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Background: Osteoporosis is a metabolic bone disease. Osteoclasts are significantly involved in the pathogenesis of osteoporosis. 
AS-605240 (AS) is a small molecule PI3K-γ inhibitor and is less toxic compared to pan-PI3K inhibitors. AS also exerts multiple 
biological effects including anti-inflammatory, anti-tumor, and myocardial remodeling promotion. However, the involvement of AS in 
the differentiation and functions of osteoclasts and the effect of AS in treating patients with osteoporosis is still unclear.
Purpose: This study aimed to investigate if AS inhibits the differentiation of osteoclasts and resorption of the bones induced by 
M-CSF and RANKL. Next, we evaluated the therapeutic effects of AS on bone loss in ovariectomy (OVX)-induced osteoporosis mice 
models.
Methods: We stimulated bone marrow-derived macrophages with an osteoclast differentiation medium containing different AS 
concentrations for 6 days or 5μM AS at different times. Next, we performed tartrate-resistant acid phosphatase (TRAP) staining, bone 
resorption assay, F-actin ring fluorescence, real-time quantitative polymerase chain reaction (RT-qPCR), and Western blotting (WB). 
Next, MC3T3-E1s (pre-osteoblast cells) were differentiated to osteoblast by stimulating the cells with varying AS concentrations. 
Next, we performed alkaline phosphatase (ALP) staining, RT-qPCR, and WB on these cells. We established an OVX-induced 
osteoporosis mice model and treated the mice with 20mg/kg of AS. Finally, we extracted the femurs and performed micro-CT 
scanning, H&E, and TRAP staining.
Results: AS inhibits the formation of osteoclasts and resorption of bone triggered by RANKL by inhibiting the PI3K/Akt signaling 
pathway. Furthermore, AS enhances the differentiation of osteoblasts and inhibits bone loss due to OVX in vivo.
Conclusion: AS inhibits osteoclast production and enhances osteoblast differentiation in mice, thus providing a new therapeutic 
approach for treating patients with osteoporosis.
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Introduction
Bone growth is a dynamic process and involves continuous remodeling.1 It primarily depends on the homeostasis 
between the resorption of osteoclasts and the formation of osteoblasts.2,3 Alterations in the homeostasis between the 
resorption and formation of bones occur in several skeletal diseases, such as osteoporosis and osteopetrosis.4 The primary 
cause of such skeletal diseases is aberrant osteoclast activity; hence osteoclast activity could be an important therapeutic 
target.5,6

Osteoclasts become multinucleated when monocytes/macrophage progenitor cells fuse.7 In vitro formation and 
differentiation of osteoclasts are primarily mediated by macrophage colony-stimulating factor (M-CSF) and receptor 
activator nuclear factor-kappa B ligand (RANKL).8,9 The binding of M-CSF binds to its receptor, c-Fms, promotes the 
survival as well as the proliferation of osteoclast precursors.10 The phosphatidylinositol 3-kinase/protein kinase B (PI3K/ 
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Akt), nuclear factor-κB (NF-κB), and mitogen-activated protein kinase (MAPK) signaling pathways are associated with 
the interaction between RANKL and its receptor RANK.11–13 Furthermore, these signaling pathways induce the 
transcription of the downstream molecules NFATc1 and c-Fos. Several osteoclast-related genes, such as acid phosphatase 
5 (ACP5), cathepsin K (CTSK), and dendritic cell-specific transmembrane protein (DC-STAMP), are activated by 
transcription factor NFATc1.14,15 Therefore, inhibiting signal pathways mediated by RANKL during osteoclast formation 
could serve as a therapeutic strategy for treating patients with osteolytic diseases associated with osteoclasts, such as 
osteoporosis.16

