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Abstract 

Background Aspirin is a commonly used antipyretic, analgesic, and anti-inflammatory drug. Numerous researches 
have demonstrated that aspirin exerts multiple biological effects on bone metabolism. However, its spatiotempo-
ral roles remain controversial according to the specific therapeutic doses used for different clinical conditions, and 
the detailed mechanisms have not been fully elucidated. Hence, in the present study, we aimed to identify the dual 
effects of different aspirin dosages on osteoclastic activity and osteoblastic bone formation in vitro and in vivo.

Methods The effects of varying doses of aspirin on osteoclast and osteoblast differentiation were evaluated in vitro. 
The underlying molecular mechanisms were detected using quantitative real-time polymerase chain reaction, west-
ern blotting, and immunofluorescence techniques. An ovariectomized rat osteoporosis model was used to assess the 
bone-protective effects of aspirin in vivo.

Results Aspirin dose-dependently suppressed RANKL-induced osteoclasts differentiation and bone resorption 
in vitro and reduced the expression of osteoclastic marker genes, including TRAP, cathepsin K, and CTR. Further 
molecular analysis revealed that aspirin impaired the RANKL-induced NF-κB and MAPK signaling pathways and 
prevented the nuclear translocation of the NF-κB p65 subunit. Low-dose aspirin promoted osteogenic differentiation, 
whereas these effects were attenuated when high-dose aspirin was administered. Both low and high doses of aspirin 
prevented bone loss in an ovariectomized rat osteoporosis model in vivo.

Conclusion Aspirin inhibits RANKL-induced osteoclastogenesis and promotes osteogenesis in a dual regulatory 
manner, thus preventing bone loss in vivo. These data indicate that aspirin has potential applications in the preven-
tion and treatment of osteopenia.
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Introduction
Bone tissue is a rigid and dynamic tissue that undergoes 
continuous remodeling and repair. Bone homeostasis 
requires a balance between osteoblastic bone formation 
and osteoclastic bone resorption [1]. The osteoclast is a 
giant multinucleated cell that absorbs bone matrix from 
the hematopoietic lineage [2]. Osteoclast differentiation 
and activation are dependent on two essential cytokines: 
macrophage colony-stimulating factor (M-CSF) and 
receptor activator of nuclear factor-(κB) (RANK) ligand 
[3]. The binding of RANKL and the RANK receptor is 
crucial for the induction of multiple downstream targets, 
including the NF-κB and MAPK pathways, resulting in 
the activation of NFATc1 and c-Fos [4]. Osteoblasts, the 
bone-forming cells of the remodeling unit, are respon-
sible for the deposition of the new bone matrix and 
mineralization [5]. Excessive activity of osteoclasts or 
osteoblast dysfunction can cause an imbalance in bone 
remodeling and thus induce osteopenia diseases, such 
as osteoporosis [6]. Therefore, using agents with both 
anabolic and antiresorptive functions to synchronously 
target osteoclasts and osteoblasts may be an optimal 
strategy for osteoporosis prevention and treatment.

Aspirin, also known as acetylsalicylic acid (ASA), is 
widely used for its antipyretic, analgesic, and anti-inflam-
matory activities by inhibiting cyclooxygenase [7]. It is 
also recommended for the primary and secondary pre-
vention of cardiovascular diseases, such as angina pec-
toris, acute myocardial infarction, transient ischemic 
attack, and peripheral vascular disease at low doses with 
antiplatelet effects [8]. Previous epidemiological and 
fundamental studies have demonstrated that aspirin 
exerts multiple biological effects on bone metabolism, 
however, its dose-dependent roles remain controversial, 
and the detailed mechanisms have not been fully eluci-
dated [9]. Epidemiological studies demonstrated that 
daily use of low-dose aspirin may inhibit bone loss and 
preserve bone mineral density (BMD) [10, 11],  whereas, 
other clinical  studies  showed that the chronic use of 
low-dose aspirin was not associated with lower BMD in 
the general population [12, 13]. Numerous studies have 
demonstrated that aspirin mediates the osteoclasts and 
osteoblasts located on the bone remodeling area [14, 15]. 
These cells orchestrate a complex metabolic scenario, 
resulting in degradative or synthetic functions for bone 
mineral tissues. However, evidence of the relationship 
between aspirin and bone homeostasis remains inconclu-
sive according to the specific therapeutic doses used for 
different clinical conditions.

In the present study, we aimed to investigate the dif-
ferent roles of aspirin in osteoblastic bone formation and 
osteoclastic bone resorption in a dose-dependent man-
ner. An ovariectomized (OVX)-induced rat osteoporosis 

model was established to examine the protective role of 
aspirin against bone loss in  vivo. Our findings suggest 
that aspirin is a promising approach for the prevention of 
osteoporosis.

