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Bone metastasis is one of the common complications of lung cancer and can lead to bone-related adverse events, such as
pathological fractures, spinal cord defects, and nerve compression syndrome. As an efective medicinal component of Astragalus
membranaceus, Astragalus polysaccharide (APS) has antitumor activity and alleviates osteoporosis to a certain extent. In this
study, we explored the possible role and mechanism underlying APS inhibition of lung adenocarcinoma bone metastases by
constructing a mouse model of lung adenocarcinoma bone metastases. First, we constructed osteoclast (OC) and osteoblast (OB)
culture systems in vitro to confrm that APS afected the diferentiation and function of OCs and OBs.Ten, using the mouse bone
metastasis model, microCT, and bone histopathology, we confrmed that APS inhibited osteolytic metastasis and tumor cell
proliferation in mice, and the efect was mainly realized by inhibiting the CaSR/PTHrP signal pathway. Te results showed that
APS had a protective efect on lung adenocarcinoma bone metastases.

1. Introduction

Lung cancer is characterized by a high incidence and
mortality rate worldwide, and bone metastasis is the most
common site of distant organ metastasis [1, 2]. Studies have
shown that the incidence of bone metastasis in patients with
advanced lung cancer is 30%40%, and pathological fractures,
spinal paraplegia, and other severe bone metastasis-related
events afect the prognosis of lung cancer patients and their
quality of life [3, 4]. Lung cancer cells that migrate to the
local bone tissue cannot directly cause osteolysis, but can
have a variety of complex interactions with the local bone
tissue microenvironment, then enhance the activity of os-
teoclasts (OCs), promote bone resorption, reduce the bone
formation of osteoblasts (OBs), lead to an imbalance of
homeostasis in the local bone microenvironment, and fnally
lead to the occurrence and development of bone metastases.

Studies have shown that the calcium ion (Ca2+) con-
centration in peripheral blood plasma is between 2.2 and
2.6mM, the Ca2+ concentration in bone is approximately
10mM, and the Ca2+ concentration in extracellular bone

tissue could reach 20mM.Tis fnding refected the increase
in Ca2+ concentration from the bone to the internal bone
tissue [5, 6]. Te G protein-coupled calcium-sensing re-
ceptor (CaSR) is an important calcium-binding receptor in
bone tissue [7]. According to the “seed-soil” theory related to
tumor metastasis, tumor cells with preferential bone me-
tastasis often have some unique biological characteristics,
while tumor cells without bone metastasis do not exhibit this
characteristic. Studies have confrmed that tumor cells with
high expression of CaSR weremore prone to bonemetastasis
compared to tumor cells with low expression of CaSR [8, 9].
A bone microenvironment rich in Ca2+ can be used as
a chemokine to recruit tumor cells with “unique biological
characteristics”; high expression of CaSR reaches local bone
tissue via epithelial-mesenchymal transition (EMT). Tumor
cells directly or indirectly act on OCs in the bone micro-
environment, break the balance of bone metabolism, pro-
mote the diferentiation and maturation of OCs, initiate
bone absorption, create space for tumor cell colonization
and proliferation, and form new bone metastases. CaSR
promotes tumor cells to secrete a parathyroid hormone-
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related protein (PTHrP), which is closely related to tumor
cell survival and invasion [10, 11]. Our previous study
showed that CaSR induced the expression of receptor ac-
tivator of nuclear factor-κB ligand (RANKL) on the surface
of OBs and inhibited the expression of osteoprotegerin
(OPG) in A549 cells with high metastatic potential, thus
disrupting the balance of bone metabolism. In addition,
CaSR promoted the diferentiation and maturation of OCs.
Te mechanism may be related to the fact that CaSR
activation promotes the expression of nuclear factor
kappa-light-chain enhancer of activated B cells (NF-κB)
and enhances the release of PTHrP, which ultimately pro-
motes lung adenocarcinoma bone metastasis [12].