AS-605240 (AS) is a small molecule PI3K-γ inhibitor. They primarily act on the hematopoietic system and are less 
toxic than pan-PI3K inhibitor.17 Previous studies have shown that AS exerts anti-inflammatory effects in rheumatoid 
arthritis, glomerulonephritis, chronic obstructive pulmonary disease, and other inflammatory diseases and anticancer 
effects in breast cancers. Moreover, AS promotes cardiac remodeling after myocardial infarction.18–21 PI3K/AKT 
inhibitors, such as Alpinetin, AZD1390, etc., have been reported to alleviate osteoclast-associated bone metabolic 
disorders by inhibiting osteoclast differentiation.22,23 However, the effect of AS on osteoclast-related bone loss is 
unclear. Therefore, this study aimed to determine the influence of AS on the differentiation and functions of osteoclasts 
in the presence of RANKL. Our results revealed that AS inhibits osteoclast generation and reduces the bone reabsorption 
ability of osteoclasts. Additionally, AS attenuated NFATc1-induced osteoclasts via the mechanism of inhibiting the PI3K/ 
Akt signaling pathways. Furthermore, interfering with the osteoblast differentiation of MC3T3-E1 cells revealed that AS 
promotes osteoblast differentiation. Finally, in vivo studies suggested that AS could protect against bone loss in the 
ovariectomy (OVX)-induced osteoporosis mice models. Therefore, our results indicate that AS could be used as 
a therapeutic strategy for treating osteoclast-related osteolytic diseases, such as osteoporosis.

Materials and Methods
Media and Reagents
AS-605240 (purity>99%) was obtained from MCE (Shanghai, China). Alpha-minimum essential medium (αMEM), 
trypsin-ethylene diamine tetraacetic acid (EDTA) solution, and penicillin/streptomycin (P/S) solution were purchased 
from Bio-Channel (Nanjing, China). We procured fetal bovine serum (FBS) from Avantor (Molendinar, Australia). Cell 
counting kit-8 (CCK-8) was supplied by MCE (Shanghai, China). We purchased mouse recombinant M-CSF and 
RANKL from R&D Systems (Minneapolis, USA). We purchased primary antibodies against the total and phosphorylated 
proteins, including β-actin (#4970, 1:1000), PI3K (#4295, 1:1000), p-PI3K (#17366, 1:1000), Akt (#4691, 1:1000), p-Akt 
(#4060, 1:1000), P65 (#8242, 1:1000), p-P65 (#3033, 1:1000), IκBα (#4814, 1:1000), p-IκBα (#2859, 1:1000), P38 
(#8690, 1:1000), p-P38 (#4511S, 1:1000), ERK (#4695, 1:1000), p-ERK (#4370, 1:1000), JNK (#9252, 1:1000), p-JNK 
(#9255, 1:1000) and RUNX2 (#12556, 1:1000) from Cell Signaling Technology (Danvers, USA). We obtained c-Fos 
(ab222699, 1:1000) and NFATc1 (ab2722, 1:1000) from Abcam (Shanghai, China), and the dilution of the primary 
antibodies was obtained from Beyotime Biotechnology (Shanghai, China). We purchased a secondary antibody (#S0001, 
1:20000) from Affbiotech (Changzhou, China).

Cell Culture
Primary bone marrow macrophages (BMMs) were extracted from the tibia and femur of C57BL/6 male mice (6 weeks 
old). First, the femur and tibia were separated using sterile scissors, and the bone marrow was flushed using a 1 mL 
syringe. Next, we seeded the cells into 100 mm cell culture dishes and cultured them in αMEM supplemented with 1% P/ 
S, 30ng/mL M-CSF, and 10% FBS. MC3T3-E1s (pre-osteoblast cells) were cultured in α-MEM containing 1% P/S and 
10% FBS and maintained in an incubator at 37°C and 5% CO2. The cells were cultured until 90% confluency.

Cytotoxicity Assay
BMMs were seeded into 96-well plates at an initial density of 8000 cells per well, while MC3T3-E1s were inoculated at 
a density of 5000 cells per well. To evaluate the cytotoxicity, on the next day, we treated the cells with 0, 0.039, 0.078, 
0.156, 0.313, 0.625, 1.25, 2.5, 5, and 10μM of AS for 24, 48, 72, and 96 hours. Next, the cells were treated with CCK-8 
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regent for 2 hours. Finally, the absorbance was measured using the Multiskan FC microplate photometer (Thermo Fisher 
Scientific, MA, USA).

