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Abstract 

In this study, we examined the cytotoxic effects of combination therapy with 

zoledronic acid (ZOL) and gemcitabine (GEM) on pancreatic cancer cells in vitro and 

in vivo. Four human pancreatic cancer cell lines were treated with ZOL, GEM or a 

combination of both, and the effects of the respective drug regimens on cell 

proliferation, invasion and matrix metalloproteinase (MMP) expression were 

examined. A pancreatic cancer cell line was also intrasplenically or orthotopically 

implanted into athymic mice and the effects of these drugs on tumor metastasis and 

growth in vivo were evaluated by histologic and immunohistochemical analyses. 

Combination treatment with low doses of ZOL and GEM efficiently inhibited the 

proliferation (P < 0.001) and invasion (P < 0.001) of pancreatic cancer cells in vitro. 

Western blotting assay revealed that MMP-2 and MMP-9 expression levels were 

decreased after ZOL treatment. In vivo, combined treatment significantly inhibited 

tumor growth (P < 0.05) and the development of liver metastasis (P < 0.05). These 

data revealed that, when used in combination, ZOL and GEM have significant 

antitumor, anti-metastatic and anti-angiogenic effects on pancreatic cancer cells. In 

the present study, we first reported the significance of the combination treatment of 

ZOL and GEM in pancreatic cancer using an in vivo model. These data show promise 

for the future application of this drug regimen in patients with pancreatic cancer. 
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Introduction 

Pancreatic cancer has the potential for rapid growth and metastasis and is one of 

the most fatal human cancers. In Japan, pancreatic cancer is the fifth leading cause of 

cancer-related death, with almost 25,000 patients dying of pancreatic cancer in 2007 
1
. 

Despite developments in diagnostic imaging, for the majority of patients the diagnosis 

of pancreatic cancer occurs during the advanced stage of the disease. Consequently, 

the overall 5-year survival rate for pancreatic cancer is only 6.7% 
1
, and most patients 

treated by curative resection develop incurable local relapses, liver metastases and/or 

peritoneal disseminated disease.  

Conventional adjuvant therapies such as radiotherapy and chemotherapy (or a 

combination of both) have had little beneficial net impact on this aggressive neoplasm. 

Of the chemotherapeutic agents available, gemcitabine (GEM), a deoxycytidine 

analogue, is the most common first-line treatment for pancreatic cancer 
2
. Intracellular 

phosphorylated GEM (dFdCTP) incorporates into the DNA and potently inhibits the 

proliferation of pancreatic cancer cells by inhibiting DNA synthesis 
3
. Moreover, 

GEM also inhibits ribonucleotide reductase, leading to a depletion in cellular 

deoxynucleotides 
4
. Recent studies have shown that in patients with advanced disease, 

combining GEM with other systemic agents can improve patient outcomes relative to 

the outcomes obtained with standard GEM monotherapy 
5
. However, the survival 

benefit of GEM for patients with advanced pancreatic cancer remains limited 
6, 7

. To 

improve the prognosis for patients with pancreatic cancer, especially those with 

advanced stage disease, other strategies are urgently required. 

Bisphosphonates (BPs) are currently the most important class of inhibitors of 

osteoclast-mediated bone resorption 
8
 and are used extensively for the treatment of 

skeletal diseases, such as Paget’s disease 
9
, postmenopausal osteoporosis 

10
 and 

tumor-induced osteolysis 
11

. Previous research has shown that zoledronic acid (ZOL) 

demonstrates antitumor activity in several human neoplasms such as myeloma 
12

, 

breast 
13

, prostate 
14

, colon 
15

 and pancreatic cancers 
16

. Further, ZOL has been 

reported to inhibit proliferation and induce apoptosis of tumor cells through the 

mevalonate pathway 
17

 by preventing the translocation of small GTPase Ras to the 
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plasma membrane 
18

. Recently, Li et al published a report showing the ability of ZOL 

to inhibit invasion and migration through downregulation of vascular endothelial 

growth factor (VEGF) and matrix metalloproteinase (MMP) in human 

nasopharyngeal carcinoma cells in vitro 
19

. Other research on in vivo models has also 

shown that ZOL impairs the growth of cervical carcinomas in transgenic HPV/E2 

mice by suppressing tumor-associated angiogenesis 
20

. In this study, ZOL increased 

apoptosis in neoplastic epithelial and endothelial cells and suppressed the expression 

of the pro-angiogenic MMP-9 in infiltrating macrophages, which are implicated in the 

mobilization of the VEGF 
20

. These data suggest that chemotherapy with ZOL may be 

an effective treatment with the potential to inhibit proliferation, invasion and 

angiogenesis in pancreatic cancer.  

