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Abstract
Osteolysis around the prosthesis and subsequent aseptic loosening are the main 
causes of prosthesis failure. Inflammation due to wear particles and osteoclast acti-
vation are the key factors in osteolysis and are also potential targets for the treatment 
of osteolysis. However, it is not clear whether puerarin can inhibit chronic inflamma-
tion and alleviate osteolysis. In this study, we investigated the effect of puerarin on 
Ti particle-induced inflammatory osteolysis in vivo in rat femoral models and in vitro 
in receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclast 
activation models. Our in vivo results showed that puerarin significantly inhibited Ti 
particle-induced osteolysis and the expression of matrix metallopeptidase 9 (MMP-
9), nuclear factor of activated T cells 1 (NFATc1), tumour necrosis factor (TNF)-α and 
interleukin (IL)-6. In vitro, puerarin prevented RANKL-induced osteoclast differentia-
tion, bone resorption and F-actin ring formation in a concentration-dependent man-
ner. Furthermore, puerarin decreased the phosphorylation of p65 and prevented p65 
moving from the cytoplasm to the nucleus. Puerarin also reduced the expression of 
osteoclast-specific factors and inhibited the inflammatory response. In conclusion, 
our study proves that puerarin can block the NF-κB signalling pathway to inhibit os-
teoclast activation and inflammatory processes, which provides a new direction for 
the treatment of osteolysis-related diseases.
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1  | INTRODUC TION

Total joint arthroplasty (TJA) has been widely used in clinical treat-
ment of conditions such as femoral head necrosis, trauma, severe 
osteoarthritis and other diseases.1 According to relevant literature 
reports, approximately 700 000 patients in the United States un-
dergo this surgery each year,2 and the demand for surgery is pro-
jected to increase rapidly in the next ten years.3 However, with 
increasing time after surgery and the increasing number of patients 
who have received this treatment, the problem of prosthetic loosen-
ing after TJA is becoming increasingly serious and causes great pain 
and stress for patients and their families.4,5 Although developments 
in science and technology have led to great progress, prosthetic os-
teolysis remains the most difficult problem.5 Wear particles released 
from the prosthesis, such as titanium particles, play an important 
role in TJA failure.6 Some studies have shown that enoxacin can be 
safely used to treat particle-induced peri-implant osteolysis and 
other diseases.7 Bisphosphonates are considered to directly inhibit 
osteoclast activity8 and enhance bone mass, but they have also been 
associated with adverse processes in the human jawbone.9 Hence, 
the application of these drugs is limited because of a variety of com-
plications associated with long-term use.

The reasons for prosthetic loosening are complicated, and the 
mechanism is not entirely clear. However, it is generally believed that 
a series of inflammatory reactions caused by wear particles are the 
most important factors leading to osteolysis around the prosthe-
sis.10,11 When wear particles enter the bone around the prosthesis, 
mononuclear macrophages subsequently phagocytose them and re-
lease inflammatory cytokines, such as tumour necrosis factor (TNF)-α, 
interleukin (IL)-1β and IL-6, causing local chronic inflammation around 
the prosthesis.12 The presence of these factors further stimulates 

osteoblasts, fibroblasts and bone marrow mesenchymal stem cells to 
express receptor activator of nuclear factor kappa-B ligand (RANKL). 
When combined with RANK on the surface of osteoclast precursor 
cells, RANKL activates the signalling pathway related to osteoclast dif-
ferentiation and induces osteoclast formation and bone resorption.13 
Excessive osteoclast formation disrupts the balance between osteo-
clasts and osteoblasts in normal bone metabolism.14 This ultimately 
results in osteolysis around the prosthesis and the formation of a fi-
brous capsule, which leads to loosening of the prosthesis. Therefore, 
it is necessary to find a drug that can reduce chronic inflammation and 
inhibit osteoclast function to prevent or treat prosthesis loosening.

Puerarin, which comes from the herb kudzu in traditional Chinese 
medicine, is an isoflavone compound.15 Increasing evidence suggests 
that puerarin is helpful for hypertension,16 Parkinson's disease,17 di-
abetic disease18 and tumours.19 It was also reported to have anti-in-
flammatory and antioxidant effects.20,21 A recent study reported 
that puerarin could promote osteoblast differentiation and new 
bone formation around implants in the dental implantology field.22 
The other report provided evidence that puerarin exerted a protec-
tive effect in a calvarial osteolysis model.23 Another study demon-
strated that puerarin stimulates osteoprotegerin (OPG) and affects 
osteoblastic cells to prevent or retard osteoporosis.24 However, it is 
still unclear whether puerarin could serve as a therapeutic target for 
the treatment of osteolysis around loosening implants.

In this study, we speculated that puerarin has a therapeutic effect 
on titanium particle-stimulated inflammatory bone destruction and 
RANKL-induced osteoclastogenesis. This hypothesis was tested with 
rat femur osteolysis models in vivo and in bone marrow-derived mac-
rophage (BMM)- or RAW264.7 cell-induced osteoclast differentiation 
models in vitro. We further explored the potential mechanism to verify 
the inhibitory effect of puerarin on osteoclast activation (Scheme 1).

K E Y W O R D S

inflammatory, NF-κB, osteolysis, puerarin

S C H E M E  1   A schematic illustration 
showing that puerarin has inhibitory 
effects on osteolysis in vivo and RANKL-
induced osteoclast formation in vitro. 
Puerarin suppressed the inflammatory 
response and maintained balance in the 
bone environment. In addition, puerarin 
attenuated the upregulation of p65 
phosphorylation and the activation of the 
downstream transcription factor NFATc1. 
Our results showed that puerarin inhibits 
osteoclastogenesis by inhibiting the NF-
κB signalling pathway
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2  | MATERIAL S AND METHODS

2.1 | Preparation of Ti particles

Commercial titanium (Ti) powder was purchased from Johnson 
Matthey Chemical. The mean particle size was 3.32 ± 2.39 mm. 
More than 90% of the particles were <3.6 mm, 50% were <1.6 mm 
and 10% were <1.0 mm. Similar to a previous study,25 we placed 
the titanium particles in a suitable sealed container and put them in 
the oven at 180°C for 6 hours to sterilize them. Then, the titanium 
particles were transferred to a sterile centrifuge with 75% ethanol 
for 48 hours. Endotoxin in the titanium particles was detected by a 
Limulus assay kit (Biowhittaker). We used only endotoxin-free tita-
nium particles.