Osteoclast Differentiation Assay in vitro
After growing to the appropriate confluence on 100mm cell culture dishes, BMMs were digested by pancreatic enzymes 
and inoculated in 96-well plates at the same density as described above. On the following day, the medium in the 96-well 
plate was replaced with osteoclast differentiation medium containing 50ng/mL RANKL, 30ng/mL M-CSF, and increas-
ing concentrations of AS (0, 1.25, 2.5, 5μM) and changed every other day. On day 6, we washed the cells with 
phosphate-buffered saline (PBS) thrice and fixed them using 4% paraformaldehyde (PFA) for 40 minutes. Finally, cells 
were stained with tartrate-resistant acid phosphatase (TRAP) reagent, and TRAP+ cells with > three nuclei were 
identified as osteoclasts.

Bone Absorption Assay in vitro
First, 8000 BMMs/well were seeded onto the bone fragments of bovines. Next, cells were treated with osteoclast 
differentiation medium, and 0, 1.25, 2.5, and 5.0μM of AS till mature osteoclasts were observed. Subsequently, we 
removed adhered cells from the bone fragments of bovine. We employed scanning electron microscopy to capture the 
resorption pit images, and the bone resorption area was quantified using “Image J.”

Immunofluorescence for F-Actin Ring
For osteoclast differentiation, cells were treated with or without varying AS concentrations for 6 days. Next, cells were 
fixed with 4% PFA for 40 minutes and permeabilized with 0.1% Triton X-100 for 10 minutes, respectively. Next, the 
cells were stained with YF 488-Phalloidin (Bioscience, Shanghai, China) in the darkness for 20 minutes at room 
temperature (RT). Next, the cells were washed with PBS thrice and counterstained with an antifade mounting medium 
containing DAPI (Beyotime, Beijing, China) for 10 minutes. Finally, an immunofluorescence microscope was utilized for 
observing F-actin rings.

In vitro Osteoblast Differentiation Assay
MC3T3-E1s were grown until confluent, digested using pancreatic enzymes, and 5×104 cells/well were seeded in 12-well 
plates. Next, we replaced the medium with osteogenic differentiation medium (αMEM + 10mM β-glycerophosphate + 
50μM ascorbic acid + 100nM dexamethasone) and 0, 0.31, 0.63, and 1.25μM of AS every alternate day for 7 days. Next, 
cells were washed with PBS thrice and fixed with 4% PFA for 30 minutes. Finally, cells were stained using an alkaline 
phosphatase (ALP) reagent.

RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
We seeded 2×105 BMMs/well in a 6-well plate. The culture medium and replaced with fresh osteoclast differentiation 
medium + 0, 1.25, 2.5, and 5μM of AS. The cells were cultured for 5 days. Next, MC3T3-E1s were treated with 0, 0.31, 
0.62, and 1.25μM of AS for 5 days for osteogenic differentiation. On day 5, we extracted total RNA using RNAiso Plus 
(Takara, Otsu, Japan). RNA was reverse transcribed into cDNA using the HiFiScript cDNA Synthesis Kit (Cwbio, 
Beijing, China). Finally, RT-qPCR was performed using the ChamQ Universal SYBR qPCR Master Mix (Vazyme, 
Nanjing, China) on an Applied Biosystems 7300 PCR System (Thermo Fisher Scientific) in triplicates based on the 
protocols specified by manufacturers. Table 1 shows primer sequences. In addition, GAPDH served as a housekeeping 
gene.

Western Blotting (WB)
We inoculated BMMs at a density of 2×105 cells/well in 6-well plates and cultured using osteoclast differentiation 
medium with or without 5μM of AS for 0, 1, 3, and 5 days to analyze the effect of AS on c-Fos and NFATc1. Moreover, 
for inducing osteoclast differentiation, we inoculated 2×105 BMMs/well in 6-well plates and cultured using osteoclast 
differentiation medium + 0, 1.25, 2.5, and 5μM of AS for 5 days. To determine the effect of AS on the NF-κB, MAPKs, 
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and Akt signaling pathways, we treated cells with 5μM of AS for 4 hours, except the cells in the control group. Next, we 
added 50ng/mL of RANKL to cells for 5, 10, 20, 30, and 60 minutes. Additionally, we treated MC3T3-E1s with varying 
AS concentrations for 5 days for inducing osteogenic differentiation to determine the effect of AS on osteoblasts. Finally, 
we extracted total protein from cells in all groups using Radio-Immunoprecipitation Assay buffer + Phenylme- 
thylsulfonyl fluoride + phosphatase inhibitors (all Solarbio, Beijing, China). We separated protein samples on 10% SDS- 
PAGE, transferred them onto PVDF membranes (Millipore, CA, USA), and blocked them using QuickBlock™ Blocking 
Buffer (Beyotime) for 30 minutes at RT. Next, the proteins were incubated with primary antibodies at 4°C overnight and 
secondary antibodies at RT on rocking for 1 hour. We used chemiluminescent HRP Substrate (Millipore, CA, USA) and 
ImageQuant LAS 500 (GE Health Care, CT, USA) for detecting antibody reactivity. We quantitatively analyzed the 
intensity of bands with the aid of “Image J.”

