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Abstract
Purpose Wear debris-induced osteolysis and aseptic loosen-
ing are the most frequent late complications of total joint
arthroplasty leading to revision of the prosthesis. However,
no effective measures for the prevention and treatment of
particles-induced osteolysis currently exist. Here, we investi-
gated the efficacy of local administration of osthole on
tricalcium phosphate (TCP) particles-induced osteolysis in a
murine calvarial model.
Methods TCP particles were implanted over the calvaria of
ICR mice, and established TCP particles-induced osteolysis
model. On days one, four, seven, ten and thirteen post-surgery,
osthole (10 mg/kg) or phosphate buffer saline (PBS) were
subcutaneously injected into the calvaria of TCP particles-
implanted or sham-operated mice. Two weeks later, blood,
the periosteum and the calvaria were collected and processed
for bone turnover markers, pro-inflammatory cytokine,
histomorphometric and molecular analysis.
Results Osthole (10 mg/kg) markedly prevented TCP
particles-induced osteoclastogenesis and bone resorption in a
mouse calvarial model. Osthole also inhibited the decrease of
serum osteocalcin level and calvarial alkaline phosphatase
(ALP) activity, and prevented the increase in the activity of
tartrate resistant acid phosphatase (TRAP) and cathepsin K in
the mouse calvaria. Furthermore, osthole obviously reduced

the release of tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6) into the periosteum. Western blotting
demonstrated TCP particles caused a remarkable endoplasmic
reticulum (ER) stress response in the mouse calvaria, which
was obviously blocked by osthole treatment.
Conclusion These results suggest that local administration of
osthole inhibits TCP particles-induced osteolysis in the mouse
calvarial in vivo, which may be mediated by inhibition of the
ER stress signaling pathway, and it will be developed as a new
drug in the prevention and treatment of destructive diseases
caused by prosthetic wear particles.
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Introduction

Joint arthroplasty is an effective treatment for severe trauma or
arthritic joint diseases, as it restores joint function, diminishes
pain and improves the overall quality of life for millions of
people. Unfortunately, wear of these prostheses over time gen-
erates debris (such as metal, polyethylene and ceramic), which
are released into the joint space and subsequently embedded
into the surrounding synovial tissues [1]. These wear particles
stimulate macrophages and other mesenchymal cells to pro-
duce a multitude of pro-inflammatory cytokines such as
TNF-α, IL-6, IL-1β, chemokines, metallo-proteinases and
peptides [2–4]. These factors directly or indirectly induce os-
teoclasts differentiation and activation, ultimately leading to
unexpected bone erosion around the prosthetic implant and
possible implant failure. Thus, wear particles-induced
periprosthetic osteolysis is the major cause of arthroplasty
failure, requiring patients to receive an additional operation
[5]. To date, the only established treatment for periprosthetic
osteolysis is revision surgery, which is associated with greater
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morbidity and a poorer functional outcome. Therefore, it is
urgent to identify drugs that can effectively inhibit wear
particle-induced osteolysis and prosthetic loosening.

Osthole (7-methoxy-8-isopentenoxycoumarin) is a natural
coumarin isolated fromCnidium monnieri (L.). It has received
considerable attention because of its significant and diverse
pharmacological activities such as antioxidation, antitumor,
antidiabetes and neuroprotective effects, which make it a
promising natural compound for new drug discovery and ther-
apeutic application. Particularly, osthole has been reported to
inhibit inflammation and regulate the expression of inflamma-
tory mediators like TNF-α, IL-6 and IL-1β in HepG2 cells or
in lipopolysaccharide (LPS)-stimulated 3T3-L1 adipocyte [6,
7]; and it also attenuates carrageenan-induced lung inflamma-
tion and renal ischemia-reperfusion injury by inhibiting in-
flammatory response in rats [8–10]. These results suggest that
osthole with anti-inflammatory activity may affect wear parti-
cles induced with the release of pro-inflammatory cytokines,
which enhances osteoclast differentiation and periprosthetic
osteolysis. However, whether osthole can prevent TCP
particles-induced inflammatory osteolysis remains unclear.