Astragalus membranaceus is a precious perennial herb
that is widely distributed in temperate and arid regions of
Asia, Europe, and North America. In traditional Chinese
medicine, Astragalus membranaceus is also called “in-
vigorating qi.” Astragalus root is one of the most adaptable
medicinal materials and can prevent harmful pathogens or
disease factors from entering the body and support the body
to detoxify. Moreover, Astragalus membranaceus is con-
sidered to be safe and nontoxic, and dosage of the LD50 is
approximately 40 g/kg. Te patent combination of Astra-
galus membranaceus and four kinds of herbs, including
ginger, turmeric, red sage, and rhubarb, has been proven to
be nontoxic in female rats of reproductive age with a dose of
430mg/kg. Astragalus polysaccharide (APS), an important
active ingredient of Astragalus membranaceus, directly or
indirectly kills tumors or exhibits multiple antitumor ac-
tivities in coordination with chemotherapy and has been of
interest in cancer treatment due to its relatively low toxicity
[13, 14]. A number of in vivo and in vitro studies have
demonstrated that APS alleviated osteoporosis to some
extent, which may be related to an ability to manipulate
calcium homeostasis and improve the balance between OCs
and OBs [15]. Terefore, we speculated that APS may also
have an inhibitory efect on the occurrence and development
of malignant tumor bone metastasis. In vivo studies have
shown that APS inhibited NF-κB activity, while NF-κB had
an important role in the occurrence, growth, development,
and metastasis of cancer [16–18]. In addition, some studies
have confrmed that APS inhibited metastasis of nonsmall
cell lung cancer cells, which is clinically feasible [19, 20]. In
this study, we constructed an OC and OB culture system
in vitro and a murine model of lung adenocarcinoma bone
metastasis to explore the efect and mechanism of un-
derlying APS on inhibiting lung adenocarcinoma bone
metastasis and to provide a theoretical basis for the com-
prehensive treatment model of lung adenocarcinoma bone
metastasis.

2. Materials and Methods

2.1. Reagents and Antibodies. Te purity of APS is >95%.
APS was purchased from Shanghai Yuanye Biological
Technology Company (Shanghai, China). Astragalus poly-
saccharide is a powder, water-soluble, and an active com-
ponent of the polysaccharide extract of Astragalus. RANKL
and macrophage colony-stimulating factor (M-CSF) were

purchased from the R&D system. F-12K medium, the alpha
modifcation of Eagle’s medium (α-MEM), Dulbecco’s
modifed Eagle’s medium (DMEM), premium fetal bovine
serum (FBS), and phosphate-bufered saline (PBS) were
purchased from Hyclone (Logan, UT, USA). RIPA lysis
bufer was purchased from Termo Scientifc (Wilmington,
DE, USA). Neutral formaldehyde solution, alizarin red dye
solution, and crystal violet dye solution were purchased from
Sigma (St. Louis, MO, USA). Annexin V and propidium
iodide were purchased from BD Pharmingen (San Diego,
CA, USA). SDS-PAGE gel electrophoresis, trypsin, and BCA
protein quantitative kits were purchased from Beyotime
Company (Shanghai, China). Penicillin/streptomycin was
purchased from Gibco (Carlsbad, CA, USA). A tartrate-
resistant acid phosphatase (TRAP) staining kit, cathepsin K
(CTSK), calcitonin receptor (CTR), nuclear factor of
activated-T cells, cytoplasmic 1 (NFATc1), RANKL, OPG,
Runx2, alkaline phosphatase (ALP), CaSR, PTHrP, NF-κB,
P65, snail, matrix metalloproteinase-9 (MMP9), and
GAPDH antibodies were purchased from Abcam (Cam-
bridge, UK). Electrophoresis and transfer bufers were
purchased from Bio-Rad (Hercules, CA, USA). An ECL
chemiluminescence kit and NC flm were purchased from
Millipore (Billerica, MA, USA). An alkaline phosphatase kit
was purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). CCK-8 was obtained from
DODGEN Chemical Technology Company (Shanghai,
China). An in situ cell death detection kit was purchased
from Roche Molecular Biochemicals (Mannheim,
Germany).

2.2. Cell Culture. A549 was purchased from the Cell Library
of the Chinese Academy of Sciences and cultured in an F-12k
medium containing 10% FBS and 100U/ml penicillin/
streptomycin in a 5% CO2 atmosphere at 37°C. Te cell
culture medium was changed every 2 days.

2.3. TRAP Staining. Twenty milliliters of fresh peripheral
blood of volunteers were aseptically extracted, and the
mononuclear cell layer was obtained after centrifugation.
Peripheral bloodmononuclear cells were seeded into 96-well
plates at a density of 1× 104 cells per well. Te cells were
treated with α-MEM containing 10% FBS, 100U/ml of
penicillin, 100 μg/ml of streptomycin, 35 ng/ml of macro-
phage colony-stimulating factor (M-CSF), 40 ng/mL of
murine recombinant receptor activator of nuclear factor-κB
ligand (RANKL), and diferent concentrations of APS (0, 50,
100, and 200mg/L). Te cell culture medium was replaced
every 2 days until mature OCs were formed. According to
the TRAP staining method of Mostafa et al. [16], the cells
were stained for 30min after 12 days of culture, followed by
light microscopy, and the TRAP-positive cells were counted.
Cells with >3 nuclei and positive for TRAP staining were
considered OCs. TRAP+multinucleated cells were counted
under 400x magnifcation in 5 randomly-selected felds of
view. After 15 days of intervention, 5 felds were randomly
selected from each group under a 400x magnifcation feld of
view, and the size of the osteoclastic area was calculated as
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the percentage of the entire feld of view. Te area of TRAP-
stained osteoclasts was calculated with Image J software
(NIH, Bethesda, MD, USA).