2.2 | Experimental animals and drug treatment

All animal experiments in this study were conducted according to 
the policy on laboratory animals and were approved by the Institute 
of Animal Care Committee of Zhangjiagang Traditional Chinese 
Medicine Hospital (approval number: 2018A013). We established 
a rat osteolysis model with titanium particle stimulation in the fe-
murs. The experimental animals were male Sprague Dawley rats, 
which weighed approximately 350 g. Puerarin was purchased from 
Sigma-Aldrich. These rats were divided into four groups (n = 5): the 
(a) control group (surgery only), (b) vehicle group (surgery and 0.1 mL 
titanium particle suspension in the medullary cavity), (c) low-dose 
puerarin group (based on the vehicle group, 15.4 mg/kg of puera-
rin was injected intraperitoneally every day), and (d) high-dose pu-
erarin group (based on the vehicle group, 30.8 mg/kg of puerarin 
was injected intraperitoneally every day). We administered an equal 
amount of water instead of any medical treatment in the control 
group and vehicle group. In the first and second weeks, we provided 
water. From the third week after establishing the model, we per-
formed drug interventions. Four weeks after drug treatment, the 
rats were sacrificed, and the bilateral femurs were harvested for 
further study.

2.3 | Micro-CT scanning

The right femurs were fixed with 10% formaldehyde for at least 
24 hours and then analysed using high-resolution micro-CT 
(SkyScan 1176; SkyScan, Knotich, Belgium). Before scanning, we 
removed the Ti rods to avoid effects caused by the metal. The 
femoral scan parameter was set at an equidistant resolution of 
9 μm, and the X-ray energy was set at 80 kV and 100 μA. We 
used the software provided by the manufacturer to reconstruct 
the images. For further quantitative analysis, we selected a square 
region of interest around the titanium rod. Micro-CT could use 3D 
reconstruction for measurements, such as bone mineral density 

(BMD, g/cm3), bone volume/tissue volume (BV/TV, %) and bone 
trabecular thickness (Tb.Th, mm).

2.4 | Histological and immunofluorescence analysis

After micro-CT, the harvested rat femurs were decalcified in 10% 
ethylenediaminetetraacetic acid (EDTA) for 4 weeks. We clipped 
the length of the femurs to reserve the femoral condyle, which 
was then embedded in paraffin. Haematoxylin and eosin (H&E) 
staining was performed. All these samples were cut at a thick-
ness of 5 μm. The stained sections were photographed under an 
Olympus microscope.

Immunofluorescence (IF) staining of matrix metallopepti-
dase 9 (MMP-9), nuclear factor of activated T cells 1 (NFATc1), 
p65, TNF-α and IL-6 was also performed. After dewaxing, anti-
gen repair and sealing, the femur specimens were incubated with 
primary antibodies (1:1000) at 4°C overnight. Then, the spec-
imens were washed and incubated with secondary antibodies 
(1:1000) to bind to the primary antibodies for 60 minutes. DAPI 
(Yeasen Biotech Co., Ltd.) was applied for nuclear staining. Finally, 
the specimens were coated with resin, and a microscope was used 
to observe positive cells.

2.5 | Cell culture and osteoclast differentiation

RAW264.7 cells and BMMs were used in vitro. As previously de-
scribed,26 BMMs were isolated from approximately 6-week-old 
male C57/BL6 mice. BMMs were cultured with Eagle's minimum 
essential medium, alpha modification (α-MEM, GE Healthcare Life 
Science), whereas RAW264.7 cells were cultured with DMEM (GE 
Healthcare Life Science). The cells were treated with medium con-
taining 10% FBS (Gibco), 50 ng/mL macrophage colony-stimulating 
factor (M-CSF, R&D Systems) and 100 U/mL penicillin-streptomy-
cin-amphotericin B (New Cell Molecular) for 48 hours in a 37°C 
and 5% CO2 incubator. Then, the liquid was discarded, and adher-
ent cells were collected. The cells were subcultured at approxi-
mately 80% confluence. The cells were stimulated with 50 ng/mL 
RANKL (R&D Systems) and treated with 0, 1, 10 or 100 μmol/L 
puerarin dissolved in PBS (Gibco). The medium was changed every 
other day.

2.6 | Cell viability assay

To detect the cytotoxic effect of puerarin on BMMs, a cell count-
ing kit-8 (CCK-8) viability assay (Beyotime) was performed. BMMs 
(8 × 103 cells/well) were plated in 96-well plates. The BMMs were 
cultured in induction medium for 24 hours and then treated with 
various concentrations of puerarin (0, 1, 10, 50,100 or 500 μmol/L) 
for 1, 3 or 5 days. Ten microlitres of CCK-8 buffer was added to each 
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well. After incubation at 37°C and 5% CO2 for 1 hour, absorbance 
was measured using a microplate reader (BioTek) at a wavelength 
of 450 nm.

2.7 | Pit formation assay

A pit formation assay was performed to determine the effect of 
puerarin on osteoclast function. BMMs were reseeded in a 24-well 
collagen-coated plate at a density of 3 × 104 cells per well. Next, the 

cells were treated with puerarin (0, 1, 10, 100 μmol/L) and RANKL 
(50 ng/mL). After 3 days, we used an inverted microscope to record 
images of bone absorption areas, which were quantified through 
ImageJ software.