In this in vivo study, we investigated the potential inhibition
of osthole on particles-induced calvarial osteolysis in mice,
mainly focusing on osteoclasts number, osteolysis area, bone
turnover markers and pro-inflammatory cytokines. To explore
its possible molecular mechanism, western blotting was used to
examine whether ER stress response is involved in the inhibi-
tion of osthole on the TCP particle-induced inflammatory
osteolysis. Our results clearly suggest that osthole prevents
TCP particles-induced osteoclastogenesis and osteolysis
in vivo through inhibition of the ER stress signaling pathway,
suggesting that osthole possesses therapeutic potential for the
treatment of periprosthetic osteolysis and aseptic loosening.

Materials and methods

Chemical and reagents

The E-Toxate-Kit and the Acid Phosphatase Leukocyte TRAP
kit were purchased from Sigma-Aldrich (St. Louis, USA). The
mouse kits of osteocalcin, ALP, TRAP and cathepsin K were
obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). RIPA lysis buffer and BCA™ Protein Quan-
tification Kit were supplied by Beyotime Institute of Biotech-
nology (Shanghai, China). The ELISA kits of TNF-α, IL-6 and
IL-1βwere from the Shanghai branch of biological science and
Technology (Shanghai, China). Chemiluminescence detection
system and the rabbit specific antibodies against glucose-regu-
lated protein 78 (GRP78), C/EBP homologous protein (CHOP)
and β-actin were purchased from Cell Signaling Technology
(Waltham, USA). Osthole was provided by the National Insti-
tute for the Control of Pharmaceutical and Biological products

(Beijing, China), the purity was 98 % determined by high per-
formance liquid chromatography (HPLC). Other chemicals
were AR (expect for special instructions).

Particles characterization

TCP particles were obtained from a commercial source
(Ensail Beijing Corp., Beijing, China). The mean size of the
particles was 1.997 μm (range 0.05–11.06 μm; Fig. 1), deter-
mined by scanning electron microscopy (SEM; Hitachi
S-2400, Japan); these particles easily form aggregates of var-
ious sizes. The particles were washed in fresh 70 % ethanol
solution at room temperature with shaking overnight to re-
move possible endotoxin. The particles’ endotoxin was tested
with the E-Toxate-Kit, and endotoxin levels were below the
detection limit of 0.05 U/mL.

Animal experiment

All procedures described below were performed in accordance
with protocols approved by the Animal Care Research Commit-
tee of ShaoxingUniversity. A total of 36male ICRmice aged six
to eight weeks (Zhejiang Academy of Medical Sciences, Hang-
zhou, China) were randomly divided into three groups: sham,
TCP particles and osthole (10 mg/kg) with TCP particles.

Mouse calvarial osteolysis model

As previously described [11–13], animals were anaesthetized
with pentobarbital sodium (65 mg/kg) by intra-peritoneal in-
jection and then implanted with TCP particles in a warm en-
vironment. The hair overlying the skull was carefully shaved
and sterilized by scrubbing three times topically. By means of
an ophthalmological scalpel, an area of periosteum over the

Fig. 1 Scanning electric microscope (SEM) image of TCP parti-
cles (×6000)
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calvarium was exposed by making a 1-cm midline sagittal
incision in front of the line connecting both external ears. Ex-
cept for the sham group, TCP particles (30 mg)were implanted
over the periosteum around the middle suture of calvaria in
mice. On days one, four, seven, ten and thirteen post-surgery,
osthole (10 mg/kg) or PBS was subcutaneously injected into
the calvaria of TCP particles-implanted or sham-operatedmice.
The animals were allowed free access to a standard diet and
water. Body weights were recorded weekly. After two weeks,
blood, the periosteum and the calvaria were collected and proc-
essed for bone turnover markers, pro-inflammatory cytokine,
histomorphometry and molecular analysis.

