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Abstract: The expression of β-catenin in detectable aseptic loosening after joint replacement and the surrounding 
osteolysis of the prosthesis is primarily caused by the abrasive particles introduced by the prosthesis, which results 
in a shortened service life of the prosthesis. Recent studies have shown that debris can induce many cytokines 
associated with osteolysis. In particular, RANKL directly stimulates osteoclast formation and activity. Thus, we hy-
pothesize that the osteolysis induced by wear particles can be prevented by inhibiting the RANKL signaling pathway. 
In this study, we established a C57BL/J6 mouse calvarial model of PE granule induced osteolysis, and studied the 
inhibitory action of tanshinone IIA on osteoclast formation. Eight-week-old male c57BL/J6 mouse were randomly 
divided into four groups: Sham group (no PE particle-induced + PBS), positive group (PE particle-inducted + PBS), 
low dose group (PE particle-induced + 1 ug/g tanshinone IIA), and high-dose group (PE granule-induced + 2 ug/g 
tanshinone II). After 21 days, the mice were executed and the calvaria were collected and processed for micro-CT 
scan and histomorphometry analysis. Compared to the positive subgroup, Tanshinone IIA significantly reduced bone 
absorption induced by PE granules and inhibited the formation and activity of osteoclasts. In addition, ELISA test 
showed that tanshinone IIA significantly reduced OSCAR and CTX-1 expression. Further, tanshinone IIA enhanced 
the formation of OPG, thus reducing osteoclast damage to the bone around the implant. Overall, these data indicate 
that tanshinone IIA represents a promising drug for the treatment of bone absorption by particles and can be a new 
method of treatment for prophylaxis of aseptic loosening.
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Introduction

Currently, total joint arthroplasty (TJA) is the 
most effective approach for treating patients 
with severe joint disease. There are about 
700,000 cases of TJA in the United States each 
year, and it is expected to reach four million by 
2030 [1]. However, the dissolution of the bone 
around the prosthesis and subsequent aseptic 
loosening remains the main reason for surgical 
failure, and there is no ideal treatment for this 
complication [2-6]. Joint revision surgery is the 
most frequent way to treat aseptic looseness, 
but this approach does not guarantee the sta-
bility of the prosthesis or preclude recurrence 
of this complication. Some studies have shown 

that bone absorption is the same pathological 
process as osteoporosis and aseptic loosen- 
ing. This process arises mainly due to the pres-
ence of titanium alloy, bone cement and poly-
ethylene wear particles, which induce the acti-
vation of macrophages. Subsequently, these 
cells secrete a large number of inflammatory 
cytokines, thereby activating RANKL signaling 
to stimulate osteoclast formation, which even-
tually dissolves the bone around the prosthe-
sis. Particularly, activation of the RANK-RANKL-
OPG signaling axis is critical in the pathogene-
sis of prosthesis-associated osteolysis. Since 
the research community has recognized that 
the aseptic loosening of prosthesis was a re- 
sult of particle-induced wear, our group and 
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others have been actively seeking a way to pre-
vent particle-induced wear to overcome the 
process of osteolysis [6].