2.8 | F-actin ring immunofluorescence assay

To perform fluorescence staining of the F-actin ring, various concen-
trations of puerarin (0, 1, 10 or 100) were added to a 24-well plate 

F I G U R E  1   Puerarin attenuates Ti particle-induced rat femur osteolysis in vivo. (A) Representative micro-CT 3D reconstruction. (B) 
Representative paraffinized sections following H&E staining. Red arrows represent inflammatory fibrous tissue. (C) The BMD within the 
region of interest (ROI) was calculated. (D) BV/TV. (E) Tb.Th. (F) BV/TV. (G) The number of osteoblasts around Ti implants. n = 5; scale 
bar = 200 μm; **P < .01, #P < .05, ##P < .01, NS: Not statistically significant, * vs the Ctrl group, # vs the vehicle group
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with M-CSF (50 ng/mL) and RANKL (50 ng/mL) for 7 days. Mature 
osteoclasts were fixed with 4% paraformaldehyde for 20 minutes 
and then permeabilized with Triton X-100 for 10 minutes. The cells 
were stained with Molecular Probes Alexa Fluor 488 Phalloidin (Cell 
Signaling Technology) and Alexa Fluor 555 to reveal the cytoskel-
eton. After the cells were stained with DAPI for 10 minutes, a fluo-
rescence microscope was used for detection.

2.9 | Quantitative RT-PCR analysis

Bone marrow-derived macrophages were isolated from the mouse 
femur and cultured in a 6-well plate containing M-CSF (50 ng/mL) 
and RANKL (50 ng/mL). The BMMs were administered different 
doses of puerarin (0, 1, 10, 100 μmol/L) for 5 days. Total RNA was 
extracted using TRIzol reagent (Ambion). Then, reverse transcrip-
tion was performed to convert RNA to cDNA. Real-time PCR was 
performed with SYBR Green PCR MasterMix. The parameters for 
PCR were 94°C for 10 minutes, followed by 40 cycles of 95°C 
for 15 seconds and 60°C for 60 seconds. The sequences for the 
forward (F) and reverse (R) primers used in this study were as 
follows:

NFATc1 (forward: 5′-CAACGCCCTGACCACCGATAG-3′, reverse: 
5′-GGCTGCCTTCCGTCTCATAGT-3′),

MMP9 (forward: 5′-CGTGTCTGGAGATTCGACTTGA-3′, re-
verse: 5′-TTGGAAACTCACACGCCAGA-3′),
CTSK (forward: 5′-GGGAGAAAAACCTGAAGC-3′, reverse: 
5′-ATTCTGGGGACTCAGAGC-3′), and
GAPDH (forward: 5′-GGTGAAGGTCGGTGTGAACG-3′, reverse: 
5′-CTCGCTCCTGGAAGATGGTG-3′).

2.10 | Western blot analysis

Total proteins were isolated from RAW264.7 cells induced with 
RANKL (50 ng/mL) in a 6-well plate. After treatment with different 
concentrations of puerarin for the indicated times, protein samples 
were separated in an electrophoresis apparatus and then transferred 
to PVDF membranes (Millipore). Next, the membranes were blocked 
and incubated with rabbit primary antibodies at 4°C overnight. The 
antibodies used were as follows: ATPase (1:1000, Ab2819), Alpha V 
(1:1000, Ab179475), Cathepsin K (CTSK) (1:1000, Ab19027), MMP-9 
(1:1000, Ab38898), NFATc1 (1:1000, Ab25916), TNF-α (1:1000, 
Ab1793), IL-6 (1:1000, Ab208113), IκB-α (1:1000, Ab32518), NF-κB 
(1:1000, Ab16502), p-IκB-α (1:1000, 2859) and p-NF-κB (1:1000, 3031, 
Cell Signaling Technology). After washing with TBST (CWBiotech) for 
15 minutes, the membranes were incubated with secondary antibod-
ies for 2 hours. Finally, the protein was measured with a chemilumi-
nescent HRP substrate (Millipore Corporation).

F I G U R E  2   Puerarin inhibits osteoclastogenesis in vivo. (A and C) Representative images showing cells stained for the osteoclastogenesis 
genes NFATc1 (red) and MMP9 (green) and nuclei (blue) observed by fluorescence microscopy. (B and D) Percentage of NFATc1- and MMP9-
positive cells. n = 5; scale bar = 200 μm; **P < .01, ##P < .01, * vs the Ctrl group, # vs the vehicle group
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2.10.1 | Statistical analysis

SPSS 19.0 software was used for statistical analysis in this experi-
ment. All the experimental data are expressed as the mean ± stand-
ard deviation (M ± SD). Each experiment was independently repeated 
at least three times. One-way analysis of variance (ANOVA) was 
used for statistical comparisons among more than two groups. The 
post hoc Newman-Keuls test was suitable for comparisons of two 
groups. When the P value was <.05, the difference was considered 
statistically significant.

3  | RESULTS

3.1 | Puerarin prevented bone loss and inhibited Ti 
particle-induced osteolysis

The micro-CT results showed that the rat femurs treated with Ti 
particles exhibited osteopenia and bone trabecular disturbance. The 
destruction of the femoral surface was relieved after treatment with 
puerarin, which suggested that puerarin reduced bone destruction 
and maintained bone integrity (Figure 1A). The parameters in the 
vehicle group decreased significantly compared with those in the 
control group (BMD: 1.23 g/cm3 ± 0.049 g/cm3 vs 1.56 g/cm3 ± 

0.046 g/cm3, BV/TV: 5.26% ± 0.81% vs 16.08% ± 1.79%, Tb.th: 
0.07 mm ± 0.008 mm vs 0.17 mm ± 0.012 mm, respectively). After 
treatment with low and high concentrations of puerarin, all these 
parameters increased compared with those of the vehicle group 
(P < .05) (Figure 1C-E). H&E staining of the surrounding tissues 
clearly showed a fibrous capsule between the bone matrix and the 
Ti rod in the titanium particle groups, indicating that a significant in-
flammatory reaction was induced by Ti particles. In contrast, a more 
complete bone structure was observed in the control and high-dose 
puerarin groups than in the vehicle and low-dose puerarin groups. In 
addition, puerarin treatment significantly increased the BV/TV value 
in a dose-dependent manner (Figure 1B,F). This result was consist-
ent with the micro-CT results, which further suggested that puerarin 
could reduce local inflammation and inhibit osteoclastogenesis.

