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Abstract. Metastatic and primary bone tumors are malignant 
tumors affecting the skeleton. Although the prognosis of 
patients with these tumors has improved with the development 
of effective chemotherapy, the challenges of local recurrence, 
subsequent osteolysis, degradation of bone strength and 
unresectable tumors persist. Local control of these tumors 
is therefore a key strategy to address these limitations. The 
third-generation bisphosphonate (BP), zoledronic acid (ZOL), 
has been demonstrated to reduce osteoclasts and exhib-
ited potent antitumor effects in a number of malignancies. 
Hydroxyapatite (HA) and polymethyl methacrylate (PMMA) 
bone cement are used in orthopedic surgery as bone graft 
substitutes, for implant arthroplasty and bone strengthening, 
and as a sustained-release system for drugs such as antibiotics. 
At present, the antitumor effects of ZOL-loaded HA in vitro or 
in vivo or of ZOL-loaded bone cement in vivo have not been 
described. Therefore, the present study assessed the effects of 
ZOL-loaded HA and bone cement in malignant tumor cells. 
The two materials exerted strong antitumor effects against 
osteosarcoma, fibrosarcoma, synovial sarcoma, renal cancer, 
prostate cancer and lung cancer cells upon releasing ZOL. 
The antitumor effects of ZOL-loaded HA were less potent 
compared with those of ZOL-loaded bone cement, possibly as 
BPs exhibit higher affinity to HA. ZOL‑loaded bone cement 
also exerted antitumor effects against pulmonary metastases 

and primary lesions, without exhibiting systemic toxicity 
in vivo. These results demonstrate that these materials may 
be beneficial for the treatment of malignant bone tumors, 
including metastatic bone tumors. In addition, as these mate-
rials are already in clinical use, such applications may be 
easily implemented.

Introduction

Metastatic deposits from carcinomas are by far the most 
common types of malignant tumor affecting the skeleton (1). 
The majority of metastases originate from common types of 
cancer such as breast, lung, prostate, kidney and thyroid gland 
carcinomas, which account for 93% of all deposits (2). The 
most prominent symptoms are pain, with or without swelling, 
and symptoms associated with pathological fracture. Patients 
with bone metastasis typically exhibit poor general medical 
condition and bone metastasis usually heralds incurability, 
therefore treatment is usually palliative. We have previously 
performed curettage and packing with bone cement without 
resection for metastatic bone tumors to maintain physical 
activity in patients (3,4). However, complications of local 
recurrence and subsequent osteolysis persisted. Tumor-asso-
ciated osteolysis precipitates the development of pathological 
fractures and causes loosening of previously placed devices 
for internal fixation of pathological fractures (5-7). Previously, 
the prognosis of patients with bone metastases has improved 
through the development of effective adjuvant or neoadjuvant 
chemotherapy regimens. With improved prognosis, local 
control of metastasis has become increasingly important for 
the quality of life of the patient.

Bisphosphonates (BPs) are effective inhibitors of 
bone resorption and have been used in the treatment of 
metabolic bone diseases and metastatic bone tumors (8). 
Nitrogen-containing BPs (N-BPs), also termed the second- 
and third-generation BPs, induce apoptosis in osteoclasts by 
inhibiting protein prenylation of small G proteins through the 
inhibition of farnesyl pyrophosphate synthase in the meval-
onate pathway (9). It has been suggested that third-generation 
BPs such as zoledronic acid (ZOL), the most potent N-BP 
clinically available, may not only reduce bone loss but may 
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also exert direct antitumor effects against a number of malig-
nant cells (10,11). We previously identified the effects of ZOL 
against osteosarcoma and fibrosarcoma cells (12-15). ZOL is 
rapidly cleared from the circulation within 1-2 h (10). Addi-
tionally, following an infusion of a standard dose of ZOL, peak 
plasma levels were only 1-2 µM (16). It is therefore likely that 
peripheral tumors are exposed to a low concentration of ZOL 
for only a few h, and that the effects of ZOL alone may be 
insufficient in vivo. Therefore, for clinical applications, a novel 
approach is needed to maintain a high concentration of BP for 
prolonged tumor exposure.