Aseptic loosening of artificial joints is facilitat- 
ed by mechanical and biotic causes and re- 
sults in biological inflammatory processes [4, 
6]. Many studies have taken into account the 
release of wear particles around the prosthe-
sis, which suggests that osteolysis is a critical 
element in the aseptic looseness [7-11]. In- 
deed, Carl and colleagues confirmed that PE 
particles can induce osteolysis around artificial 
joints [12]. The chronic inflammatory response 
caused by abrasive particles leads to the ac- 
cumulation and activation of macrophages, 
fibroblasts, lymphocytes, and osteoclast cells. 
These cells secrete a large number of cytokines 
including interleukin-6 (IL-6), interleukin-1 (IL-
1), tumor necrosis factor alpha (TNF-α), prosta-
glandin E2 (PGE-2), which aggravate the inflam-
matory response [13]. These cytokines, espe-
cially those produced by macrophages, can 
also activate RANKL [14]. Crotti [15] and Kim 
[16] found that the looseness of prosthesis  
was not only related to an abundance of inflam-
matory cells and their resulting inflammation 
factors, but also to the expression of RANKL, 
RANK and OPG. Ren and his colleague [17] 
injected the PE particles into the calvarial sur-
face of the RANK gene knockout mouse, which 
proved that the RANKL gene expression in mice 
increased, and the bone absorption of osteo-
clast induced by PE particles was observed in 
RANK+/+ but not RANKL-/- mice. RANK is the 
only receptor for RANKL. OPG and RANKL can 
be used as markers of osteolysis around pros-
theses [18]. RANKL and its receptor RANK and 
OPG are critical in the regulation of osteoclast 
formation. RANKL combines with RANK to pro-
mote osteoclast differentiation and maturation 
by preventing osteoclast apoptosis. This is a 
key factor that results in osteolysis around the 
prosthesis. Osteoblasts and BMSC secrete 
OPG, and OPG combined with RANKL and RA- 
NK forms a complex, preventing RANKL from 
inducing osteoclast differentiation and maturi-
ty and promoting bone rebuilding [19, 20]. 
Consequently, the balance between OPG and 
RANKL is crucial for the prevention of aseptic 
loosening [21].

Tanshinone IIA is an active ingredient extracted 
from rhizome of salvia miltiorrhiza root, which is 
reported to have a positive effect on osteoporo-
sis [22, 23]. Kim et al. found that a low concen-

tration of tanshinone IIA (1 ug/mL) completely 
inhibited osteoclast formation [24]. Also, tan-
shinone can decrease TRAP-positive multinu-
cleated osteoclast formation and inhibit osteo-
clast formation by inhibiting the expression of 
c-fos and NFATc1 induced by RANKL [25]. Our 
group found that a concentration of tanshinone 
IIA of 2-4 ug/ml was effective in inhibiting the 
osteoclast precursor cells. We also found that 
tanshinone IIA could inhibit the destruction of 
the calvaria in vivo in a dose-dependent fash-
ion. We hypothesized that tanshinone IIA can 
inhibit RANKL-induced osteoclastogenesis and 
bone absorption, which suggested that tanshi-
none IIA has great potential for the treatment of 
osteolysis. Nevertheless, these data were only 
at the cell level in vitro and have not been ap- 
plied to animal models. Consequently, we esta- 
blished a mouse model for PE particle-induced 
osteolysis of calvaria to observe the extent of 
calvarial damage and to detect specific cyto-
kines associated with osteoclasts and osteo-
blasts. We found that tanshinone IIA can inhibit 
the formation of osteoclasts, and we explored 
the potential effects of tanshinone IIA against 
osteolysis. Finally, we apply tanshinone IIA to 
clinical prophylaxis and treatment of bone ab- 
sorbing disease.

Materials and methods

Preparation of PE particle

UHMWPE was obtained from Clariant (Gers- 
thofer, Germany) [26]. The average diameter of 
PE particles is 1.84 ± 1.50 μm (range 0.14-
12.1 um), and 90% of which are smaller than 1 
um. To remove the attached toxin, we soaked 
PE particles in 75% ethanol solution for 48 h, 
then the standard ethylene oxide (ETO) was 
used to disinfect [27, 28], and finally we used 
phosphate buffered saline (PBS) to wash three 
times and the final concentration of 100 mg/ml 
is prepared with PBS.