Methods
Reagents
Alpha minimum essential medium (MEM), fetal bovine 
serum (FBS), and penicillin–streptomycin solution were 
purchased from Gibco (Gaithersburg, MD, USA). Tar-
trate-resistant acid phosphatase (TRAP) staining solu-
tion and alkaline phosphatase (ALP) staining kit were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Alizarin red S (ARS) solution was purchased from Cya-
gen (Santa Clara, CA, USA). Cell Counting Kit-8 (CCK-
8) was obtained from Dojindo Molecular Technology 
(Dojindo, Kumamoto, Japan). Recombinant mouse 
M-CSF and RANKL were obtained from R&D Systems 
(Minneapolis, MN, USA). Primary antibodies against 
p-ERK1/2 (9101, 1:1000), ERK1/2 (9102, 1:1000), p-JNK 
(4668, 1:1000), JNK (9252, 1:1000), p-p38 (4511, 1:1000), 
p38 (8690, 1:1000), p-p65 (3033, 1:1000), p65 (8242, 
1:1000), IκBα (4814, 1:1000), NFATc1 (8032, 1:1000), 
c-Fos (2250, 1:1000), TRAP (15,094, 1:1000), and GAPDH 
(5174, 1:1000) were obtained from Cell Signaling Tech-
nology (Danvers, MA). Primary antibodies against OCN 
(ab93876, 1:100) were obtained from Abcam (Cambridge, 
MA).

In vitro osteoclastogenesis assay
Bone marrow-derived macrophages (BMMs) were 
extracted from the femur of C57/BL6 mice and cultured 
in a complete growth medium containing M-CSF (30 ng/
ml). Cells were seeded in a 96-well plate at a density of 
1 ×  104 cells/well and treated with M-CSF (30 ng/ml) and 
RANKL (50 ng/ml) in the presence or absence of various 
concentrations of aspirin (10, 50, 100, 150, and 200  μg/
ml). After osteoclast formation, the cells were fixed with 
4% paraformaldehyde for 20  min and stained for TRAP 
activity. TRAP-positive multinucleated cells with three or 
more nuclei were counted as osteoclasts.

Resorption pit assay
BMMs were cultured in hydroxyapatite-coated 96-well 
plates (Corning, NY, USA) at a density of 1 ×  104 cells/
well and treated with M-CSF (30 ng/ml), RANKL (50 ng/
ml), and different concentrations of aspirin (0, 10, 50, 
100, 150, and 200 μg/ml). After osteoclasts were formed, 
a 10% sodium hypochlorite solution was used to remove 
the cells so that the resorption area could be observed 
with standard light microscopy and then quantified using 
the ImageJ software (NIH, Bethesda, MD, USA).
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Actin ring formation assay
BMMs were plated into 96‐well plates at a density of 
1 ×  104 cells/well and treated with increasing concentra-
tions of aspirin (0, 10, 50, 100, 150, and 200  μg/ml) in 
the presence of M-CSF (30  ng/ml) and RANKL (50  ng/
ml) for 5 days. The 4% paraformaldehyde was used to fix 
cells for 20 min at room temperature. The cells were per-
meabilized with 0.5% Triton X‐100 and blocked with 3% 
bovine serum albumin (BSA) in PBS. The F-actin rings 
were then stained with rhodamine-conjugated phalloi-
din (Cytoskeleton, Denver, USA) and counterstained with 
DAPI. Images were captured using a fluorescence micro-
scope (Olympus). The number of multinucleated cells 
with three or more nuclei was counted.

Cytotoxicity assay
BMMs were seeded into 96-well plates at a density of 
1 ×  104 cells/well and incubated overnight. The cells 
were treated with various concentrations of aspirin (0, 
10, 50, 100, 150, and 200 μg/ml) for 48 h. At the end of 
the experimental period, the cells were incubated with 
10  μl of CCK-8 reagent and 100  μl of culture medium 
for another 2 h at 37 °C. The optical density values were 
measured using a spectrophotometer at 450  nm on an 
Infinite M200 Pro multimode microplate reader (Tecan 
Life Sciences, Switzerland).

Quantitative real‑time polymerase chain reaction (PCR) 
analysis
BMMs were seeded into 6-well plates at the density of 
3 ×  105 cells/well and treated with different concentra-
tions of aspirin (0, 10, 50, 100, 150, and 200 μg/ml) in the 
presence of M-CSF (30  ng/ml) and RANKL (50  ng/ml) 
for 5 days. Total RNA was extracted with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA), and cDNA was synthe-
sized by a reverse transcriptase master kit (TaKaRa Bio-
technology, Osaka, Japan). Quantitative real-time PCR 
was performed with the SYBR Green PCR kit (TaKaRa 
Biotechnology, Osaka, Japan). Primer sequences used are 
listed in Table 1. The expression levels of the target genes 

were normalized to GAPDH. Results were calculated 
using the  2−ΔΔCt method.

Western blotting analysis
BMMs were incubated in 6-well plates at a density of 
3 ×  105 cells/well and treated with RANKL (50 ng/ml) in 
the presence or absence of aspirin for the indicated time. 
The cells were rinsed three times with pre-cooled PBS 
and lysed with RIPA buffer containing 1% protease and 
phosphatase inhibitors for 30 min on ice. The cell lysate 
was centrifuged at 12,000 g for 15 min to collect the pro-
tein. A bicinchoninic acid assay kit was used to measure 
protein concentrations. Proteins were separated by SDS-
PAGE and transferred onto nitrocellulose membranes. 
Non-specific binding was blocked with 5% BSA for 1 h at 
room temperature. The membranes were then incubated 
with primary antibodies at 4  °C overnight. The mem-
branes were then incubated with secondary antibodies 
for 1 h at room temperature. Images were captured with 
an Odyssey fluorescent imaging system (LI-COR Bio-
sciences, Lincoln, NE, USA).

