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Breast cancer is one of the most common malignant 
tumors, and up to 70% of patients with advanced breast 
cancers develop bone metastases.(1) Bone metastasis of 
breast cancer cells may result in bone fractures, severe 
pain, nerve compression, and hypocalcemia.(2) Bone 
homeostasis is maintained by the balance between 
osteoclasts and osteoblasts, and can be disrupted 
by breast cancer cells, resulting in metastatic tumor 
growth.(3) Breast cancer bone metastasis is closely 
associated with osteoclastogenesis and osteolytic bone 
metastasis,(4) however the precise molecular mechanism 
is not fully understood.

Osteoclastogenesis is an extremely complex 
process and is controlled by various signaling pathways. 
Osteoprotegerin (OPG), receptor activator of nuclear 
factor-kappa B (RANK), receptor activator of nuclear 
factor-kappa B ligand (RANKL) are the crucial factors 
affecting bone balance, the OPG/RANKL/RANK pathway 
plays a predominant role in osteoclastogenesis. RANK 
receptor is expressed on the surface of human breast 
cancer cells and RANKL acts as a chemotactic factor 
for breast cancer cells to stimulate osteoclastogenesis.(5) 
OPG secreted by osteoblast plays a role in the regulation 
of osteoclast through inhibiting RANKL.(6) A constitutively 
active form of Notch1 reduces macrophage-colony 
stimulating factor (M-CSF) and enhances RANKL and 

OPG gene expression, resulting in an overall reduction 
of osteoclast formation in stromal cells.(7)

Transforming growth factor-β (TGF-β) plays 
an important role in bone metastasis of cancer cells. 
TGF-β1 is released in an active form upon tumor-
induced osteoclastic bone resorption and stimulates 
bone metastatic tumor cells to secrete factors that further 
drive osteolytic bone destruction adjacent to the tumor.(8) 
These fi ndings demonstrate that TGF-β1, a well known 
pro-metastatic cytokine, stimulates Jagged 1 expression 
in cancer cells to promote osteolytic bone metastasis.

Nuclear factor-kappa B (NF-κB) also plays a crucial 
role in the osteolytic bone metastasis of breast cancer 
by stimulating osteoclastogenesis through granulocyte-
macrophage colony stimulating factor (GM-CSF) 
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induction.(9) Dll4-Fc inhibits NF-κB activity in small cell 
lung cancer cells by suppressing Dll4-Notch signaling.(10) 
A recent study suggests that paracrine NF-κB activation 
promotes the expansion of cancer stem cells through the 
activation of Notch in basal-type breast cancer cells.(11) 
Thus deregulation of NF-κB may be related to Notch 
signaling on breast cancer bone metastasis. 

Recently, the Notch signaling pathway has been 
found to be involved in breast cancer bone metastasis. 
Sethi, et al(12,13) reported that elevated expression of 
the Notch ligand Jagged1 was associated with breast 
cancer bone metastasis, and tumor-derived Jagged1 
promoted osteolytic bone metastasis of breast cancer 
cells by activating the Notch pathway in the bone 
microenvironment. Moreover, Hes1, a downstream 
target gene of Notch signaling, was found to be 
up-regulated in osteosarcoma cells and the expression 
status of Hes1 correlated with the invasive and 
metastatic potential of osteosarcoma cells. Accordingly, 
blockade of Notch signaling with a small molecule 
inhibitor of γ-secretase reduced invasion in matrigel 
without affecting cell proliferation, survival, or anchorage-
independent growth.(14) Therefore, targeting Notch 
signaling is a promising strategy for the prevention 
and treatment of bone metastasis of breast cancer. As 
another target of Notch signaling, interleukin-6 (IL-6) 
has a strong pro-tumorigenic activity due to its multiple 
effects on bone metabolism. It was proposed that 
Jagged1/Notch signaling may stimulate the release of 
IL-6 from osteoblasts to promote tumor proliferation.(4)

The increase of  bone resorpt ion by the 
coordination of these factors results in further 
production and release of growth factors, thereby 
promoting the growth and proliferation of tumor cells. 
Thus, deregulation of multiple signaling pathways may 
contribute to bone metastasis of breast cancer cells.

Brucine is a bitter alkaloid extracted from the 
Strychnos nux-vomica tree, found in Southeast Asia. 
Many studies have shown that brucine is an effective 
agent for the treatment of breast cancer.(15) It was 
reported that treatment of breast cancer MCF-7 cells 
with brucine resulted in inhibition of cell proliferation and 
induction of apoptosis, accompanied with up-regulation 
of Bax and caspase-3 while down-regulation of B-cell 
lymphoma-2 (BCL-2),(16,17) in animal experiments, brucine 
inhibited the growth of breast cancer mouse xenografts 
without obvious effect on mice survival.(18,19) Intriguingly, 

brucine was found to inhibit bone metastasis of breast 
cancer,(20) vascular endothelial growth factor (VEGF) 
expression and angiogenesis;(21,22) however, the precise 
mechanism of action is still unknown. 

