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A B S T R A C T

Senile osteoporosis progression is closely related to the decreased osteogenic differentiation capacity of senescent 
bone marrow stromal stem cells (BMSCs). This study demonstrated that the Traf6-mediated Nrf2/Nlrp3 signaling 
axis significantly influences inflammatory senescence progression in BMSCs, and targeting Traf6 can effectively 
alleviate bone loss caused by inflammatory senescence. High-throughput sequencing revealed that primary 
BMSCs from 18Ms mice were differentially enriched in anti-inflammatory, antioxidant, and immune-related 
biological processes compared to those from young mice, with significant differences in the protein expression 
of Traf6, Nrf2, and Nlrp3-related pathways, indicating potential crosstalk. In vitro experiments using western 
blotting and immunofluorescence confirmed high levels of intracellular inflammation, oxidative stress, and 
elevated expression of Traf6, Nrf2, and Nlrp3 inflammatory vesicles in senescent BMSCs. We used lentiviral 
transfection to knockdown Traf6 and intervention with Nrf2 agonists and inhibitors, and we verified the regu
lation of the expression of Nrf2/Nlrp3 inflammatory vesicles by Traf6 and its effect on inflammatory senescence 
progression in BMSCs. We performed in vivo experiments involving targeted Traf6 knockdown in bone tissue, 
morphological analysis of the femur by micro-computed tomography and immunohistochemistry, measurement 
of serum MDA and bone metabolism-related indices using ELISA, and calcein labeling to observe the calcium salt 
deposition rate. These experiments confirmed that the Traf6-mediated Nrf2/Nlrp3 signaling axis significantly 
influences the inflammatory senescence of BMSCs. Targeting Traf6 effectively alleviates bone loss caused by 
inflammatory senescence, presenting a potential method for preventing and controlling senile osteoporosis.

1. Introduction

As society ages, the prevalence and disability rate of senile osteo
porosis (SOP) increases annually; therefore, it is crucial to prevent and 
mitigate its onset and progression to reduce its social burden. The pro
gression of SOP is associated with a variety of factors within the bone 
microenvironment, including inflammation, elevated levels of oxidative 
stress leading to enhanced osteoclast activity, and reduced osteogenic 
capacity of senescent BMSCs. Studies have shown that senescence is 
closely related to inflammation, with high levels of aseptic inflammation 
in senescent cells disrupting the intracellular environment and 

accelerating inflammatory senescence [1]. High-throughput sequencing 
revealed that primary BMSCs from 18-month-old mice were enriched in 
genes related to anti-inflammatory, antioxidant, and immune-related 
biological processes and NF-κB and MAPK pathways compared to 
those from young mice. Additionally, the transcript levels of 
pro-inflammatory factors, such as TNF-α, IL-1β, IL-6, and NOD-like re
ceptor protein 3 (Nlrp3), were significantly upregulated.

Nlrp3 inflammatory vesicles, as intrinsic intracellular immune re
ceptors, play a key role in the inflammatory response. Their associated 
components, including Nlrp3, pro-IL-1β, and pro-IL-18, are regulated by 
upstream proteins mediated by transcription factors, such as TLRs, 
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Traf6, and NF-κB [2]. Traf6 is a key junction protein in the intracellular 
signaling pathway, and when pattern recognition receptors, TLRs, are 
activated by extracellular signals, Traf6 is recruited; this initiates an 
intracellular signaling cascade that triggers the NF-κB pathway and 
promotes the assembly of Nlrp3 inflammatory vesicles [3]. Cellular 
injury-related events, such as reactive oxygen species (ROS) accumula
tion and mitochondrial dysfunction, activate Nlrp3 inflammatory vesi
cles, releasing IL-1β and IL-18, which mediate the upregulation of these 
cytokines [4]. These fluctuations in inflammation and oxidative stress 
levels are closely related to the Nrf2 pathway, a central transcription 
factor that regulates the expression of several cytoprotective genes in 
cells and plays a key role in anti-inflammatory and antioxidant activ
ities. Previous studies have confirmed the presence of increased Traf6 
expression levels and significantly decreased Nrf2 expression levels in 
senescent cells [5,6]. Additionally, complex crosstalk exists between 
Traf6-mediated NF-κB and MAPK pathways and Nrf2 transcriptional 
regulation [7,8]. The modulation of Nrf2/Nlrp3 expression by Traf6 in 
senescent BMSCs and its impact on inflammatory senescence progres
sion remain unclear.

Therefore, this study aimed to establish an in vitro model of in
flammatory senescent BMSCs and verify the pro-inflammatory/anti- 
inflammatory imbalance within their intracellular microenvironment. 
We further confirmed abnormal upregulation in inflammatory factors, 
such as Traf6, Nlrp3, IL-1β, and IL-18, alongside a significant decrease in 
Nrf2 expression levels. In vitro, interference with LV-shtraf6 suppressed 
Nlrp3 expression, inflammation levels, and senescence progression in 
BMSCs while significantly enhancing osteogenic function compared to 
controls. These effects were significantly reversed after the intervention 
with the Nrf2 inhibitor. In vivo, the inflammatory senescence mouse 
model treated with an intramedullary LV-shtraf6 injection exhibited 
accelerated osteogenesis and increased bone volume compared to con
trols, and Nlrp3 expression and inflammation levels in bone tissue were 
significantly reduced. The findings indicate that the Traf6-mediated 
Nrf2/Nlrp3 signaling axis influences inflammatory senescence progres
sion in BMSCs, and Traf6-targeted intervention can effectively alleviate 
bone loss caused by inflammatory senescence, suggesting a potentially 
effective treatment for SOP.

2. Materials and methods

2.1. Isolation and extraction of mouse BMSCs

Mice were killed, soaked in 75 % medical alcohol for 5–10 min, and 
transferred to an ultra-clean bench. The bilateral femur and tibia were 
aseptically separated, and the bone tissue was transferred to a Petri dish 
containing phosphate buffer saline (PBS). The bone ends were cut off, 
and the bone marrow was rinsed in a culture medium using a syringe. 
The bone marrow suspension was filtered through a 200-mesh sieve, 
made into a single-cell suspension with a complete culture medium, and 
then incubated for 48 h. The unattached cells were discarded. Subse
quently, the fluid was changed once every 2–3 d, and cell growth and 
integration were observed. Passaging was initiated once cell integration 
reached 80 %. All cells were initially cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) containing 10 % fetal bovine serum (16140071, 
Gibco, Rockville, USA) and 100 U/mL penicillin-streptomycin- 
amphotericin B (C100C8, NCM Biotech, Suzhou, China) before plate 
seeding and drug intervention. Subsequently, they were incubated in 
DMEM (SH30022.01, Cytiva, Pittsburgh, USA) for passaging, with the 
medium changed every other day.