NFATc1 and MMP-9 are important markers that promote 
osteoclast differentiation. To explore the inhibitory effects of 
puerarin on osteoclastogenesis, we performed immunofluores-
cence staining of NFATc1 and MMP-9. As shown in Figure 2A-D, 
positive cells were observed around the trabeculae in the control 
group. The fluorescence intensity was enhanced in the vehicle 
group, which represents an increase in the number of positive 
cells (P < .05). In contrast, few positive cells were observed in both 
puerarin treatment groups (P < .05). In addition, no adverse events 
were recorded in animal experiments. H&E staining of the liver and 

F I G U R E  3   Puerarin inhibited RANKL-induced osteoclast formation in vitro. (A) Structure of puerarin. (B) A CCK-8 assay was conducted 
to evaluate cell viability. (C) Representative images of TRAcP staining. (D) The percentage of TRAcP osteoclasts in each group was 
quantified. n = 3; scale bar = 200 μm; NS: Not statistically significant, **P < .01, * vs the 0 μmol/L group
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kidney showed that puerarin treatment had no significant side ef-
fect (Figure S1).

3.2 | Puerarin inhibited RANKL-induced 
osteoclastogenesis

The CCK-8 cell viability assay was used to exclude the possibility 
that the effects of puerarin on osteoclast formation were due to 
cytotoxicity. The results showed that cell viability was unaffected 
by treatment with puerarin at levels below 100 μmol/L for 1, 3 and 
5 days (Figure 3A,B).

Because puerarin decreased the number of NFATc1- and MMP-
9-positive cells in vivo, we further speculated that puerarin may 
prevent wear particle-induced bone destruction by inhibiting osteo-
clastogenesis. BMMs were cultivated with M-CSF (50 ng/mL) and 
RANKL (50 ng/mL) together with or without various concentrations 
of puerarin (1, 10, 100 μmol/L) for 5 days. As shown in Figure 3C,D, 
large claret-coloured cells were observed in the RANKL groups. 
However, puerarin reduced the proportion of TRAP-positive cells 
following RANKL stimulation in a dose-dependent manner.

3.3 | Puerarin influenced osteoclast bone 
resorption and F-actin ring formation

To test whether puerarin could attenuate osteoclastic bone resorp-
tion, BMMs were treated in the presence or absence of various 
concentrations of puerarin. As expected, in the RANKL group, large 
bone resorption pits were observed on the surface, and the area of 
resorption reached 88% ± 2.65%. By comparison, the resorption 
areas dropped to approximately 72% ± 6.25%, 51% ± 3.21% and 
36% ± 3% after treatment with 1, 10 and 100 μmol/L puerarin, re-
spectively (Figure 4A,B). The data showed that osteoclast function 
was inhibited by puerarin in vitro.

It is vital to keep F-actin well polarized during osteoclast forma-
tion. Thus, we decided to test the effects of puerarin on F-actin ring 
formation. A typical and intact ringed structure of F-actin induced 
by RANKL was observed using immunofluorescence. However, after 
treatment with puerarin, the size of the F-actin rings was visibly 
decreased. In addition, the number and colour of rings were also 
reduced. These results together suggested that puerarin could in-
hibit both the generation of F-actin rings and osteoclastic function 
(Figure 4C,D).

F I G U R E  4   Puerarin influenced osteoclast bone resorption and F-actin ring formation in vitro. (A) Representative images of bone 
resorption. (B) Quantification of resorption area/well. (C) Representative images of cells stained with phalloidin, MMP9 and DAPI. (D and E) 
Quantification of the average osteoclast area and number of nuclei/osteoclast. n = 3; scale bar = 200 μm; NS: Not statistically significant, 
*P < .05, **P < .01, * vs the 0 μmol/L group
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3.4 | Puerarin inhibited the expression of 
osteoclast-related proteins and genes

Osteoclast differentiation and activation are associated with 
RANKL.27 Western blotting and real-time PCR were applied to as-
sess whether puerarin suppressed RANKL-stimulated osteoclast-
related protein and gene expression. BMMs or RAW264.7 cells 
were treated with induction medium containing RANKL and cul-
tured with various concentrations of puerarin (1, 10, 100 µmol/L). 
The Western blot (WB) results demonstrated that the expression 
of ATPase, Alpha V, CTSK, NFATc1 and MMP-9 was markedly 
downregulated by puerarin treatment (P < .05) (Figure 5A-F). As 
shown in Figure 5G-I, the expression of all genes was elevated 
after RANKL induction. Compared with RANKL, puerarin signifi-
cantly decreased the mRNA levels in a concentration-dependent 
manner. Therefore, these results further confirmed that puerarin 
could inhibit expression of osteoclast-specific factors during os-
teoclast differentiation in vitro.