NF‑κB p65 subunit localization assay
BMMs were seeded onto 12-well plates containing glass 
coverslips at a density of 1 ×  105 cells/well and cultured 
for 24  h. The cells were treated with or without aspirin 
for 2 h, followed by stimulation with RANKL (50 ng/ml) 
for 30  min. The cells were washed with PBS and fixed 
with 4% paraformaldehyde for 30 min. Cells were perme-
abilized with 0.5% Triton X-100 for 30 min and blocked 
with 3% BSA for 30  min. The anti-NF-κB p65 subunit 
antibody was incubated overnight at 4 °C, and the nuclei 
were counterstained with DAPI for 10  min. Images of 
p65 translocation were acquired using a laser-scanning 
confocal microscope (Leica, Wetzlar, Germany).

ALP and ARS staining assay
MC3T3-E1 cells were seeded into 24-well plates at a 
density of 5 ×  104 cells/well and cultured in an osteo-
genic induction medium containing 100  nM dexameth-
asone, 10  mM β-glycerophosphate, and 50  μM ascorbic 

Table 1 Sense and anti-sense primers for quantitative real-time PCR

Genes Forward (5′–3′) Reverse (5′–3′)

TRAP CTG GAG TGC ACG ATG CCA GCG ACA TCC GTG CTC GGC GAT GGA CCAGA 

Cathepsin K CTT CCA ATA CGT GCA GCA GA TCT TCA GGG CTT TCT CGT TC

CTR TGC AGA CAA CTC TTG GTT GG TCG GTT TCT TCT CCT CTG GA

NFATc1 CCG TTG CTT CCA GAA AAT AACA TGT GGG ATG TGA ACT CGG AA

MMP9 CGT GTC TGG AGA TTC GAC TTGA GGA AAC TCA CAC GCC AGA 

GAPDH AGG TCG GTG TGA ACG GAT TTG TGT AGA CCA TGT AGT TGA GGTCA 
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acid. Increasing concentrations of aspirin (0, 10, 50, 100, 
150, and 200  μg/ml) with or without TNF-α (10  ng/
ml) were added to the osteogenic induction medium to 
induce cells for 7 or 21 days. On day 7, the ALP activity 
was measured using an ALP staining kit. On day 21, the 
mineralization of cells was assessed using ARS staining. 
Briefly, cells were washed twice with PBS and fixed with 
4% paraformaldehyde for 30  min. The ALP staining kit 
and ARS solution were used according to the manufac-
turer’s instructions.

OVX‑induced osteoporosis rat model
Animal experiments were conducted with permission 
from the Animal Care and Experimentation Ethics Com-
mittee of Shanghai Ninth People’s Hospital, Shanghai 
Jiao Tong University School of Medicine. Twenty-four 
female Sprague–Dawley rats aged 8  weeks were ran-
domly divided into four groups (n = 6): (1) sham, (2) 
OVX, (3) OVX + low-dose aspirin (6 mg/kg/day), and (4) 
OVX + high-dose aspirin (30  mg/kg/day). Bilateral ova-
riectomy was performed to induce osteoporosis in the 
OVX, OVX + low-dose aspirin, and OVX + high-dose 
aspirin groups. A sham procedure without ovarian resec-
tion was performed in the sham group. The animals were 
raised in a standard environment with a normal diet. One 
week after surgery, aspirin was administered orally once 
a day for 12 consecutive weeks in the OVX + low-dose 
aspirin and OVX + high-dose aspirin groups. The rats in 
the sham and OVX groups were administered an equiva-
lent volume of normal saline. After that, all animals were 
sacrificed, and tibia samples were collected for micro-CT 
and histological analysis.

Micro‑CT scanning and analysis
Samples without excess muscle tissue were fixed in 4% 
paraformaldehyde and then scanned with a high-reso-
lution micro-CT scanner (Skyscan, Aartselaar, Belgium) 
with the following settings: X-ray voltage, 50 kV; electric 
current, 500 µA. Finally, three-dimensional (3D) images 
were reconstructed, and microstructure indices were 
analyzed, including bone volume/total tissue volume 
(BV/TV), trabecular number (Tb.N), trabecular thick-
ness (Tb.Th), and trabecular space (Tb.Sp).

Histological analysis
Following micro-CT scanning, the retrieved tibia speci-
mens were soaked in a 10% EDTA decalcifying solution. 
After decalcification, the samples were embedded in par-
affin and sectioned into 5-µm-thick slides. TRAP staining 
and immunohistochemical staining using an anti-OCN 
primary antibody were performed for histological exami-
nation. The number of osteoclasts per bone surface 

(N.Oc/BS) and the number of OCN-positive cells were 
calculated using the ImageJ software.

Statistical analysis
Data obtained from at least three duplicate experiments 
are presented as mean ± standard deviation. Differences 
between three or more groups were evaluated by one-
way analysis of variance followed by the Student–New-
man–Keuls post hoc test, and differences between two 
groups were analyzed by student’s t test. The statistical 
significance level was set at p < 0.05.

Results
Aspirin inhibited RANKL‑induced osteoclastogenesis in vitro
To determine the effects of aspirin on osteoclastogenesis, 
BMMs were treated with various concentrations of aspi-
rin as previously described. According to TRAP staining 
results, aspirin suppressed RANKL-induced osteoclast 
formation. Moreover, increasing concentrations of aspi-
rin had a dose-dependent effect on osteoclastogen-
esis (Fig.  1A, B). Cell viability assays were performed 
to investigate aspirin’s potential cytotoxicity in BMMs. 
The CCK-8 assay results showed that aspirin had no sig-
nificant inhibitory effect on BMM proliferation at the 
concentrations used in this study, even at high concen-
trations (Fig.  1C). Altogether, these data revealed that 
aspirin inhibited osteoclast formation in a concentration-
dependent manner without any obvious cytotoxic effects.