Due to its high bone metastasis characteristics, 
breast cancer cell line MDA-MB-231 is widely used 
in experimental study of bone metastasis in breast 
cancer.(23) In this study, we developed a RANKL-
induced osteoclastogenesis model by co-culturing 
human breast tumor MDA-MB-231 cells and mouse 
RAW264.7 macrophages cells. The effects of 
brucine on the invasion, migration, bone resorption, 
and modulation of the Jagged1/Notch1 signaling 
pathways, as well as the expressions of TGF-β1, 
NF-κB, and Hes1 were examined.

METHODS
Chemical and Reagents

Brucine with purity of 91.7% was obtained from 
National Institutes for Food and Drug Control (Beijing, 
China); zoledronic acid was purchased from Novartis 
Pharma Ltd. (Switzerland, lot No. S0051). The tartrate 
resistant acid phosphatase (TRAP) staining kit (Sigma 
Aldrich, USA), Hes1 and NF-κB enzyme-linked 
immunosorbent assay (ELISA) kits (Cusabio, Wuhan, 
China), TGF-β1 ELISA kit (eBioscience, San Diego, 
California, USA), RevertAid™ cDNA synthesis kit 
(ThermoScientific, Waltham, MA, USA), SYBR Green 
polymerase chain reaction (PCR) master (Invitrogen, 
Carlsbad, CA, USA), Western blotting luminol reagent, 
anti-RANKL and anti-β-actin antibodies (N-21, Santa 
Cruz, CA, USA), Jagged1 (1C4) rabbit mAb, Notch1 
(C44H11) rabbit mAb, NF-κB p65 antibody, anti-rabbit 
IgG-horseradish peroxidase (HRP)-linked antibody, 
and rabbit anti-goat IgG-HRP-linked antibody (Cell 
Signaling Technology, Boston, MA, USA) were used. 

Instruments
Microscope (Olympus, CK, Japan), scanning 

electron microscope (Hitachi, S-3400N, China), 
protein processor (Tanon, 6200; China), microplate 
reader (BIO-TEK Co., EXL800, USA), vertical 
electrophoresis apparatus (Tanon Co., 6600, China), 
and protein electrophoresis transfer apparatus (Tanon 
Co., EPS-300, China) were used.

Cells and Cell Culture
Human breast tumor MDA-MB-231 cells and 

mouse RAW264.7 macrophages cells were obtained 
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from Type Culture Collection of the Chinese Academy 
of Sciences (Shanghai, China). MDA-MB-231 cells 
cultured in Leibovitz's L-15 medium supplemented 
with 10% heat-inactivated fetal bovine serum (FBS). 
Mouse RAW264.7 macrophages were maintained 
in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% FBS, 100 U/mL penicillin G, 
and 100 μg/mL streptomycin at 37 ℃ in a humidifi ed 
incubator containing 5% CO2. 

Co-culture of MDA-MB-231 and RAW264.7 Cells
MDA-MB-231 cells were plated in 75T culture 

plates overnight, followed by seeding RAW264.7 cells 
4 times the number of MDA-MB-231 cells. At the same 
time, RANKL (50 ng/mL) and M-CSF (50 ng/mL) were 
added to this system, followed by treatment with different 
concentrations of brucine (0.02, 0.04 and 0.08 mmol/L), 
or 10 μmol/L zoledronic acid as positive control. The 
medium was replaced every two days. Six days later, 
the supernatant and cells were harvested and saved 
under –80 ℃ for further analysis. 

Transwell Assay
In the transwell culture system, RAW264.7 cells 

were seeded in the lower chamber for 24 h, and then 
induced with 50 ng/mL RANKL and 50 ng/mL M-CSF. In 
the meantime, brucine (0.02, 0.04 and 0.08 mmol/L), or 
10 μmol/L zoledronic acid were added to the medium 
for 5 days. On the 5th day, MDA-MB-231 cells were 
seeded onto transwell inserts (with a 8 μm pore 
size) and cultured for 24 h. Cells that had migrated to 
the lower surface of the membrane were subjected 
to crystal violet staining and observed with a light 
microscope. The migrated cells were counted using 5 
randomly selected fi elds at 200× magnifi cation.