2.2. Cell viability assay

BMSCs at passage 3 activity was determined using the CCK-8 
viability assay. BMSCs were seeded at a density of 1 × 104 in 96-well 
plates (3599, Corning, ME, USA) and incubated (at 37 ◦C and 5 % 
CO2) for 1, 2, 3, 5, or 7 days. Thereafter, 10 μL of CCK-8 buffer (CK04, 

DOJINDO Laboratories, Tokyo, Japan) was added to each well and 
incubated at 37 ◦C thermostat for 1 h. After incubation, absorbance was 
measured at 450 nm using enzyme-linked immunosorbent assay (ELISA) 
(ELX800, BioTek, Vermont, USA). The cytotoxicity assay was performed 
24 h after BMSCs were seeded at 1 × 105 density in 96-well plates and 
treated with different concentrations of TBHQ (HY-100489, MCE, 
Shanghai, China) and ML385 (HY-100523, MCE, Shanghai, China) for 1 
or 2 days, respectively, followed by 10 μL per well of CCK-8 buffer for 1 
h; subsequently, the absorbance was measured.

2.3. Western blot (WB)

BMSCs at passage 3 were seeded into 6-well plates (3516, Corning, 
ME, USA) at a density of 1 × 105 cells/well. After grouping and inter
vention, Ripa lysis buffer containing protease inhibitors and phospha
tase inhibitors was used to extract proteins, and BCA method was used to 
determine the protein concentration. Then the prepared protein solution 
was mixed with 5x loading buffer and boiled for 10 min. Protein samples 
were separated in an electrophoresis apparatus and transferred onto a 
PVDF membrane (IPVH00010, Millipore Corporation, Billerica, USA). 
The membrane was sealed with a sealing solution for 15 min and 
incubated with primary antibodies at 4 ◦C overnight. The following 
antibodies were used (see Table 1): traf6 (1:1000, ab33915, Abcam, 
Cambridge, UK), Nrf2 (1:1000, 12721s, CST, Boston, USA), senescence- 
associated proteins p16 (1:1000, ab211542, Abcam, Cambridge, UK), 
p21 (1:1000, ab109199)and p53 (1: 1000, ab26), osteogenic functional 
proteins Runx2 (1:1000, ab192256, Abcam) and Osx (1:1000, 
ab209484, Abcam), inflammatory vesicle-associated proteins Nlrp3 
(1:1000, ab263899, Abcam), IL-1β (1:1000, ab254360, Abcam), and IL- 
18 (1:1000, ab207323, Abcam). After washing with TBST (BP-G0004, 
CWBiotech, Beijing, China), the membranes were incubated with sec
ondary antibodies for 2 h. Finally, the membranes were developed with 
chemiluminescent HRP substrate (WBKLS0500, Millipore Corporation, 
Massachusetts, USA).

2.4. ALP, ARS, and oil red O staining

BMSCs at passage 3 were seeded into 12-well plates (3513, Corning, 
ME, USA). After cell proliferation, they were cultured in an osteogenic 
induction medium (Cyagen Biosciences, Guangzhou, China) for 7 days, 
with the culture medium being changed every 3 days. Following this, 
cells were washed with PBS and fixed in 4 % paraformaldehyde solution 
for 30 min at room temperature. ALP staining working solution was 
added and incubated at 37 ◦C for 30 min. The cells were then washed 
twice with ddH2O, and observed and photographed under a microscope. 
After 14–21 days of osteogenic/lipogenic induction, cells were gently 
washed twice or thrice with PBS. Then, ALP/ARS or oil red staining 
working solution in 4 % paraformaldehyde was added to each well and 
allowed to stain for 10 min at room temperature. Afterward, incubation 
at 37 ◦C for 30 min ensued, followed by observation and photography 
after washing. In the statistical analysis stage, we used ImageJ software 
to analyze ALP, ARS, and oil red data. Three visual fields were randomly 
selected from each group, and the proportion of staining positive area in 
the total visual field area was analyzed with software [9].

2.5. Flow cytometry

Cells from each group were seeded in 12-well plates at 5 × 105/mL/ 
well. After 3 days of group intervention, the medium was removed and 
replaced with 500 μL of fresh medium containing 1.5 μL of senescence 
dye (ab228562, Abcam) and incubated for 1–2 h at 37 ◦C in a constant 
temperature oven protected from light. After the incubation period, cells 
were washed twice with Assay Buffer XXVII/Wash Buffer, trypsinized, 
washed once with Assay Buffer XXVII/Wash Buffer, and analyzed via 
flow cytometry using an excitation wavelength of 488 nm. Fluorescence 
intensity was detected using the FITC fluorescence channel (green).
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2.6. Lentiviral transfection

This experiment was outsourced to Genepharma (Shanghai, China) 
to construct lentiviral particles (5′ to 3′ sequences in Table 2). BMSCs at 
passage 3 were trypsinized with 0.25 % trypsin-EDTA, centrifuged, and 

the cells were seeded into 6-well plates containing medium without 
antibiotics at a density of 1 × 105 per well. When the confluence of cells 
was 60 %, the medium was replaced with 2 mL of fresh medium con
taining 6 μg/mL polybrene. Subsequently, the lentiviruses, with a value 
of 50, were added at the designated MOI for transfection, which pro
ceeded for 24 h. After 24 h, the medium was completely replaced with a 
virus-free complete medium, and knockdown efficiency was verified via 
WB experiments by observing under an inverted microscope on alternate 
days. In subsequent experiments, we established a senescence + lenti
viral null group (LV-nc) group and performed functional recovery ex
periments to effectively rule out abnormal expression levels of relevant 
pathway and functional proteins caused by non-specific gene editing.

2.7. Immunofluorescence staining

Groups of BMSCs at passage 3 were seeded in 12-well plates, and 
differentiated osteoblasts were washed three times in succession with 
PBS, fixed with 4 % paraformaldehyde for 30 min, and permeabilized 
with Triton X-100 for 10 min. They were then incubated with anti-Nrf2 
primary antibody at 4 ◦C overnight, followed by Alexa Fluor 555 sec
ondary antibody (1:1000, ab150078, abcam) for 1 h in the dark. After 
fixation with a DAPI-containing blocking solution for 10 min, fluores
cence intensity was quantitatively analyzed by imaging using an EVOS 
M5000 cell imaging system (Thermo Fisher Scientific, Bothell, WA, 
USA).

