRIzol (ThermoFisher, 15596026), and quality was
assessed via NanoDrop LITE (260/280 nm). cDNA was synthesized with
PrimeScript RT (TaKaRa, RR047Q). qPCR was run on a 7500 Fast system
(ThermoFisher, 4351106) usingTaKaRa-supplied primers (sequences listed
in Supplementary table 1). GAPDH served as the normalizer. Transcript
levels were normalized using the 2-ΔΔCt method55–57.

Rat OP model and experimental procedures
After aweek of acclimatization, all rats were anesthetized via intraperitoneal
injection of 3% pentobarbital sodium (30–40mg/kg). Under deep anes-
thesia, animals were positioned on a sterile surgical platform, and dorsal
abdominal hair was shaved. A longitudinal incision ( ~ 1 cm) was prepared
approximately 0.5 cmbelow the rib arch on the dorsal side. Skin andmuscle
were dissected to expose the ovaries, which were excised bilaterally after
ligating the fallopian tubes. Wounds were closed in layers with sutures.
Sham-operated rats underwent fat pad removal near the ovaries without
ovary excision. Postoperative care included topical application of ery-
thromycin ointment at the incision site to prevent infection. Beginning on
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the second postoperative day, daily vaginal smears were collected for one
week to confirm successful ovariectomy.

Rats were randomized into Sham group, OP group, Celastrol group,
MSN-PEG-ASP8 (MSN-P-A8) group, andC@MSN-P-A8 group (n = 6 per
group). From the ninth postoperative week, each group received daily
treatments via intraperitoneal injection for four consecutive weeks based on
body weight. Specifically, the Sham andOP groups received intraperitoneal
injections of saline, the Celastrol group received Celastrol (20mg/kg/dose)
intraperitoneally daily, the MSN-P-A8 group received (50mg/kg/dose)
intraperitoneally daily, and the C@MSN-P-A8 group received (50mg/kg/
dose) intraperitoneally daily. At the end of the study, rats were re-
anesthetized and euthanized via inhalation of an overdose of isoflurane
( ≥ 5% in oxygen) until cessation of cardiac and respiratory activity,
ensuring unconsciousness at the time of euthanasia. Humane endpoints
included >20% body weight loss, persistent inability to eat or drink, or signs
of severe distress such as labored breathing or lethargy. Animals were
monitored daily, with twice-daily monitoring if signs of severe illness were
observed. Subsequently, bilateral femurs, tibias, lumbar vertebrae, and
major organs (heart, liver, spleen, lungs, kidneys, and brain) were harvested.
For histological andmicro-computed tomography (micro-CT) analysis, the
right femur was selected to ensure consistency and reduce inter-sample
variability. Samples were fixed in 4% paraformaldehyde for subsequent
imaging and histopathological evaluation58–60. For in vivo fluorescence
biodistribution studies, nanoparticles were labeled with fluorescein iso-
thiocyanate (FITC; HY-66019, MedChemExpress, China). Imaging was
implemented utilizing the Kodak F PRO fluorescence imaging system
(Kodak, USA) with excitation/emission wavelengths of 495/519 nm. The
fluorescence distribution of FITC-labeled MSN, C@MSN, C@MSN-PEG,
and C@MSN-P-A8 in harvested organs was analyzed. Quantitative fluor-
escence intensity was measured using Kodak Molecular Imaging Software
version 5.X47.

Micro-CT scanning and bone histomorphometric analysis
Following euthanasia, femurs from each experimental group were asepti-
cally harvested and fixed in 4% paraformaldehyde for 48 h. The samples
were then rinsed with running tap water for 24 h prior to imaging. High-
resolution micro-CT was performed using the mCT80 scanner (Scanco
Medical, Switzerland). Scanning parameters were set as follows: 1 mm
aluminum filter, 55 kV voltage, 100 μAcurrent, 14-min scanning time, 180°
rotation, frame averaging of 1–2, and an image resolution of 6–8 μm.Three-
dimensional reconstructionswere generated usingNRecon software (Micro
Photonics, USA). Quantitative static histomorphometric analyses were
conducted to evaluate bone microarchitecture. The following parameters
were measured: bone mineral density (BMD), bone volume fraction (bone
volume/tissue volume, BV/TV), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), and trabecular number (Tb.N)58,59.