3.5 | Puerarin suppressed activation of the NF-κB 
signalling pathway during osteoclastogenesis

As previous studies have shown, activation of the NF-κB signalling 
pathway plays an essential role in RANKL-induced osteoclastogene-
sis.28 To investigate whether this signalling pathway was affected by 
puerarin, Western blotting analysis was performed. RAW264.7 mac-
rophages were incubated with or without 100 µmol/L puerarin for 
4 hours. Then, both groups were induced with 50 ng/mL RANKL for 
different times (0, 10, 20, 30, 60 minutes). Our results showed that 
RANKL obviously stimulated the degradation of IκBα after 20 min-
utes, and the expression levels then returned to normal. The phos-
phorylation of p65 was enhanced in the RANKL group. In contrast, 
an inhibitory effect of puerarin treatment on p65 phosphorylation 
appeared at 20 minutes (Figure 6A,C).

In addition, the immunofluorescence staining results showed that 
the expression of p65 was mainly observed in the nucleus after stim-
ulation with RANKL. However, in the puerarin-treated group, little 

F I G U R E  5   Puerarin inhibited the expression of osteoclast-related genes and proteins. (A) Cell lysate was subjected to Western blotting 
with antibodies against the osteoclast-related proteins ATPase, Alpha V, CTSK, NFATc1 and MMP9. (B-F) Quantification of these proteins. 
(G-I) Quantification of mRNA expression of CTSK, MMP9 and NFATc. n = 3; **P < .01, ##P < .01, * vs the NC group, # vs the PC group
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p65 was transferred from the cytoplasm to the nucleus (Figure 6D). 
This was further confirmed in immunofluorescence analysis in vivo 
(Figure 6E,F), with an obvious concentration-dependent decrease 
in p65, a pivotal component of the NF-κB signalling pathway, in re-
sponse to puerarin. In general, these findings confirmed that puer-
arin had an inhibitory effect on osteoclast activation and suppressed 
osteoclastogenesis through the NF-κB signalling pathway.

3.6 | Puerarin reduced the expression of 
proinflammatory cytokines

The inflammatory response is an important component of osteo-
clast generation.29 Immunofluorescence staining in vitro showed 
that TNF-α- and IL-6-positive cells appeared around sites of bone 
destruction in the control group (Figure 7A-D). After treatment 
with Ti particles, the number of positive cells increased signifi-
cantly, whereas these cytokines were clearly inhibited by puerarin 
in a dose-dependent manner. Quantitative analysis indicated that 
the percentage of TNF-α- and IL-6-positive cells in the vehicle 
group increased approximately fivefold to sevenfold compared 
with that in the control group (P < .05). When different concentra-
tions of puerarin were added to the vehicle group, they reduced 

TNF-α and IL-6 expression to various degrees (P < .05). We also 
observed that puerarin reduced the expression of TNF-α, IL-1β 
and IL-6 expression in RAW264.7 cells stimulated with RANKL 
in a dose-dependent manner (Figure S2). These results indicated 
that puerarin could inhibit the local inflammatory response.

4  | DISCUSSION

Aseptic loosening is one of the most common postoperative compli-
cations of artificial joint replacement and has also become the most 
common cause of operation failure. In recent years, great progress 
has been made in the treatment of osteolytic diseases. Some drugs, 
such as dracorhodin perchlorate, were found to suppress osteoclast 
formation and wear particle-induced osteolysis.30-32 One of these 
studies showed that curcumin inhibited RANKL-mediated osteoclast 
differentiation and promoted M2-type macrophage polarization.33 
Roato I, et al illustrated that T cells promoted osteoclastogenesis and 
enhanced osteoclast function in an early stage of eriprosthetic os-
teolysis.11 Another study showed that SIRT1 protected osteoblasts 
against particle-induced inflammatory responses and apoptosis in 
aseptic prosthesis loosening.34 Therefore, excessive formation of 
osteoclasts around the prosthesis and overactivity of the osteoclast 

F I G U R E  6   Puerarin suppressed the activation of the NF-κB signalling pathway during osteoclastogenesis. (A) Cell lysate was subjected 
to Western blotting with antibodies against phosphor-IκB-α, IκB-α, phosphor-p65 and p65. (B and C) The ratio of IκB-α/β-actin and p-p65/
p65, n = 3, **P < .01, * vs control group. (D) Representative images of p65 in the nucleus, scale bar = 20 μm. (E) Representative images of 
immunofluorescence staining for p65. (F) Quantification of p65-positive cells. n = 5; **P < .01, ##P < .01, * vs the Ctrl group, # vs the vehicle 
group
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bone resorption function plays an important role in prosthesis loos-
ening.35 In this study, we found that puerarin reduces inflammation 
and alleviates Ti particle-induced prosthesis loosening in a rat femur 
osteolysis model and inhibits osteoclast formation via suppression of 
the RANKL-induced NF-κB pathway. The implant loosening model of 
the distal femur induced by titanium particles is one of the classical 
animal models in the study of prosthesis loosening. Our study pro-
vides evidence that the increase in osteoclasts caused by Ti particles 
around the prosthesis causes inflammatory cell infiltration, resulting 
in an increase in bone absorption, which accelerates bone dissolution 
around the prosthesis and ultimately leads to a decline in prosthesis 
stability. This result was consistent with a previous report that inhibit-
ing osteoclast formation and inflammation attenuated wear particle-
induced implant loosening.36 All these results proved that puerarin 
can effectively treat bone loss induced by wear particles in rats.

Osteoclasts, absorbent cells in bone, play an important role in os-
teolysis.37 Studies have verified that a large number of mature osteo-
clasts are present around osteolysis and cause aseptic loosening.38 
Our study demonstrated that there were a number of TRAP-positive 
cells induced by Ti particles in a rat femur osteolysis model. This re-
sult is consistent with a previous study showing that bone-resorbing 
osteoclasts increased in the Ti particle group without integrin αvβ3 
treatment.39 Interestingly, puerarin not only reduced the number of 
TRAP cells to inhibit osteolysis but also abrogated the expression of 

TNF-α and IL-6 to suppress inflammatory reactions. These inflam-
matory cytokines are the main factors that cause osteoclast activa-
tion.40 In conclusion, these results suggested that puerarin reduces 
wear particle-induced bone destruction by inhibiting osteoclast 
activation.