In the present study, we analyzed the therapeutic effects of ZOL, GEM and a 

combination of both agents in pancreatic cancer using in vitro and in vivo models. The 

in vitro results revealed that GEM exerts a strong anti-proliferative effect but is 

relatively ineffective against the invasive ability of pancreatic cancer. In contrast, 

low-dose ZOL had no anti-proliferative effect but did show a potent anti-invasive 

effect. In vivo experiments also revealed that intraperitoneal injection of ZOL 

combined with weekly GEM treatment significantly reduced tumor growth, 

angiogenesis and metastasis of human pancreatic cancer orthotopically implanted into 

nude mice. The present data suggest that combination treatment with ZOL plus GEM 

may be a novel therapy for controlling pancreatic cancer. 
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Materials and methods 

 

Cell culture and materials.  We used following four human pancreatic 

cancer cell lines: SUIT-2 (purchased from Health Science Research Resources Bank, 

Osaka, Japan), CFPAC-1 (American Type Culture Collection, Rockville, MD), Panc-1 

and KP-2 (generously provided by Dr. H. Iguchi, National Shikoku Cancer Center, 

Matsuyama, Japan). The cells were maintained as described previously 
21

. Both GEM 

(2’, 2’-difluorodeoxycytidine; Eli Lilly & Company, Indianapolis, IN, USA) and ZOL 

(Novartis Pharma, Basel, Switzerland) were obtained commercially. The drugs were 

dissolved and diluted in phosphate-buffered saline (PBS) and then added to the cell 

culture medium or injected intraperitoneally (i.p.) into the nude mice at the indicated 

concentrations. 

 

Cell proliferation assay.  To analyze cell proliferation, cell populations were 

evaluated by measuring the fluorescence intensity of propidium iodide (PI) at 

specified time using Infinite F200 (TECAN, Mannedorf, Switzerland) as described 

previously 
22

. The pancreatic cancer cells were seeded in 24-well tissue culture plates 

at a density of 1.5 × 10
4 
cells/well and cultured for 24 h. After determining the initial 

cell population, fresh medium containing ZOL (0, 1, 2, 5 and 10 μM), GEM (0, 1, 2.5, 

5 and 10 nM) and different combinations of doses of ZOL and GEM at the indicated 

concentrations was added to the cells. Control experiments were also conducted in 

parallel, whereby cells were not treated with the drugs. All experiments were 

performed in triplicate wells and were repeated at least three times. 

 

Invasion assay.  The invasion of the pancreatic cancer cells was measured 

based on the number of cells invading through Matrigel (20 μg/well, Becton 

Dickinson, San Jose, CA)-coated transwell inserts (BD Biosciences, Franklin Lakes, 

NJ) with 8-μM pores as reported previously 
21

. In brief, the cells were suspended in 

medium supplemented with 10% FBS in the presence or absence of ZOL, GEM and 

different-dose combinations of ZOL and GEM, and were seeded into the upper 
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chambers at a density of 1 × 10
5
 cells/cm

2
. The SUIT-2, CFPAC-1 and KP2 cells were 

incubated for 48 h, whereas Panc-1 cells were incubated for 24 h. The number of 

invaded cells was counted in five randomly selected fields under light microscopy. 

 

Western blotting analysis. The SUIT-2 and Panc-1 cells were cultured in 

DMEM supplemented with 10% FBS and treated with 2 and 10 μM of ZOL or an 

equal volume of PBS as a control for 48 h. The cells were directly lysed in 

PRO-PREP (iNtRON Biotechnology, Seongnam, Korea). Cell lysate proteins (25 μg) 

were fractionated through electrophoresis using 12% sodium dodecyl sulfate 

polyacrylamide gels and wet-transferred to a polyvinylidene difluoride membrane 

(Millipore, Billerica, MA, USA). The membrane was then incubated overnight at 4 °C 

with anti-MMP2 (sc-10736; 1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 

anti-MMP9 (EP1254; 1:1000, Millipore), anti-MMP14 (sc-12367-R; 1:200, Santa 

Cruz Biotechnology) or anti-β-actin (sc-1616; 1:2000, Santa Cruz Biotechnology) 

antibodies and then probed with secondary antibodies conjugated to horseradish 

peroxidase (Santa Cruz Biotechnology). Immunoblots were detected by enhanced 

chemiluminescence with a ChemiDoc XRS System (Bio-Rad Laboratories, USA). 