2.8. Animal models and pharmacological interventions

The current view is that minimizing the likelihood of both Type I and 
Type II errors requires the largest possible sample size, and that 
exceeding the required sample size leads to a waste of resources and the 
ethical issue of sacrificing animals. In the present study, we used a 
resource equation approach to determine a sample size of 5 for each 
dataset [10]. The data of each group were measured and averaged by 
three researchers to reduce subjective errors; additionally, we ensured 
three replicates of each group in the in vitro experiments, which is 
consistent with the design of animal experiments and sample size used 
for in vitro experiments in the current mainstream journals [11–13]. All 
animal experiments in this study were approved by the Institute of 
Animal Care Committee of Zhangjiagang City Hospital of Traditional 
Chinese Medicine (approval number: 20210913). Forty-six experi
mental C57BL/6J mice were purchased from the JOINN Laboratory, 
Suzhou, China, with an average weight of approximately 20 g. We 
randomly divided the mice into four groups of 10 mice each. Five of 
them were used for calcein labeling to analyze calcium salt deposition 
rates, and the other five were used for immunohistochemical staining 
analyses due to the presence of fluorescence interference from calcein 
labeling. The remaining six mice were used to verify the efficiency of 
lentiviral transfection. The following groups were formed: 6-week-old 
group (control group), senescence model group (D-Gal group), senes
cence + lentiviral null group (LV-nc group), and senescence + Traf6 
knockdown(LV-shtraf6 group). After pentobarbital anesthesia, mice in 
the LV-nc and LV-shtraf6 groups underwent bilateral anterior knee skin 
incision. A longitudinal incision was made along the medial side of the 
patellar ligament, displacing the patella laterally to expose the femoral 
intercondylar space. The proximal part of the femoral condyles was 
punctured with a 0.25 mm diameter syringe needle along the long axis 
using the Hamilton microinjector (80401, Hamilton Bonadoutz, 
Switzerland). A feeding needle (33G, Hamilton) was used to inject an 
equal volume of virus fluid into the marrow cavity, and the opening was 
closed with bone wax and sutured layer by layer. We selected the 
lentiviral-transfected group of mice, harvested the cells 1 week after 
modeling, and verified the knockdown efficiency under fluorescence 
microscopy after wall attachment. After the transfection knockdown 
efficiency was determined to be satisfactory, mice in the D-Gal and 
LV-shtraf6 groups were injected subcutaneously with D-Galactose 

Table 1 
Antibody information.

Antibodies Source Identifier Ratio

Anti-Traf6 rabbit 
monoclonal

Abcam Cat#ab33915; WB:1:1000
RRID: 
AB_778572

IF:1:100

Anti-CDKN2A/p16INK4a 
Rabbit monoclonal

Abcam Cat #ab211542 WB:1:1000
RRID: 
AB_2891084

​

Anti-P53 mouse 
monoclonal

Abcam Cat#ab26 WB:1:1000
RRID: 
AB_303198

IF:1:100

Anti-Runx2 rabbit 
monoclonal

Abcam Cat #ab192256 WB:1:1000
RRID: 
AB_2713945

​

Anti-Osterix rabbit 
monoclonal

Abcam Cat#ab209484 WB:1:1000
RRID: 
AB_2892207

IF:1:100

Anti-Nlrp3 rabbit 
monoclonal

Abcam Cat# ab263899 WB:1:1000
RRID: 
AB_2889890

​

Anti-IL-1 β rabbit 
monoclonal

Abcam Cat# ab254360 WB:1:1000
RRID: 
AB_2936299

​

Anti-IL-18 rabbit 
monoclonal

Abcam Cat# ab207323 WB:1:1000
RRID: 
AB_2895063

​

Anti-P21 mouse 
monoclonal

Abcam Cat#ab109199 WB:1:1000
RRID: AB 
_10861551

​

Anti-Nrf2 rabbit 
monoclonal

Cell Signaling 
Technology

Cat#12721 WB:1:1000
RRID: 
AB_2715528

IF:1:100

Anti-Nlrp3 rabbit 
monoclonal

Thermo Fisher 
Scientific

Cat#MA5-32255 IF:1:100
RRID: 
AB_2809541

​

Anti-P65 rabbit 
monoclonal

Abcam Cat#ab32536 WB:1:1000
RRID: 
AB_776751

​

Anti-pP65 rabbit 
monoclonal

Abcam Cat#ab76302 WB:1:1000
RRID: 
AB_1524028

​

Anti-ERK rabbit 
monoclonal

Abcam Cat#ab184699 WB:1:1000
RRID: 
AB_2802136

​

Anti-pERK rabbit 
monoclonal

Abcam Cat#ab201015 WB:1:1000
RRID: 
AB_2934088

​

Anti-JNK rabbit 
monoclonal

Abcam Cat#ab179461 WB:1:1000
RRID: 
AB_2744672

​

Anti-pJNK rabbit 
monoclonal

Abcam Cat#ab4821 WB:1:1000
RRID: 
AB_2141012

​

Anti-P38 rabbit 
monoclonal

Abcam Cat#ab170099 WB:1:1000
RRID: 
AB_3083680

​

Anti-pP38 rabbit 
monoclonal

Abcam Cat#ab195049 WB:1:1000
RRID: 
AB_2576214

​

Table 2 
Lentivirus sequences.

Lentivirus 5 to 3 sequence

LV-nc TTCTCCGAACGTGTCACGT
LV-603 GCAAGTATGAGTGTCCCATCT
LV-773 GCAAAGCGAGAGATTCTTTCC
LV-900 GCCAACGTCCTTTCCAGAAGT
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nif-antibody:AB_778572
nif-antibody:AB_2891084
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nif-antibody:AB_2744672
nif-antibody:AB_2141012
nif-antibody:AB_3083680
nif-antibody:AB_2576214


(HY–N0210, MCE, Shanghai, China) at 150 mg/kg/d [14]. Five mice in 
each group were injected intraperitoneally with 10 mg/kg calcein 
(HY-D0040, MCE, Shanghai, China) 10 and 3 days before harvesting, 
and the undecalcified hard tissue sections were taken in time after taking 
the materials. The calcium salt deposition line formed on the bone 
surface after the above two intraperitoneal injections was observed 
under a fluorescence microscope. The field of view was randomly 
selected and the distance between two parallel deposition lines was 
measured to analyze the average daily calcium salt deposition thickness. 
Calcium salt deposition rate = (the distance between two calcium salt 
deposition lines)/7d. After 8 weeks of pharmacological intervention in 
mice, we collected blood from their orbits, centrifuged the top serum 
layer, and performed ELISA experiments to analyze the expression levels 
of bone turnover markers, OCN and CTX-1, and inflammation-related 
factor, IL-1β. Five unlabeled calcein femurs from the remaining groups 
were fixed in 4 % paraformaldehyde for 48 h and assessed using 
micro-computed tomography (CT), followed by histological and 
immunofluorescence analysis.

2.9. ELISA

Peripheral blood serum markers of bone metabolism and inflam
mation were assessed using ELISA kits according to manufacturer in
structions. Peripheral blood serum supernatant levels of OCN, CTX-1, 
and inflammatory factors were determined using standards (100 μL) and 
test (100 μL) samples added to designated wells and incubated at 37 ◦C 
for 15 min. After discarding the contents, wells were washed three times, 
followed by the addition of a biotinylated antibody working solution 
(100 μL/well). Plates were then incubated at 37 ◦C for 30 min, after 
which the liquid was discarded, and the plates were washed again. 
Biotinylated antibody working solution (100 μL) was added to each well, 
incubated at 37 ◦C for 60 min, and the plate was washed three times. 
HRP enzyme conjugate working solution (100 μL) was added to each 
well and incubated at 37 ◦C for 30 min. The liquid in the plate was 
discarded, and the plate was washed five times. Substrate solution (90 
μL) was added to each well and incubated at 37 ◦C for 15 min; the 
termination solution (50 μL) was added to each well. After zeroing with 
a blank well, the absorbance (OD value) was measured at 450 nm using 
ELISA, and the sample concentration was calculated.