2.4. Alizarin Red Staining. Te rat calvarial cells were iso-
lated as OB precursors and cultured using the Orriss method
[21]. Te experimental cells used were all 2nd-generation
cells. Te OB precursors were inoculated into 12-well plates
and incubated with diferent concentrations of APS (0, 50,
100, and 200mg/L) in an osteogenic medium (1mM
β-glycerophosphate and 5 μm L-ascorbic acid 2-phosphate).
For alizarin red staining (AS), cells were washed with 4%
paraformaldehyde for 30min and stained with alizarin red
solution for 10min. Te morphology of OBs was observed
by an inverted phase contrast microscope. Cell minerali-
zation nodule staining was performed with AS. Pictures were
taken under a microscope. Te area of AS-stained osteo-
blasts was also calculated with Image J software (NIH).

2.5. Cell Proliferation Assay. A549 cells were seeded in 96-
well plates at a density of 5×103 cells/well in the presence of
diferent concentrations of APS (0, 50, 100, and 200mg/L).
After incubation for 24, 48, and 72 h, 10 μL of CCK-8 reagent
solution was added to the culture medium, and the cultures
were incubated for 1 h at 37°C in a humidifed chamber with
95% air and 5% CO2. Te absorbance was measured at
450 nm using an 85 Microplate Reader.

2.6. Flow Cytometry Analysis. A549 cells were treated with
APS at diferent concentrations (0, 50, 100, and 200mg/L) for
24 h, then washed twice with PBS, collected, and resuspended
with binding bufer. Te cells were stained with Annexin V
and propidium iodide for 30min. Flow cytometry was per-
formed and FlowJo v.7 software was used for data analysis.

2.7. Transwell Migration Assay. A Transwell migratory ap-
paratus (Costar, Corning Costar, Cambridge, MD, USA) was
used for the migration assay. Approximately 1× 105 cells
with diferent treatments in 200 μL of RPMI-1640 medium
were placed in the upper chamber and 1mL of complete
RPMI-1640 medium was placed in the lower chamber. After
24 h in culture, cells were fxed in 4% paraformaldehyde
methanol for 30min and then were stained with 0.1% crystal
violet in PBS for 30min. Cells on the upper side of the flters
were removed with cotton-tipped swabs and the flters were
washed with PBS. Cells on the underside of the flters were
viewed and counted under a microscope (Leica, Wetzlar,
Germany).

2.8. Establishment of a Stable CaSR-Overexpression Cell Line.
Human A549 cells were cultured in RPMI-1640 medium,
and the plasmid carrying the CaSR gene and three helper
plasmids were transferred into A549 cells by lentivirus in-
fection. Te CaSR gene was inserted into the cell genome.
GFP-positive cells were selected by fow cytometry.
Monoclonal clones were selected to inoculate 96-well plates.

Fluorescence microscopy was performed within 2 weeks.
Positive clones were transferred to a 6-well plate to expand
the culture and appropriate CaSR-overexpressing stable cell
lines were selected according to the level of expression. At
the same time, cell lines with empty plasmids were con-
structed and labeled oeCaSR and oeControl. Similarly, the
hairpin structure and the nonsense shRNA sequence were
designed according to the mRNA sequence of CaSR in
GenBank, and the CaSR knockdown and control cell lines
were constructed and labeled siCaSR and siControl. Te
CaSR siRNA (h) sequence was purchased from Santa Cruz
Biotechnology (Cat. No. sc-44373; Santa Cruz, CA, USA)
and the control siRNA (h) sequence was purchased from
Santa Cruz Biotechnology (Cat. No. sc-37007).

2.9.WesternBlot. Te cell culture mediumwas removed and
washed twice with PBS, and the cells were scraped of. Te
prechilled cell lysate was added, and the sample was lysed on
ice for 30min. Protein content was determined by the BCA
method. Twelve percentage 1D SDS-PAGE gel electropho-
resis was carried out. Te protein was transferred to a NC
membrane. After blocking with 5% skim milk for 1 h at
room temperature, the NC membrane was incubated with
the corresponding primary antibody at 4°C overnight, and
then, the membrane was washed with TBSTfor 20min and it
was incubated with the secondary antibody for 1 h at room
temperature. Te membrane was washed for 20min with
TBST and developed with ECL reagents (Engreen, China).
GAPDH was used as an internal control and was detected by
the GAPDH antibody. Image J software (NIH) for image
processing was used to verify the band intensities as a result
of a semiquantitative western blot. Te software generated
peaks according to the band intensities and the expression
was compared between samples and controls. Te experi-
ment was repeated three times.