 

In vivo experiments.  Five-week-old female athymic nude mice (BALB/c 

nu/nu) were obtained from Kyudo Co (Saga, Japan). All the animals were bred in 

laminar-flow cabinets under specific pathogen-free conditions. All experiments with 

mice were conducted and approved by the Ethics Committee of Kyushu University 

(protocol number, A020-018-0). Prior to implanting the SUIT-2 cells, the cells were 

briefly treated with trypsin-EDTA and washed twice with serum-free medium. The 

mice were anesthetized with ether, and cell suspensions containing 1 × 10
6
 cells/100 

μl were implanted by open injection into the spleen or pancreas. To prevent any 

leakage of tumor cells, a cotton swab was held over the injection site for 1 min. 

Following the procedure, the mice were closely monitored to ensure the procedure 

was well tolerated.  
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Treatment with ZOL in intrasplenic implantation mouse model.  The 

mice that received an intrasplenic implantation of SUIT-2 cells were treated with 0.08, 

0.16 and 0.32 mg/kg of ZOL. The ZOL was diluted in PBS and delivered to the 

animals via a 100 μl i.p. injection, commencing on Day 3 after implantation of the 

cells, followed by Day 10, Day 17 and Day 24. A control group who received an equal 

volume of PBS was run in parallel. Each group contained five mice. Four weeks (28 

days) after implantation, all mice were sacrificed, and the presence of liver metastasis, 

liver weight and body weight were evaluated.  

 

Treatment with ZOL in combination with GEM in orthotopic 

implantation mouse model.  The mice orthotopically implanted with the SUIT-2 

cells were composed of two groups. For the first cohort, the mice (n = 9 mice/ group) 

were treated i.p. with ZOL (0.08 mg/kg), GEM (40 mg/kg) or ZOL + GEM at Days 3, 

10, 17, 24 and 31 after cell implantation. A control group who received PBS was also 

run in parallel. After 5 weeks, the mice were sacrificed and their body weights were 

determined. The pancreases were then excised and weighed, and the volume of 

primary pancreatic tumor, the presence of peritoneal dissemination and liver 

metastasis were evaluated. Pancreatic tumor diameter was measured with calipers. 

Pancreatic tumor volume was then calculated according to the following formula: 

tumor volume = ab
2
/2, where a is the longest diameter of the tumor, and b is the 

shortest diameter. The pancreatic tumors samples were subjected to histological and 

immunohistochemical analyses. A second group of mice with orthotopically 

implanted SUIT-2 cells were treated i.p. 7 days later with ZOL (0.08 mg/kg, twice 

weekly; n = 6), GEM (40 mg/kg, once weekly; n = 6), ZOL + GEM (ZOL 0.08 mg/kg, 

twice weekly; GEM 40 mg/kg, once weekly; n = 9), or PBS (n = 5). On Day 30 

post-implantation, the mice from this second cohort were sacrificed and the number of 

visible nodules greater than 1 mm in size disseminated within the peritoneal was 

evaluated. 

 

Immunohistochemical analysis and cell proliferation. 
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Immunohistochemistry analysis was performed using a Histofine SAB-PO kit 

(Nichirei, Tokyo, Japan). To stain microvessels, the sections were incubated with a 

mouse monoclonal anti-CD31 antibody JC/70A (1:50, NeoMarkers, Fremont, CA) 

overnight at 4 C. Microvessel density (MVD) was assessed in tumor areas showing 

high-density staining. The number of vessels was counted in 10 fields/section; one 

field was magnified 200 (0.739 mm
2
/field) and the mean counts were recorded. 

Proliferating cells were detected with a Ki-67 nuclear proliferation-related antigen 

(mouse mAb, Clone 7B11; pre-diluted; Invitrogen, Japan). To quantify Ki-67 staining 

in the tumors, the number of positive cells was counted in five random fields/section 

at 200 magnification. Apoptotic cells within tumor nodules were detected using a 

TUNEL assay (In Situ Apoptosis Detection Kit; Takara, Shiga, Japan). The number of 

positive cells was counted in five random fields/section at 200 magnification. 

 

Statistical analyses. Statistical analyses were performed using JMP version 

8.0 software (SAS Institute, Cary, NC, USA). Values are expressed as the mean ± SD. 