For the treatment of osteomyelitis, in order to maintain a 
high local concentration of antibiotics, sustained drug release 
systems using hydroxyapatite (HA) or polymethyl methacry-
late (PMMA) bone cement have been used widely. HA is a 
naturally occurring mineral form of calcium apatite with the 
formula Ca5(PO4)3(OH). Up to 50% by volume and 7% by 
weight of human bone is a modified form of HA, also termed 
bone mineral (17). As HA exhibits a high affinity to bone with 
a moderate strength, it is commonly used as a filler to replace 
bone defects subsequent to tumor resection or as a coating 
to promote bone ingrowth into prosthetic implants. PMMA 
bone cement is also clinically used in orthopedic surgery as 
a bone graft substitute (18,19), for implant arthroplasty, and 
to strengthen bone. These materials may also be applied in 
orthopedic surgery as sustained-release systems for certain 
drugs, including antibiotics and antitumor agents (20-22).

At present, the in vivo antitumor effects of BP-loaded HA 
or bone cement have not been examined. ZOL released from 
HA or bone cement represents an attractive potential treat-
ment strategy for osteosarcoma and metastatic bone tumors. 
Therefore, the present study examined the antitumor effects of 
ZOL-loaded HA and ZOL-loaded bone cement in metastatic 
sites of malignant tumor cells in vitro and in vivo. Additionally, 
to investigate the effects of polymerization heat on sustained 
release of ZOL two types of bone cement were used; these 
were produced at different polymerization temperatures.

Materials and methods

Reagents. ZOL was purchased from Novartis Pharma AG 
(Basel, Switzerland). To study the effects of polymeriza-
tion heat, two types of bone cement were prepared. Simplex 
P® bone cement, composed of 40 g PMMA powder (75% 
methyl methacrylate-styrene copolymer, 15% PMMA and 
10% barium sulfate) and 20 ml solvent (2.6% polymerization 
accelerator N,N'-dimethyl-p-toluidine and 97.4% methylmeth-
acrylate monomer), was purchased from Stryker Corporation 
(Kalamazoo, MI, USA). The temperature produced during 
polymerization reached 70‑110˚C. Cemex RX® bone cement, 
composed of 40 g of powder (88.27% PMMA, 9% barium 
sulfate and 2.73% benzoyl peroxide) and 13.30 g solvent 
(99.10% methylmethacrylate, 0.90% N,N‑dimethyl-p-toluidine 
and 75 ppm hydroquinone), was purchased from Tecres 
S.P.A. (Sommacampagna, Italy). The temperature used for 
polymerization was lower compared with that for Simplex 
P®, at 40‑55˚C. HA (Primafix®), was purchased from NGK 
Spark Plug Co. Ltd. (Nagoya, Japan). Primafix® consisted of 
a mixture of powder and liquid. The powder contained tetra-
calcium phosphate and dibasic calcium phosphate anhydrous, 

and the liquid contained sulfate sodium sulfur 5 and water for 
injection.

Cell lines and cell culture. For the in vivo studies, the mouse 
osteosarcoma LM8 (23), human osteosarcoma SaOS2 (24), 
human fibrosarcoma HT1080 (25), human synovial sarcoma 
Syo-1 (26), human renal cancer 786-O (27), human prostate 
cancer PC-3 (28) and human lung cancer A549 (29) cell lines 
were used. LM8, SaOS2, Syo-1, 786-O, and A549 cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM; 
Nacalai Tesque, Inc., Kyoto, Japan) containing 10% fetal calf 
serum (FCS) (Nacalai Tesque, Inc.) and 100 U/ml penicillin 
G and 100 mg/ml streptomycin antibiotics (Nacalai Tesque, 
Inc.). HT1080 and PC-3 cells were maintained in RPMI-1640 
medium (Nacalai Tesque, Inc.) containing FCS and antibi-
otics. All cell lines were maintained at 37˚C in a humidified 
atmosphere of 5% CO2 and 95% air.