2.10. Micro-CT

The right femur and lumbar vertebrae of each mouse was scanned 
and analyzed using a SkyScan1176 high-resolution micro-CT scanner 
(SkyScan, Knotich, Belgium). Scanning parameters were set to 9 μm per 
slice, voltage to 80 kV, and current to 100 mA. After the scanning, the 
bone trabeculae within 2 mm below the growth plate in the epiphysis of 
the femoral shaft was selected in CTAn software (brukermicro CT, 
kontich, Belgium) as the area of interest (ROI) for three-dimensional 
reconstruction. Measure and analyze distal femoral bone mineral den
sity (BMD, g/cm3), bone surface,(BS, mm2), bone volume/total volume 
(BV/TV, %), trabecular bone thickness (Tb. Th, 1/mm), trabecular 
number (Tb. N, 1/mm), and trabecular separation/spacing (Tb.Sp, mm).

2.11. Histology and immunohistochemistry

Histological and immunohistochemical analyses were performed 
after the completion of micro-CT scanning. Calcein-labeled mouse fe
murs were fixed in ethanol and dehydrated, and hard tissue sections 
were made for subsequent observation of calcium salt deposition lines. 
Femurs from mice in the unlabeled calcein group were decalcified in 10 
% EDTA for 21 days. Subsequently, the distal end of the femur was 
embedded in paraffin and then sectioned at 5 μm using a microtome. The 
sections were then subjected to immunohistochemical staining with 
primary antibodies against Traf6 (ab33915, Abcam), Nlrp3 (MA5- 
32255, Thermo Fisher Scientific, Bothell, WA, USA), and Osx 

(ab209484, Abcam). Stained sections were photographed using a 
Confocal microscope (SS-MCS6, Jianzhi instrument equipment, Nanjing, 
China). Histomorphological analysis of the bones was performed using 
BIOQUANTOSTEO software (BIOQUANTImageAnalysisCorporation, 
Nashville, TN, USA).

2.12. Statistical analysis

The experiment was statistically analyzed using SPSS 25.0 software. 
All experimental data were expressed as mean ± standard deviation (M 
± SD). Comparisons between two groups were performed using a t-test, 
and data from multiple groups were compared using one-way analysis of 
variance. p < 0.05 indicated statistically significant differences.

3. Data availability

The data supporting the findings of this study are available from the 
corresponding author upon request.

4. Results

4.1. Mouse BMSCs derived from the SOP model significantly upregulated 
senescence indicators and reduced osteogenic differentiation capacity

Scanning of 3-month-old (3Ms) and 18-month-old (18Ms) mice using 
micro-CT revealed bone loss in senescent mice (Fig. 1A). The bone 
mineral density of mice in the 18Ms group (0.202 ± 0.035 g/cm3) was 
significantly lower than that of mice in the 3Ms group (0.119 ± 0.041 g/ 
cm3) (Fig. 1B), and there were significant differences in bone micro
structure parameters compared with 3Ms group (Fig. 1C–E). Calcein 
fluorescence labeling showed a significantly lower rate of calcium salt 
deposition in the distal femur of 18Ms mice than in 3Ms mice 
(Fig. 1F–G). Next, we isolated and purified primary BMSCs from both 
age groups, identified them using flow cytometry and microscopy after 
separation (Fig. S1A–B), and subjected them to beta-galactosidase 
staining. The results revealed significantly higher galactosidase activ
ity and a greater number of positive cells in the 18Ms group than in the 
control group (Fig. 1H–K). A cell proliferation assay confirmed that 
BMSCs derived from 18Ms mice had significantly reduced proliferative 
capacity compared to those of 3Ms mice (Fig. 1L). ARS and ALP staining 
after osteogenic induction confirmed that BMSCs from 18Ms mice had 
significantly lower osteogenic activity than those from 3Ms mice 
(Fig. 1M− P). WB analysis showed that senescence-associated proteins, 
p16, p21and p53, were significantly upregulated in BMSCs from the 
18Ms group, whereas the expression levels of osteogenesis-associated 
proteins, Runx2 and Osx, were significantly downregulated (Fig. 1Q–V).

4.2. Differentially expressed genes in BMSCs from senescent mice are 
enriched in inflammation-related pathways, and Nlrp3 inflammatory 
vesicles are expressed at significantly higher levels than in BMSCs from 
young mice

To further explore the factors affecting BMSC aging, we used high- 
throughput sequencing to screen differentially expressed genes, and 
Gene Ontology analysis revealed enrichment in immune-inflammation- 
related functions (Fig. 2A). Kyoto Encyclopedia of Genes and Genomes 
analysis results showed that BMSCs from 18Ms mice had higher 
expression of inflammation-related genes, such as TLRs, TNF-α, and 
NLR, than those from 3Ms mice (Fig. 2C). Further protein-protein 
interaction network plotting showed correlations among the top 30 
differentially expressed genes, including IL-1β and IL-6 (Fig. 2B). Simi
larly, GSEA confirmed an ES score of 0.350 in the immune response gene 
set, indicating an upregulated pathway (Fig. 3A). The heat map of the 
related gene set revealed significant differences in IL-1β and Nlrp3 
expression (Fig. 3B). Consequently, we further validated the protein 
levels of Nlrp3, IL-1β, and IL-18 using WB experiments, which confirmed 
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significant upregulation in senescent BMSCs (Fig. 3C–F). Additionally, 
we queried GeneCards and OMIM for disease targets related to SOP and 
inflammatory bone senescence. Using the GSE35958 dataset from the 
Gene Expression Omnibus (GEO) database, which contains tran
scriptomic data and clinical information on BMSCs from elderly patients 
with normal and primary osteoporosis, we identified common differ
ences in inflammation-related genes with crosstalk between Nlrp3, IL- 
1β, IL-18, Nfe2l2, TRL4, and Traf6 (Fig. 3G and H). Existing literature 
suggests that Traf6 is closely associated with inflammatory responses 
and promotes the release of inflammatory cytokines by activating Nlrp3 
inflammatory vesicles [15]. Nrf2 negatively correlates with 
Traf6-related pathway activation during the regulation of 

inflammation-associated autophagy [16]. Therefore, Traf6 plays a key 
role in inflammation and Nrf2-associated oxidative stress. Although 
chronic inflammation and high intracellular oxidative stress levels are 
closely associated with senescence, the association between the dysre
gulation of Traf6 expression and progression of inflammatory senes
cence warrants further investigation.