Histological assay

Three samples of calvaria per group were removed and fixed
in 4 % paraformaldehyde for 48 h, followed by decalcifying in
10 % EDTA (pH 7.4) for two weeks and paraffin embedding.
Sections (5 μm) were stained with H&E to visualize inflam-
matory response and multinucleated osteoclasts, which were
counted under an IX70 microscope at the midsagittal suture
with 0.25-mm intervals calculated with Image Pro-Plus 5.0
(Media Cybernetics, USA).

Another three samples per group were rinsed with PBS
twice, and fixed in 2.5 % glutaraldehyde for seven minutes at
room temperature, then dehydrated with a series of ethanol.
After airing naturally, the bone slices were stained with the
Acid Phosphatase Leukocyte TRAP kit following the manu-
facturer’s protocol after PBS washing processes. Bone resorp-
tion pits were observed under an IX70 light microscope (Olym-
pus, Japan), and osteolysis area was analysis by NIH Image J.

Quantification of bone turnover markers
and pro-inflammatory cytokines

Serum concentration of osteocalcin and pro-inflammatory cy-
tokines including TNF-α, IL-6 and IL-1β in the periosteum
were measured using specific ELISA kits, according to the
manufacturer’s instructions. The activities of ALP, TRAP
and cathepsin K in the calvaria were examined by their detec-
tion kits, respectively.

Western blotting

Three calvaria per group were rinsed three times in saline, and
were cut into about 1 mm³ size. These bone fragments were
grinded in liquid nitrogen, and then tardily homogenized in RIPA
buffer (400 μL) containing protease and phosphatase inhibitors
at 4 °C. Total protein was collected after centrifugation at 12,
000 rpm/min for 15 minutes, and quantified by BCA™ Protein
Quantification Kit. The protein extracts of calvaria were used for
western blotting. Equal amounts of total protein were separated
by 12 % sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and transferred electrophoretically
onto a polyvinylidene difluoride (PVDF) membrane. The mem-
brane was blocked in Tris-buffered saline containing 0.05 % (v/
v) Tween-20 (TBST) with 5 % (w/v) bovine serum albumin
(BSA) for one hour and probed overnight at 4 °C with appropri-
ate rabbit GRP78 (1:1000 dilution), CHOP (1:1000 dilution) and
β-actin (1:1000 dilution). After washing in TBST, themembrane
was incubatedwithHRP conjugated goat anti rabbit-IgG second-
ary antibody (1:2500 dilution) at 37 °C for two hours.Washing in
TBSTagain later, the protein bands were detected using a chemi-
luminescence detection system. Densitometric analysis was
made using Image J 1.41 (National Institutes of Health, Bethes-
da, MD, USA).

Statistics and data presentation

All results were expressed as mean± SD. Statistical comparisons
were determined by the analysis of variance (ANOVA) among
three or more groups or Bonferroni’s t-test between two groups.
p-values<0.05 were considered statistically significant.

Results

Effect of osthole on TCP particles-induced calvarial
osteolysis in mice

To investigate the effect of osthole on TCP particles-induced
osteolysis in vivo, TCP particles were implanted, and a
particles-induced calvarial osteolysis model in mice was
established. During the treatment, we did not observe weight
loss (Fig. 2a) and abnormal behavior in TCP particles-
implanted or osthole-treated mice. TCP particles implantation
caused calvarial bone loss, confirmed by an obvious decrease
in calvaria weight (Fig. 2b); osthole treatment significantly
increased calvaria weight, which is still lower than that of
the sham-operated group (Fig. 2b).

Histological H&E assessment and histomorphometric analy-
sis revealed TCP particles implantation resulted in a localized
inflammatory response, as well as multiple osteoclasts lining
the extensive erosion (Figs. 3a and 4a). By comparison, sham-
operated mice show no obvious signs of osteolytic response.
Importantly, local administration of osthole (10 mg/kg) signifi-
cantly reduced osteoclaststogensis and bone loss caused by TCP
particles (Figs. 3a and 4a); Osteoclasts number per 0.25 mm
interval calvarial sections was decreased from 28.7±4.7 to 13.6
±2.1, and osteolysis area was reduced from 0.3014±0.052 mm²
to 0.1732±0.091 mm², respectively (Figs. 3b and 4b).