Comparisons between the two groups were performed using a student t test. Statistical 

significance was defined as P<0.05 or P<0.001. 
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Results 

 

In vitro inhibitory effect of ZOL or GEM on invasion or proliferation of 

pancreatic cancer cells.  To test the cytotoxic potential of ZOL or GEM on 

pancreatic cancer cells, SUIT-2 cells were incubated with or without ZOL or GEM at 

the indicated concentrations for 4 days and then number of cells in each group was 

determined. Treatment with ZOL (1–10 μM) slightly inhibited the proliferation of 

SUIT-2 cells. For the cells treated with 10 μM ZOL, the number of viable cells 

decreased by 26% compared with untreated control groups (Fig.1A, left). However, 

for the cells treated with 10 nM GEM, the number of viable cells decreased by 60% 

compared with the control group (Fig. 1A, right). Treatment with GEM also inhibited 

the proliferation of SUIT-2 cells in a dose-dependent manner.  

To investigate the effect of ZOL or GEM on cell invasion, the SUIT-2 cells were 

cultured in Matrigel invasion chambers in the absence or presence of ZOL or GEM at 

the indicated concentrations (Fig. 1B). At 10 nM, GEM did not have a large impact on 

reducing the number of SUIT-2 cells penetrating the Matrigel membrane, which was 

consistent with previous reports 
23

. However, invasion of SUIT-2 cells was inhibited 

by ZOL at the indicated concentrations in a dose-dependent manner, whereby even 

low doses of ZOL (2 μM) inhibited SUIT-2 cell invasion by 58%, and at a higher dose 

(10 μM) ZOL induced an 80% inhibition of invasion (Fig. 1C). 

 

Effect of combination with ZOL and GEM on proliferation and 

invasion in pancreatic cancer cells in vitro.  To investigate the effect of 

combination treatment with ZOL and GEM on cell proliferation, SUIT-2 cells were 

incubated with 2 μM ZOL, 10 nM GEM or a combination of both for 3 days, and the 

cell number in each group was determined. Simultaneous treatment with ZOL at 2 μM 

plus 10 nM GEM did not show any additive effect on GEM-induced inhibition of cell 

proliferation, indicating that the antiproliferative effects were induced by GEM alone 

(Fig. 2A). 

To investigate the effect of combination treatment with ZOL+ GEM on cell 
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invasion, SUIT-2 cells were cultured in Matrigel invasion chambers with ZOL, GEM 

or the combination of both (at the same concentrations). Cellular invasion was not 

affected by GEM treatment alone and an additive effect was not detected in the 

combination treatment group. These data indicated that the anti-invasion effect was 

induced by ZOL alone (Fig. 2B).  

These in vitro results indicate that combined treatment with ZOL + GEM 

inhibits both proliferation and invasion of SUIT-2 cells. The effects of ZOL or/and 

GEM on cell invasion were also examined in the other pancreatic cancer cell lines: 

Panc-1, CFPAC-1 and KP-2. However, we found only minor effects of GEM on 

invasion, similar to the SUIT-2 cells. Moreover, we did not find an additive effect on 

anti-invasion in the combined treatment group. Combined treatment with ZOL + 

GEM showed the same inhibitory effects of ZOL alone on invasion in all three-cell 

lines (Fig. 2C). Taken together, these data suggest that the effects of combined GEM 

with low-dose ZOL are due to the anti-proliferative effects induced by GEM plus the 

anti-invasion effects induced by ZOL.  

 

ZOL inhibits the invasion of pancreatic cancer cells by impairing the 

expression of MMP-2 and MMP-9.  The MMPs are the most prominent family 

of proteinases associated with tumorigenesis. In addition to their role in extracellular 

matrix turnover and cancer cell migration, MMPs regulate the signaling pathways that 

control cell growth, inflammation or angiogenesis and may even work in a 

non-proteolytic manner. We performed western blots for MMP-2, MMP-9 and 

MMP-14, which are known to be involved in the invasion and angiogenesis of 

pancreatic cancer 
24

. At 10 μM, ZOL significantly decreased MMP-2 and MMP-9 

expression levels in two of the pancreatic cancer cell lines, although 2 μM ZOL was 

not as potent as that of 10 μM (Fig. 3A and B). There was no difference in the 

expression levels of MMP-14 between the ZOL-treated or untreated groups (Fig. 3A 

and B). These results indicate that ZOL may inhibit pancreatic cancer cell invasion by 

disrupting the expression of MMP-2 and MMP-9. 
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In vivo inhibitory effect of ZOL monotherapy on liver metastasis of 

human pancreatic cancer.  The therapeutic effect of ZOL alone was evaluated in 

vivo whereby on Day 3 after the intrasplenic implantation of tumor cells, the mice 

were treated i.p. with 0.08, 0.16 or 0.32 mg/kg ZOL (or PBS in the control group) 

followed by treatment once weekly for 3 weeks. On Day 28 after the cells were 

implanted, gross examination revealed the presence of liver metastases in all groups 