4.3. Abnormal levels of pro-inflammatory Traf6 and Nrf2 in senescent 
BMSCs may be closely related to inflammatory senescence progression 
induced by high levels of inflammation and oxidative stress in BMSCs

Our WB experiments showed significantly increased Traf6 and Nrf2 

Fig. 1. (A) Micro-computed tomography images of the spine and distal femur in the 3Ms and 18Ms groups. (B–E) Five mice in each group of 3Ms and 18Ms groups 
were used to analyze the bone mineral density and bone microstructure parameters of the distal femur of each mouse (n = 5, 3Ms group vs. 18Ms group, *P < 0.05) 
(F–G) Five mice in each group were intraperitoneally injected with calcein 10 days and 3 days before material extraction. Two calcium salt deposition lines were 
observed after non decalcified hard tissue sections, and the calcium salt deposition rate of the two groups of patients was measured and analyzed. (Calcium salt 
deposition rate = (the distance between two calcium salt deposition lines)/7d, n = 5, *P < 0.05, scale bar = 50 μm). (H–I) The senescence levels of BMSCs at passage 
3 from five mice in each of 3Ms and 18Ms groups were analyzed by flow cytometry. (n = 5, 3Ms group vs. 18Ms group, *P < 0.05). (J–K) Galactose staining was used 
to detect the senescence level of BMSCs at passage 3 from five mice each from 3Ms to 18Ms groups. (3Ms group vs. 18Ms group, **P < 0.01, n = 5, scale bar = 50 
μm). (L) CCK8 assay to detect cell proliferation rate in each group. (n = 3, 3Ms group vs. 18Ms group). (M–P) The osteogenic differentiation ability of BMSCs at 
passage 3 from 3 mice in 3Ms and 18Ms groups was detected by ALP and ARS staining, and the proportion of staining positive area to the total area was calculated. 
Three duplicate wells were set up for each sample, and the average value of measurement was taken. (3Ms group vs. 18Ms group, scale bar = 100 μm, n = 3, *P <
0.05). (Q–V) The expression levels of senescence related proteins p16, p21 and p53, as well as osteogenesis related proteins runx2 and osx in BMSCs at passage 3 from 
three mice in 3Ms and 18Ms groups were detected and quantified by WB experiment. (n = 3, 3Ms group vs. 18Ms group, *P < 0.05). 
3Ms, 3-month-old; 18Ms, 18-month-old; BMSCs, bone marrow stromal stem cells.
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expression levels in BMSCs from 18Ms mice (Fig. 4A–C), whereas further 
detection of intracellular ROS levels in the two groups using Lipid Per
oxidation Sensor (ThermoFisher Scientific, D3861) revealed higher 
levels of oxidative stress in the cells of the 18Ms group (Fig. 4D–E). 
These findings suggest that BMSC senescence is associated with 
abnormal intracellular inflammation, oxidative stress, and dysregulated 
Traf6 and Nrf2 expression. Additionally, we established an inflamma
tory senescence model of BMSCs using hydrogen peroxide stimulation. 
BMSCs were treated with 200 μM H2O2 for 2 h and then changed to 
normal medium. After 2 h of 200 μM H2O2 treatment, Traf6 and Nlrp3 
protein levels were acutely upregulated and remained high within 3 
days, whereas Nrf2 expression significantly reduced on day 3. The levels 
of the senescence-related indicators, p16, p21 and p53, continuously 
increased (Fig. 4F–L). Subsequent osteogenic induction experiments 
showed significantly reduced osteogenic function of BMSCs in the in
flammatory senescence model (Fig. 4M–Q). These results confirmed the 
feasibility of H2O2 to construct inflammatory senescence models. 
Aberrant Traf6 expression positively correlated with high inflammation 
and oxidative stress levels and negatively correlated with Nrf2 expres
sion in senescent cells.

4.4. Targeting Traf6 on BMSCs affects Nrf2 and Nlrp3 expression and 
regulates intracellular inflammation and oxidative stress levels

To target Traf6 expression, we established a lentiviral transfection 
model of BMSCs, verified the transfection efficiency through WB, and 
selected the viral strain with the highest knockdown efficiency 
(Fig. S2A–D). H2O2 induction experiments showed that targeted Traf6 
knockdown effectively alleviated the decrease in Nrf2 expression and 
upregulation of Nlrp3 caused by inflammatory senescence. (Fig. 5A–D). 

Cytofluorescence experiments confirmed significant upregulation of 
Nrf2 entry and expression levels (Fig. 5E and F). Further, WB experi
ments confirmed that targeting Traf6 inhibited the upregulation of in
flammatory vesicle-associated proteins, IL-1β and IL-18, and senescence- 
associated proteins, p16, p21 and p53 (Fig. 5G–I; Fig. 6A–D). Addi
tionally, targeting Traf6 expression effectively reduced the oxidative 
stress level in BMSC cells. (Fig. 5J–K), alleviated the decline in osteo
genic function caused by inflammatory senescence (Fig. 6G–N), and 
inhibited their differentiation into adipocytes (Fig. 6O and P).

4.5. The Traf6/Nrf2/Nlrp3 signaling pathway has a major impact on 
senescence progression and loss of osteogenic capacity in BMSCs

Next, we verified that Traf6 regulates inflammatory senescence 
progression via Nrf2/Nlrp3 using an Nrf2 agonist (TBHQ) and inhibitor 
(ML385). CCK8 experiments determined that the maximum non-toxic 
concentrations of TBHQ and ML385 were 10 μM and 1 μM, respec
tively (Fig. S2E–F). In subsequent rescue intervention experiments, Nrf2 
agonism effectively inhibited the upregulation of inflammatory vesicle 
proteins, Nlrp3, IL-1β, and IL-18, and attenuated oxidative stress- 
induced inflammatory senescence progression. Furthermore, the bene
ficial effect of targeted Traf6 knockdown in attenuating senescence 
progression was reversed through Nrf2 inhibition (Fig. 7A–D). Osteo
genic induction experiments showed that the expression of the 
osteogenesis-related proteins, Runx2 and Osx, was negatively correlated 
with inflammatory senescence progression and could be rescued 
through Nrf2 intervention in the same batch of identically treated 
BMSCs on day 3 of induction (Fig. 7E–I). These findings indicate that 
Nrf2 plays an important role in the link between Traf6, inflammatory 
oxidative stress, and senescence progression.

