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Abstract Metastatic breast cancer often metastasizes to bone.
The purposes of the study were (1) to evaluate the use of
99mTc-MDP bone scintigraphy for detection of metastatic
bone lesions, and (2) to determine the efficacy of zoledronic
acid in mice with breast cancer bone metastasis. All tumor-
bearing mice were analyzed with radionuclide bone scintigra-
phy, X-ray, and histological analysis. The metastatic bone
tissue was also harvested and analyzed by western blotting
and real-time qPCR. Interestingly, zoledronic acid significant-
ly decreased both the tumor burden and the incidence of bone
metastasis in mice. In addition, histomorphometric, stereolog-
ical, and molecular biology analyses demonstrated that zole-
dronic acidmay function to inhibit breast cancer cell growth in
the bone microenvironment and regulate the function of oste-
oblasts and osteoclasts in tumor-bearing mice. Finally, the
attenuation of breast cancer bone metastasis using zoledronic
acid can be accurately characterized by 99mTc bone scintigra-
phy in mice.
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Introduction

The most common cancer in women is breast cancer and
unfortunately, this type of cancer frequently metastasizes to
bone. Chen et al. reported that there were more than 280,000
breast cancer cases in China in 2007 [1]. In China alone, the
number of breast cancer cases in women 55–69 years old is
estimated to grow to 2.5 million cases by the year 2021 [2].
Breast cancer continues to be the predominant cause of death
in women in Eastern and Southeastern Asian [1]. Metastatic
breast cancer often metastasizes to bone. One report suggested
that ~80 % of all advanced breast cancer patients developed
bone metastases [3]. The clinical outcome of these secondary
tumors is destruction of the bone, bone pain, fractures, hyper-
calcemia, nerve compression syndrome, declines in mobility
and performance, which results in a severely reduce the qual-
ity of life [3–5].

Zoledronic acid, a bisphosphonate, is used in the treatment
of bone metastases and osteoporosis and helps reduce the
skeletal complications. Zoledronic acid inhibits cellular pro-
liferation, induces apoptosis in cultured cancer cells, and
importantly interferes with adhesion of metastatic cells to the
bonematrix. This results in the inhibition of cell migration and
invasion as well as preventing angiogenesis [6–11]. Yoneda
et al. have discovered that bisphosphonates can inhibit bone
metastases by MDA-231 breast cancer through the promotion
of not only apoptosis in osteoclasts but also apoptosis of the
MDA-231 cells [12]. MDA-231 has the ability to develop
metastases in bone, brain, ovary, and adrenal glands.
However, a derivative cell line, MDA-231BO, almost exclu-
sively metastasizes to bone. MDA-231BO cells are separated
from MDA-231 cells by culturing the metastatic bone cells in
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sequential passages in nude mice and by culturing metastatic
cells obtained from bone metastases in vitro [13]. MDA-
231BO cells produce more parathyroid hormone-related pro-
tein than MDA-231. Furthermore, the sensitivity of MDA-
231BO and its parental MDA-231 cells to stimulation of
TGF-β and insulin-like growth factor I is quite different.
Currently, no studies have investigated the direct effects of
zoledronic acid on exclusively bone metastasis induced by
MDA-231BO cells in mice.

The use of X-rays for the detection of bone metastases in
clinical is common, however, it has limitations in detecting
and diagnosing early stage bone metastases in small animals.
In fact, El-Abdaimi et al. demonstrated that in certain cases X-
rays did not detected bone metastasis but the metastases were
discovered through histological studies [14, 15]. Bone scin-
tigraphy is an established, widely available, and noninvasive
imaging modality for the detection of bone metastases.
Additionally, it provides visualization of the entire skeletal
[16]. Bone scintigraphy has been estimated to detect malig-
nant bone lesions several months earlier than X-rays [17].
99mTc-MDP bone scintigraphy is a common method used to
detect bone metastasis in patients. We previous established
using 99mTc-MDP bone scintigraphy in mice that lung adeno-
carcinoma bone metastases can be detected and therefore,
bone scintigraphy is more advantageous than X-rays analysis
in the detection of early stage bone metastases [18]. Although
radionuclide scintigraphy is widely used to detect human bone
metastasis, the diagnosis and detection of bone metastasis
using scintigraphy in small animal has not been fully
established. In this study, 99mTc-MDP bone scintigraphy was
used to detect human breast cancer bone metastatic sites in
mice and to evaluate the efficacy of zoledronic acid in treating
the bone metastasis.