2.10. Establishment of a Mouse Model of Bone Metastasis in
Lung Adenocarcinoma. A549 cells growing in culture were
washed with PBS and harvested by trypsinization. Only
suspensions consisting of single cells with >90% viability were
used.TeA549 cell suspension (2.5×105 cells in 10 µL of PBS)
was injected into the right lumen bone platform of BALB/c-
Nu/Nu mice according to the method of Chanda et al. [22].
Subsequently, 40 mice were divided into 4 groups of 10 each
and injected intraperitoneally (100 μL injection) with diferent
concentrations of APS (0, 50, 100, and 200mg/L) for 4 weeks.
Mice were sacrifced after 28 days and the efects of APS on
bone metastasis in lung adenocarcinoma were observed.

2.11.MicroCTAssessment. Te fxed right hindlimbs of mice
were analyzed by microCT (PerkinElmer, Inc., Waltham,
MA, USA) image scanning.Te scanning protocol was set, as
follows: isometric resolution, 9mm; and X-ray energy, 80 kV
and 800 µA. Bone volume (BV), bone trabecular volume
fraction (BV/TV), bone trabecular number (Tb. N), and
bone trabecular gaps (Tb. SP) were recorded using the
resident reconstruction program (SKYSCAN).
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2.12.HistologicAnalyses. Te right hind limbs were removed
after the mice were sacrifced and fxed in PBS (pH 7.2)
containing 10% formalin for 2 days, followed by de-
calcifcation in 14% ethylenediaminetetraacetic acid (EDTA)
with constant stirring over 2 weeks. Te decalcifed bone
specimens were then embedded in parafn and stained with
hematoxylin-eosin (H&E) staining for routine pathological
examination.

2.13. Terminal Deoxynucleotidyl Transferase-Mediated Nick-
EndLabeling (TUNEL)Assay. Te TUNEL assay was carried
out on tumor tissues as a measurement of in situ apoptosis.
Bone marrow sections (5 μm thick) of the right hind limb
were fxed with formalin, and parafn-embedded specimens
were deparafnized in xylene, rehydrated in graded alcohol,
and transferred to PBS. An in situ cell death detection kit
(Roche, Mannheim, Germany) was used to perform TUNEL
staining according to the manufacturer’s instructions.
Negative controls were obtained for each sample by the
omission of incubation with the TUNEL reaction mixture.
Sections were viewed under light microscopy and photo-
graphs were obtained.

2.14. Statistical Analysis. SPSS 20.0 software was used to
analyze the data. Measurement data were expressed as the
mean± standard deviation (x± s), and a t-test was used for
comparison between the two groups. One-way ANOVA was
used for comparisons between multiple groups. A p< 0.05
was considered statistically signifcant.

3. Results

3.1. APS Inhibited OCs Diferentiation and the Expression of
Related Genes In Vitro. We frst induced PBMC difer-
entiation into OCs with RANKL and M-CSF. TRAP
staining revealed that the presence of RANKL and M-CSF
induced PBMC diferentiation into multinucleated OCs. To
explore the efect of APS on OCs diferentiation, we treated
PBMCs with RANKL and M-CSF with diferent concentra-
tions of APS (0, 50, 100, and 200mg/L). TRAP staining
revealed that APS inhibited RANKL-induced OCs formation
as compared to controls, and this inhibitory efect was
concentration-dependent (Figures 1(a), 1(c), and 1(d)). We
further observed the OCs diferentiation status at diferent
time points, and OCs formation was signifcantly inhibited
7 days after 200mg/L of APS treatment (Figures 1(b), 1(e),
and 1(f)).

To further explore the inhibitory efect of APS on
RANKL-induced OCs formation, we examined the ex-
pression of gene proteins involved in OCs diferentiation,
including TRAP, CTSK, CTR, and NFATc1. Te results of
the western blot showed that the expression of OCs
formation-associated protein was signifcantly inhibited
compared with controls treated with RANKL, and the in-
hibitory efect became more pronounced as the APS

concentration increased (Figures 1(g) and 1(h)). Te results
suggested that APS inhibited RANKL-induced OCs difer-
entiation and the expression of related proteins.

3.2. APS Promotes OBs Diferentiation and the Expression of
Related Genes In Vitro. To further explore the efect of APS
on OBs diferentiation, murine calvaria cells were treated
with diferent concentrations of APS (0, 50, 100, and 200mg/
L). ALP staining showed APS to promote OBs diferentia-
tion and this facilitation was concentration-dependent
(Figures 2(a) and 2(b)).

We further examined the efect of APS on the expression
of OB-related proteins. Western blot showed that RANKL
protein expression in OBs gradually decreased as the APS
concentration increased, whereas the expression of OB-
specifc proteins, including OPG, Runx2, and ALP, gradu-
ally increased (Figures 2(c) and 2(d)). Te results suggested
that APS promotedOBs diferentiation and the expression of
related genes.