(Fig. 4). The implanted SUIT-2 cells exhibited an aggressive and malignant phenotype 

in vivo and intrasplenically implanted cells consistently produced metastatic nodules 

such that in the control group, the livers were almost completely covered by 

metastatic tumors. The presence of liver metastases and the numbers of liver 

metastatic nodules were significantly decreased by ZOL treatment in a 

dose-dependent manner (Table 1). Moreover, the liver weights were significantly 

lower in mice treated with ZOL than those in control mice (Table 1). These data 

indicate that ZOL can suppress tumor growth in metastatic sites at the indicated doses. 

We found no treatment-induced cumulative toxicity or changes in body weight.  

 

Inhibition of growth and metastasis of human pancreatic cancer in an 

orthotopic mouse model. The therapeutic efficacy of ZOL + GEM was 

investigated in an orthotopic model of pancreatic cancer. In order to investigate 

whether a synergistic effect could be detected, the doses of ZOL and GEM were 

determined as previously described 
13, 14

 
20, 23

 
25

 with following modifications: at 3 

days after orthotopic implantation the mice were treated i.p. with ZOL (1.6 μg/0.1 ml), 

GEM (0.8 mg/0.1 ml), ZOL + GEM, or PBS followed by treatment once weekly for 4 

weeks. At 35 days after implantation, peritoneal dissemination was examined in the 

retroperitoneum, mesenterium and hepatic hilum (Fig. 5A), and gross evaluation of 

pancreatic tumors was also investigated in all groups (Fig. 5B, top panel). Liver 

metastases were detected in 55% of the control mice. The presence of liver metastases 

was decreased by treatment with ZOL or GEM alone and combination therapy 

completely suppressed liver metastases (Table 2). We found no treatment-induced 

cumulative toxicity or changes to body weight (Table 2). Pancreatic tumor volume 
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was significantly smaller in the mice treated with GEM alone. Moreover, the tumor 

volumes of the mice treated with ZOL + GEM were significantly less than those 

treated with GEM(P < 0.05) or ZOL(P < 0.05) or the control group (P < 0.05)(Fig. 5B, 

bottom panel). The presence of peritoneal dissemination was reduced by treatment 

with ZOL or GEM, and combination therapy showed the strongest inhibitory effect on 

peritoneal dissemination (P < 0.05) (Fig. 5A, Table 2). We also performed additional 

in vivo experiments using orthotopic implantation models with higher dose of ZOL 

and GEM. On day 30 after implantation, visible peritoneal disseminations greater than 

1 mm in diameter were evaluated. The extent of visible peritoneal dissemination was 

significantly less in the mice treated with GEM or ZOL alone compared with the 

control mice (Fig. 5C, D). Moreover, the extent of peritoneal disseminations in mice 

treated with ZOL + GEM was significantly less than in the mice treated with GEM or 

ZOL alone (P < 0.05) or the control group (P < 0.05)(Fig. 5D). 

 

Histological and immunohistochemical analysis.  Histology revealed 

that the primary tumors in all groups were moderate to poorly differentiated 

adenocarcinomas. Necrotic lesions were identified in the center of the tumor region in 

the control mice and the mice treated with the GEM or ZOL monotherapy. 

Visual-examination of the H&E stained sections revealed tumor areas in the mice 

treated with ZOL in combination with GEM that were smaller than the tumor areas in 

the mice treated with ZOL or GEM monotherapy, or the control group.  