Mice Model of Ovariectomy (OVX)-induced Osteoporosis
To determine the effects of AS on bone destruction induced by osteoclasts, we used the OVX-induced osteoporosis 
mice model. All experiments involving animals were performed following the guidelines of the Animal Ethics 
Committee of Taizhou Hospital. The study was approved by the committee (ethical approval number: tzy- 
20233001). The 3Rs guidelines for animal welfare were followed for in vivo studies. We used healthy C57BL/6 
female mice (8-week-olds, n=18) for in vivo studies. No significant difference in their physical condition was 
observed. First, mice were divided into the sham-operated, bilateral-OVX, and OVX injected with 20mg/kg AS 
groups (n=6/ group). Four weeks after surgery, in the sham-operated group, mice were administered PBS intraper-
itoneally every 3 days. In the OVX group, mice were administered with PBS or 20mg/kg AS. After 4 weeks of 
treatment, all mice were euthanized, the femurs were harvested, and the soft tissues were cleaned. The tissues were 
fixed using 4% PFA and processed for subsequent analyses.

Micro-CT Scan
We analyzed the femur using high-resolution micro-CT (Scanco Medical, Wangen-Bruttisellen, Switzerland). For 
trabecular analysis, we selected the distal femur as the region of interest post-3D reconstruction. The status of bone 
trabeculae was determined by analyzing data selected for BV/TV, Tb.N, and Tb.Th.

Table 1 Primers Sequences for Real-Time PCR

Gene Primer sequences (5′ → 3′)

Acp5 Forward CACTCCCACCCTGAGATTTGT

Reverse CCCCAGAGACATGATGAAGTCA

Cathepsin K Forward CTTCCAATACGTGCAGCAGA

Reverse TCTTCAGGGCTTTCTCGTTC

NFATc1 Forward CCGTTGCTTCCAGAAAATAACA

Reverse TGTGGGATGTGAACTCGGAA

DC-STAMP Forward AAAACCCTTGGGCTGTTCTT

Reverse AATCATGGACGACTCCTTGG

GAPDH Forward ACCCAGAAGACTGTGGATGG

Reverse CACATTGGGGGTAGGAACAC
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Histopathologic Analysis
Following micro-CT scanning, we decalcified the femur by treating it with 10% EDTA for 21 days. Post complete 
decalcification, the femur was embedded in paraffin. The structure of the femur was visualized by staining with H&E 
and TRAP. The osteoclasts were stained with the TRAP kit, and the TRAP+ area was measured using the “Image J” 
software.

Statistical Analysis
All experiments were performed independently in triplicates to validate the results. We used the “GraphPad Prism” 
software (CA, USA) for statistically analyzing the results. The data were analyzed using a one-way analysis of variance, 
followed by the Tukey’s test to compare the differences in the group. P < 0.05 indicated the significance level.

Results
AS-605240 Inhibits in vitro Differentiation of Osteoclast Induced by RANKL
First, we conducted the CCK-8 assay to determine AS toxicity on BMMs and identify safe AS concentrations. BMMs 
treated with < 5.0μM of AS were viable at 24, 48, 72, and 96 hours (Figure 1A). Therefore, 5.0μM was considered the 
maximum safe AS concentration for subsequent experiments.

Then, to determine the involvement of AS in the differentiation of osteoclasts, BMMs were stimulated with an 
osteoclast differentiation medium and AS of varying concentrations for 6 days. On day 6, a decrease in osteoclast 
differentiation was observed with decreasing AS concentration in the experimental group, and a significant increase 
in TRAP+ osteoclasts (nuclei > 3) was observed in the control group (Figure 1B and C). Finally, to analyze the 
effect of AS treatment at different osteoclast differentiation stages, BMMs were treated with AS at various stages of 
osteoclast differentiation, ie, on days 0–2, 2–4, 4–6, and 0–6. The results demonstrated that AS could significantly 
inhibit the formation of osteoclasts in the early and middle stages but had no effect on the final stages of 
osteoclastogenesis (Figure 1D and E).