Aspirin impaired RANKL‑induced F‑actin ring formation and 
osteoclastic bone resorption in vitro
Podosomes are essential for osteoclastic mobility and 
bone resorption functions [16]. Hence, we performed 
rhodamine-conjugated phalloidin staining to visualize 
osteoclast podosomes. The images showed that osteo-
clasts with large intact F-actin rings and multiple nuclei 
were observed in the control group, whereas smaller and 
fewer osteoclasts with fewer nuclei were detected under 
different concentrations of aspirin treatment (Fig. 1D, E).

A hydroxyapatite resorption assay was performed 
to investigate whether aspirin could impair the bone-
resorptive function of osteoclasts. As shown in Fig.  1F 
and G, aspirin significantly reduced the resorption area 
in a concentration-dependent manner. Osteoclastic bone 
resorption was almost completely suppressed by 200 μg/
ml aspirin treatment. Our results indicated that aspirin 
impaired the bone resorption activity of osteoclasts.

Aspirin suppressed the expression of osteoclastic‑specific 
genes
The effect of aspirin on RANKL-induced osteoclas-
tic gene expression was examined using quantitative 
real-time PCR. The results demonstrated that aspirin 
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Fig. 1 Aspirin inhibited RANKL-induced osteoclastogenesis in a dose-dependent manner without cytotoxicity. A Representative images of TRAP 
staining treated with increasing concentrations of aspirin. B Quantitative analysis of the number of TRAP-positive cells with more than 3 nuclei. C 
The cytotoxicity of aspirin was evaluated by CCK-8 assay. D Representative images of fluorescence staining treated with various concentrations 
of aspirin. E Quantitative analysis of the number of osteoclasts. F Representative images of hydroxyapatite resorption treated with different 
concentrations of aspirin. G Quantitative analysis of the area of hydroxyapatite resorption. Scale bar = 10 μm. *P < 0.05, **P < 0.01
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treatment significantly suppressed the expression of 
osteoclastic marker genes, including TRAP, cathepsin K 
(CTSK), calcitonin receptor (CTR), nuclear factor of acti-
vated T-cells cytoplasmic 1 (NFATc1), and matrix met-
alloproteinase-9 (MMP9) (Fig.  2A–E). Therefore, these 
results further confirmed that aspirin suppressed the 
expression of RANKL-induced osteoclast-specific genes 
in vitro.

Aspirin attenuated RANKL‑induced NF‑κB and MAPK 
pathways activation
To further understand the mechanism underlying the 
effects of aspirin on osteoclastogenesis, the RANKL-
induced downstream signaling pathways were explored. 
The binding of RANKL to RANK induces the recruit-
ment of TRAF6, thereby initiating the phosphorylation 
and degradation of inhibitor κBα (IκBα), resulting in acti-
vation of the NF-κB pathway [17]. Our results showed 
that aspirin treatment markedly attenuated RANKL-
mediated degradation of IκBα (Fig. 3A). Similarly, aspirin 
treatment inhibited the phosphorylation of the p65 subu-
nit of NF-κB (Fig. 3A).

Activation of the MAPK signaling pathway plays a piv-
otal role in osteoclast formation and differentiation [18]. 
To evaluate the effect of aspirin on the MAPK pathway, 
we characterized the phosphorylation of ERK1/2, JNK, 
and p38, which are the three major subfamilies of the 
MAPK pathway. The results showed that the phosphoryl-
ation of ERK1/2, JNK, and p38 was significantly attenu-
ated by aspirin treatment (Fig. 3A).

NF-κB subunits are sequestered by binding to IκBα in 
the cytoplasm. The phosphorylation and degradation of 
IκBα liberate the p65 subunit of NF-κB to enter the cell 
nucleus and bind to target sites. Immunofluorescence 
staining demonstrated that the p65 subunit was notably 
translocated into the nucleus induced by RANKL treat-
ment compared to the control group. However, aspirin 
treatment reduced this translocation (Fig. 3B).

NFATc1 is a crucial transcription factor involved in 
RANKL-induced osteoclast differentiation [19]. Our 
results showed that the expression of NFATc1 was sig-
nificantly inhibited after treatment with aspirin for 
5  days (Fig.  3C). Moreover, aspirin treatment reduced 
the expression of osteoclastogenesis-associated proteins, 

Fig. 2 Aspirin suppressed the expression of osteoclastic-specific genes. A TRAP, B Cathepsin K, C CTR, D NFATc1, E MMP9. GAPDH was used as an 
internal control. **P < 0.01
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such as c-Fos and TRAP (Fig.  3C). Overall, our results 
indicated that aspirin treatment attenuated RANKL-
induced NF-κB and MAPK pathway activation.

Aspirin promoted osteogenic differentiation in vitro
We next examined the effects of aspirin treatment on 
osteogenic differentiation potential. The results of ALP 
and ARS staining showed that low concentrations of 
aspirin (10, 50, and 100 μg/ml) gradually promoted oste-
ogenic differentiation, while these facilitating effects were 
attenuated when high concentrations of aspirin (150, and 
200 μg/ml) were administered (Fig. 4A, C). At a concen-
tration of 100 μg/ml, aspirin showed a maximal increase 
in osteogenic differentiation capacity.