Effect of osthole on bone turnover markers

Next, we determine the effect of osthole on bone turnover
markers such as osteocalcin, ALP, TRAP and cathepsin K
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[14, 15]. In the TCP particles-implanted mice, serum
osteocalcin level and calvarial ALP activity were decreased
to 8.39 % and to 73.25 % of sham-operated group, respective-
ly. Whereas, the activity of TRAP and cathepsin K in the
calvaria were increased to 3.79-fold, and to 1.85-fold com-
pared with the sham group (Table 1). Osthole treatment

significantly suppressed TCP particles-induced and the de-
crease of serum osteocalcin level and calvarial ALP activity,
as well as the increased activity of TRAP and cathepsin K;
their levels were nearly restored to that of the sham group after
osthole treatment (Table 1).

Effect of osthole on the release of pro-inflammatory
cytokines

TNF-α is one of the inflammatory mediators of osteolysis
induced by wear particles, along with IL-1β and IL-6. These
pro-inflammatory cytokines were significantly elevated in pa-
tients with total hip arthroplasty (THA) with periprosthetic
osteolysis compared to control patients with THA with no
radiographic signs of osteolysis. As shown in Table 2, TCP
particles implantation triggered the release of TNF-α and IL-6
into the periosteum, and their levels were obviously increased
to 106.23±2.39 pg/mL (TNF-α) and to 303.42±7.57 pg/mL
(IL-6), which were much higher than that of the sham group
(59.46±2.18, 122.84±4.34 pg/mL). Osthole treatment re-
markably decreased the production of TNF-α and IL-6 in
the periosteum, and the levels of TNF-α and IL-6 were de-
creased to 57.27 % and to 45.23 % of the TCP particles-
implanted group, respectively (Table 2). However, the level
of IL-1 β in the periosteum was not affected after TCP parti-
cles implantation or osthole treatment (Table 2). Taken togeth-
er, osthole suppressed TCP particles-induced the production

Fig. 2 Effect of osthole on body weight and calvaria weight (n=3). Data
are expressed as mean±SD. p<0.05 compared with sham group (a);
p<0.05 compared with TCP particles group (b)

Fig. 3 H&E staining for
osteoclastogenesis in the mouse
calvaria (n=3). a All animals
were sacrificed and the calvaria
were collected (five per group),
histological sections were
processed and stained for H&E. b
Average osteoclasts per 0.25 mm
interval calvarial sections (three
sections per calvaria) were
counted, and data were expressed
as mean±SD. Red arrows show
multinucleated osteoclasts.
p<0.05 compared with sham
group (a); p<0.05 compared with
TCP particles group (b). Bar=
50 μm

1548 International Orthopaedics (SICOT) (2016) 40:1545–1552



of TNF-α and IL-6, which enhances osteoclasts formation and
improves osteolytic responses.

Effect of osthole on TCP particles induced an ER stress
response

Recent studies showed that cytokines have been shown to
impair ER homeostasis by inducing depletion of ER Ca2+

and altering chaperone function, proinsulin processing and
ER-Golgi trafficking, triggering accumulation of misfolded
proteins and ER stress [16, 17], that is closely associated
with inflammatory osteolysis diseases [18, 19]. To explore
the role of the ER stress signaling pathway in the osthole’s

inhibition on TCP-induced inflammatory osteolysis in
mice, western blotting was performed to examine the ex-
pression of ER stress markers glucose-regulated protein 78
(GRP78) and C/EBP homologous protein (CHOP). As
shown in Fig. 5, TCP particles implantation significantly
triggered an ER stress response in the mouse calvaria
(Fig. 5a), and protein expression of GRP78 and CHOP
were up-regulated by 9.47-fold and by 7.82-fold of the
untreated sham group, respectively (Fig. 5b). Osthole ad-
ministration blocked the ER stress response, which exhib-
ited a marked decrease in GRP78 expression by 89.97 %,
and CHOP expression by 45.91 % in the mouse calvaria,
compared with the TCP particles-implanted group. There-
fore, osthole prevents TCP particles-induced osteolysis via
inhibition of ER stress response in vivo.