Based on these results, we investigated if AS could inhibit osteoclast resorption in vitro. First, BMMs were seeded 
onto the bone fragments of bovine and treated with osteoclast differentiation media containing AS of varying concentra-
tions. The results demonstrated a significant reduction in the resorption area of bone fragments treated with increasing 
AS concentration. Interestingly, a small resorption of bone fragments was observed on the treatment with 5.0μM of AS 
(Figure 2A and B).

Mature osteoclasts attach to the bone via the podosome belt on F-actin to mediate its effect.24 Hence, phalloidin 
staining was performed on osteoclasts to determine the involvement of AS in podosome belt formation. Mature 
osteoclasts treated with AS formed smaller podosome belts compared to the control group (Figure 2C). A significant 
reduction in the area of podosome belts was observed in the treatment with 2.5 and 5.0μM of AS. These results show that 
AS could inhibit in vitro osteoclast differentiation-induced RANKL without cytotoxic effects.

AS-605240 Inhibits in vitro Osteoclast-Related Genes Triggered by RANKL
We used RT-qPCR to determine osteoclast-related gene expression. A decrease in Acp5, NFATc1, CTSK, and DC- 
STAMP (osteoclast-related genes) expression was observed at varying degrees on AS treatment (Figure 2D).

AS-605240 Inhibits Osteoclast Formation by Suppressing the PI3K/Akt Signaling 
Pathways
We determined the underlying mechanism of the effect of AS on osteoclasts. Several common signaling pathways are 
involved in the formation of osteoclasts. Therefore, we determined c-Fos and NFATc1 expression in BMMs stimulated 
with or without 5.0μM of AS and RANKL for 0, 1, 3, and 5 days. Next, we treated BMMs with 0, 1.25, 2.5, and 5.0μM 
of AS and RANKL for 5 days and measured NFATc1 and c-Fos protein expression. The results revealed an increase in 
c-Fos and NFATc1 expression levels from day 1 and a peak on day 3 in BMMs treated with RANKL; however, 
a decrease in c-Fos and NFATc1 expression levels was observed in AS-treated BMMs (Figure 3A and B). Moreover, 
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Figure 1 AS-605240 inhibits in vitro differentiation of osteoclast induced by RANKL. (A) The effect of AS on cell viability of BMMs by CCK-8 assay at 24, 48, 72, and 96h. (B) 
BMMs were treated with RANKL (50ng/mL) and M-CSF (30ng/mL) in the presence of 0, 1.25, 2.5, and 5.0μM AS for 6 days followed by TRAP staining. (C) Quantification of the 
number and area of TRAP+ cells with more than three nuclei. (D) Representative images of TRAP+ osteoclasts under treatment with 5.0μM AS at different times. (E) 
Quantification of the number and area of TRAP+ cells (nuclei > 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001. All data are expressed as mean ± SD.
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Figure 2 AS-605240 inhibits in vitro osteoclast-related genes triggered by RANKL. (A) BMMs were treated with RANKL (50ng/mL) and M-CSF (30ng/mL) in different 
concentrations of AS until mature osteoclasts formed and functioned. Scanning electron microscopy (SEM) showed images of bone resorption pits. (B) Quantification of 
bone resorption pit area with Image J (n = 3). (C) Observation of F-actin rings and nuclei in osteoclasts treated with different concentrations of AS by immunofluorescence 
microscopy. (D) The expression levels of osteoclast-associated genes were measured by RT-qPCR. The expression of these genes was normalized to the expression of 
GAPDH (n = 3). *p < 0.05, **p < 0.01, ****P < 0.0001. All data are expressed as mean ± SD.
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a decrease in c-Fos and NFATc1 expression levels was observed following treating BMMs with increasing AS 
concentration (Figure 3C and D).

We treated BMMs with 0 or 5.0μM AS for 4 hours and 50ng/mL of RANKL for 0 to 60 minutes, to determine the 
alterations in the signaling pathways in the short term. A significant inhibition in PI3K and Akt phosphorylation was 
observed following treatment with AS over time (Figure 3E and F). However, no significant difference in the MAPK and 
NF-κB signaling pathway was observed in cells in the treatment and control groups (Figure 3G and H).