NF-κB plays a crucial role in osteoclast differentiation, and 
blocking NF-κB is a potential strategy for preventing inflammatory 
osteolysis.41 One study showed that mice with p50 and p52 gene 
knockout developed osteosclerosis during the growth process,42 
and another demonstrated that NF-κB signalling pathways are im-
portant for inflammation and osteoclast differentiation.43 Therefore, 
activation of the NF-κB signalling pathway is a necessary process for 
osteoclast differentiation and maturation.44 Previous studies have 
shown that blocking the NF-κB pathway reduced the generation of 
osteoclasts induced by Ti particles.28,45 Similarly, in this study, we 
found that puerarin can inhibit the phosphorylation of IkBa and p65 
in RANKL-mediated osteoclast precursor cells. Furthermore, puer-
arin also exhibited an inhibitory effect on the nuclear translocation 
of p65. NFATc1 and MMP-9 are downstream factors of the NF-κB 
pathway and are related to osteoclast activation. The results of this 
study show that puerarin significantly inhibits the protein expression 
of NFATc1 and MMP-9 during osteoclast differentiation. We demon-
strate that puerarin inhibits osteoclast formation by suppressing the 
NF-κB signalling pathway.

F I G U R E  7   Puerarin reduces the expression of proinflammatory cytokines in vivo. (A and C) Representative images showing cells stained 
for the inflammatory genes IL-6 (red) and TNF-α (green) and nuclei (blue) observed by fluorescence microscopy. (B and D) Percentage of IL-6- 
and TNF-α-positive cells. n = 5; scale bar = 200 μm; **P < .01, ##P < .01, * vs the CTRL group, # vs the vehicle group
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Finally, there are some limitations of our study. First, in this 
study, we found that puerarin inhibited osteoclast formation to re-
duce osteolysis. Recently, osteoblasts were observed to play a key 
role in osteolysis. Some studies have found that puerarin promotes 
osteoblast-mediated bone formation.22,46 However, it is unclear 
whether puerarin can improve the inhibition of osteoblast function 
caused by wear particles in osteolysis. At present, our project team 
is conducting related work. Second, we adopted a rat femur model 
with Ti particles in our study, which was confirmed to be similar to 
osteolysis in the clinic y.47 However, the rat femur osteolysis model 
is not identical to the clinical scenario because the Ti particles are 
given as a single bolus, and the osteolysis process is studied for a 
period of only 4 weeks. Thus, a large animal model is required to test 
the long-term effectiveness and safety of puerarin interventions.

In summary, this study demonstrated that puerarin effectively 
alleviated Ti particle-induced chronic inflammation and osteoclast 
activation in vivo and disturbed the NF-κB pathway associated with 
osteoclast generation and function in vitro. These results further 
support that puerarin serves as a potential candidate for the treat-
ment of wear particle-induced osteolysis.

ACKNOWLEDG EMENTS
We greatly acknowledge the financial support from the National 
Nature Science Foundation of China (81873990, 81873991 and 
81672238), the Natural Science Foundation of Jiangsu prov-
ince (BK20180001 and BK20191201), Suzhou Science and 
Technology Development Plan Project (SYSD2017008, SYSD 
2018001, SYSD2018003 and SYSD2019007), the Suzhou 
Science and Education Technology Project (KJXW2017061 and 
KJXW2018058), the Suzhou Health Personnel Training Project 
(GSWS2019074), the Zhangjiagang Health System Youth Science 
and Technology Project (ZJGQNKJ201804, ZJGQNKJ201807) 
and the 2019 National Teacher System Training Project for Young 
Health Talents of Suzhou.

CONFLIC T OF INTERE S T
The authors declare no competing financial interest.

AUTHOR CONTRIBUTIONS
Wenkai Tang: Conceptualization (equal); Data curation (equal); 
Formal analysis (equal); Resources (equal); Software (equal); 
Writing-original draft (equal). Long Xiao: Data curation (equal); 
Formal analysis (equal); Methodology (equal); Writing-original draft 
(equal). Gaoran Ge: Data curation (equal); Formal analysis (equal); 
Methodology (equal); Resources (equal); Software (equal); Writing-
original draft (equal). Mengdan Zhong: Conceptualization (equal); 
Data curation (equal); Formal analysis (equal); Software (equal); 
Supervision (equal); Validation (equal); Visualization (equal). Jie 
Zhu: Conceptualization (equal); Investigation (equal); Methodology 
(equal); Software (equal); Supervision (equal); Visualization (equal). 
Jialin Qin: Conceptualization (equal); Data curation (equal); 
Resources (equal); Software (equal). Chengcheng Feng: Data cura-
tion (equal); Formal analysis (equal); Software (equal); Supervision 

(equal). Wenhao Zhang: Conceptualization (equal); Data curation 
(equal); Resources (equal); Software (equal). jiaxiang bai: Data cu-
ration (equal); Resources (equal); Software (equal). Xuesong Zhu: 
Project administration (equal); Writing-review & editing (equal). 
Minggang Wei: Project administration (equal); Writing-review & 
editing (equal). Dechun Geng: Funding acquisition (equal); Project 
administration (equal); Writing-review & editing (equal). Zhirong 
Wang: Conceptualization (equal); Funding acquisition (lead); 
Project administration (lead); Supervision (equal); Writing-review 
& editing (lead).

DATA AVAIL ABILIT Y S TATEMENT
The date used to support the findings of this study are available from 
the corresponding author upon request.