Preparation of bone cement and HA cylinders for in vitro use. 
Bone cement and HA cylinders were manually prepared under 
sterile conditions, with or without ZOL, using 10 ml syringes 
(Terumo Corporation, Japan; cat. no., ss-10ESzp) as templates. 
The two types of bone cement, Simplex P® and Cemex RX®, 
and Primafix® were mixed with or without 2.0 mg ZOL and 
the appropriate solvent in the template for 1 h. Each cylinder 
was 15.9 mm in diameter and 7.5 mm in length, with a volume 
of ~1.5 ml, and was incubated in 10 ml of medium for 24 h 
at 37˚C. The medium was collected, cylinders were washed 
with 10 ml PBS, and fresh medium was added every 24 h for 
14 days. The collected medium was preserved in a humidified 
atmosphere of 5% CO2 and 95% air at 37˚C for the cytotoxicity 
assay.

In vitro cytotoxicity assay. The viability of cell lines was 
determined using the MTT assay, as previously described (30). 
Briefly, LM8, SaOS‑2, HT1080, Syo‑1, 786O, PC‑3 and A549 
cells were cultivated in flat‑bottomed 96‑well plates (Greiner 
Bio-One, Frickenhausen, Germany) at 2,500, 3,000, 2,500, 
1x104, 3,000, 1x104, and 1x104 cells per well, respectively, 
in 100 µl of medium. Following 24 h of incubation, these 
media were changed to the 100 µl of medium collected from 
Simplex P®, Cemex RX® and Primafix® cylinders from day 
0-14, and cells were incubated for an additional 72 h. Namely, 
experiments were performed with six types of obtained 
culture medium for one cell line group. The means of 6 repli-
cates for each treatment were calculated. For all cell lines the 
linear association between the degree of proliferation and cell 
numbers within the range of the experiment were evaluated.

Preparation of bone cement cylinders for in vivo use. Bone 
cement cylinders were manually prepared under sterile condi-
tions, with and without ZOL. For xenograft assays in C3H/He 
mice, a 96-well microplate (Nunc; Nalge Nunc International; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used 
as the template and Cemex RX® was mixed with or without 
0.265 mg ZOL and solvent in the template for 1 h. The base 
area of resulting cylinders was 0.33 mm2, with a thickness 
of 6.1 mm and a volume of ~200 µl. For the assays used to 
determine the effects of ZOL-loaded cylinders in rabbits, 
10 ml syringes were used as templates, as aforementioned, and 
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300 mg Cemex RX® was mixed with or without 1.0 mg ZOL 
and solvent in the template for 3 min, at which point the bone 
cement was not completely set.

In vivo xenograft assay. A total of 10 5-week-old male 
C3H/He mice (purchased from SLC, Inc., Japan) weighing 
20.0-23.0 g were housed at the Animal Center of Kyoto 
Prefectural University of Medicine (Kyoto, Japan), fed nutri-
tionally adequate food daily, and had free access to clean 
drinking water. The committee for Animal Research of Kyoto 
Prefectural University of Medicine authorized all animal 
experimental procedures, and the study conformed to interna-
tional guidelines on the ethical use of animals. Quantities of 
1x107 LM8 cells suspended in 0.1 ml DMEM (Nacalai Tesque, 
Inc., Kyoto, Japan) were injected into the subcutaneous soft 
tissue of the lateral lumbar region, and mice were randomized 
into two groups (n=5 per group). At 3 weeks subsequent to the 
injection of cells, mice were anesthetized using 2.0% isoflu-
rane (Abbott Japan, Co., Ltd., Tokyo, Japan), the lateral lumbar 
region was shaved and a skin incision was made at the tumor 
site. A longitudinal incision was then made on the dorsal side 
of the tumor, which was curettaged for bone cement implanta-
tion. Subsequent to implantation of ZOL-loaded Cemex RX® 
cylinders in the tumor cavity, the tumor capsule was sutured. 
Control mice received Cemex RX® cylinders without ZOL. At 
five weeks subsequent to tumor cell transplantation, control 
and experimental mice were sacrificed by cervical dislocation 

and their primary tumors and lungs were harvested and fixed 
for analysis. Subsequent to the removal of the Cemex RX® 
cylinders from tumors, tumor length and width were measured 
to determine tumor volume. The greatest longitudinal diam-
eter (length) and the greatest transverse diameter (width) 
were measured using calipers. Tumor volume based on these 
measurements was calculated using the modified ellipsoidal 
formula (31-33):