Tumor cell proliferation was evaluated as the percentage of Ki67-positive cells, 

and a significant inhibition was observed in tumors from the mice treated with GEM 

(44%) or GEM + ZOL (36%) compared with the percentage in the control group 

(72%). No significant differences in the number of Ki67-positive cells between the 

ZOL and control groups were noted (Fig. 6A and B). The apoptotic tumor cells, as 

determined by the number of TUNEL-positive cells / high power field (hpf), was 

significantly greater in the lesions of mice treated with either ZOL or GEM, and the 

highest number of apoptotic tumor cells was observed in the combination therapy 

group (Fig. 6A and C). The analysis of MVD, as evaluated by anti-CD31 staining, 
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revealed that MVD was significantly reduced in the tumors from the mice treated with 

ZOL (7.9/hpf ) or ZOL + GEM (2/hpf ) compared with MVD in the control group 

(14.3/hpf) (Fig. 6A and D). No significant difference in tumor MVD between the 

GEM-treated and control mice was found. These results indicate that combination 

therapy induces apoptosis in cancer cells and suppresses cancer cell proliferation and 

invasion and tumor angiogenesis. 
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Discussion 

This study presents findings outlining the novel application of an 

amino-bisphosphonate compound, ZOL combined with GEM on the proliferation and 

development of metastasis of pancreatic cancer in vitro and in vivo. We showed that 

intraperitoneal injection of ZOL, in combination with GEM, strongly inhibited the 

growth and development of peritoneal dissemination and liver metastasis of human 

pancreatic cancer cells implanted into the pancreas of athymic mice. In vivo analysis 

revealed that the antitumor effect of ZOL was mediated in part by inhibition of 

angiogenesis and mild induction of apoptosis. In contrast, the antitumor effect of 

GEM was due to its antiproliferative effect, and GEM had no influence on 

angiogenesis. Thus, the high rate of apoptosis in the combination therapy was 

possibly induced by GEM and anti-angiogenesis induced by ZOL. In vitro, low doses 

of ZOL potently inhibited the invasion of the cancer cells and had no effect on 

proliferation. In contrast, GEM had a very limited effect on invasive ability but 

showed powerful antiproliferative effects, similar to that observed in vivo. This 

powerful antiproliferative effect was induced by phosphorylated GEM incorporating 

into the DNA and inhibiting DNA synthesis by self-potentiation and masked chain 

termination 
3
. These data suggest that the potent antitumor effects observed in vivo 

might be due to the inhibitory effects of the combination therapy on proliferation and 

invasion of cancer cells, and due to an effect on angiogenesis. 

Recent clinical studies have demonstrated that BPs have beneficial effects on bone 

metastases in breast cancer patients 
26-28

. On the other hand, the effects of BPs on 

non-bone metastases are still controversial 
29-31

. In the present study, we demonstrated 

that ZOL, one of the most potent BPs currently available, at the dosages indicated, 

significantly inhibited tumor growth at metastatic sites. Of importance, higher dose of 

ZOL treatment significantly suppressed metastasis of SUIT-2 pancreatic cancer cells 

to the liver, which is consistent with the results found in previous reports in breast 

cancer 
13

.  

It is known that SUIT-2 cells constitutively express many MMPs, including 

MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-10 and MMP-14 
32

. While these 
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enzymes may participate in the process of matrix degradation, the degradation of 

basement membrane type IV collagen is a critical early event in tumor invasion, 

suggesting that MMPs, especially MMP-2 and MMP-9, may be particularly important 

33
. In our in vitro study, 10 μM ZOL significantly decreased MMP-2 and MMP-9 

expression, but 2 μM ZOL was not as potent as 10 μM. Whereas 2 μM ZOL 

substantially inhibited the invasion of pancreatic cancer cells, this phenomenon may 

have been induced by some mechanisms other than the digestion of the basement 

membrane by MMP-2 or MMP-9. For example, small GTPases play a key role during 

integrin activation, and ZOL has been shown to inhibit tumor cell adhesion, migration 

and invasion by inhibiting geranylgeranylation (which is required for the prenylation 

of small GTPases), thereby suggesting that ZOL could inhibit integrin activation 
34, 35

. 

Furthermore, ZOL may inhibit chemokine CXCL-12-induced tumor cell migration by 

decreasing the cell surface expression of CXCR-4 
36

. These data may suggest that 

ZOL inhibits cancer invasion via multiple mechanisms; however, further research is 

required to firmly validate this hypothesis.  