ORCID
Long Xiao  https://orcid.org/0000-0002-0944-9694 
Jiaxiang Bai  https://orcid.org/0000-0002-3485-5563 
Dechun Geng  https://orcid.org/0000-0003-1425-2535 
Zhirong Wang  https://orcid.org/0000-0002-6163-2138 

R E FE R E N C E S
 1. Westby MD, Brittain A, Backman CL. Expert consensus on best 

practices for post-acute rehabilitation after total hip and knee ar-
throplasty: a Canada and United States delphi study. Arthritis Care 
Res (Hoboken). 2014;66:411-423.

 2. Sanders TL, Maradit Kremers H, Schleck CD, Larson DR, Berry DJ. 
Subsequent total joint arthroplasty after primary total knee or hip 
arthroplasty. J Bone Joint Surg. 2017;99:396-401.

 3. Kurtz S, Ong K, Lau E, Mowat F, Halpern M. Projections of primary 
and revision hip and knee arthroplasty in the United States from 
2005 to 2030. J Bone Joint Surg Am Vol. 2007;89:780-785.

 4. Abu-Amer Y, Darwech I, Clohisy JC. Aseptic loosening of total joint 
replacements: mechanisms underlying osteolysis and potential 
therapies. Arthritis Res Ther. 2007;9:S6.

 5. Eger M, Hiram-Bab S, Liron T, et al. Mechanism and prevention 
of titanium particle-induced inflammation and osteolysis. Front 
Immunol. 2018;9:2963.

 6. Gallo J, Goodman SB, Konttinen YT, Wimmer MA, Holinka M. 
Osteolysis around total knee arthroplasty: a review of pathogenetic 
mechanisms. Acta Biomater. 2013;9:8046-8058.

 7. Liu X, Qu X, Wu C, et al. The effect of enoxacin on osteoclas-
togenesis and reduction of titanium particle-induced osteol-
ysis via suppression of JNK signaling pathway. Biomaterials. 
2014;35(22):5721-5730.

 8. Michaelson MD, Smith MR. Bisphosphonates for treatment and 
prevention of bone metastases. J Clin Oncol. 2005;23:8219-8224.

 9. Cardemil C, Omar OM, Norlindh B, Wexell CL, Thomsen P. The ef-
fects of a systemic single dose of zoledronic acid on post-implanta-
tion bone remodelling and inflammation in an ovariectomised rat 
model. Biomaterials. 2013;34:1546-1561.

 10. Ingham E, Fisher J. The role of macrophages in osteolysis of total 
joint replacement. Biomaterials. 2005;26:1271-1286.

 11. Roato I, Caldo D, D'Amico L, et al. Osteoclastogenesis in periph-
eral blood mononuclear cell cultures of periprosthetic osteolysis 
patients and the phenotype of T cells localized in periprosthetic 
tissues. Biomaterials. 2010;31:7519-7525.

 12. Mbalaviele G, Novack DV, Schett G, Teitelbaum SL. Inflammatory 
osteolysis: a conspiracy against bone. J Clin Investig. 2017;127: 
2030-2039.

https://orcid.org/0000-0002-0944-9694
https://orcid.org/0000-0002-0944-9694
https://orcid.org/0000-0002-3485-5563
https://orcid.org/0000-0002-3485-5563
https://orcid.org/0000-0003-1425-2535
https://orcid.org/0000-0003-1425-2535
https://orcid.org/0000-0002-6163-2138
https://orcid.org/0000-0002-6163-2138


     |  11983TANG eT Al.

 13. Kim H, Choi HK, Shin JH, et al. Selective inhibition of RANK blocks 
osteoclast maturation and function and prevents bone loss in mice. 
J Clin Investig. 2009;119:813-825.

 14. Jones D, Glimcher LH, Aliprantis AO. Osteoimmunology at the 
nexus of arthritis, osteoporosis, cancer, and infection. J Clin Investig. 
2011;121:2534-2542.

 15. Zhou YX, Zhang H, Peng C. Puerarin: a review of pharmacological 
effects. Phytother Res. 2013;28:961-975.

 16. Shi W, Yuan R, Chen X, et al. Puerarin reduces blood pressure in 
spontaneously hypertensive rats by targeting eNOS. Am J Chin Med. 
2019;47:19-38.

 17. Chen T, Liu W, Xiong S, et al. Nanoparticles mediating the 
sustained puerarin release facilitate improved brain deliv-
ery to treat Parkinson’s disease. ACS Appl Mater Interfaces. 
2019;11:45276-45289.

 18. Zhu LH, Wang L, Wang D, et al. Puerarin attenuates high-glucose-
and diabetes-induced vascular smooth muscle cell proliferation by 
blocking PKCbeta2/Rac1-dependent signaling. Free Radic Biol Med. 
2010;48:471-482.

 19. Xu H, Hu M, Liu M, et al. Nano-puerarin regulates tumor microen-
vironment and facilitates chemo- and immunotherapy in murine tri-
ple negative breast cancer model. Biomaterials. 2020;235:119769.

 20. Zhang D, Ma G, Hou M, Zhang T, Chen L, Zhao C. The neuroprotec-
tive effect of puerarin in acute spinal cord injury rats. Cell Physiol 
Biochem. 2016;39:1152-1164.

 21. Wang LY, Fan RF, Yang DB, Zhang D, Wang L. Puerarin reverses 
cadmium-induced lysosomal dysfunction in primary rat proxi-
mal tubular cells via inhibiting Nrf2 pathway. Biochem Pharmacol. 
2019;162:132-141.

 22. Yang F, Zhang R, He F, Wang X-X, Zhao S, Yang G. Osteoblast re-
sponse to puerarin-loaded porous titanium surfaces: an in vitro 
study. J Biomed Mater Res A. 2012;100A:1419-1426.

 23. Yang C, Li J, Zhu K, et al. Puerarin exerts protective effects on 
wear particle-induced inflammatory osteolysis. Front Pharmacol. 
2019;10:1113.