TRAP Staining
The co-cultured MDA-MB-231 and RAW264.7 

cells were first stimulated with 50 ng/mL RANKL 
and 50 ng/mL M-CSF, and then treated with different 
concentration of brucine (0.02, 0.04 and 0.08 mmol/L), or 
10 μmol/L zoledronic acid for 6 days. The co-cultured 
cells were fixed in 4% paraformaldehyde, stained 
for TRAP using the TRAP staining kit following the 
manufacturer's protocol, and observed under light 
microscopy. TRAP positive multinucleated cells (>3 
nuclei) were scored as osteoclast.

In vitro Bone Resorption Assay
The bone resorption capacity of osteoclasts 

derived from RAW264.7 cells induced by RANKL 
was analyzed using the 50 μm thick bovine bone 
slice as previously described.(24) Briefly, co-cultured 
cells were plated on bovine cortical bone slices in 
24-well plates, and treated with M-CSF (50 ng/mL) 
and RANKL (50 ng/mL) together with brucine (0.02, 
0.04 and 0.08 mmol/L), or 10 μmol/L zoledronic 
acid. Cultures were maintained for 7 days to allow for 
bone resorption and then cells were removed from 
the bone slices with sonication. Bone slices were then 
subjected to scanning electron microscopy. At the 
same time, the slices were stained with toluidine blue, 
and resorption areas were observed under a light 
microscope and analyzed by Image-Pro Plus 6.0.

ELISA
The expression of the components of Jagged1/

Notch signal ing pathway, including TGF-β1, 
NF-κB and Hes1, was determined by ELISA. The 
supernatant of co-cultured cells after treatment with 
brucine and positive control drug were collected for 
the determination of TGF-β1, NF-κB and Hes1 
levels using respective ELISA kit according to the 
manufacturer's instruction. 

Western Blot Analysis
Total protein was extracted from cells using 

radio-immunoprecipitation assay (RIPA) lysis buffer 
(Cell Signaling Technology). Equal amounts of protein 
extracts (50 μg) were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto a polyvinylidene 
fl uoride (PVDF) membrane (Millipore). Membranes were 
blocked with 5% w/v non-fat dry milk or 5% albumin from 
bovine serum (BSA) dissolved in Tris buffered saline 
plus Tween-20 [(triethanolamine buffered saline solution 
contain tween (TBS-T); 0.1% Tween-20; pH 8.3] at 
room temperature for 1 h, then incubated with primary 
antibodies at 4 ℃ overnight. The primary antibodies for 
immunoblotting included β-actin, Jagged1 and Notch1. 
After washing with TBS-T, membranes were incubated 
with HRP-labeled secondary antibodies (CST) for 1 h 
at room temperature. Immunobands were visualized 
using an enhanced chemiluminescence (ECL) kit 
(GE Healthcare, Waukesha, WI, USA) according to 
manufacture's instructions and exposed to X-ray films. 
β-Actin was used as a loading control.

Statistical Analysis
Statistical analyses were performed using Image 
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Pro Plus 6.0. Data were expressed as mean ± 
standard deviation (x–±s). Differences were analyzed 
using multivariate repeated measures analysis of 
variance. Comparisons between two groups were 
done using least significant difference test. P<0.05 
was considered as statistically signifi cant difference. 

RESULTS
Brucine Inhibited RANKL-Induced Migration of 
Breast Cancer Cells

In our preliminary experiments of co-culture 
system of MDA-MB-231 cells and RAW264.7, 0.02, 
0.04 or 0.08 mmol/L brucine treatment for 72 h 
led to 80% of the survival rate of RAW264.7 cells. 
The transwell migration assay showed that RANKL 
treatment increased the migration of MDA-MB-231 
cells compared with untreated control cells (P<0.01). 
Compared with the model group, zoledronic acid and 
brucine (0.02, 0.04 and 0.08 mmol/L) significantly 
reduced the migration of MDA-MB-231 cells (P<0.01). 
The effect of brucine was comparable to that of 
zoledronic acid (P>0.05). Moreover, brucine dose-
dependently inhibited RANKL-induced migration of 
MDA-MB-231 cells (P<0.0167, Figure 1).

rose cytoplasm, characteristic of multinucleated 
osteoclast cells. Thus, MDA-MB-231 and RAW264.7 
co-cultured cells treated with RANKL led to signifi cantly 
higher osteoclast differentiation. Brucine clearly 
down-regulated TRAP activity in a dose-dependent 
manner. Moreover, compared with the RANKL group, 
under the treatment of varying concentrations of 
brucine, the number of osteoclasts was significantly 
reduced (P<0.01). In addition, similar inhibition of 
the maturation and differentiation of osteoclasts was 
observed in the presence of zoledronic acid.
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Figure 1. Brucine Inhibited the Migration of 
MDA-MB-231 Cells