TNF-α impairs osteogenic differentiation. Since aspirin 
has been reported to inhibit the function of TNF-α [20], 
we investigated the effect of aspirin treatment on TNF-
α-induced osteogenesis impairment. TNF-α notably sup-
pressed the osteogenic differentiation of osteoblasts, as 
evidenced by the reduced ALP activity and mineral nod-
ule formation (Fig. 4B, D). Aspirin treatment significantly 
rescued the ALP activity and calcified deposits under 

inflammatory conditions (Fig. 4B, D). In addition, aspirin 
at a dose of 100 μg/ml exerted the most efficient reversal 
effects (Fig. 4B, D). The results of the quantitative analy-
sis are shown in Figs. 4E–H.

Aspirin prevented OVX‑induced bone loss
To further assess the potential bone-protective effects of 
aspirin in vivo, we employed an ovariectomized rat oste-
oporosis model to mimic postmenopausal osteoporosis. 
In our study, the dose of aspirin (6  mg/kg/day) used in 
the OVX + low-dose aspirin group was equivalent to that 
(100 mg/day) prescribed to prevent human cardiovascu-
lar events in clinical practice. Micro-CT revealed a mark-
edly decreased trabecular bone mass in the OVX group 
compared with that in the sham group (Fig.  5A). How-
ever, treatment with aspirin (6 or 30 mg/kg/d) prevented 
the extent of bone loss induced by OVX (Fig. 5A), with 
significant increases in BV/TV, Tb.N, and Tb. Th and a 
decrease in Tb.Sp (Fig. 5B–E).

A histological examination was performed to ana-
lyze the effect of aspirin on OVX-induced bone loss. 
The results demonstrated that aspirin treatment (6 or 

Fig. 3 Aspirin attenuated RANKL-induced NF-κB and MAPK signaling pathways activation. A The NF-κB and MAPK protein levels were examined 
with western blotting. B The localization of NF-κB p65 subunit was represented with immunofluorescence assay. Scale bar = 20 μm. C The effect of 
aspirin on the expression of osteoclastic protein, including NFATc1, c-Fos and TRAP. GAPDH was used as an internal control
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30  mg/kg/day) significantly decreased the number of 
TRAP-positive cells compared to that in the OVX group 
(Fig. 5F–H). In contrast, the results of osteocalcin (OCN) 
immunohistochemical staining showed that more OCN-
positive cells were found in the aspirin treatment (6 or 
30 mg/kg/day) groups than in the OVX group (Fig. 5F, I). 
In conclusion, our data indicate that aspirin can prevent 
OVX-induced bone loss in vivo.

Discussion
Aspirin is one of the oldest medications that belongs 
to the classical nonsteroidal anti-inflammatory drug 
(NSAID) family. It inhibits cyclooxygenase 1(COX-1) 
and cyclooxygenase 2(COX-2) enzymes in an irrevers-
ible and nonselective manner [21]. High-dose aspirin is 
generally administered to alleviate pain and inflamma-
tory reactions. Low-dose aspirin is widely recommended 

Fig. 4 Aspirin promoted osteogenic differentiation in vitro. A Representative images of ALP staining treated with various concentrations of aspirin. 
B Aspirin treatment rescued the impaired ALP activity induced by TNF-α. C Representative images of Alizarin Red staining treated with different 
concentrations of aspirin. D Aspirin treatment reserved the decreased calcified deposits induced by TNF-α. E–H Quantitative analyses of ALP and 
Alizarin Red staining. **P < 0.01, ***P < 0.001
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Fig. 5 Aspirin prevented OVX-induced bone loss in vivo. A Representative images of Micro-CT in sham, OVX and aspirin treatment (low and high 
doses) groups. B–E Quantitative analyses of bone microstructure parameters, including BV/TV, Tb.N, Tb.Th and Tb.Sp. F Representative images of 
TRAP and OCN immunohistochemical staining in sham, OVX and different doses of aspirin treatment groups. Scale bar = 50 μm. G–I Quantitative 
analyses of osteoclast number/bone surface (N.Oc/BS), osteoclast surface/bone surface (Oc.S/BS) and OCN positive cells ratios. *P < 0.05, **P < 0.01
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for the prevention of cardiovascular and cerebrovascular 
diseases in patients at a high risk of thrombogenesis [22]. 
Low-dose aspirin is also an alternative strategy for pre-
venting venous thromboembolism after orthopedic sur-
gery [23, 24]. Beyond the traditional functions mentioned 
above, increasing evidence demonstrates that regular 
long-term administration of low-dose aspirin can dimin-
ish the incidence and mortality of several types of cancer, 
including gastrointestinal, breast, and prostate cancer 
[25, 26]. Aspirin has an emerging potency in many fields 
with old or new mechanisms.

Osteoporosis is a common systemic skeletal disease 
characterized by low bone mass and microarchitectural 
deterioration of the bone tissue, leading to enhanced 
bone fragility and increased fracture risk [27]. Previous 
studies have shown that aspirin may be an appropri-
ate intervention for osteoporosis. However, the clinical 
effects of regular aspirin use on BMD and skeletal regen-
eration in the elderly population remain conflicting and 
inconclusive based on previous epidemiological studies. 
According to a study by Bauer et  al., the regular use of 
aspirin had a modest beneficial effect on BMD in post-
menopausal women, but increased BMD was not associ-
ated with a protective effect on the risk of fractures [10]. 
Laura et  al. also showed that the chronic use of aspirin 
resulted in significantly higher BMD at multiple skel-
etal sites in men and women [28]. However, another 
study demonstrated that there was no difference in BMD 
between chronic low-dose aspirin (≤ 125 mg) users and 
non-users in the general population [13]. Although the 
effects of aspirin are still controversial and the detailed 
functional mechanisms have not been completely elu-
cidated, aspirin may exert positive biological effects on 
bone remodeling. In this study, we comprehensively 
investigated the role of aspirin in bone metabolism and 
the mechanism of action by which aspirin may affect 
bone cells, especially in a dose-dependent manner.