Materials and Methods

Materials

Zoledronic acid (purity >99 %) was purchased from the
National Institute for the Control of Pharmaceutical and
Biological Products, China. L-15 medium and fetal bovine
serum were obtained from Gibco (Grand Island, NY).
Antibodies against osteoprotegerin (OPG), macrophage colo-
ny stimulating factor (M-CSF), receptor activator of nuclear
factor kappa-B ligand (RANKL) and parathyroid hormone
related peptide (PTHrP) were obtained from Santa Cruz
Biotechnology Biotechnology (Santa Cruz, CA). An antibody
against interleukin-8 (IL-8) was provided by Abcam
Technology (Abcam, MA). The other chemicals were pur-
chased from Sigma-Aldrich (Saint Louis, Missouri) unless
otherwise indicated.

Animals

Female BALB/c nu/nu mice (20±2.0 g; Shanghai Cancer
Institute of Shanghai Jiaotong University; license number
2008–0043 SYXK) were housed in a temperature-controlled
(24±2 °C) room with a regular 12-h light/dark cycle. After
acclimatization for 1 week, 14 animals were randomly
assigned to two experimental groups. All experiments were
performed in accordance with the national regulations for
animal experimentation approved by the Shanghai
Laboratory Animal Science Administration Commission of
Shanghai Municipality.

Cell Lines and Cell Culture

MDA-231BO cells, a kindly gift from Dr. Toshiyuki Yoneda,
Osaka University, were cultured in L-15 medium supplement-
ed with 10 % (v/v) fetal bovine serum at 37 °C in a 5 % CO2

humidified environment. Cells were washed several times and
placed in sterile PBS shortly before implantation. Though
repeatedly injecting cancer cells into the left ventricle and
isolating tumor cells from bone metastasis lesions, we finally
acquired an exclusive bone metastatic subclone.

Intracardiac Injection

Intracardiac injection was operated described previously with
little modification [18]. Briefly, cell were resuspended at 106/
ml concentrated in PBS. The suspended cells (0.1 ml) were
injected into the mice left cardiac ventricle using 29G needles
(Terumo, Tokyo, Japan).

Radionuclide Bone Scintigraphy Analysis

Bone scintigraphy analysis was performed according to our
previous work [18].

Radiographic Imaging

Conventional radiographs were obtained with a Philips
Optimus Bucky Diagnost TS (Philips Healthcare,
Eindhoven, Netherlands) X-ray System. Bone metastases
were determined on radiographs 2–8 weeks after the inocula-
tion of tumor cells. The X-ray tube voltage was fixed at
40 kVp, the current at 2 mA and the exposure time at 3 s.

Histopathology

Bone metastatic lesions observed by radio-nuclide scintigra-
phy and radiography were cut and sent for HE stain.
Histopathology analysis was performed according to our pre-
vious work [19]. Briefly, cancer cells were identified and the
percentage of cancer cells per high-power field-of-view (400×
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magnification) was calculated. Two pathologists independent-
ly observed all histological sections. Sections that the two
pathologists generated substantially different results for
(>5 % discrepancy) were reviewed again until agreements
were reached.

Real-Time qPCR

Metastatic bone lesions were harvested and stored in liquid
N2. Frozen tissue (0.2–0.25 g) was homogenized with a pestle
and total RNA was extracted using TRIZOL (Promega,
Madison, WI) according to themanufacturer’s instructions.
Real-time PCR was performed according to previous work
[20]. Primers were obtained from Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd. (Shanghai,
China) and their sequences were: 5′-GGTCGGAGTCAACG
GATTTG-3′ (sense) and 5′-ATGAGCCCCAGCCTTCTCCA
T-3′ (anti-sense) for GAPDH; 5′ACA TGA CTT CCA AGC
TGG CCG T3′(sense) and 5′CCT CTT CAAAAA CTT CTC
CAC AAC3′(anti-sense) for IL-8; 5′ AGC AGG AGT ATC
ACC GAG GA 3′(sense) and 5′ TAT CTC TGA AGC GCA
TGG TG 3′(anti-sense) for M-CSF; 5′ ATG CAG CGG AGA
CTG GTT CAG 3′ (sense) and 5′TTC TAG TGC CAC TGC
CCATTG 3′(anti-sense) for PTH-rP; 5′CTT CGT GCC TTG
ATG GA 3′ (sense) and 5′TTG GGA AAG TGG GAT GT3′
(anti-sense) for OPG; 5′ACCAAGATGGCT TCTATTACC
3′ (sense) and 5′ TCCCTCCTT TCATCAGGTTAT 3′ (anti-
sense) for RANKL. The cycling conditions included an initial
3-min polymerase activation at 94 °C followed by 40 cycles at
94 °C for 30 s, with annealing temperature of 52.1 °C,
52.1 °C, 58.4 °C, 43.8 °C, and 43.8 °C for OPG, RANKL,
IL-8, M-CSF, and PTH-rP respectively for 40 s and 72 °C for
30 s. Relative quantities of expression of the genes of interest
in different samples were calculated by the comparative Ct
(threshold cycle) value method using GAPDH as the reference
gene [21].