Reagents and mouse experiments

Tanshinone IIA was obtained from Chengdu 
Munster Biotechnology (Sichuan, China). Eight-
week old male C57BL/J6 mice were provided 
by the laboratory animal center of Guangxi 
Medical University and split into four groups at 
random (six for each group): Sham group (no PE 
particle-induced + PBS); a Positive group (PE 
particle-inducted + PBS); a Low dose group (PE 
particle-induced + 1 ug/g tanshinone IIA); and 
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a high-dose group (PE granule-induced + 2 
ug/g tanshinone II). The study was done in 
regenerative medicine and pathology labora- 
tories. The ethics review was approved by the 
animal ethics committee of Guangxi Medical 
University in accordance with principles and 
procedures [No. 201702001].

Model establishment

The model of calvarial osteolysis induced by PE 
particle was based on previous research [26, 
29]. Using 2% pentobarbital sodium (0.01 ml/ 
g) for anesthesia, 1 cm × 1 cm skull skin was 
exposed, then we scraped the skull periosteum 
and sutured the skin closed. The periosteum of 
the sham group was injected with 100 ul PBS. 
The other three groups were injected with PE 
particles (100 ul, 100 mg/ml). The drug was 
administered every other day. The third day 
after surgery, the sham group and the vehicle 
group were injected with 100 ul PBS, and the 
other two groups were respectively injected 
with tanshinone IIA 1 ug/g, 2 ug/g. After 21 
days, mice were anesthetized and executed by 
cervical dislocation, and blood was collected 
from the femoral artery for analysis by ELISA. 
Crania were planed for mCT examination and 
pathological analysis (TRAP and HE staining). 

Micro-computed tomography (micro-CT) scan-
ning 

In order to remove PE particles, calvaria were 
mixed in formalin 24 hours before scanning. 
Samples were scanned by a HR micro-CT sys-
tem (Skyscan 1076; Skyscan, Kontich, Belgium) 
using the following parameters: 18 mm isomet-
ric resolution, X-ray energy was set to 80 kv  
and 100 mA, to 0.9° Angle rotate 180° [30]. 
The three-dimensional (3D) images of the mice 
calvaria in each group were exported to com-
puter for analysis. In order to study the 3D 
images of each calvaria, a region with PE parti-
cle implant (ROI, 6 mm × 6 mm) was checked 
for further analysis. Bone volume to tissue vol-
ume (BV/TV) and Bone mineral density (BMD) 
of each sample were measured, and bone ab- 
sorption pits and porosity were measured by 
used ImageJ software (NIH, Bethesda, Mary- 
land, USA).

Pathological analysis of osteocytes

Recovered mice calvaria were soaked in 10% 
ethylenediamine tetraacetic acid (EDTA) at 4°C 

(pH 7.4) to achieve decalcification, then the cal-
varia were buried with paraffin, cut into 5 μm 
tissue sections, and the center of the calvaria 
was located at the center of the cross section. 
The tissue section was planned for TRAP stain-
ing, then imaged with a high-power microscope, 
and images were quantitatively analyzed using 
ImageJ software (NIH, Bethesda, Maryland, 
USA) to count the TRAP positive number of mul-
tinucleated osteoclasts and measure bone ero-
sion area.

Liver and intestinal pathology analysis 

As described above, the liver and small intes-
tine of the mouse were stored in formalin, then 
H&E staining and TUNEL staining were used to 
evaluate the necrosis of liver and intestinal tis-
sue under the microscope.

Enzyme-linked immunosorbent assay (ELISA) 
TEST 

The blood was collected and centrifuged, then 
serum was collected, and the level of RANKL 
(receptor activator of nuclear factor κB ligand), 
OSCAR (osteoclast-associated receptor), CTX-1 
(cross linked C-telopeptide of type I collagen) 
and OPG (osteoprotegerin) were determined ac- 
cording to the ELISA kit specification (Wuhan 
high technology medicine limited company in 
Hubei province, China).

Statistical analysis

The results were indicated by means of mean ± 
SD. Data were analyzed with SPSS19.0 (SPSS 
Inc., Chicago, IL), and the significance level  
was set at P<0.05. Statistical analyses were 
performed using one-way analysis of variance 
(ANOVA) followed by the Student-Newman-
Keuls test.