Excessive osteoclast activity and impaired osteoblast 
function are the primary characteristics of osteoporosis. 
Previous studies have demonstrated that aspirin gener-
ally has a bone-protective effect and prevents bone loss 
in animals [29]. However, the dose of aspirin used in 
previous studies varied greatly. In Wu’s study [30], aspi-
rin (150  μg/ml) inhibited osteoclasts differentiation in 
the bone defect model. Yamaza et al. [15] demonstrated 
that aspirin (0.6  mg/ml) could inhibit osteoclast activ-
ity in OVX mice, leading to ameliorating bone density. 
In the present study, aspirin inhibited RANKL-induced 
osteoclastogenesis in a dose-dependent manner. Aspi-
rin at a low dose of 10  μg/ml significantly suppressed 
osteoclast formation and bone resorption in  vitro. This 
inhibitory effect was more pronounced with increas-
ing aspirin concentrations. At a high dose of 200 μg/ml, 

aspirin almost completely inhibited the bone resorption 
function of osteoclasts. In this in vivo study, the low dose 
of aspirin (6  mg/kg/day), which were equivalent to the 
preventive dose (100  mg/day) for cardiovascular events 
in clinical practice, and the high dose of aspirin (30 mg/
kg/day) were consecutively administered to OVX rats 
for 3  months. Our data showed that low-dose aspirin 
prevented bone mass loss induced by OVX. High-dose 
aspirin had a more prominent protective effect. Moreo-
ver, aspirin treatment markedly decreased the number of 
TRAP-positive cells in the trabecular bones of OVX rats.

The activation of NF-κB signaling is the dominant 
mediator of osteoclast survival, differentiation, and bone 
resorption [31]. IκBα sequesters NF-κB subunits in the 
cytoplasm. The binding of RANKL to RANK leads to the 
phosphorylation and degradation of IκBα and the subse-
quent release of the NF-κB p65 subunit. The p65 subunit 
of NF-κB translocates into the cell nucleus and binds to 
target sites, initiating the expression of osteoclast-specific 
genes. Our results demonstrated that aspirin attenu-
ated IκBα degradation and suppressed the activation and 
nuclear translocation of the NF-κB p65 subunit.

The spatiotemporal role of aspirin in osteogenesis 
remains controversial based on previous studies. Accord-
ing to a study by Yamaza et al., aspirin treatment (2.5 and 
50  μg/ml) facilitated the mineralized accumulation of 
BMMSCs in vitro [15]. Moreover, low-dose aspirin treat-
ment (10 and 50 μg/ml) improved the osteogenic differ-
entiation of stem cells from exfoliated deciduous teeth, 
whereas this boosting effect was absent when the aspirin 
concentration was increased to 200 μg/ml [32]. Further-
more, aspirin treatment (50, 75, 100, 150, and 200  μg/
ml) stimulated osteogenesis of BMSCs, and aspirin at a 
concentration of 75 μg/ml showed the highest osteogenic 
capacity [33]. In contrast, Guida et  al. demonstrated 
that aspirin treatment (50, 100, and 200  μg/ml) inhibits 
BMSCs proliferation and osteogenic differentiation in a 
dose-dependent manner. Aspirin at a dose of 200 μg/ml 
caused an extensive reduction (> 90%) in calcified depos-
its [34]. In our study, the results showed that low con-
centrations of aspirin (10, 50, and 100  μg/ml) gradually 
promoted osteogenic differentiation, while these facili-
tating effects were attenuated by high concentrations 
of aspirin (150, and 200  μg/ml). At a concentration of 
100 μg/ml, aspirin demonstrated the maximal osteogenic 
differentiation capacity.

Our study had several limitations. First, aspirin 
irreversibly inhibits COX-1 and COX-2 enzymes. 
Inhibition of COX-1 prevents PGH2 formation and 
subsequent thromboxane A2 (TXA2). COX-2 sup-
pression inhibits the conversion of arachidonic acid to 
prostaglandin E2 (PGE2). Cyclooxygenase and pros-
taglandins (PGs) are multifunctional coordinators of 
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bone metabolism that regulate bone resorption and 
formation [35]. The functional mechanism of aspirin 
regulating bone metabolism through cyclooxygenase 
and PGs mediators needs further investigation. Second, 
the side effects of aspirin therapy are dose-dependent, 
with increased major bleeding events at high doses. 
However, the side effects of high-dose aspirin were not 
assessed in our study.

In conclusion, we demonstrated that aspirin prevents 
bone loss in a dual regulatory manner. Low-dose aspi-
rin exerted beneficial effects on the preservation of 
bone mass by synchronously inhibiting osteoclast dif-
ferentiation and promoting osteogenesis. However, 
high-dose aspirin prevented bone loss due to the sup-
pression of osteoclast activity, even more so than osteo-
genic differentiation. Our data indicate that aspirin may 
have potential applications in the prevention and treat-
ment of osteopenia.