3.3. Efect of APS on Apoptosis, Proliferation, and Invasion in
A549 Cells. To determine the efect of APS on A549 cell
proliferation, apoptosis, and invasion, we treated A549 cells
with diferent concentrations of APS (0, 50, 100, and 200mg/
L). First, we examined the proliferation of cells at 24, 48, and
72 h. APS inhibited A549 cell proliferation and reduced the
cell number. Te number of A549 cells decreased as the APS
concentration increased (Figures 3(a) and 3(b)). Second, we
examined apoptosis by fow cytometry. Te results showed
that APS increased the percentage of apoptotic cells and
a higher APS concentration induced a higher percentage of
apoptotic cells (Figures 3(c) and 3(d)). Finally, we examined
A549 cell migration and invasion ability using the Transwell
assay. APS inhibited A549 cell migration and this inhibitory
efect was concentration-dependent (Figures 3(e) and 3(f )).

3.4. Efect of APS on CaSR and Related Protein Expression in
A549 Cells. To further explore the mechanism of APS on
bone metastasis of A549 cells, we treated A549 cells with
diferent concentrations of APS (0, 50, 100, and 200mg/L)
and detected the expression of CaSR, NF-κB p65, and
PTHrP after APS treatment. Western blot showed that the
expression of CaSR, PTHrP, and NF-κB p65 gradually de-
creased after APS treatment (Figures 4(a) and 4(b)). Tis
result showed that APS inhibited CaSR, PTHrP, and NF-κB
p65 in a concentration-dependent manner.

In our previous study [12], we showed that CaSR of A549
cells positively regulated the expression of NF-κB p65 and
PTHrP, and overexpression or knockout of CaSR in A549
cells increased or decreased the expression of NF-κB p65 and
PTHrP. In this study, CaSR in A549 cells was overexpressed
and then treated with APS. Te result of the western blot
showed that the expression of NF-κB p65 and PTHrP was
increased after CaSR overexpression, while the expression of
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Figure 1: Continued.
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NF-κB p65 and PTHrP decreased after APS treatment. Te
inhibitory efect was signifcant between the APS (200mg/L
group) and the negative control group.

3.5. In Vivo Validation of the Efect of APS on Lung Adeno-
carcinoma Bone Metastasis. To further validate the above
conclusions in vivo, we constructed a mouse model of A549
cell bone metastasis to validate the efect of APS on lung
adenocarcinoma bone metastasis in vivo. We treated mice
with bone metastases with diferent concentrations of APS
(0, 50, 100, and 200mg/L). Te extent of tumor-induced
bone tissue destruction was assessed by microCT and his-
tologic examination. Te microCT results showed that APS
inhibited bone tissue destruction and increased BV/TV and
Tb.N, and reduced Tb.SP. Moreover, this inhibitory efect
was concentration-dependent, and the 200mg/L of APS had
a strong inhibitory efect on bone cortical disruption (Fig-
ures 5(a)–5(d)). H&E staining observations showed that APS

was capable of concentration-dependent inhibition of bone
metastatic formation and reducing the degree of infltration
of infammatory cells (Figure 5(e)).

We further confrmed that APS treatment signifcantly
increased apoptosis in tumor tissues compared to controls
based on the TUNEL assay results (Figures 5(f ) and 5(g)).
All of the above results confrmed that APS inhibited bone
metastatic lesions caused by lung adenocarcinoma.

4. Discussion

Advanced lung cancer is themost commonmalignant tumor
in China and worldwide. Bone is the organ most prone to
metastasis of advanced lung cancer. Of patients with ad-
vanced lung cancer, 30%–40% will have bone metastasis
during treatment, and patients with bone metastases will
have a shortened survival and poor quality of life. In recent
years, drugs such as denosumab and zoledronic acid, have
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Figure 1: APS inhibited RANKL-induced OCs diferentiation and gene expression. (a, c, d) OC precursor cells were treated with diferent
concentrations of APS or cultured for diferent time points to examine the potential efect on osteoclast diferentiation. TRAP+ multi-
nucleated cells were counted under a 400xmicroscope and the area of TRAP-stained osteoclasts was calculated with Image J software (NIH).
Te number of OCs and osteolytic area size in the APS-treated group were signifcantly lower than those of the negative control group (n� 3
per group). Tis inhibitory efect was concentration-dependent. (b, e, f ) OCs formation was signifcantly inhibited 7 days after 200mg/L of
APS treatment according to TRAP staining (n� 3 per group). (g, h) Te related protein expression of OCs diferentiation cathepsin K and
CTR, as well as NFATC1 and TRAP, were detected by Western blot after APS treatment. Image J software (NIH) for image processing was
used to verify the band intensities as a result of semiquantitative western blots. In the APS treatment group, the protein expression levels of
TRAP, cathepsin (K) CTR, and NFATC1 were signifcantly lower than those of the negative control group (n� 3 per group). Te inhibitory
efect was concentration-dependent. (∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001, the statistical test method was one-way ANOVA).
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been used clinically for the treatment of tumor bone me-
tastases [23–26], reducing the incidence of pathologic
fractures, malignant hypercalcemia, and other bone-related
events in patients with bone metastases, but the efcacy was
limited. Terefore, holistic treatment targeting the in-
teraction between the bone microenvironment and tumor
cells may be the key method to improve the curative efect in
the future. Traditional Chinese medicine is the treasure of
Chinese traditional medicine. Traditional Chinese medicine
can improve immune function, regulate the tumor micro-
environment, and prevent the occurrence and development
of tumors. Traditional Chinese medicine can also act directly
on tumor cells and inhibit tumor growth and metastasis.
When traditional Chinese medicine is combined with
Western medicine, efcacy is increased, toxicity is reduced,
and patient survival is prolonged. Astragali Radix is the root
of A. membranaceus Bunge, which has been widely used in
immune response and supports the body to detoxify.
Moreover, A. membranaceus is considered to be safe and
nontoxic, and the dosage of LD50 is approximately 40 g/kg