Results

Micro-CT

Based on the results of micro-CT and three-
dimensional reconstruction, the existence of 
PE granules caused comprehensive osteolysis 
and the calvaria of the vehicle group showed 
more extensive bone surface erosion com-
pared with the sham group. Interestingly, we 
found that the injection of tanshinone IIA sig- 
nificantly reduced the degree of bone damage 
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Figure 1. Tanshinone IIA prevented PE-granule-induced mice skull bone absorption. A: Typical micro-CT images of calvarial osteolysis acquired from each group. B: 
Bone volume to tissue volume (BV/TV). C: Bone mineral density (BMD). D: Number of pits. E: Percentage of porosity of each group was counted (n=6). *P<0.05, 
**P<0.01, ***P<0.001, compared with vehicle group.
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induced by PE particles. Furthermore, bone 
loss in the higher dose group mice was mark-
edly lower than that in lower dose group (Fig- 
ure 1A). The quantitative bone parameters  
confirmed that BV/TV (Figure 1B), BMD (Fig- 
ure 1C) of the calvaria induced by PE particles 
were significantly reduced, and the number of 
pits and percentage of porosity of the skull 
(ROI) were significantly increased (Figure 1D 
and 1E). Thus, tanshinone IIA can effectively 
improve the PE particle-induced osteolysis of 
the calvaria.

Histomorphometric analysis of osteocytes

We next sought to explore the inhibition of tan-
shinone IIA on the PE particle-induced osteoly-
sis, and to confirm that tanshinone IIA could 
inhibit osteoclast formation and reduce the 
inflammatory response. We analyzed the path-
ological changes of calvaria through H&E stain-
ing (Figure 2A) and TRAP staining (Figure 2B). 
We found that there was bone destruction in 
the area where PE particles were injected, and 
various inflammatory cells were polymerized on 
the bone surface of erosion, such as lympho-
cytes, macrophages, and most notably osteo-
clasts. In addition, consistent with the mCT qu- 
antification, histomorphometric results show- 
ed that the amount of TRAP (+) osteoclasts in 
treatment group were lower than those in the 
vehicle group (Figure 2C), which reveals the 
tanshinone IIA in a dose dependent manner 
can attenuate the formation of osteoclasts.

Tanshinone IIA inhibited the expression of 
RANKL and OSCAR

Our preliminary experiments have shown that 
tanshinone IIA can suppress the signaling path-
ways of RANKL-induced osteoclast formation. 
ELISA assay was performed to quantitatively 
measure the expression of RANKL and OSCAR. 
We found that the expression of RANKL and 
OSCAR in the positive group was higher than 
that of negative group. Furthermore, the levels 
of serum RANKL and OSCAR in the animals 
treated with tanshinone IIA were observably 
lower, and their concentrations were lower in 
higher dose group than in lower dose group 
(Figure 3A, 3B). We suspect that the decreas- 
ed expression of RANKL and OSCRA in animals 
treated with tanshinone IIA may explain the dif-
ferent amounts of differentiated osteoclasts in 
these two groups.

Tanshinone IIA inhibits bone absorption and 
reduces osteolysis

Furthermore, ELISA assay was conducted to 
detect CTX-1 expression in order to explore 
whether tanshinone IIA was effective in treat- 
ing the bone damage induced by PE particles, 
and to evaluate whether the osteolysis was 
improved after the treatment of dantone IIA. 
These data suggested that the concentration 
of CTX-1 in the vehicle group was higher than 
that of other groups. The expression of CTX-1 
can be significantly reduced after the treat-
ment with tanshinone IIA in a dose-dependent 
manner (Figure 3C). These results indicate that 
tanshinone IIA could improve osteolysis induc- 
ed by osteoclasts.