Fig. 4 TRAP staining for the
calvarial osteolysis (n=3). a
TRAP staining of the calvaria
from sham, TCP particles and
osthole (10 mg/kg) groups. b
Osteolysis area was calculated as
described in the Materials and
Methods section, and data are
expressed as mean±SD. Red
arrows show bone resorption pits.
p<0.05 compared with sham
group (a); p<0.05 compared with
TCP particles group (b). Bar=
50 μm

Table 1 Effect of osthole on bone turnover markers (n=3)

Groups Sham TCP Osthole

Serum osteocalcin
(ng/mL)

8.46±0.58 0.71±0.03a 5.26±0.91a,b

Calvaria

ALP activity (U/g) 7.14±1.62 5.23±1.14a 6.51±1.91a,b

TRAP activity (U/g) 1.71±0.37 6.48±0.83a 2.36±0.55a,b

cathepsin K activity
(U/g)

654.7±63.2 1211.4±54.9a 498.3±35.4a,b

a p<0.05 compared with sham group
b p<0.05 compared with TCP group

Table 2 Effect of osthole on the levels of TNF-α, IL-6 and IL-1β in the
periosteum (n=3)

Groups TNF-α
(pg/mL)

IL-1β
(pg/mL)

IL-6
(pg/mL)

Sham 59.46±2.18 2.18±0.34 122.8±4.34

TCP 106.23±2.39a 2.30±0.26 303.42±7.57a

Osthole 60.84±1.58a,b 1.97±0.35 137.24±5.31a,b

a p<0.05 compared with sham group
b p<0.05 compared with TCP particles group
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Discussion

Prosthetic wear particles play a pathological role in the initia-
tion and development of periprosthetic osteolysis, leading to
irreversible aseptic loosening of prostheses. Ceramics (such as
TCP and PMMA), polymethylmethacrylate and titanium par-
ticles have been commonly associated with clinical aseptic
joint loosening and over-activation of osteoclasts [1]. Many
orthopaedic implants fail due to particles-stimulated aseptic
loosening. Currently, therapy against particle-induced
osteolysis is limited to surgical revision. Thus, identification
of drugs that can prevent particles-induced osteolysis will im-
prove treatment options for particle-stimulated aseptic loosen-
ing. Here, we demonstrated that osthole, as a classic drug
commonly used in clinics, significantly prevents TCP
particles-induced osteolysis. Hence, it has great potential for
the treatment of particles-induced periprosthesic osteolysis
and aseptic loosening.

In recent years, Chinese herbal medicine (CHM) has
attracted the attention of many orthopaedics researchers
because some of its herbs, formulations, or extracts have
osteoprotective but few side effects, and are low in cost
since thousands of years of history in osteoporosis clinical
practice. Osthole, a natural coumarin extracted from the
fruit of Cnidium monnieri (L.) Cusson, has been shown to
display a therapeutic effect on solid tumour, diabetes,
vasorelaxatio, and a variety of inflammatory disorders,
which often result in increased osteoclasts formation [20].
Some preclinical in vivo and in vitro studies reported that
osthole was able to enhance new bone formation [21–23],
and prevent bone loss through an estrogen-like effect [24,
25]. Consistent with their results, we found that local ad-
ministration of osthole at a dose of 10 mg/kg is effective to
prevent TCP particles-induced bone loss (Fig. 2),

confirmed by the significant decreases of osteoclasts num-
ber and osteolysis area in the mouse calvaria (Figs. 3 and
4). Next, we demonstrated that osthole obviously increased
serum level of osteocalcin and calvarial ALP activity
(Table 1), and significantly inhibited the activity of TRAP
as well as cathepsin K (Table 1) in the TCP particles-
implanted calvaria. These data strongly suggest that osthole
effectively prevents TCP particles-induced mouse calvarial
osteolysis in vivo via promotion of new bone formation and
inhibition of osteoclastic bone resorption.