[27]. APS is the main efective constituent of Astragali Radix,
which has been widely used in recent years [28]. A number
of studies have confrmed that APS could signifcantly in-
hibit the migration and invasion of MDA-MB-231 breast
cancer cells and H22 liver cancer cells [29, 30]. Other studies
have shown that APS had signifcant antitumor activity in
A549 and NCI-H358 human nonsmall cell lung cancer cells
[31]. Ou et al. established a mouse model to confrm that
APS could promote bone formation by activating the Wnt/
LRP5/β-catenin pathway [32].Te preliminary results of this
study confrmed that APS could inhibit the diferentiation
andmaturation of OCs and thus disrupt the balance between
OBs and OCs, inhibit the proliferation, invasion, and me-
tastasis of lung adenocarcinoma cells, and fnally inhibit lung
adenocarcinoma bone metastases. Te efect may be
achieved by intervening in the CaSR/PTHrP pathway of
tumor cells.

We frst explored the role of APS on OCs and OBs.
Indeed, the establishment of tumors requires bone metas-
tasis by bone resorption due to OCs activation, under the
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Figure 2: APS promoted OBs diferentiation and expression of related genes. (a, b) Osteoblast precursor cells were treated with diferent
concentrations of APS. ALP is a marker for osteoblast activation. ALP staining showed that APS promoted OBs diferentiation and this was
concentration-dependent (n� 3 per group). (c, d)Te related protein expression of OBs diferentiation RANKL, OPG, Runx2, and ALP was
detected byWestern blot after APS treatment. Image J software (NIH) for image processing was used to verify the band intensities as a result
of semiquantitative western blots. In the APS treatment group, the protein expression of OPG, Runx2, and ALPwas signifcantly higher than
those of the negative control group, while RANKLwas signifcantly lower than that of the negative control group (n� 3 per group).Te efect
was concentration-dependent. (p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001, the statistical test method was one-way ANOVA).
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Figure 3: Continued.
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strict constraints of the bone mineralization structure. OCs
maturation leads to the release of CTSK, which creates an
acidic environment that promotes bone matrix degradation
[33]. TRAP is a characteristic enzyme of OCs and one of the
important enzyme histochemical recognition markers of
OCs [34]; however, CTR is expressed only in directed OC
precursors and mature OCs and is one of the specifc
identifcation indicators for OCs [35]. NFATc1 has been
shown to be an indispensable regulator of OCs formation
and diferentiation pathways. Takayanagi et al. reported that
embryonic stem cells that specifcally knocked out the
NFATc1 gene could not successfully diferentiate into OCs
under the stimulation of RANKL [36]. In addition, NFATc1
also plays an important role in the activation, fusion, and
bone resorption function of OCs [37]. Alternatively, as OCs
are activated, osteolysis occurs and releases numerous cy-
tokines that act on skeletal stromal cells, activate

osteogenesis-associated factors, and promote OBs difer-
entiation [38]. OPG is an induction receptor for RANKL on
the surface of OBs that reduces OCs production by binding
to RANKL [39]; however, Runt-related transcription factor 2
(Runx2) is a class of specifc transcription factors that
regulate the diferentiation of mesenchymal stem cells
(MSCs) towards osteogenesis and are involved in the
osteogenesis process [40]. It has been shown that APS
improves the balance betweenOCs andOBs [15]. APS acts as
an inhibitor to reduce the activation of MAPK and ROS
signaling pathways during OCs genesis associated with
RANKL induction, thus suppressing OCs formation due to
LPS stimulation [41]. It has also been shown that strontium-
based APS promotes OBs diferentiation and promotes the
proliferation of OBs via the TLR4 signaling pathway, then
ossifcation occurs [42, 43]. In this study, we observed the
change in diferentiation-related proteins of OC precursors
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Figure 3: APS promoted A549 cell apoptosis and inhibited A549 cell proliferation and migration. (a, b) CCK-8 was used to detect the
proliferation of A549 cells. In the APS-treated group, the proliferation ability of A549 cells was signifcantly lower than those of the negative
control group. Te inhibitory efect was concentration-dependent. (c, d) Flow cytometry assay was used to detect cell apoptosis. It showed
that APS increased the percentage of apoptotic cells and a higher APS concentration induced a higher percentage of apoptotic cells. (e, f )Te
cell migration assay showed the efect of APS on migration inhibition in lung adenocarcinoma cells. APS inhibited A549 cell migration and
this inhibitory efect was concentration-dependent. (∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001, the statistical test method was one-
way ANOVA).
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and OBs when treated with diferent concentrations of APS.
Te results showed that APS inhibited OCs formation and
the expression of its related proteins, and promoted the
diferentiation of OBs and expression of its related proteins.
With an increase in the concentration of APS, the above
efect was more apparent. APS was shown to reduce bone
tissue destruction by afecting the balance between OCs and
OBs. Te underlying mechanism may involve CaSR and its
downstream-related proteins. Te role of APS in the bone
microenvironment is expected to provide novel treatments
for patients with bone metastasis.