Tanshinone IIA can promote the expression of 
OPG

OPG secreted by osteoblasts is a protective 
factor for bony remodeling. ELISA assay was 
performed to measure OPG levels and quanti-
tative analysis to determine whether the tan- 
shinone IIA affected osteoblast expression. In- 
terestingly, the OPG concentration of the posi-
tive group was lower than that of negative 
group. Compared with the vehicle group, the 
expression of OPG was obviously higher after 
tanshinone IIA treatment (Figure 3D). We sus-
pect that in the process of bone destruction, 
tanshinone IIA regulates the balance of differ-
entiation between osteoclasts and osteoblas- 
ts, and the expression of osteoblasts is mainly 
related to the inhibition of osteoclasts.

Assessing the damage to the liver and small 
intestine of tanshinone IIA 

We next sought to confirm the metabolism of 
tanshinone IIA in our mouse model, and wheth-
er treatment with Tanshinone IIA caused dam-
age to any internal organs. We extracted liver 
and small intestine for pathological analysis. 
H&E staining showed that no significant differ-
ence in liver and small intestine in each group 
(Figure 4A). TUNEL staining (Figure 4B) and the 
number of apoptotic cells (Figure 4C) further 
confirmed that there was no significant patho-
logical difference in liver and small intestine  
of each group. These results showed that the 
tanshinone IIA did not harm the metabolism of 
mice.
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Figure 2. Histologic staining of calvarial sections. A: HE staining pictures (20 ×). B: TRAP staining pictures (20 ×). C: Quantitation of TRAP (+) osteoclasts and the 
erosion area of calvaria in the entire region of each group (n=6) were calculated. *P<0.05, **P<0.01, ***P<0.001, compared with vehicle group.
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Discussion

Joint replacement is the most common sur- 
gical treatment of osteoarthritis. However, the 
mechanical wear and caused by wear particles 
instigates a complex biological response which 
limits the service life of a joint prosthesis. This 
is also the main reason for arthroplasty. In addi-
tion to the need for rigorous disinfection and 
skilled surgical techniques, we also need to 
work hard to improve prosthetic design and  
biomaterials [2-4, 31-33]. However, the produc-
tion of abrasive particles is inevitable.

In addition, the development of new materials 
is also useless for existing osteolysis. Although 
the exact mechanism is unclear, but it is known 
that osteoclastogenesis and bone absorption 
of osteoclast is still an important issue in this 
pathologic process.

UHMWPE-induced osteolysis is the most com-
monly used approach for the osteolytic model. 
Compared with the metal particles and bone 
cement granules, it plays a key role in the pro-

cess of bone erosion around the prosthesis 
[26, 29]. Similar to other studies, such as tita-
nium particles-induced osteolysis [30, 34], we 
generated a mice model of cranium bone ab- 
sorption by UHMWPE induced to simulate the 
tissue environment of prosthesis aseptic loo- 
seness. To ask whether tanshinone IIA inhibits 
the formation of osteoclasts by reducing the 
expression of RANKL, we observed and ana-
lyzed the curative effect of tanshinone IIA on 
bone absorption. The consequence of mCT and 
TRAP staining suggested that tanshinone IIA 
could dose-dependently inhibit the formation of 
osteoclasts and reduce the amounts of osteo-
clasts and bone resorption pits. 

One explanation may be that the tanshinone  
IIA has significantly inhibited the formation of 
osteoclasts, and osteoclasts play a key role in 
osteolysis leaded by abrasion granules [35]. 
Thus, the osteoclast is considered to be a  
reasonable and feasible therapeutic target for 
the treatment of osteolysis. In recent research, 
it was discovered that PE granules obviously 