Tumor volume=1/2 (length x width2)

Histological examination. The samples of tumors were fixed 
in 10% buffered formaldehyde for 96 h at 25˚C and then 
embedded in paraffin. Sections, 4 µm thick, were mounted 
onto glass slides and stained with hematoxylin for 5 min at 
25˚C, washed in running tap water, then stained with hema-
toxylin and eosin for 2 min at 25˚C. These samples of tumors 
were visually assessed using a fluorescence microscope. The 
lungs were blindly assessed by 3 orthopedic surgeons using a 
stereomicroscope, and visual comparisons were made between 
the two groups.

In vivo histotoxic assay. All animal experimentation was 
performed under the review and approval of the Animal 
Experimentation Ethics Committee of Kyoto Prefectural 
University of Medicine. The animals were housed at the 
Animal Center of Kyoto Prefectural University of Medicine, 

Figure 1. Effects of HA/bone cement without ZOL on cell growth. The growth effects of control HA/bone cement were determined by MTT assay. HA/bone 
cement without ZOL did not affect tumor cell growth. HA, hydroxyapatite; ZOL, zoledronic acid.
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fed nutritionally adequate food daily, and had free access to 
clean drinking water. A total of 12 3-month-old male Japanese 
white rabbits, purchased from Shimizu Laboratory Supplies 
Co., Ltd (Kyoto, Japan) weighing 2.0-2.5 kg were anesthetized 
by intravenous injection of pentobarbital (Abbott Laboratories, 
Abbott Park, IL, USA) at a dose of 30 mg/animal and local 
anesthesia with lidocaine at 5 mg/animal.

The front foot of each rabbit was shaved and, subsequent to 
sterilization, covered with a drape in order to perform aseptic 
surgery. A 3 cm incision was made on the proximal tibia of 
the foreleg, and the soft tissue overlaying the proximal tibia 
was dissected. A 1.5 cm cortical window was prepared in 
the tibia using a 1.2 mm diameter Kirschner wire, a surgical 
oscillating saw and a chisel. Through the cortical window, 
the bone marrow cavity was enlarged using a bone curette, 
manually packed with ZOL-loaded Cemex RX® which had 
not completely set, and covered with the cortical window. 
The wound was closed using interrupted 4-0 Vicryl sutures 
(Ethicon, Bridgewater, NJ, USA). A total of 6 control rabbits 
received Cemex RX® without ZOL.

Radiographic examination. To determine if ZOL-loaded bone 
cement inhibited osteogenesis, radiographic examinations 
were performed weekly for 4 weeks subsequent to surgery. 
Images were captured with TECHNOMOBILE II (Hitachi, 
Ltd., Tokyo, Japan) at a voltage of 50 kV and a current of 
100 mA. The focal distance was maintained at 100 cm with an 
exposure time of 0.04 sec. The radiolucent region and callus 
formation around the bone cement were blindly assessed by 3 
orthopedic surgeons and compared between the 2 groups.

Histological examination. A total of 8 weeks subsequent to 
Cemex RX® implantation, control and experimental rabbits 
were sacrificed. Cemex RX® implants were removed from the 
tibia and bone tissue sections were prepared for histological 
examination. Excised tibia bone were fixed using 4% para-
formaldehyde in 0.1 M phosphate buffer at pH 7.4 with 0.2% 
picric acid for 7 days at 4˚C, and then decalcified in 0.5 M 
EDTA at pH 7.5 for 8 weeks. Tissue sections from a 30 µm 
longitudinal axis view were prepared and stained with H&E 
as aforementioned.