Besides these bone turnover markers, the pro-inflammatory
cytokines induced by wear particles are also responsible for
bone resorption around joint prostheses [1–4]. For example,
previous in vitro or in vivo studies suggested that TNF-α and
IL-6 are the two major pro-inflammatory cytokines provoking
osteolysis, and could be largely produced in patients during
implant loosening [1, 2, 4]. Our ELISA assay showed that
TCP particles did trigger the release of TNF-α (Table 2), which
is similar to the results from a recent study that compared the
biological activity of ceramic and titanium particles [26]. Fur-
thermore, TCP particles significantly increased IL-6 produc-
tion both in TCP particles-implanted mice (Table 2) and in
cultured RAW264.7 cells (data not shown), inconsistent with
results from Ding et al. or Obando-Pereda GA et al. [26, 27].
They reported that zirconia ceramic particles had little effect on
the release of IL-6 from cultured peritoneal macrophages. As
the cells used in experiments were different, we speculated this
discrepancy might be due to the different cell types. Fortunate-
ly, osthole treatment reduced the release of TNF-α and IL-6
induced by TCP particles, and the level of TNF-α and IL-6
were reduced to 43.07 %, and 44.77 % of the TCP particles-
treated group (Table 2), which is more significant than the
effect of it on bone turnover markers. Hence, we consider that
suppressing the release of pro-inflammatory cytokines may be

Fig. 5 Western blotting analysis of the ER stress signaling pathway
(n=4). a The protein extracts of calvaria from sham, TCP particles and
osthole (10 mg/kg) groups were separated by 12 % SDS-PAGE and
transferred electrophoretically onto a PVDF membrane. Protein expres-
sion of GRP78, CHOP and β-actin were detected by western blotting. b

Densitometric analysis used image analyzing software, and relative level
of GRP78 or CHOP was expressed as percentage of the sham group
(means±SD). p<0.05 compared with sham group (a); p<0.05 compared
with TCP particles group (b)
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one of the mechanisms underlining ostholes’ prevention of
TCP particles-induced osteolysis in mice.

As mentioned above, wear debris-induced local inflamma-
tion and consequent bone resorption are critical pathogenic
factors of osteolysis. On the other hand, pro-inflammatory
cytokines have shown to impair ER homeostasis by inducing
depletion of ER Ca2+ and alter chaperone function, proinsulin
processing and ER-Golgi trafficking, triggering unfolded pro-
tein response (UPR) and ER stress [16, 17, 28], which also
contributes to inflammatory osteolysis caused by wear parti-
cles [18, 19]. Similarly, the present study demonstrated that
TCP particles significantly trigger an ER stress response in the
mouse calvaria (Fig. 5), which may be the consequence of the
TCP particles-caused production of TNF-α and IL-6. Consis-
tent results were reported byWang and Liu’s research groups.
They showed that inhibition of ER stress with 4-phenylbutyric
acid (an ER stress inhibitor) dramatically decreased TiPs/
CoPs particles-induced release of TNF-α and IL-1β, that led
to less osteoclastogensis and resorption area than that of the
TiPs/CoPs particles-treated group [18, 19]. Together, these
facts suggest that the ER stress signaling pathway may be
another novel pathway in potentiating cytokine production,
osteoclast differentiation, and bone loss induced by orthopae-
dic wear particles; and thus targeting the ER stress pathway
may lead to novel therapeutic approaches for the treatment of
aseptic prosthesis loosening. Our current work indicated that
osthole treatment did dramatically block TCP particles-
triggered ER stress response (Fig. 5a), which exhibited a
89.97 % decrease in GRP78 expression, and 45.91 % in
CHOP expression in mouse calvaria (Fig. 5b). Therefore,
osthole prevents TCP particles-induced osteolysis in vivo
via inhibition of the ER stress signaling pathway.

Conclusions

Local administration of osthole can prevent TCP particle-
induced osteolysis in vivo via inhibition of the ER stress sig-
naling pathway. These results strongly suggest osthole can be
developed as a novel therapeutic approach for controlling
bone destruction during the treatment of implants loosening.
All our findings also provide a potential mechanism underling
aseptic prosthesis loosening and identify a potential therapeu-
tic target for this disease.
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