 24. Wang Y, Yang C, Xie WL, et al. Puerarin concurrently stimulates 
osteoprotegerin and inhibits receptor activator of NF-κB ligand 
(RANKL) and interleukin-6 production in human osteoblastic 
MG-63 cells. Phytomedicine. 2014;21:1032-1036.

 25. Hu X, Wang Z, Shi J, et al. Lithium chloride inhibits titanium par-
ticle-induced osteoclastogenesis by inhibiting the NF-κB pathway. 
Oncotarget. 2017;8:83949-83961.

 26. Yang H, Xu Y, Zhu M, et al. Inhibition of titanium-particle-induced 
inflammatory osteolysis after local administration of dopamine and 
suppression of osteoclastogenesis via D2-like receptor signaling 
pathway. Biomaterials. 2016;80:1-10.

 27. Ormsby RT, Solomon LB, Yang D, et al. Osteocytes respond to 
particles of clinically-relevant conventional and cross-linked poly-
ethylene and metal alloys by up-regulation of resorptive and inflam-
matory pathways. Acta Biomater. 2019;87:296-306.

 28. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and 
activation. Nature. 2003;423:337-342.

 29. Ping Z, Wang Z, Shi J, et al. Inhibitory effects of melatonin on ti-
tanium particle-induced inflammatory bone resorption and osteo-
clastogenesis via suppression of NF-κB signaling. Acta Biomater. 
2017;62:362-371.

 30. Liu Y, Wang Z, Ma C, et al. Dracorhodin perchlorate inhibits osteo-
clastogenesis through repressing RANKL-stimulated NFATc1 activ-
ity. J Cell Mol Med 2020;24(6):3303-3313.

 31. Geng D, Mao H, Wang J, et al. Protective effects of COX-2 in-
hibitor on titanium-particle-induced inflammatory osteoly-
sis via the down-regulation of RANK/RANKL. Acta Biomater. 
2011;7:3216-3221.

 32. Liu X, Zhu S, Cui J, et al. Strontium ranelate inhibits titanium-parti-
cle-induced osteolysis by restraining inflammatory osteoclastogen-
esis in vivo. Acta Biomater. 2014;10:4912-4918.

 33. Yang C, Zhu K, Yuan X, Zhang X, Qian Y, Cheng T. Curcumin has im-
munomodulatory effects on RANKL-stimulated osteoclastogenesis 
in vitro and titanium nanoparticle-induced bone loss in vivo. J Cell 
Mol Med. 2020;24:1553-1567.

 34. Deng Z, Wang Z, Jin J, et al. SIRT1 protects osteoblasts against 
particle-induced inflammatory responses and apoptosis in aseptic 
prosthesis loosening. Acta Biomater. 2017;49:541-554.

 35. Hu X, Ping Z, Gan M, et al. Theaflavin-3,3′-digallate represses os-
teoclastogenesis and prevents wear debris-induced osteolysis via 
suppression of ERK pathway. Acta Biomater. 2017;48:479-488.

 36. Shin B, Kupferman J, Schmidt E, Polleux F, Delany AM, Lee SK. Rac1 
inhibition via srgap2 restrains inflammatory osteoclastogenesis and 
limits the clastokine, SLIT3. J Bone Mineral Res. 2020;35(4):789-800.

 37. Xu F, Teitelbaum SL. Osteoclasts: new insights. Bone Res. 
2013;1:11-26.

 38. Tian B, Jiang T, Shao Z, et al. The prevention of titanium-particle-in-
duced osteolysis by OA-14 through the suppression of the p38 sig-
naling pathway and inhibition of osteoclastogenesis. Biomaterials. 
2014;35:8937-8950.

 39. Guo X, Liu Y, Bai J, et al. Efficient inhibition of wear-debris-in-
duced osteolysis by surface biomimetic engineering of titanium 
implant with a mussel-derived integrin-targeting peptide. Advanced 
Biosystems. 2018;3:1800253.

 40. Adamopoulos IE. Inflammation in bone physiology and pathology. 
Curr Opin Rheumatol. 2018;30:59-64.

 41. Jimi E, Aoki K, Saito H, et al. Selective inhibition of NF-κB blocks 
osteoclastogenesis and prevents inflammatory bone destruction in 
vivo. Nat Med. 2004;10:617-624.

 42. Franzoso G, Carlson L, Xing L, et al. Requirement for NF-kappa B in 
osteoclast and B-cell development. Genes Dev. 1997;11:3482-3496.

 43. Jimi E, Ghosh S. Role of nuclear factor-kappaB in the immune sys-
tem and bone. Immunol Rev. 2005;208:80-87.

 44. Lin TH, Tamaki Y, Pajarinen J, et al. Chronic inflammation in bio-
material-induced periprosthetic osteolysis: NF-κB as a therapeutic 
target. Acta Biomater. 2014;10:1-10.

 45. Zhu S, Hu X, Tao Y, et al. Strontium inhibits titanium particle-in-
duced osteoclast activation and chronic inflammation via suppres-
sion of NF-κB pathway. Sci Rep. 2016;6:36251.

 46. An J, Yang H, Zhang Q, et al. Natural products for treatment of oste-
oporosis: the effects and mechanisms on promoting osteoblast-me-
diated bone formation. Life Sci. 2016;147:46-58.

 47. Veronesi F, Fini M, Sartori M, Parrilli A, Martini L, Tschon M. Pulsed 
electromagnetic fields and platelet rich plasma alone and combined 
for the treatment of wear-mediated periprosthetic osteolysis: An in 
vivo study. Acta Biomater. 2018;77:106-115.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Tang W, Xiao L, Ge G, et al. Puerarin 
inhibits titanium particle-induced osteolysis and RANKL-
induced osteoclastogenesis via suppression of the NF-κB 
signaling pathway. J Cell Mol Med. 2020;24:11972–11983. 
https://doi.org/10.1111/jcmm.15821

https://doi.org/10.1111/jcmm.15821