Figure 2. Effects of ZOL-loaded HA/bone cement on cell growth. The inhibitory effects of ZOL-loaded HA/bone cement were determined by MTT assay. 
ZOL‑loaded HA/bone cement inhibited the growth of tumor cells. Although ZOL‑loaded Primafix® demonstrated inhibitory effects in these tumor cells, 

the growth inhibitory effects were weak and short‑acting compared with the other materials. There were no significant differences in effects on cell growth 
observed between the two types of ZOL-loaded bone cement, Simplex P® and Cemex RX®, the polymerization temperatures of which reached 70‑110˚C, and 
40‑55˚C, respectively. The growth inhibitory effects of these materials gradually decreased over 14 days, and strong inhibitory effects were observed in LM8 
cells in particular. HA, hydroxyapatite; ZOL, zoledronic acid.
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Blood test. To identify the toxicities caused by Cemex RX® 
implants, 2 ml blood samples were collected at 1-week inter-
vals from the ear marginal vein (needle gauge 26) of all rabbits 
in each group for 4 weeks. Whole blood was centrifuged 
using the KN-70 Tabletop Centrifuge (Kubota, Tokyo, Japan) 
at 1,378 x g for 10 min at 25˚C and the resulting serum was 
collected for biochemical examination.

Statistical analysis. Data are expressed as means ± standard 
deviation of experiments. Statistical evaluation of data 
was performed using Student's t‑test for simple compari-
sons between groups and treatments. Microsoft Excel for 
MAC 2011 version 14.7.2 was used to perform statistical 
analysis (Microsoft Corporation, Redmund, WA, USA).  
P<0.05 was considered to indicate a statistically significant 
difference.

Results

In vitro growth inhibitory effects of ZOL‑loaded HA and 
bone cement in tumor cells. HA and bone cement without 
ZOL did not affect the growth of cell lines (Fig. 1). However, 
ZOL-loaded Simplex P®, Cemex RX®, and Primafix® 
inhibited the growth of all cell lines. Although ZOL-loaded 
Primafix® exhibited inhibitory effects in HT1080, LM8, 
PC-3, SaOS2, A549, 786-O and Syo-1 cells, the growth 
inhibitory effects were weak and short-acting compared with 
those treated by ZOL-loaded Simplex P® and Cemex RX®. 
No significant differences in antitumor effects and dura-
tion of drug activity were observed between the two types 
of ZOL-loaded bone cement evaluated. Growth inhibitory 
effects of these materials gradually decreased over the 14 day 
treatment period. ZOL‑loaded bone cement and Primafix®  

demonstrated particularly strong inhibitory effects in LM8 
cells (Fig. 2).

Figure 3. ZOL-loaded bone cement inhibits LM8 tumor xenograft growth 
in C3H/He mice. The mean tumor volume/mouse (mm3) was significantly 
reduced in ZOL-loaded bone cement-treated mice compared with the control 
bone cement‑treated mice. The statistical significance of the differences in 
tumor volume between control and the treated groups was calculated using a 
Student's t-test. ZOL, zoledronic acid.

Figure 4. Histopathological results of resected tumors in C3H/He mice. 
(A) Tumor treated with control bone cement. Central necrosis was observed, 
although tumor cells proliferated in the outer layer. Osteosarcoma with highly 
atypical spindle cells was observed. (B) Tumor treated with ZOL-loaded 
bone cement. Tumor cells were observed only on the outer layer. The number 
of viable tumor cells was considerably less compared with those observed 
following control bone cement treatment. Tumor cell necrosis was observed 
just below the outer layer. ZOL, zoledronic acid.

Figure 5. Stereomicroscope imaging of a mouse lung. Spontaneous lung 
metastases were observed in each group during the week that lung tissue 
was harvested in, subsequent to LM8 cell inoculation. However, the growth 
of these metastases following ZOL-loaded bone cement treatment was 
significantly inhibited. Statistical significance of differences in the number 
of metastatic lesion between control and the treated groups was calculated 
using a Student's t-test. ZOL, zoledronic acid.
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In vivo antitumor effects of ZOL‑loaded bone cement. 
ZOL-loaded Cemex RX® inhibited the growth of LM8 cells 
in vivo. Prior to initiating clinical trials, it is important that the 
in vivo efficacy of potential anticancer agents is determined 
in an animal model. Therefore, an in vivo study to determine 
whether ZOL-loaded bone cement inhibits the growth of LM8 
cell xenografts in C3H/He mice was performed. ZOL-loaded 
Cemex RX® caused significant inhibition of LM8 tumor 
growth. At 5 weeks subsequent to bone cement implanta-
tion, the average tumor volume in C3H/He mice treated with 
ZOL-loaded Cemex RX® was less compared with that in mice 
treated with Cemex RX® control (Fig. 3). Tumor necrosis was 
also observed around the implanted ZOL-loaded Cemex RX® 
(Fig. 4).