Fig. 2. High-throughput sequencing analysis of differential gene enrichment in inflammation-related pathways. (A) GO analysis of differential gene enrichment. (B) 
Protein-protein interaction network diagram showing the correlation of the top 30 differentially expressed genes. (C) KEGG analysis of differential gene enrichment 
in relevant pathways.
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4.6. Targeted knockdown of Traf6 in bone tissue affects Nlrp3 expression 
and reduces inflammation and oxidative stress levels

In the in vivo experiments, we used a lentiviral intratumoral injec
tion to deliver a high concentration of shtraf6 viral fluid to target bone 
tissue transfection. Two weeks post-transfection, bone marrow cells 
from transfected mice were extracted, and after the cells were wall- 
adhered and purified by isolation, fluorescence microscopy showed a 
GFP positivity rate of up to 45 %. Subsequent WB confirmed that the 
lentiviral bone marrow intratumoral injection achieved good trans
fection and knockdown efficiencies (Fig. S2G–J). After determining the 
transfection efficiency, a similar batch of shtraf6 group mice was 

injected with galactose (150 mg/kg/day) for 8 weeks to induce a sub
acute senescence model. Immunohistochemical results showed that 
Traf6-positive OID around the bone trabeculae was significantly 1.88 
times higher in the senescence model group than in the control group; 
however, it significantly reduced to 51 % in the lentiviral transfection 
group (Fig. S3A–B). Meanwhile, the expression level of P53 in the model 
group significantly increased, while targeted knockdown of Traf6 
effectively inhibited D-galactose-induced aging progression 
(Fig. S3C–D). Additionally, the number of adipocytes in the senescence 
model group significantly increased, and targeted Traf6 knockdown 
significantly reduced adipocyte content in bone marrow tissue. This 
result was consistent with that of our in vitro experiments, which 

Fig. 3. Differential upregulation of genes enriched in inflammation-related pathways in the 18Ms group compared to in the 3Ms group. (A) GSEA analysis showing 
the enriched pathway. (B) Heatmap showing inflammation-related differential gene sets. (C–F) The expression levels of Nirp3, IL-18 and IL-1β in BMSCs at passage 3 
from three mice in the 3Ms and 18Ms groups were detected and quantified by WB experiment. (3Ms group vs. 18Ms group, n = 3, *P < 0.05). (G) Wayne’s plots 
showing SOPs obtained from GeneCards and OMIM query, disease targets associated with inflammatory bone aging, and datasets in the Gene Expression Omnibus 
(GEO) database GSE35958 related genes. (H) PPI network plot showing the correlation of commonly differentially expressed inflammation-related genes. 
3Ms, 3-month-old; 18Ms, 18-month-old; PPI, protein-protein interaction; WB, Western blot.
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involved targeting Traf6 and inducing adipogenic differentiation 
(Fig. S3E). Further immunofluorescence staining and serum ELISA re
sults showed that the following were significantly increased in bone 
tissue in the aging model: Nlrp3, serum inflammatory factors IL-1β and 
IL-6, and lipid peroxidation product MDA levels (Fig. 8A–B, E-F; 
Fig. S3F). This increase was negatively correlated with the expression of 
OSX and OCN (Osteocalcin) and could be reversed by targeted Traf6 
knockdown (Fig. 8C–D, G).

4.7. Targeted Traf6 knockdown in bone tissue reduces SOP progression

Micro-CT results showed that the BMD in the shtraf6 mouse group 
was significantly higher than that in the model group, with significantly 

improved bone microstructural parameters (BMD in mg/mm3: 0.18 ±
0.01 vs. 0.13 ± 0.01, BS in mm2: 13.13 ± 1.50 vs. 6.49 ± 2.91, BV/TV in 
%: 10.97 ± 0.92 vs. 5.53 ± 1.83, Tb.Th in mm: 0.92 vs. 5.53 ± 1.83, Tb. 
Sp in mm: 0.288 ± 0.06 vs. 0.53 ± 0.30, Tb.N in 1/mm: 1.60 ± 0.10 vs. 
0.77 ± 0.35) (Fig. 9A–F). Von Kossa staining showed that the area of 
bone trabeculae was negatively correlated with Traf6 expression 
(Fig. 9G and H). Calcein labeling showed that the rate of calcium salt 
deposition in senescent mice was 0.51 ± 0.25 μm/d, which was signif
icantly lower than that in the control group (2.41 ± 0.42 μm/d), 
whereas the calcium salt deposition rate reached 1.63 ± 0.41 μm/d in 
the shtraf6 group (Fig. 9I and J). These results confirmed that Traf6 
expression in bone tissue was positively correlated with inflammation 
and SOP progression and that intervention targeting Traf6 expression 

Fig. 4. Upregulated oxidative stress level and decreased osteogenic function in the 18Ms group compared with in the 3Ms group. (A–C) WB experiments were used to 
verify the expression levels of Traf6 and Nrf2 in BMSCs at passage 3 from 3 mice in each of the 3Ms and 18Ms groups, and the related indicators were quantitatively 
analyzed. (n = 3, 3Ms group vs. 18Ms group, *P < 0.05). (D–E) Detection of intracellular reactive oxygen species levels with undecanoic acid in above both groups. 
(n = 3, 3Ms group vs. 18Ms group, *P < 0.05). (F–L) BMSCs at passage 3 from 3Ms mice were seeded into 6-well plates at a density of 1 × 105 cells/well. After 
intervention with 200 μ mol/L H2O2, the expression of senescence and oxidative stress-related proteins and quantitative analysis of related indicators were detected 
by WB experiment. The experiment was repeated three times, and BMSCs from different mouse sources were selected for each experiment. (n = 3, *P < 0.05, **P <
0.01). (M–O) After H2O2 induced senescence of BMSCs for 3 days, WB experiments verified that the expression levels of osteogenesis related proteins runx2 and osx 
were significantly lower than those of the control group on the 1st, 3rd and 5th day of osteogenesis induction. The experiment was repeated three times, and BMSCs 
from different mouse sources were selected for each experiment. (n = 3, control group vs. H2O2 group, *P < 0.05, **P < 0.01). (P–Q) ARS staining showing the bone 
differentiation ability of the above two groups, and the proportion of staining positive area to the total area was calculated. (n = 3, control group vs. H2O2 group, *P 
< 0.05). 
3Ms, 3-month-old; 18Ms, 18-month-old.
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can effectively alleviate osteoporosis progression caused by inflamma
tory senescence.

5. Discussion

The progression of senescence in BMSCs in the bone homeostatic 
microenvironment is accompanied by decreased proliferative and dif
ferentiation capacity and abnormalities in stem cell biology [9]. 

Researchers have also confirmed that inflammation and oxidative 
stress-mediated inflammatory senescence significantly contribute to the 
development and progression of osteoporosis in the elderly [17]. In
flammatory senescence refers to a state of long-term chronic 
pro-inflammatory response that progressively increases with senescence 
and is closely associated with the development of various age-related 
diseases [18]. Our previous high-throughput sequencing analysis 
confirmed that genes differentially expressed in senescent BMSCs were 