Western Blotting

Protein extraction and western blotting were performed ac-
cording to previous work with little modification [20]. Briefly,
equal amounts of proteins (20 μg) were separated by SDS-
PAGE and transferred to a nitrocellulose membrane.
Membranes were blocked with 2 % BSA and then incubated
with appropriate primary antibodies overnight at 4 °C. β-
Actin was used as a loading control. Band intensities were
measured using imageanalysis software (NIH Image).

Statistical Analysis

All results are presented as mean ± standard deviation. Two-
tailed analysis of variance (ANOVA) and Fisher’s exact tests

were used to determine the statistical significance. A p value
of <0.05 was considered significant for all tests.

Results

Radionuclide Bone Scintigraphy and X-ray Imaging

To evaluate the use of scintigraphy for metastatic bone lesions
in small animals, tumor-bearing mice were subjected to both
radionuclide bone scintigraphy and X-ray analysis for the
identification of osseous metastases. Although not statistically
significant (p=0.192, Fisher test), whole-body bone scintigra-
phy, which was confirmed by histomorphometry is more
sensitive and accurate than X-ray analysis at 8 weeks post
tumor inoculation (Fig. 1a–d). The positive index of bone
metastasis (PI), the total number of bone metastasis in mice
expressed as a percentage of the number of mice was used to
classify the levels of bone metastases. Accordingly, the met-
astatic colonies identified by bone scintigraphy and X-ray
analyses in seven mice have a PI score of 171.4 % and
71.4 %, respectively (Fig. 1e). In addition, the pinhole bone
scintigraphy analysis is more sensitive than whole-body bone
scintigraphy and X-ray analysis (Fig. 1a–c).

Zoledronic Acid Decreased Bone Metastasis

Bone scintigraphy imaging with confirmation using
histomorphometry showed bone metastasis in 2/7 mice in the
zoledronic acid treatment group (28.6%), and 7/7mice (100%)
in the vehicle group (Fig. 2b–e). On the other hand, X-ray
analysis (not statistically significant) showed osseous metasta-
sis in 1/7 mice in the zoledronic acid treatment group (14.3 %),
and 4/7mice (57.1%) in the vehicle group (Fig. 2a/e). The PI of
bone scintigraphy results showed osseous metastasis colonies
in 2/7 mice in zoledronic acid group (28.6 %), and 12/7 mice
(171.4 %) in the vehicle group (Fig. 2f) with similar results also
confirmed by X-ray analysis (Fig. 2f).

Histopathology

The breast cancer metastatic lesions extensively infiltrated the
bone marrow cavities of the vehicle treated. Multiple local
tumor growths of densely clustered tumor cells were seen in
the marrow cavities in these mice. The tumor cells have
enlarged nucleoli and numerous mitotic features (Fig 3a.a).
In the mice treated with zoledronic acid, there was a reduction
in the tumor burden and the bone marrow cavities were
partially preserved (Fig. 3a.b). In addition, zoledronic acid
significantly decreased tumor infiltration and reduced by
~60 % the tumor cells in the metastatic lesions when com-
pared to the vehicle-treated mice (Fig. 3b).
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Expression of Genes Associated with Bone Metastasis

The metastatic bone lesions were harvested and analyzed by
RT-qPCR and western blotting to determine the gene products
associated with bonemetastasis in both vehicle and zoledronic
acid treatments. Zoledronic acid increased OPG gene expres-
sion and decreased IL-8, M-CSF, PTHrP and RANKL gene
expression in osseous metastasis tissues at both the mRNA
and protein levels (Fig. 4).

Fig. 1 X-ray and bone scintigraphy images from normal and experimen-
tal bone metastasis mice. a X-ray images: (a) normal mice and (b)
experimental bone metastasis mice. b Whole-body bone scintigraphy
images: (a) normal mice and (b) experimental bone metastasis mice. c
The pinhole bone scintigraphy images. d The incidence of bone

metastasis. e The quantitative analysis of PI value. The positive index
of bone metastasis (PI), the total number of bone metastasis lesions
(femurs, spines, mandibles or ribs) in mice expressed as a percentage of
the number of mice. The black arrows indicate the bone metastasis sites