Histological analysis
For histological evaluation, femurs were fixed in 4% paraformaldehyde for
24 h and subsequently decalcified in 10% ethylenediaminetetraacetic acid
(EDTA) for 4 weeks at ambient temperature. After decalcification, tissues
weredehydrated, embedded inparaffin, and sectioned into5 μm-thick slices
using a microtome.

Hematoxylin and eosin (H&E) staining (PT001, BoguBio)was applied
to bone samples to reveal structural and cytological features.

Tartrate-resistant acid phosphatase (TRAP) staining was utilized to
evaluate osteoclast formation. Sections were stained using a commercial
TRAP staining kit (G1492, Solarbio, China),. and nuclei were counter-
stained with hematoxylin. TRAP-positive multinucleated osteoclasts were
identified and quantified under light microscopy58,59.

Western blot analysis
Proteins were isolated in RIPA buffer with PMSF (Beyotime, P0013C),
quantified via BCA assay (ThermoFisher, 23227), and 50 μg per sample was
heat-denatured and resolved by SDS-PAGE. Gels were transferred onto

polyvinylidene difluoridemembranes (ThermoFisher, 88518), blockedwith
5% BSA (Sigma) for 1 h, and incubated overnight at 4 °C with primary
antibodies (dilution 1:1000 unless otherwise stated): rabbit anti-p65
(phospho S536) (ab76302, Abcam, UK), rabbit anti-p65 (PA5-16545,
ThermoFisher, USA), rabbit anti-IKBα (ab32518, Abcam, UK), rabbit anti-
IKBα (phospho S36) (ab133462, Abcam, UK), rabbit anti-JNK (phospho
T183+Y185) (ab307802, Abcam, UK), rabbit anti-JNK (ab199380,
Abcam, UK), rabbit anti-ERK (ab109282, Abcam, UK), rabbit anti-p-ERK
(Thr202, Tyr204) (MA5-47641, ThermoFisher, USA), mouse anti-p38 (33-
1300, ThermoFisher, USA), mouse anti-p-p38 (Thr180, Tyr182) (1:2000,
MA5-15218, ThermoFisher, USA), mouse anti-c-Fos (ab208942, Abcam,
UK), rabbit anti-NFATc1 (PA5-79730, ThermoFisher, USA), and mouse
anti-β-Tubulin (ab6046, Abcam, UK). Following three TBST washes
(10min each), themembranewas incubated for 1 h at ambient temperature
with HRP-conjugated secondary antibodies: goat anti-rabbit IgG H&L
(ab97051) and goat anti-mouse IgG (ab6789), both at 1:2000 dilution
(Abcam, UK). Signal detection was carried out using an ECL chemilumi-
nescent kit (abs920, Aibosi, Shanghai, China). Band intensities were nor-
malized to β-Tubulin and quantified using Quantity One (v4.6.2). All
experiments were repeated in triplicate, and mean values were used for
statistical comparison61.

Statistical analysis
All statistical analyses were implemented utilizing SPSS 22.0 (SPSS Inc.,
Chicago, USA) and GraphPad Prism 9.5 (GraphPad Software, USA). Data
are detailed as mean ± standard deviation (SD). For comparisons between
two groups, unpaired Student’s t tests were used. One-way analysis of
variance was applied for comparisons among multiple groups. Prior to
hypothesis testing, data normality was assessed utilizing the Shapiro-Wilk
test, and variance homogeneity was checked via the Levene test. For data
with equal variances, Dunnett’s t test or LSD t test was selected for pairwise
comparisons. When variance homogeneity was not satisfied, Dunnett’s T3
test was employed. A p value < 0.05 was deemed statistically significant.

Data availability
The datasets used or analyzed during the current study are available from
the corresponding author on reasonable request.
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