Fig. 5. Effective inhibition of the expression of Nlrp3 inflammatory vesicles through lentiviral knockdown of Traf6. (A–D) BMSCs at passage 3 and LV-shtraf6 
transfected cells from 3Ms mice were seeded into 6-well plates at a density of 1 × 105 cells/well. After intervention with 200 μ mol/L H2O2, the expression of 
Traf6, Nrf2 and Nlrp3 were detected by WB experiment. The experiment was repeated three times, and BMSCs from different mouse sources were selected for each 
experiment. (n = 3, *P < 0.05, **P < 0.01, ns: No significance). (E–F) Immunofluorescence staining showing the expression and nucleation level of Nrf2 in above 
each group, and the fluorescence intensity of Nrf2 was quantified (n = 3, *P < 0.05, **P < 0.01, ns: No significance). (G–I) Western blot images showing the 
expression levels of inflammatory vesicle component proteins, IL-18 and IL-1β, in above each group (n = 3, *P < 0.05, **P < 0.01, ns: No significance). (J–K) 
Undecanoic acid detection of intracellular oxidative stress levels in each group, and the level of oxidative stress in above each group was quantified. (n = 3, *P <
0.05, **P < 0.01, ns: No significance).
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highly enriched in inflammatory and oxidative stress-related pathways. 
To further explore the regulatory mechanisms affecting intracellular 
inflammation and oxidative stress levels in BMSCs, we searched the 
GeneCards and OMIM databases for SOP using the search terms “senile 
osteoporosis” and “inflammatory bone aging” and obtained the GSE 
dataset. We obtained the GSE35958 dataset from the GEO database, 
which contains transcriptomics and clinical data of BMSCs from elderly 
patients with normal and primary osteoporosis. Wayne’s and 
protein-protein interaction visual network diagrams indicated close as
sociations among Traf6, Nrf2, and Nlrp3, suggesting their significant 
roles in the progression of inflammatory senescence in BMSCs. 
Furthermore, our additional in vitro and in vivo experiments confirmed 
that targeting Traf6 could modulate Nrf2/Nlrp3 to delay the progression 
of inflammatory senescence in BMSCs.

Several studies have shown that Traf6 is closely associated with 
organismal senescence, is sensitive to inflammation, and plays an 
important role in innate and acquired immunity, bone metabolism, and 
other systems [19,20]. In this study, we also observed that the reduction 

of Nrf2 protein levels in senescent BMSCs could be reversed by targeted 
knockdown of Traf6. Nrf2, as an endogenous antioxidant stress factor, 
regulates oxidative stress in organisms [21]. Under physiological con
ditions, Nrf2 binds to the negative regulator, Keap1, in the cytosol, 
where it undergoes ubiquitination and degradation by the 26S protease; 
this maintains Nrf2 at low basal levels. Upon external stimulation, 
Keap1 uncouples from Nrf2, allowing Nrf2 to translocate into the nu
cleus, bind to antioxidant response elements, and activate downstream 
target genes that maintain intracellular redox homeostasis, thereby 
exerting endogenous protective effects [22]. However, as an important 
transcription factor for cellular antioxidant and anti-chemical damage, 
Nrf2 has been found to have a complex crosstalk with NF-κB, MAPK, and 
other signaling pathways. Previous studies have confirmed that Nrf2 can 
reduce the levels of reactive oxygen radicals in the cell by inducing the 
expression of antioxidant enzymes, thereby affecting the NF-κB and 
MAPK pathways [23–25]. The Nfe2l2 promoter also has a binding site 
for p65, which binds to it and activates its transcription when phos
phorylated in the nucleus [26]. The specific intervention with ERK can 

Fig. 6. Targeted knockdown of Traf6 delays the progression of inflammatory senescence in BMSCs and alleviates the decline in osteogenic function caused by 
inflammatory senescence. (A–D) BMSCs at passage 3 and LV-shtraf6 transfected cells from 3Ms mice were seeded into 6-well plates at a density of 1 × 105 cells/well. 
After intervention with 200 μ mol/L H2O2 for 3d, the expression of p16, p21 and p53 were detected by WB experiment. The experiment was repeated three times, and 
BMSCs from different mouse sources were selected for each experiment. (n = 3, *P < 0.05, **P < 0.01, ns: No significance). (E–G) Flow cytometry and galactose 
staining showing the level of cellular senescence in above each group. (H–J) Typical WB images showed the expression of osteogenic related proteins in the above 
groups of cells after osteogenic induction for 5 days. Quantitative analysis results showed that targeted intervention of TRAF6 could effectively reduce the decline of 
osteogenic function caused by inflammation and senescence. The experiment was repeated three times, and BMSCs from different mouse sources were selected for 
each experiment. (n = 3, *P < 0.05, **P < 0.01, ns: No significance). (K–P) BMSCs at passage 3 and LV-shtraf6 transfected cells from 3Ms mice were seeded into 6- 
well plates at a density of 1 × 105 cells/well. After intervention with 200 μ mol/L H2O2, ARS and ALP staining were performed after osteogenesis induction, and oil 
red staining was performed after lipogenesis induction, and the proportion of staining positive area to the total area was calculated. The experiment was repeated 
three times, and BMSCs from different 3Ms mouse sources were selected for each experiment. (n = 3, *P < 0.05, **P < 0.01, ns: No significance). 
BMSCs, bone marrow stromal stem cells.
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affect the recognition and binding of Nrf2 to the ARE, which regulates a 
number of downstream oxidative and chemical damage signaling 
pathways. ARE regulates the expression of a number of downstream 
genes that protect against oxidative stress [27].

Studies have shown that the NF-κB and MAPK pathways are also 
closely linked to cellular inflammation and oxidative stress. Chen et al. 
found that the transcription factor, p65, was aberrantly activated in 
osteoblasts and osteoclasts of prematurely aging ERCC1-XPF-deficient 
mice [28]. Furthermore, Widjaja et al. demonstrated that intervention 
targeting the expression of the inflammatory factor, IL-11, could 
modulate the ERK pathway, leading to a decrease in downstream AMPK 
activity and slowing the process of cellular senescence [29]. Addition
ally, Melough et al. also suggested that oxidative stress is an important 
pathological trigger for SOP progression and that upregulation of 
signaling pathways, such as the JNK/p38 MAPK pathway, is an impor
tant regulatory mechanism for age-related bone loss [30]. Our addi
tional experiments also revealed that the abnormal reduction of Nrf2 
expression levels in senescent BMSCs was indeed accompanied by an 
abnormal upregulation of phosphorylation levels of p65, ERK, JNK, and 
p38. After the intervention targeting Traf6 expression, the phosphory
lation levels of p65, ERK, p38, and JNK were also significantly down
regulated, whereas Nrf2/Nlrp3 was regulated to influence the 
progression of inflammatory senescence in BMSCs (Fig. S5). It can be 
concluded that Traf6-targeted intervention can regulate NF-κB and 
MAPK and directly or indirectly affect the Nrf2/Nlrp3 signaling axis, 
which is an effective means to delay the progression of inflammatory 
senescence in BMSCs.