In our in vivo study, ZOL inhibited neovascularization in the tumors. The 

MMP-9-expressing stromal cells are essential to angiogenesis and progressive growth 

of various cancers in mouse models 
20, 37

. In our study, ZOL also inhibited the 

angiogenic response induced by bFGF and VEGF in vivo 
38

. These data indicate that 

ZOL may inhibit angiogenesis in vivo via multiple pathways. According to previous 

reports, the ZOL-induced antiproliferative and apoptotic effects are due to 

cleavage/activation of caspase-9 and poly(ADP)-ribose polymerase as well as 

interference of growth and survival pathways downstream to p21
ras

 in human 

pancreatic cancer cells in vitro 
16

. However, our in vitro findings demonstrated that 

ZOL, at a low dosage, had mild antiproliferative effects. However, in vivo, ZOL had 

no effect on proliferation but induced apoptosis. These results are consistent with 

previous reports in breast, prostate and lung cancers 
39, 40

. 

Clinical trials of GEM combined with several antitumor agents have been 

conducted on pancreatic cancer 
41

. However, in the majority of these therapies, 

cytotoxic drugs, such as docetaxel, 5FU, cisplatin and irinotecan were used 
42-46

. 
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Although these cytotoxic drugs also exert antitumor effects (via different 

mechanisms), the applicable dose of each drug is limited due to cumulative systemic 

toxicity. In such clinical trials, combination therapy may result in more adverse side 

effects despite the expected additive antitumor effects. However, ZOL, a 

nitrogen-containing bisphosphonate (N-BP) that is approved by the FDA to reduce 

skeletal complications of bone metastasis in patients with multiple myeloma and 

several solid tumor types with minimal side effects, has been reported to act 

synergistically with other anticancer agents against various types of cancer both in 

vitro and in vivo 
47-51

. In the present study, the combination of ZOL, plus a sufficient 

dose of GEM, had antitumor effects but did not lead to escalating toxicity. The present 

study is based on data from a mouse model, thus further investigation on the dosage 

and the course of treatment in clinical patients are needed.  

In conclusion, our results confirm the findings that the ZOL influences metastasis 

not only to bone, but also to visceral organs. These effects of ZOL combined with 

GEM may be attributed to an inhibition of invasion and proliferation of cancer cells. 

The effects of combination therapy with ZOL and GEM show great promise for the 

treatment of pancreatic cancer, and further studies examining the clinical efficacy of 

this drug regimen are warranted.  
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Figure legends 

 

Fig 1. Comparison of ZOL or GEM on the proliferation and invasion of pancreatic 

cancer cells. (A) The ability of ZOL or GEM to inhibit the proliferation of SUIT-2 

cells was determined using a PI assay. The cells were treated with ZOL (left) or GEM 

(right) at indicated concentrations for 72 h. (B) The appearance of SUIT-2 cells 

invading through the Matrigel and filter membrane. The ability of ZOL and GEM to 

inhibit the invasion of SUIT-2 cells was determined by invasion assay. The cells were 

treated with ZOL (upper) or GEM (lower) at the indicated concentrations for 48 h. (C) 

The anti-invasive effect of ZOL or GEM in SUIT-2 cells relative to the control. ZOL 

significantly suppressed invasion compared with control at indicated dosages (**P < 

0.001). 

 

Fig 2. The effects of ZOL combined with GEM on the growth and invasion of 

pancreatic cancer cells. (A) The ability of ZOL, GEM or ZOL + GEM to inhibit the 

proliferation of SUIT-2 cells. (B) The ability of ZOL, GEM or ZOL + GEM to inhibit 

the invasion of SUIT-2 cells. In the upper panel, the appearance of SUIT-2 cells 

invading the Matrigel and filter membrane is shown. The lower panel shows that ZOL 

in combination with GEM significantly suppressed cellular invasion compared with 

GEM alone, or in the control group (**P < 0.001). (C) The ability of ZOL, GEM or 

ZOL + GEM to inhibit the invasion of Panc-1, CFPAC-1 and KP2 cells. The upper 

panel shows the appearance of Panc-1, CFPAC-1and KP2 cells invading the Matrigel 

and filter membrane. In the lower panel, ZOL + GEM significantly suppressed 

invasion compared with GEM alone, or the control cells, in all of the cell lines (**P < 

0.001). 

 

Fig 3. The expression of MMP-2, MMP-9 and MMP-14 in SUIT-2 and Panc-1 after 

treatment with ZOL. Western blot analysis revealed that ZOL treatment decreased the 

expression of MMP-2 and MMP-9 proteins in both SUIT-2 (A) and Panc-1 (B) cells. 