Abbreviations
M-CSF  Macrophage colony-stimulating factor
RANK  Receptor activator of nuclear factor-(κB)
ASA  Acetylsalicylic acid
BMD  Bone mineral density
OVX  Ovariectomized
TRAP  Tartrate-resistant acid phosphatase
ALP  Alkaline phosphatase
ARS  Alizarin red S
BMMs  Bone marrow-derived macrophages
BV/TV  Bone volume/total tissue volume
Tb.N  Trabecular number
Tb.Th  Trabecular thickness
Tb.Sp  Trabecular space
CTSK  Cathepsin K
CTR   Calcitonin receptor
NFATc1  Nuclear factor of activated T-cells cytoplasmic 1
MMP9  Matrix metalloproteinase-9

Author contributions
ZJZ and HWL participated in the planning and design of the experiments; YYC, 
KYK and ZCT conducted the in vitro and in vivo experiments; HQ, YH, RZX and 
JWZ collected and analyzed the data; all authors read and approved the final 
manuscript.

Funding
This study was supported by the National Natural Science Foundation of 
China (Grant No. 81601958), and the Shanghai Municipal Education Commis-
sion Two-hundred Talent.

 Availability of data and materials
The data used to support the findings of this study are available from the cor-
responding author upon request.

Declarations

Ethics approval and consent to participate
Animal experiments were approved by the Animal Care and Experimentation 
Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong 
University School of Medicine.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Author details
1 Shanghai Key Laboratory of Orthopaedic Implants, Department of Orthopae-
dics, Ninth People’s Hospital, Shanghai Jiao Tong University School of Medi-
cine, No.639, Zhizaoju Road, Shanghai, China. 

Received: 18 February 2023   Accepted: 13 March 2023

References
 1. Chang Y, Degang Y, Chu W, Liu Z, Li H, Zhai Z. LncRNA expression profiles 

and the negative regulation of lncRNA-NOMMUT037835.2 in osteoclas-
togenesis. Bone. 2020;130:115072. https:// doi. org/ 10. 1016/j. bone. 2019. 
115072.

 2. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation. 
Nature. 2003;423(6937):337–42.

 3. Kim JH, Kim N. Signaling pathways in osteoclast differentiation. Chonnam 
Med J. 2016;52(1):12–7.

 4. Wada T, Nakashima T, Hiroshi N, Penninger JM. RANKL-RANK signaling in 
osteoclastogenesis and bone disease. Trends Mol Med. 2006;12(1):17–25.

 5. Almeida M, Laurent MR, Dubois V, Claessens F, O’Brien CA, Bouillon R, 
et al. Estrogens and androgens in skeletal physiology and pathophysiol-
ogy. Physiol Rev. 2017;97(1):135–87.

 6. Reid IR, Billington EO. Drug therapy for osteoporosis in older adults. 
Lancet. 2022;399(10329):1080–92.

 7. Ratchford SM, Lavin KM, Perkins RK, Jemiolo B, Trappe SW, Trappe TA. 
Aspirin as a COX inhibitor and anti-inflammatory drug in human skeletal 
muscle. J Appl Physiol. 2017;123(6):1610–6.

 8. Patrono C. The Multifaceted clinical readouts of platelet inhibition by low-
dose aspirin. J Am Coll Cardiol. 2015;66(1):74–85.

 9. Xie Y, Pan M, Gao Y, Zhang L, Ge W, Tang P. Dose-dependent roles of aspi-
rin and other non-steroidal anti-inflammatory drugs in abnormal bone 
remodeling and skeletal regeneration. Cell Biosci. 2019;9:103.

 10. Bauer DC, Orwoll ES, Fox KM, Vogt TM, Lane NE, Hochberg MC, Stone K, 
Nevitt MC. Aspirin and NSAID use in older women: effect on bone min-
eral density and fracture risk. J Bone Miner Res. 2009;11(1):29–35. https:// 
doi. org/ 10. 1002/ jbmr. 56501 10106.

 11. Shi S, Yamaza T, Akiyama K. Is aspirin treatment an appropriate interven-
tion to osteoporosis? Futur Rheumatol. 2008;3(6):499–502.

 12. Vestergaard P, Steinberg TH, Schwarz P, Jørgensen NR. Use of the oral 
platelet inhibitors dipyridamole and acetylsalicylic acid is associated with 
increased risk of fracture. Int J Cardiol. 2012;160(1):36–40.

 13. Bonten TN, de Mutsert R, Rosendaal FR, Jukema JW, van der Bom JG, de 
Jongh RT, et al. Chronic use of low-dose aspirin is not associated with 
lower bone mineral density in the general population. Int J Cardiol. 
2017;244:298–302.

 14. Lin S, Lee WYW, Huang M, Fu Z, Liang Y, Wu H, et al. Aspirin prevents bone 
loss with little mechanical improvement in high-fat-fed ovariectomized 
rats. Eur J Pharmacol. 2016;791:331–8.

 15. Yamaza T, Miura Y, Bi Y, Liu Y, Akiyama K, Sonoyama W, et al. Pharmaco-
logic stem cell based intervention as a new approach to osteoporosis 
treatment in rodents. PLoS ONE. 2008;3(7):e2615.

 16. Lee BS. Myosins in osteoclast formation and function. Biomolecules. 
2018;8(4):157.

 17. Asagiri M, Takayanagi H. The molecular understanding of osteoclast dif-
ferentiation. Bone. 2007;40(2):251–64.

 18. Lee K, Seo I, Choi MH, Jeong D. Roles of mitogen-activated protein 
kinases in osteoclast biology. Int J Mol Sci. 2018;19(10):3004.