Effects of ZOL‑loaded bone cement on lung metastasis. Spon-
taneous lung metastases were observed in all groups subsequent 
to LM8 cell inoculation. The numbers of pulmonary meta-
static lesions were counted in each group. The growth of these 
metastases subsequent to 3 weeks of ZOL-loaded Cemex RX® 

treatment was significantly reduced compared with controls 
(Fig. 5).

Radiological and histological results. X-ray imaging did not 
reveal increased lucent and sclerotic regions that represent 
osteonecrosis and inhibition of bone formation. The lucent 
zone around the bone cement became less clear over time in 
each group (Fig. 6). Novel bone formation was observed in the 
bone tissue specimens in both groups (Fig. 7).

Histologically, certain fibrous tissue and multinucleated 
giant cells were observed around the bone cement in each 
group. Certain necrotic tissue was also observed in the bone 
marrow in both groups, but significant differences were not 
observed between the two groups (Fig. 8).

Laboratory data. Laboratory blood tests demonstrated no 
remarkable signs of toxicity. Blood urea nitrogen, creatinine, 
aspartate transaminase, alanine transaminase, calcium, potas-
sium, phosphorus, sodium and chloride were all within normal 
limits. No significant differences between the two groups were 
observed (Fig. 9).

Discussion

In the present study, it has been demonstrated that ZOL is 
released from bone cement and HA, and that its cytotoxic 
effects were demonstrated by MTT assay in 7 cultured cell 
lines: Murine osteosarcoma, human osteosarcoma, human 
fibrosarcoma, human synovial sarcoma, human prostate 
cancer, human lung cancer, and human renal cancer. In addi-
tion, ZOL-loaded bone cement inhibited both malignant bone 
tumor growth at the primary site and metastases from the 
primary site in vivo. Antitumor effects were similar between 
ZOL-loaded Simplex-P® and Cemex RX®. The temperature 
produced during polymerization of Simplex-P® and Cemex 
RX® is 70‑110˚C and 40‑55˚C, respectively. Similar to previous 
studies (34), these results suggested that the heat produced 
during polymerization of bone cement did not affect the 
biological activity of ZOL. Additionally, no toxicity associ-
ated to the bone cement used in the present study on all cell 

lines was observed. By contrast, certain antitumor drugs and 
antibiotics may lose their activity during the polymerization 
of bone cement. Thus, the negative effects of polymeriza-
tion and temperature produced during the solidification of 
the bone cement should be considered when selecting other 
cytotoxic agents for local control of malignant bone tumors, 
including metastatic bone tumors. To address these concerns, 
the effects of ZOL-loaded HA were also evaluated. Although 
ZOL-loaded HA exerted antitumor effects, these effects were 
weak compared with ZOL-loaded bone cement. BPs exhibit a 

Figure 6. X-ray imaging of the rabbit tibia packed with ZOL-loaded/-unloaded 
Cemex RX®. As with the control group, the marginal lucent zone diminished 
gradually with time following ZOL-loaded bone cement treatment. Upper 
panel represents control group. Lower panel represents ZOL-loaded bone 
cement group. ZOL, zoledronic acid.

Figure 7. Rabbit bone tissue subsequent to removal of control and ZOL-loaded 
Cemex RX®. Novel bone formation was observed around the bone cement 
in the control and ZOL-treated bone tissues. The cortical window became 
increasingly unclear over time (white arrow). (A) Control Cemex RX®. 
(B) ZOL-loaded Cemex RX®. ZOL, zoledronic acid.
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Figure 8. Histopathology of bone tissue surrounding implanted bone cement. (A) Control bone cement was packed into the tibia bones of rabbits. *Internal side 
of the arrowhead indicates the area filled with bone cement (B) ZOL‑loaded bone cement was packed into tibia bones of rabbits. Bone cement was covered 
with fibrous tissue, which is lined with multinucleated giant cells and lymphocytes. Fibrous tissue was slightly increased with ZOL‑treatment. Proliferated 
osteoid tissue is observed at a distance from the bone cement (black arrow). There was no obvious osteonecrosis observed compared with control bone cement 
treatment. ZOL, zoledronic acid.