However, MMP-14 synthesis was not suppressed by ZOL administration. 
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Fig 4. Suppression of metastatic liver tumors by i.p. injection of ZOL. PBS or the 

indicated doses of ZOL were injected i.p. on Day 3 after intrasplenic implantation of 

SUIT-2 cells. The upper panel shows the macroscopic appearance of metastatic liver 

tumors after treatment with (a) PBS, (b) ZOL at 0.08 mg/kg/week, (c) ZOL 0.16 

mg/kg/week or (d) ZOL at 0.32 mg/kg/week on Day 28 after intrasplenic implantation 

of SUIT-2 cells (n = 5/group). The lower panel shows magnification of the upper 

panel metastatic liver tumors. 

 

Fig 5. Therapeutic effect of ZOL + GEM on orthotopically implanted pancreatic 

tumors. (A) The gross appearance of the pancreatic tumors and peritoneal 

dissemination after treatment with PBS (control) or treatment with ZOL + GEM. (B) 

The upper panel shows the gross appearance of pancreatic tumors after treatment with 

(a) PBS (control), (b) ZOL, (c) GEM or (d) ZOL in combination with GEM on Day 

35 after the orthotopic implantation of SUIT-2 cells (n = 9/group). The lower panel 

shows that therapy with GEM alone significantly reduced the mean primary 

pancreatic tumor volume compared with volume of control tumors (#P < 0.05). 

Combination therapy (ZOL + GEM) significantly decreased mean pancreatic tumor 

volume compared with the volume of tumors in the control (#P < 0.05) and ZOL or 

GEM monotherapy groups (*P < 0.05). (C) Representative images of the metastasis in 

the peritoneal cavity of mice after indicated treatments. The arrowheads indicate 

peritoneal disseminations. (D) The number of visible peritoneal disseminations was 

counted. GEM, ZOL and GEM + ZOL versus control (#P <0.05); GEM, ZOL versus 

GEM + ZOL (*P < 0.05). Bars represent mean ± S.D. 

 

Fig 6. (A) H&E and immunohistochemical staining for cell proliferation (Ki67), cell 

death (TUNEL) and angiogenesis (CD31) in the primary pancreatic tumors from an 

orthotopic mouse model following treatment with ZOL, GEM or ZOL + GEM. (B) 

Ki67-positive cells were counted in three microscopic fields per tumor section at 200 

magnification. The total number of cells/field and number of Ki67-positive cells in 
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each field were counted to calculate median percentage in each section. The 

proliferation index was significantly lower in the tumors treated with GEM alone or 

ZOL + GEM compared with tumors in the control samples (** P < 0.001). (C) 

TUNEL-positive cells were counted in three microscopic fields per tumor section at 

200 magnification. The total number of cells/field and number of TUNEL-positive 

cells in each field were counted to calculate median percentage in each tumor section. 

The number of apoptotic cells per high power field (hpf) was significantly greater in 

the tumors treated with ZOL (*P < 0.05), GEM (**P < 0.001), or with ZOL + GEM 

(**P < 0.001) compared with that of the controls. The difference between GEM and 

combination therapy was not significant. (D) The mean number of blood vessels per 

(hpf) was significantly lower in the tumors treated with ZOL or ZOL + GEM 

compared with tumors from the control group (*P < 0.05) or tumors from the GEM 

only group (*P < 0.05). The difference between ZOL and combination therapy was 

not significant. Bars represent mean ± S.D. 

 















Table 1 Effect of Zoledronic acid on pancreatic cancers implanted intrasplenically in nude mice
Zoledronic acid (mg/kg) Liver metastasis Total liver weight: g(s.d.) Body weight:g(s.d.)

Control 5/5              1.96±0.14 21.09±0.95
0.08 5/5              1.41±0.09* 21.37±0.91
0.16 3/5              1.41±0.10* 21.88±0.65
0.32 2/5*              1.31±0.13** 20.90±1.65

*P <0.05, **P <0.001



Table 2 Therapies for human pancreatic cancers implanted orthotopically in nude mice

Therapy Total pancreas weight:
g (s.d.)

Body wight:
g (s.d.)

Pancreas
tumor

Liver
metastasis

Peritoneal
dissemination

Control 9/9         5/9         9/9         0.57±0.05 20.26±2.74
ZOL 9/9         1/9         5/9         0.40±0.12* 18.42±2.58
GEM 9/9         2/9         5/9         0.43±0.01* 20.35±0.60

ZOL+GEM 9/9         0/9*         4/9*         0.32±0.01** 18.94±1.30
*P <0.05 versus Control, **P <0.001 versus Control

Incidence of macroscopic tumors
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