We further explored the efect of APS on tumor cells.
Studies have shown that in the process of tumor metastasis,
a variety of growth factors and cytokine-binding physical
properties provided conditions to promote tumor growth,
and extracellular high Ca2+ is one of the most important
inorganic factors in this process [44]. CaSR widely exists in
the parathyroid gland, gastrointestinal tract, kidney, bone,
and other tissues and organs that regulate Ca2+ homeostasis.
Under pathologic conditions, CaSR participates in and
regulates the interaction between tumor cells and other

intracellular signal molecules, afects cell proliferation and
diferentiation, and inhibits apoptosis [45]. Te efect of
CaSR on cancer development may be tissue-specifc. Yang
et al. believed that there is a correlation between higher
calcium intake and lower colorectal cancer risk, and CaSR
may play a role in mediating the antitumor efect of calcium
[46]. But Binder et al. showed that with the increase of Ca2+
content in the diet, the level of CaSR expression was
upregulated, which makes prostate tumor cells to have
a stronger metastatic ability [47]. In the previous work, our
group used A549 cells to construct CaSR overexpression and
downregulation of transfected cell lines. After over-
expression of CaSR, the proliferation and invasion of A549
cells were signifcantly enhanced. After downregulating the
expression of CaSR, the proliferation and invasion of A549
cells decreased signifcantly [12]. Te results showed that
APS signifcantly inhibited the proliferation and invasion of
lung adenocarcinoma cells and promoted their apoptosis.

Many studies have confrmed that CaSR promotes the
formation and growth of bone metastasis in prostate, breast,
and kidney cancer [48–51]. Mihai et al. confrmed that breast
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Figure 4: APS inhibited the expression of CaSR-involved signaling pathway-related proteins in A549 cells. (a, b)Western blot confrmed the
expression of CaSR, PTHrP, and NF-κB. Image J software (NIH) for image processing was used to verify the band intensities as a result of
a semiquantitative western blot. Te expressions of CaSR, PTHrP, and NF-κB in the APS-treated group were signifcantly lower than those
of the negative control group. Te inhibitory efect was concentration-dependent. (c, d) When CaSR was overexpressed, the expression of
PTHrP and NF-κB turned out to be high, while APS inhibited the expression of CaSR, as well as PTHrP and NF-κB (p< 0.001). Te
inhibitory efect was signifcant between the APS (200mg/L group) and the negative control group. (∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001,
∗∗∗∗p< 0.0001, the statistical test method was one-way ANOVA).
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cancer cells with high CaSR expression had a higher po-
tential for bone metastasis [52]. Feng et al. showed that the
expression of CaSR in patients with prostate cancer bone
metastases was signifcantly higher than in patients without
bone metastases [53]. When CaSR is upregulated and ac-
tivated on the surface of tumor cells, CaSR stimulates tumor