Notes: (A) Migration tendency of MDA-MB-231 cells to 
RAW264.7 cells assessed by transwell assay (crystal violet staining, 
×200). (B) Quantitation of the stained cells in A. P<0.01, vs. control 
group; △P<0.01, vs. model group; ▲P<0.0167, vs. 0.02 mmol/L 
brucine group, ○P<0.0167, vs. 0.04 mmol/L brucine group

Figure 2. Effects of Brucine on Cell Differentiation of 
RAW264.7 Cells in MDA-MB-231 and RAW264.7 

Cells Co-cultured System by RANKL
Notes: (A) Effects of brucine on osteoclast differentiation 

(TRAP staining, ×300); (B) Quantitation of stained cells in A. 
P<0.01, vs. control group; △P<0.01, vs. model group
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B r u c i n e  S u p p r e s s e d  R A N K L - I n d u c e d 
Osteoclastogenesis of RAW264.7 Cells

As shown in Figure 2, 50 ng/mL RANKL 
stimulation resulted in a dramatic enhancement of 
TRAP activity in RAW264.7 cells (P<0.01). Moreover, 
RANKL treated cells displayed many larger, red 

Brucine Inhibited Osteoclastic Bone Resorption 
of RAW264.7 Cells Induced by RANKL

Light microscope analysis revealed violet round, 
oval, or irregular shapes, and boundary clear absorption 
lacunae (Figure 3A). Scanning electron microscopy 
demonstrated the changing trend of bone resorption 
lacunae, consistent with the results of light microscope 
(Figure 3B). Zoledronic acid significantly inhibited 
RANKL-induced bone resorption (P<0.01). Similarly, either 
0.02 or 0.08 mmol/L brucine significantly suppressed 
RANKL-induced bone resorption (P<0.01, Figure 3C). 

Brucine Reduced RANKL-Induced Expressions 
of TGF-β1, NF-κB and Hes1

As shown in Figure 4, RANKL stimulation for 
24 h obviously up-regulated the expressions of 
TGF-β1, NF-κB and Hes1 (P<0.01). Zoledronic 
acid and 0.08 mmol/L brucine markedly inhibited the 
expressions of TGF-β1, NF-κB and Hes1 compared 
with the RANKL-treated group (P<0.05 or P<0.01).  
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Figure 3. Brucine Suppressed Osteoclastic 
Bone Resorption of RAW264.7 Cells

Notes: (A) Osteoclasts on dentine slices and bone resorption 
pits by light microscopy (Toluidine blue staining, ×200). (B) 
Osteoclasts on dentine slices and bone resorption pits by scanning 
electronicmicroscopy (×200). (C) Percentage of bone resorption 
pits in each group. P<0.01, vs. model group

Brucine Prevented the Induction of Protein 
Levels of Jagged1 and Notch1 by RANKL

As shown in Figure 5, RANKL increased the 
protein levels of Notch1 and Jagged1 compared 
with the control group (P<0.01). Zoledronic acid and 
brucine (0.02, 0.04 and 0.08 mmol/L) significantly 
inhibited the protein levels of Notch1 and Jagged1 
compared with the model group (P<0.01).

Figure 4. Effect of Brucine on TGF-β1, NF-κB and 
Hes1 Expressions in MDA-MB-231 and RAW264.7 

Cells Co-cultured System by ELISA
Notes: P<0.01, vs. control group; △P<0.05, △△P<0.01, vs. 

model group

DISCUSSION
In this study, we demonstrated that brucine 

inhibited RANKL-induced migration of MDA-MB-231 
cells. Importantly, brucine suppressed the induction 
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Figure 5. Effects of Brucine on Jagged1 and Notch1 Protein Expressions in 
MDA-MB-231 and RAW264.7 Cells Co-cultured System 

Notes: Protein levels of Jagged1 (A) and Notch1 (B) determined by Western blot with β-actin as loading control. 
P<0.01, vs. control group; △P<0.01, vs. model group
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of osteoclastogenesis of RAW264.7 cells and 
osteoclastic bone resorption induced by RANKL. It was 
further showed that brucine reduced RANKL-induced 
expressions of TGF-β1, NF-κB and Hes1. Previous 
study suggested that Jagged1-expressing tumor cells 
may indirectly impact osteoclast activity by altering 
the expression of osteoblast-derived RANKL and 
OPG.(12) To test whether brucine alters the expressions 
of Jagged1 and Notch1, we treated co-cultured 
MDA-MB-231 and RAW264.7 cells with RANKL, 
brucine and zoledronic acid for 24 h, and determined 
protein levels of Jagged1 and Notch1 by Western blot. 
Brucine reduced the protein levels of Jagged1 and 
Notch1 induced by RANKL. These results suggest that 
brucine may inhibit osteoclastogenesis by suppressing 
Jagged1/Notch1 signaling pathways.