Figure 3. ELISA test results: The concentration of RANKL (A), OSCAR (B), CTX-1 (C), OPG (D) in the mouse model of 
PE-induced osteolysis (n=6). *P<0.05, **P<0.01, ***P<0.001, compared with vehicle group.
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Figure 4. Groups of typical histopathologic staining images. A: H&E staining of liver (20 ×) and small intestine (10 ×). B: TUNEL staining of the liver and small  
intestine (40 ×). Analysis of TUNEL staining images and count the number of apoptotic cells in selected rectangular regions (image upper right). C: The number of 
apoptotic cells in each group (n=6). P<0.05 was considered statistically significant, ns indicates no statistical significance.
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added the amount of TRAP (+) osteoclasts in 
the calvarial surface. Compared with the posi-
tive group, the amount of TRAP (+) osteoclasts 
in the mice treated with tanshinone IIA decre- 
ased significantly, which suggested that tanshi-
none IIA could inhibit the formation of osteo-
clasts. In addition, the treatment effect of tan-
shinone IIA on osteoporosis may be connected 
with the formation and differentiation of osteo-
clasts [22-24]. Since the formation and differ-
entiation of osteoclasts were restrained, the 
area of erosion of calvarial and the amount of 
bone absorption pits was reduced after treat-
ment with tanshinone IIA. These data suggest 
that tanshinone IIA inhibits osteoclasts forma-
tion to prevent osteolysis induced by wear 
particles.

Another explanation is that the guardian effect 
of tanshinone IIA on wear granules that lead to 
bone absorption may be associated with chang-
es in the balance between OPG and RANKL. As 
an important regulator factor of osteoclast for-
mation, RANKL combined with RANK can medi-
ate the phosphorylation downstream signaling 
pathways such as NF-kB, NFAT and ERK [21, 
36]. This signaling node promotes the forma-
tion and differentiation of osteoclasts, which 
play an important role in bone resorption. OPG 
can inhibit the combination of RANKL and 
RANK, thus inhibiting the bone absorption of 
osteoclasts. It is crucial to regulate the balan- 
ce between RANKL and OPG by controlling the 
activation status of osteoclasts [21]. According 
to the results of our study, the levels of RANKL, 
CTX-1 and OSCAR increased, and the levels of 
OPG decreased in positive group compare with 
the sham group. Compared with the positive 
group, the levels of RANKL, CTX-1, OSCAR de- 
creased and the levels of OPG increased after 
treatment with tanshinone IIA for 21 days. It is 
shown that the tanshinone IIA can prevent the 
osteolysis induced by wear particles by lower-
ing RANKL and providing OPG expression.

In general, the PE particles can induce osteoly-
sis, and tanshinone IIA has the ability to reduce 
RANKL-induced osteoclast formation and acti-
vate osteoclast function, so as to suppress 
osteolysis. The liver and small bowel pathology 
suggested that the administered dose of tan-
shinone IIA did not destroy the metabolism of 
the mice. Because tanshinone IIA can effective-
ly reduce and improve the calvarial osteolysis 
induced by prostheses, it will provide a reliable 
treatment option for osteolytic disease.

There are several limitations to the current 
study. First, the model uses calvaria, which is 
formed from the internal bone of the mem-
brane rather than the endochondral ossifica-
tion. In addition, because of the lack of the 
implants, mechanical load and fluid pressure, 
there is no continuous release of PE particles, 
and is executed after 21 days interrupt the pro-
cess of osteolysis in mice, so the clinical rele-
vance in mouse models of calvaria should be 
carefully evaluated. Therefore, we need a more 
rigorous animal experiment to test the long-
term effectiveness and safety of the tanshi-
none IIA. Second, bone loss in the process of 
osteolysis is due to the speed of bone absorp-
tion over bone formation [35]. Our results show 
that the treatment of tanshinone IIA can signifi-
cantly improve the osteolysis induced by wear 
particles through inhibiting osteoclast bone 
absorption. It is not known whether or not tan-
shinone IIA can increase the differentiation and 
formation of osteoblasts, which may partici-
pate in the protective effect of tanshinone IIA 
on the induced osteolysis of wear particles. 
This question still needs further study.
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