Figure 9. Laboratory assessment of blood parameters. Blood from control and ZOL-treated rabbits was obtained at 1 week intervals for 4 weeks subsequent to 
surgery. No differences were observed between the two groups, and all assessed parameters remained within normal limits. ZOL, zoledronic acid; BUN, blood 
urea nitrogen; CRE, creatinine; Na, Sodium; Cl, Calcium; K, potassium; ALP, alkaline phosphatase level.
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high affinity to bone and HA (35), so this difference may be 
attributed to the weaker releasing ability of ZOL-loaded HA.

The contents of ZOL in HA and bone cement preparations 
was determined by the following process: When 2.5 mg of 
ZOL was mixed with 2.0 g Primafix® and its relevant solvent, 
solidification capacity was lost. However, 2.0 mg ZOL did 
not affect the solidification of the two types of bone cement 
evaluated (data not shown). These results may be explained 
by the affinity between ZOL and HA. Although 2.0 mg ZOL 
was selected for these reasons as the dose for the present study, 
additional investigation is needed to determine the optimum 
ratio of ZOL to HA/bone cement.

ZOL exerts strong antitumor effects and may also induce 
apoptosis in osteoclasts. Bone cement has compressive and 
tensile strength, and may be used as a drug delivery system for 
the local and slow release of drugs (20). These characteristics 
enable ZOL-loaded bone cement to maintain a high concen-
tration of ZOL for a prolonged period of time. Therefore, 
ZOL-loaded bone cement exhibits a significantly smaller 
risk of systemic side effects such as renal disturbance (36) 
and inhibition of osteogenesis compared with drugs adminis-
tered by intravenous injection. From the data suggesting that 
ZOL-loaded bone cement exerted antitumor effects against 
lung, prostate and renal cancer, all of which have high potential 
for bone metastasis, the clinical application of this preparation 
as a filling material subsequent to the curettage of bone metas-
tasis possesses strong potential. A number of studies have 
described the combined effects of third-generation BPs with 
antitumor agents and radiation in various malignant tumor cell 
lines (14,37,38), and we have also identified that ZOL synergis-
tically augments the effects of antitumor agents and ionizing 
radiation in fibrosarcoma cell lines (12). These results indicate 
that ZOL-loaded bone cement used alongside other anticancer 
agents or ionizing radiation is likely to exert additive or syner-
gistic therapeutic effects against several types of malignant 
tumors. Additionally, from these data that demonstrate the 
strong antitumor effects of these drug delivery systems in 
primary malignant bone tumor, the potential for clinical use 
to pack the cortical bone window during bone tumor biopsy 
and to fix the implant prosthesis during surgery for primary 
malignant bone tumor is clear.

To the best of our knowledge, this is the first in vivo study 
demonstrating release of a third-generation BP from bone 
cement. In addition, the antitumor effects of ZOL-loaded HA 
in several malignant tumor cell lines were demonstrated for 
the first time. The decreased viability of all tumor cell lines 
exposed to ZOL eluted from bone cement indicates that ZOL is 
not inactivated by polymerization heat. The antitumor effects 
of ZOL-loaded HA were weak compared with ZOL-loaded 
bone cement, possibly as BPs exhibit a high affinity to 
bone and HA. Although additional studies to determine the 
optimum content of ZOL in HA/bone cement are needed, 
the packing of an osseous defect with ZOL-loaded bone 
cement/HA subsequent to tumor curettage may have benefi-
cial effects. These include beneficial effects at the surgical 
site and against pulmonary metastases, through antitumor 
activity and reduction of osteolysis without systemic toxicity. 
Finally, these medical materials are already in clinical use, so 
these antitumor strategies may be readily applied in clinical 
settings.
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