AS-605240 Enhances in vitro Osteoblast Activity
To test whether AS has an effect on osteoblast activity, we used the pre-osteoblast cell line MC3T3-E1s for the study. 
First, the effect of AS on the activity of the cell line was examined using a CCK-8 reagent. The results showed that 
MC3T3-E1s remained viable in culture for 96 hours when the AS concentration was lower than 1.25μM (Figure 4A). 
Next, MC3T3-E1s were cultured with osteogenic differentiation media containing varying AS concentrations for 7 days 
and stained using ALP reagent. Interestingly, an increase in MC3T3-E1s osteogenic activity was observed on treatment 
with 0.63μM of AS (Figure 4B). Furthermore, MC3T3-E1s were treated with the same concentration gradient for 
osteogenic differentiation. RT-qPCR and WB results demonstrated a significant increase in RUNX2 expression in 
MC3T3-E1s treated with 0.63μM of AS (Figure 4C-E). Together, these results indicate that 0.63μM of AS could 
significantly promote osteogenesis in vitro.

AS-605240 Inhibits OVX-Induced Osteoporosis in vivo
Finally, we determined if AS has therapeutic effects on OVX-induced osteoporosis in mice. We performed bilateral OVX 
in mice. Four weeks post-surgery, mice were administered 20mg/kg of AS or PBS every 3 days for 4 weeks. Next, the 
mice were euthanized, and the femur was harvested, fixed using 4% PFA, and analyzed by micro-CT scan. The scanned 
parameters showed a significant decrease in BV/TV, Tb.N, and Tb.Th in mice in the bilateral-OVX group injected with 
PBS compared to the sham-operated group. Furthermore, we observed an inhibition in bone loss in AS-treated mice in 
the bilateral-OVX group (Figure 5A and B).

After scanning, the femur was decalcified using 10% EDTA for 21 days and paraffin-embedded. Next, we performed 
H&E and TRAP staining on the femurs to analyze if AS could alleviate the bone loss. The staining results showed that 
AS alleviated bone loss due to OVX. Additionally, a significantly low mean TRAP+ cell area ratio was observed in mice 
in the bilateral OVX group injected with AS compared to the sham-operated group (Figure 5C and D). Thus, AS 
treatment could inhibit excess osteoclast formation.

Discussion
Osteoporosis is a bone metabolic disease that severely affects human health.25,26 An imbalance in the remodeling of bone 
that favors either osteoclast or osteoblast activity significantly contributes to osteoporosis.27 Several therapeutic agents 
available for mitigating disease progression have serious side effects when used for a longer duration.28–30 Previous 
studies have demonstrated the significance of osteoclasts in osteoporosis, and inhibiting the PI3K signaling pathway 
could significantly reduce osteoclast production.31,32 AS is a PI3Kγ inhibitor and has anti-inflammatory effects. 
Therefore, this study aimed to determine the anti-osteoclast effect of AS. Our results revealed that AS could inhibit 
osteoclasts in vitro, thereby indicating that AS could be used for treating patients with osteoporosis.

RANKL binds to RANK (cognate receptor) on the osteoclast surface to promote the differentiation of osteoclasts.33 It 
also activates several important signaling pathways, thereby controlling the transformation of monocyte precursors to 
osteoclasts.34 Our results demonstrated that AS attenuates the formation of osteoclasts in a concentration-dependent 
manner via the mechanism of inhibiting the PI3K/Akt-c-Fos/NFATc1 signaling axis mediated by RANKL. Furthermore, 
the MAPK and NF-κB signaling pathways also regulate the differentiation of osteoclasts induced by RANKL.35–37 