cells to release PTHrP. PTHrP is produced by tumor cells
and induces the expression of RANKL on the surface of OBs
and bone stromal cells. RANKL acts on OCs to promote the
maturation and absorption activity of OCs and increases the
ability of osteolysis. Previous studies have shown that PTHrP
is an important regulatory factor of bone metastasis and
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Figure 5: APS inhibited bone metastasis and osteolysis of lung cancer in vivo. (a–d) A549 cells in 10 μL of PBS were injected into the right
lumen bone platform of BALB/c-Nu/Nu mice. APS (0, 50, 100, and 200mg/L) was daily intraperitoneally injected for 4 weeks (n� 10 per
group; 100 μL injection). Mice were imaged weekly to track tumor progression and the mice were sacrifced at 4 weeks and followed by
microCT for the development of the osteolytic lesion area. APS inhibited bone tissue destruction and increased BV/TV and Tb.N, and
reduced Tb.SP.Tis inhibitory efect was concentration-dependent, and the 200mg/L of APS had a strong inhibitory efect on bone cortical
destruction. (e) Representative H&E staining of the hindlimbs is presented. Te red arrowheads denote A549 cell infltration and bone
metastasis (f, g). Te TUNEL assay was used to detect the efect of APS treatment on A549 cell apoptosis in bone.Te TUNEL assay showed
that APS treatment promoted apoptosis which was concentration-dependent. (n� 10 per group, ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001,
∗∗∗∗p< 0.0001, statistical test method was one-way ANOVA).
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promotes tumor growth and progression of bone metastasis
with growth factors, such as TGF-β and chemokine C-C
motif ligand 2 (CCL2) [54, 55]. In the bone microenvi-
ronment, the production of PTHrP stimulates osteoclastic
bone resorption, which leads to the release of active TGF-β
[56]. TGF-β acts on tumor cells again, promotes the met-
astatic ability, and stimulates the production of PTHrP [56].
Terefore, PTHrP is an important efector in the process of
bone metastasis. In contrast, NF-κB is an important in-
tracellular transcription factor. NF-κB plays a key role in
tumor occurrence, development, and metastasis [57]. Our
previous results suggested that CaSR promoted the ex-
pression of NF-κB p65 and PTHrP, which is closely related
to bone metastasis of lung adenocarcinoma [12]. Several
studies have shown that APS inhibits the activation of
MAPK and ROS signaling pathways during OCs difer-
entiation associated with RANKL induction, and APS
inhibits the production of infammatory factors and
chemokines by inhibiting activation of the MAPK and
NF-κB infammatory pathways [41]. In this study, we
found that APS not only inhibited the expression of CaSR
in lung adenocarcinoma A549 cells but also inhibited the
expression of PTHrP and NF-κB p65 induced by CaSR
overexpression. Te inhibitory efect of APS (200mg/L
group) was signifcantly diferent from the negative
control group. Te results suggested that APS may inhibit
the expression of PTHrP and NF-κB p65 regulation by
CaSR and ultimately inhibit the proliferation, invasion,
and bone metastasis of lung adenocarcinoma cells.

Finally, we constructed a mouse model of A549 cell bone
metastasis to further verify the efect of APS on bone me-
tastasis and osteolysis of lung adenocarcinoma. Te evalu-
ation parameters of bone tissue mainly include BV, BV/TV,
Tb.N, and Tb.Sp. Tese parameters are bone analysis pa-
rameters calculated based on CT images, which can evaluate
the condition of the bone. Te results showed that APS
increased BV/TV and Tb.N, decreased Tb.Sp, and inhibited
bone destruction. HE staining directly indicates cancer cell
infltration. We found that APS signifcantly inhibited the
infltration of A549 cells into bone. Te TUNEL assay
further suggested that APS promoted apoptosis of A549
cells. Tese results indirectly verifed the inhibitory efect of
APS on bone metastasis because A549 cells can overexpress
CaSR, thereby promoting the secretion of PTHrP by cancer
cells, then activating OCs to initiate osteolytic damage. Te
in vivo experiments in mice showed that APS might inhibit
bone metastasis by alleviating bone destruction and pro-
moting apoptosis of cancer. In our previous study, it was
confrmed that CaSR and PTHrP could afect the difer-
entiation of OCs and OBs. More interestingly, it was in-
dicated in this study that APS may inhibit OCs and OBs
diferentiation through CaSR/PTHrP pathway in vitro.
Besides OCs and OBs, osteocytes, bone lining cells, oste-
omas, and vascular endothelial cells also regulate bone
remodeling [58]. Studies have reported the efects of APS
on osteocytes and vascular endothelial cells in bone [59]. It
has been found that APS can promote angiogenesis and

osteocyte proliferation in the coculture system of endo-
thelial cells and primary human OBs through the MyD88-
dependent TLR4 signaling pathway in vitro [60]. However,
we have not found any studies exploring the relationship
between APS and bone lining cells and osteomas. Tis
study was a preliminary attempt to explore the protective
efect of APS on bone metastasis of lung adenocarcinoma.
Much more work should be undertaken to confrm our
conclusion in future.

5. Conclusions

APS may inhibit the proliferation and invasion of lung ad-
enocarcinoma cells by inhibiting the expression of CaSR and
its related regulatory proteins PTHrP and NF-κB p65 and also
inhibit the proliferation and invasion of lung adenocarcinoma
cells and afect the balance of OCs and OBs in the bone
microenvironment and thus have a certain protective efect
on bone metastasis of [61] lung adenocarcinoma.
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lung adenocarcinoma cells in vivo and in vitro by inhibiting
the expression of CaSR and its related regulatory proteins,
PTHrP and NF-κB p65, and afects the balance of OCs and
OBs in the bone microenvironment, thus having a protective
efect on bone metastasis of lung adenocarcinoma.
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