�Fig. 2 Zoledronic acid significantly attenuated bone metastasis. a
Whole-body X-ray images: (a) vehicle group and (b) zoledronic acid
group (200 μg/kg, twice weekly, i.p. injection). b Whole-body bone
scintigraphy images: (a) vehicle group and (b) zoledronic acid group.
The pinhole bone scintigraphy images in vehicle group (c) and zoledronic
acid group (d). e The incidence of bonemetastasis, * p<0.05, assessed by
the Fisher exact test. f The quantitative analysis of PI value, * p<0.05,
assessed using Fisher exact test. The black arrows indicate the bone
metastasis sites
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Discussion

In this study, we observed bone destruction, accumulation of
tumor cells, and the well known genes associated with bone
metastasis in tumor-bearing mice. We were able to develop an
exclusive bone metastasis model using human breast cancer
cell line subclone MDA-231BO and injecting these cells into
the intracardiac region in mice. Additionally, the sensitivity
and accuracy of radionuclide bone scintigraphy is sensitive
than X-ray analysis in detecting bone metastasis, especially
early stage metastasis. In our mouse model of metastatic bone

cancer, zoledronic acid attenuated the human breast cancer
metastasis to bone.

Although radionuclide scintigraphy had been widely used
to detect human bone metastasis, the diagnosis and detection
for bone metastasis by bone scintigraphy in small animal is
less well characterized. In this report, bone scintigraphy
trended towards being more sensitive and accurate than X-
ray analysis 8 weeks post tumor inoculation. Metastatic colo-
nies identified in seven mice had a PI score of 171.4 % for
bone scintigraphy and 71.4 % for X-ray analysis. Although
bone scintigraphy has a great PI score, the combination of

Fig. 3 The results of pathological
examination. a Representative
histology of the osseous
metastases: (a) vehicle group
(n=3), (b) zoledronic acid group
(n=3). b Tumor burden in bone
metastases lesions was measured
by quantitative histomorphometry.
Data are means ± SD, * p<0.05,
analysis by ANOVA

Fig. 4 mRNA and protein
expression of metastasis-
associated genes. Three
representative mice bone tissues
were acquired and prepared for
RT-qPCR and western blotting
analysis. a Representative
imaging of protein expression by
western blotting with β-actin as a
loading control. b Quantitative
results of protein expression. c
Quantitative results of mRNA
expression by RT-qPCR
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both X-ray and bone scintigraphy imaging improved the
diagnostic accuracy. The results from this study correlate well
with our previous finding that bone scanning scintigraphic
provides an enhanced anatomic localization and improves
the diagnostic accuracy in the detecting of bone metastasis
[18, 19].

In the past decade, zoledronic acid has become the most
widely used treatment for breast cancer patients with bone
metastases. This drug not only reduces the risk of skeletal-
related events in bone metastases, but also presents to be the
most potency drug in its class for treating metastatic breast
cancer [22–24]. In addition to its role in suppressing bone
metastases, preclinical data have demonstrated that zoledronic
acid can also suppress liver and lung metastases in a breast
cancer mouse model [8]. It also has antiproliferative, apopto-
tic, and cytostatic effects against cancer cells both in vitro and
in vivo [7, 11, 25]. Another study indicated that zoledronic
acid strongly inhibits angiogenesis in both bone and prostate
tissues in a murine model [26]. Recently, Insalaco and col-
leagues showed that zoledronic acid treatment reduced the
migration of cancer cells through the modulation of the at-
tachment of tumor cells to the extracellular matrix proteins [7].
In this work, histomorphometric, stereological, and molecular
analyses illustrated that the progression of metastatic breast
cancer in bone was significantly decreased by zoledronic acid
treatment. This treatment reduced the incidence of bone me-
tastasis and the numbers of bone metastatic lesions compared
to the vehicle group. Moreover, zoledronic acid impacted the
gene expression in osseous metastasis tissues with an increase
in OPG expression and a decrease IL-8, M-CSF, PTHrP and
RANKL. These data suggested that zoledronic acid might be
exerting its actions by inhibiting breast cancer cell growth in
the metastatic microenvironment and regulating the functions
of both osteoblasts and osteoclasts in the tumor-bearing mice.
However, further investigations are needed to understand how
zoledronic acid regulates osteoblast and osteoclast activity and
how the tumor cells, osteoblasts and osteoclasts interact in
bone metastasis microenvironment in the mouse model.

In conclusion, we have established a mouse model
for exclusive bone metastasis based on the intracardiac
injection of the subclone MDA-MB231BO and have
analyzed the metastases using 99mTc-MDP bone scintig-
raphy. Remarkably, zoledronic acid significantly attenu-
ated bone metastasis in this model.
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