However, we did not observe the effect of AS on activating the MAPK and NF-κB signaling pathways.
The PI3K/Akt signaling pathway induces the differentiation of osteoclasts via NFATc1,38 a transcription factor that 

regulates osteoclastogenesis-related gene expression.39 A decrease in PI3K expression significantly affects osteoclasto-
genesis and reduces specific osteoclast-related gene and protein expression. We analyzed the expression profiles of 
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Figure 3 AS-605240 inhibits osteoclast formation by suppressing the PI3K/Akt signaling pathways. (A) BMMs were treated with or without AS (5μM) on days 1, 3, and 5, 
and the proteins of c-Fos and NFATc1 were detected by WB. (B) The expression levels of the above proteins were quantified to β-actin via ImageJ (n = 3). (C) The 
expression of c-Fos and NFATc1 in BMMs treated with different concentrations of AS was detected by WB. (D) The above proteins were quantified by image J to analyze 
the intensity of bands associated with β-actin (n = 3). (E) After BMMs were treated with AS (5μM), the expression of Akt signaling pathways was detected by WB at different 
time points. (F) Images of Akt pathway protein P-Akt/Akt and P-PI3K/PI3K expression were quantified using ImageJ (n = 3). (G and H) BMMs were pretreated with AS (5μM) 
and then stimulated with RANKL (50ng/mL) at different time points, and specific expression of MAPK and NF-κB signaling pathway was detected by WB. *p < 0.05, **p < 
0.01, ***p < 0.001, ****P < 0.0001. All data are expressed as mean ± SD.
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Figure 4 AS-605240 enhances in vitro osteoblast activity. (A) The effect of AS on cell viability of MC3T3-E1s by CCK-8 assay at 24, 48, 72, and 96h. (B) MC3T3-E1s were 
treated with osteogenic differentiation medium in the presence of 0, 0.31, 0.62, and 1.25μM AS for 7 days, followed by ALP staining. (C) The expression levels of osteoblast- 
associated genes were measured by RT-qPCR. The expression of these genes was normalized to the expression of GAPDH (n = 3). (D) The expression of RUNX2 in 
MC3T3-E1s treated with different concentrations of AS was detected by WB. (E) The above proteins were quantified by image J to analyze the intensity of bands associated 
with β-actin (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001. All data are expressed as mean ± SD.
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Figure 5 AS-605240 inhibits OVX-induced osteoporosis in vivo. (A) Representative micro-CT images of the distal femur were taken from the collected femur of different 
groups of mice. (B) Quantitative analysis of BV/TV, Tb.N, and Tb.Th was performed with micro-CT sky scan software. (C) Representative graphs of H&E and TRAP staining 
of femoral sections from different groups of mice. (D) Quantitative analysis was performed on Oc.S/BS. **p < 0.01, ***p < 0.001, ****P < 0.0001. All data are expressed as 
mean ± SD.
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osteoclastogenesis-related genes to determine if AS attenuated osteoclastogenesis by inhibiting NFATc1. The result 
revealed a decrease in Acp5, CTSK, and DC-STAMP expression levels.

Bone remodeling is a complex and rigorous process that relies on the close interaction between osteoclasts and 
osteoblasts to maintain homeostasis. Moreover, osteoblasts are significantly involved in the bone remodeling process. It 
synthesizes the bone matrix, controls mineralization, and differentiates into osteocytes or bone lining cells.27 To analyze 
the effect of AS on the formation of osteoblasts, we treated MC3T3-E1s with AS in a dose-dependent manner. Unlike 
other drugs inhibiting osteoclast activity, AS could attenuate osteoclast differentiation and promote the osteoblast- 
forming ability of MC3T3-E1s.

Next, we analyzed the therapeutic effect of AS in OVX-induced osteoporosis in mice. Our results showed that mice in 
the bilateral-OVX group injected with PBS showed more bone loss compared to mice injected with AS. Our in vitro 
results were verified using animal experiments. A decrease in TRAP+ osteoclasts was observed in the femur of AS- 
treated mice. This result suggests that the inhibition of osteoclasts by AS is involved in bone loss in mice.

However, our study has a few limitations. For the maintenance of bone homeostasis, bone destruction and bone 
formation activity of osteoblasts should be regulated. In vitro results showed that AS inhibits osteoclast bone resorption 
and enhances osteoblast activity. However, additional studies are required to determine the mechanism of action of AS on 
osteoblasts and osteoclasts under co-culture conditions.

Conclusion
In summary, we demonstrated that AS inhibits the PI3K/Akt-c-Fos/NFATc1 signaling pathway to suppress osteoclast 
activity, thus preventing bone loss caused by OVX. Next, AS promotes osteoblast differentiation. These results show the 
functions of AS and provide a new approach to treating osteolytic osteoporosis.
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