Notch signaling is an evolutionarily conserved 
pathway that profoundly impacts mammalian 
development by regulating cell survival, proliferation, 
and fate decision in a context-dependent manner. 
Moreover, it contributes to tissue maintenance and/or 
renewal in the central nervous system and can either 
promote or suppress cancer development such as 
breast cancer bone metastasis.(25)

The Jagged1/Notch1 pathway is an important 
cancer-promoting signaling and is up-regulated 
in breast cancer. The Jagged1/Notch1 pathway 
act ivates the maturat ion of pro-osteoclast to 
osteoclasts, thereby undermining the balance of the 
bone microenvironment. At the same time, TGF-β 
released by osteoclasts increases angiogenesis 
and accelerates cancer metastasis. Moreover, 
Notch signaling enhances the activity of NF-κB 
and expression the downstream target gene Hes1, 
ultimately enhancing NF-κB-mediated cell survival 
and promoting cell proliferation. Thus, the combined 
effects of a variety of signals lead to osteolysis and 
bone metastases.

RANKL plays a principle role in the regulation 
of osteoclasts. It has been reported that RANKL 
can stimulate mononuclear precursor cells to form 
multinucleated macrophages that have a bone 
resorption activity, leading to bone destruction. In 
addition, macrophages also promote the secretion of 
infl ammatory cytokines and stimulate the expression 
of RANKL by osteoblasts thereby indirectly promoting 
RANKL-mediated osteoclastogenesis.(26)

A previous study showed that brucine could 
decrease the expression of VEGF in a nude mouse 
model of bone metastasis of breast cancer, suggesting 
that brucine may inhibit breast cancer bone metastasis 
possibly by inhibiting tumor angiogenesis.(27) Many studies 
have shown that elevated expression of Notch pathway 
ligands is associated with metastatic ability of breast 
cancer cells.(5,13) It was reported that high expression of 
Jagged1, the ligand of Notch1 was closely correlated 
with breast cancer bone metastasis in patient samples, 
and Notch signaling in long-bone osteoblasts indirectly 
regulated osteoclast differentiation by controlling the 
expression of RANKL and OPG.(25) In this study, RANKL 
stimulation of co-culture cells induced the expression of 
Jagged1 and Notch1, which was abolished by brucine 
treatment. Notch signaling in osteoblast-lineage cells has 
critical functions for bone homeostasis. Firstly, it maintains 
bone marrow mesenchymal progenitors through inhibition 
of osteoblast differentiation. Secondly, it regulates 
osteoclastogenesis from bone marrow macrophage 
precursors by modulating the production of RANKL 
and OPG by osteoblasts. Thus, inhibition of Jagged1 
and Notch1 may be one of the mechanisms of the 
suppression of breast cancer cells to bone metastasis 
by brucine. During tumor progression, both tumor 
cells and stromal cells secrete a lot of TGF-β1, which 
promote tumor growth as well as inhibit host immune 
surveillance.(28) In this study, RANKL stimulation of co-
cultured cells led to up-regulation of TGF-β1, which 
was inhibited by brucine treatment. Therefore, inhibition 
of TGF-β1 may contribute to the suppression of breast 
cancer cell bone metastasis by brucine.

In summary, in the MDA-MB-231 and RAW264.7 
cell co-culture system, the expression levels of 
Jagged1 and Notch1 in the model group significantly 
increased, while TGF-β1, NF-κB and Hes1 increased 
to different extent in the supernatant when compared 
with the control group. Moreover, treatment with 
different concentrations of brucine signifi cantly reduced 
the expression of Jagged1 and Notch1 proteins, 
and TGF-β1 and NF-κB levels in the supernatant 
of co-culture system in a dose-dependent manner, 
with optimal inhibition by 0.08 mmol/L brucine. Our 
fi ndings suggest that brucine is a promising agent for 
the prevention and treatment of breast cancer cell 
bone metastasis and bone loss. Further studies need 
to be performed to verify that brucine can inhibit bone 
metastases of breast cancer in vivo and the protein and 
gene expression of Jagged1 and Notch1 are related 
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with bone metastases of breast cancer brucine treated.
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