In our in vivo experiments, ELISA results revealed elevated inflam
matory factor levels in SOP mouse serum, alongside significantly 
reduced expression of osteogenesis-related markers. Immunofluores
cence staining of bone tissue also confirmed significantly increased 
Nlrp3 protein levels in the senescent bone microenvironment. He et al. 

confirmed that dysregulation of Nlrp3 inflammasome expression in
duces age-associated chronic inflammation and highlighted that tar
geted inhibition of Nlrp3 inflammasome activation could slow the 
progression of inflammatory senescence [31]. In contrast, after 
high-concentration lentiviral knockdown of Traf6 via an isovolumic 
injection into the bone marrow cavity, serum inflammation levels and 
Nlrp3 expression in bone tissue were significantly suppressed in the 
intervention group. Moreover, bone volume and calcium salt deposition 
in the distal femur were significantly higher in mice in the intervention 
group than in mice in the senescent model group. Similar to cellular 
experiments, targeted Traf6 intervention in vivo effectively reduces 
Nlrp3 expression, suppresses inflammation levels, and alleviates SOP 
progression. Additionally, inflammation levels in bone tissue are closely 
associated with immune-related cells and BMMs. Our previous study 
confirmed that NF-κB (a downstream pathway of Traf6) intervention can 
inhibit the abnormal activation of osteoclasts [32]. In this study, we 
found that serum CTX-1 levels and the number of Trap-positive cells 
were significantly lower in the intervention group than in the senescence 
model group (Fig. S4H–I). Deepak et al. found that targeting Traf6 
protein stabilization in the intramedullary region inhibits osteoclast 
activation and alleviates bone loss [33]. In addition, Wu et al. demon
strated that WDFY3, a major regulator of selective autophagy, interacts 
with Traf6 and affects RANKL-induced osteoclastogenesis in vitro and in 
vivo via the NF-κB pathway and further influences the progression of 
inflammatory arthritis [34,35]. It is evident that targeted intervention of 
Traf6 can effectively regulate osteoclast activation and affect the level of 
inflammation in the bone microenvironment. We further validated the 
efficacy of lentiviral transfection of BMMs in vitro. We found that the 
LV-shtraf6 viral strain could also effectively transfect BMMs 
(Fig. S4A–C), and intervention targeting Traf6 could significantly inhibit 
RANKL-induced differentiation of BMMs into osteoblasts (Fig. S4D–G). 
It can be seen that the Traf6-targeted intervention can achieve the effect 

Fig. 7. Traf6/Nrf2 is an important regulator of Nlrp3 inflammatory vesicle protein expression. (A–D) Typical WB images showed that Nrf2 agonist (TBHQ) inhibited 
the H2O2 induced upregulation of Nlrp3, IL-18 and IL-1β expression levels, and the inhibitory effect of the expression of inflammasome after targeted knockdown of 
Traf6 was also reversed by the intervention of Nrf2 inhibitor (ML385). The experiment was repeated three times, and BMSCs from different 3Ms mouse sources were 
selected for each experiment. (n = 3, *P < 0.05, **P < 0.01). (E–I) The typical WB images showed the expression of p16, p53, runx2 and osx in the above groups. The 
quantitative analysis results showed that the targeted knockdown of Traf6, the intervention of Nrf2 agonists and inhibitors on the expression of aging and osteo
genesis related proteins. The experiment was repeated three times, and BMSCs from different 3Ms mouse sources were selected for each experiment. (n = 3, *P <
0.05, **P < 0.01).
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of regulating osteogenesis and osteoclastogenesis at the same time.
Existing anti-osteoporosis strategies include the administration of 

calcium and the use of pharmaceuticals such as teriparatide and deno
sumab. Moreover, recent clinical trials have demonstrated the efficacy 
of senolytic therapy in promoting osteogenesis. however, its capacity to 
inhibit osteoclast activity is limited [36]. Interestingly, intervention 
targeting Traf6 allows the simultaneous modulation of osteogenesis and 
osteoclast function. Targeted intervention of Traf6 with safe and effec
tive drugs in bone tissue may be another potential treatment method for 
SOP besides senolytic therapy. Studies have shown that, salidroside, the 
natural alkaloid (− )-N-hydroxyapiosporamide, and other natural com
pounds derived from Chinese herbal medicines exerted significant 
inhibitory effects on Traf6 [37,38]. These natural compounds have been 
reported to be effective in inhibiting inflammation and modulating 
cellular activity in the fields of respiratory disease and anti-tumor 
treatments. The efficacy of similar natural compounds that can be tar
geted to inhibit Traf6-related therapeutic effects in the treatment of 
osteoporosis warrants further investigation. However, most drugs lack 
target specificity and do not specifically recognize bone tissue, leading 

to significant accumulation in organs, such as the liver and kidney, 
resulting in toxic side effects. Therefore, how to achieve targeted drug 
delivery of natural Traf6 inhibitors within bone tissue requires in-depth 
study. Recent developments in nanotechnology have made drug delivery 
more efficient and precise. Currently, several types of nanocarriers are 
used for the treatment of OP, including lipid carriers [39], exo [40], and 
various synthetic nanoparticles [41]. Therefore, targeted drug delivery 
to bone tissue can be achieved by assembling anti-OP drugs with the 
above carriers. The use of Traf6-targeted interventional drugs by tar
geted delivery to bone tissue through the assembly of nanocomposites is 
promising for the treatment of SOP.

While our study provides new insights into the relationship between 
inflammatory senescence, oxidative stress in BMSCs and SOP. However, 
there are still limitations to consider. Although salidroside and other 
natural compounds derived from Chinese herbal medicines exhibit sig
nificant inhibitory effects on Traf6, this study did not further intervene 
with the above-mentioned related drugs in vivo and in vitro to observe 
the efficacy of drug intervention in Traf6-targeted treatment of SOP. 
Additionally, this study only detected the relevant histological changes 

Fig. 8. Targeted knockdown of Traf6 effectively reduces the level of inflammation in bone tissue and alleviates the age-related decline in osteogenic capacity of 
BMSCs. (A–D) Immunofluorescence staining was performed on sections of distal femur of 5 mice, the typical immunofluorescence staining images showed the 
expression of Nlrp3 and osx in bone tissues of each group. Three visual fields were randomly selected from each section to measure the fluorescence intensity, and the 
average value was taken. The relative fluorescence intensity of Nlrp3 and osx was quantitatively analyzed. (n = 5, *P < 0.05, **P < 0.01, ns: No significance). (E–F) 
ELISA results showing the serum levels of inflammatory factors, IL-6 and IL-1β in mice of each group, there were 5 mice in each group, and 3 duplicate wells were set 
up for each independent sample. (n = 5, *P < 0.05). (G) ELISA results showing the serum levels of OCN in mice of each group, there were 10 mice in each group, and 
3 duplicate wells were set up for each independent sample. (n = 10, *P < 0.05). 
BMSCs, bone marrow stromal stem cells; ELISA, enzyme-linked immunosorbent assay.
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in bone tissue at 8 weeks after targeted knockdown of Traf6, without 
conducting long-term observations to further clarify the safety and ef
ficacy of Traf6-targeted intervention for SOP treatment. How to achieve 
targeted delivery of Traf6 inhibitory drugs in bone tissue and conduct 
long-term observations of their therapeutic effects on SOP warrant 
further investigation.

In conclusion, the Traf6-mediated Nrf2/Nlrp3 signaling axis signif
icantly influences inflammatory senescence progression in BMSCs. 
Targeting Traf6 can effectively alleviate the accelerated senescence and 
decreased osteogenic capacity of BMSCs caused by chronic inflamma
tion, potentially serving as an effective strategy to prevent and control 

SOP progression.
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