 19. Zhao Q, Wang X, Liu Y, He A, Jia R. NFATc1: functions in osteoclasts. Int J 
Biochem Cell Biol. 2010;42(5):576–9.

 20. Liu Y, Wang L, Kikuiri T, Akiyama K, Chen C, Xu X, et al. Mesenchymal stem 
cell-based tissue regeneration is governed by recipient T lymphocytes via 
IFN-γ and TNF-α. Nat Med. 2011;17(12):1594–601.

 21. Du G, Lin Q, Wang J. A brief review on the mechanisms of aspirin resist-
ance. Int J Cardiol. 2016;220:21–6.

https://doi.org/10.1016/j.bone.2019.115072
https://doi.org/10.1016/j.bone.2019.115072
https://doi.org/10.1002/jbmr.5650110106
https://doi.org/10.1002/jbmr.5650110106


Page 12 of 12Chang et al. Journal of Orthopaedic Surgery and Research          (2023) 18:227 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 22. Mora S, Manson JE. Aspirin for primary prevention of atherosclerotic 
cardiovascular disease: advances in diagnosis and treatment. JAMA Intern 
Med. 2016;176(8):1195–204.

 23. Wilson DG, Poole WE, Chauhan SK, Rogers BA. Systematic review of 
aspirin for thromboprophylaxis in modern elective total hip and knee 
arthroplasty. The bone & joint journal. 2016;98(8):1056–61.

 24. Becattini C, Agnelli G. Aspirin for prevention and treatment of venous 
thromboembolism. Blood Rev. 2014;28(3):103–8.

 25. Patrignani P, Patrono C. Aspirin and cancer. J Am Coll Cardiol. 
2016;68(9):967–76.

 26. Chan AT, Ladabaum U. Where do we stand with aspirin for the prevention 
of colorectal cancer? USPSTF Recomm Gastroenterol. 2016;150(1):14–8.

 27. Ensrud KE, Crandall CJ. Osteoporosis. Ann Int Med. 2017;167(3):ITC17. 
https:// doi. org/ 10. 7326/ AITC2 01708 010.

 28. Carbone LD, Tylavsky FA, Cauley JA, Harris TB, Lang TF, Bauer DC, et al. 
Association between bone mineral density and the use of nonsteroidal 
anti-inflammatory drugs and aspirin: impact of cyclooxygenase selectiv-
ity. J Bone Miner Res. 2003;18(10):1795–802.

 29. Chin KY. A review on the relationship between aspirin and bone health. J 
Osteoporos. 2017;2017:3710959.

 30. Wu L, Luo Z, Liu Y, Jia L, Jiang Y, Du J, et al. Aspirin inhibits RANKL-induced 
osteoclast differentiation in dendritic cells by suppressing NF-κB and 
NFATc1 activation. Stem Cell Res Ther. 2019;10(1):375.

 31. Jimi E, Takakura N, Hiura F, Nakamura I, Hirata-Tsuchiya S. The role of 
NF-κB in physiological bone development and inflammatory bone 
diseases: is NF-κB inhibition “killing two birds with one stone”? Cells. 
2019;8(12):1636. https:// doi. org/ 10. 3390/ cells 81216 36.

 32. Liu Y, Chen C, Liu S, Liu D, Xu X, Chen X, et al. Acetylsalicylic acid treat-
ment improves differentiation and immunomodulation of SHED. J Dent 
Res. 2015;94(1):209–18.

 33. Cao Y, Xiong J, Mei S, Wang F, Zhao Z, Wang S, et al. Aspirin promotes 
bone marrow mesenchymal stem cell-based calvarial bone regeneration 
in mini swine. Stem Cell Res Ther. 2015;6:210.

 34. Guida L, Annunziata M, Passaro I, Buonaiuto C, Rullo R, Tetè S, et al. 
Acetylsalicylic acid inhibits proliferation of human bone marrow 
stromal cells and matrix mineralization. Int J Immunopathol Pharmacol. 
2008;21(4):921–8.

 35. Blackwell KA, Raisz LG, Pilbeam CC. Prostaglandins in bone: bad cop, 
good cop? Trends Endocrinol Metab. 2010;21(5):294–301.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.7326/AITC201708010
https://doi.org/10.3390/cells8121636

	Aspirin prevents estrogen deficiency-induced bone loss by inhibiting osteoclastogenesis and promoting osteogenesis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Reagents
	In vitro osteoclastogenesis assay
	Resorption pit assay
	Actin ring formation assay
	Cytotoxicity assay
	Quantitative real-time polymerase chain reaction (PCR) analysis
	Western blotting analysis
	NF-κB p65 subunit localization assay
	ALP and ARS staining assay
	OVX-induced osteoporosis rat model
	Micro-CT scanning and analysis
	Histological analysis
	Statistical analysis

	Results
	Aspirin inhibited RANKL-induced osteoclastogenesis in vitro
	Aspirin impaired RANKL-induced F-actin ring formation and osteoclastic bone resorption in vitro
	Aspirin suppressed the expression of osteoclastic-specific genes
	Aspirin attenuated RANKL-induced NF-κB and MAPK pathways activation
	Aspirin promoted osteogenic differentiation in vitro
	Aspirin prevented OVX-induced bone loss

	Discussion
	References


