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Introduction

Current anti-angiogenic treatments target pro-angiogenic 
growth factors (e.g., vascular endothelial growth factor [VEGF]) 
or directly disrupt the blood vessel network in tumors.1 Disrupting 
the disorganized and rapidly proliferating tumor vasculature 
depletes resources required for tumor growth and expansion.2 
However, these treatments are not always successful. The factors 
limiting universal application of existing anti-angiogenic treat-
ments, including toxicity and eventual drug resistance, are inspir-
ing a wave of research into new alternative strategies to target 
tumor angiogenesis.2

One potential alternative strategy involves targeting tumor-
associated macrophages (TAMs), which are a key component of 
the tumor microenvironment and contribute to tumor angio-
genesis, growth, invasion, and metastasis. TAMs are polarized 
toward a repair phenotype, and secrete high levels of cytokines 

that may be pro-angiogenic, anti-inflammatory, or both. High 
levels of TAMs predict poor prognosis in a variety of cancers, 
including breast and ovarian malignancies.3 Additionally, ele-
vated levels of TAMs have been linked to the development of 
resistance to both chemotherapeutic and anti-angiogenic agents 
through the secretion of survival factors into the tumor micro-
environment. Conversely, the depletion of TAMs increases the 
efficacy of anti-angiogenic therapy and chemotherapy.4,5

Bisphosphonates traditionally have been used to target osteo-
clasts in bone-degenerating diseases. More recently, these drugs 
have been used to treat primary tumor metastasis to the bone.6 
Among these, clodronate has recently been shown to inhibit 
tumor growth and vascular network formation in teratocarci-
noma; effects thought to result from depletion of TAMs.7 Our 
study illustrates a more complex mechanism whereby clodronate 
inhibits both endothelial and macrophage function, thus disrupt-
ing a dynamic and synergistic relationship in tumor angiogenesis.
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Purpose: Bisphosphonates have been shown to inhibit and deplete macrophages. The effects of bisphosphonates 
on other cell types in the tumor microenvironment have been insufficiently studied. Here, we sought to determine the 
effects of bisphosphonates on ovarian cancer angiogenesis and growth via their effect on the microenvironment, includ-
ing macrophage, endothelial and tumor cell populations.

Experimental Design: Using in vitro and in vivo models, we examined the effects of clodronate on angiogenesis and 
macrophage density, and the overall effect of clodronate on tumor size and metastasis.

Results: Clodronate inhibited the secretion of pro-angiogenic cytokines by endothelial cells and macrophages, and 
decreased endothelial migration and capillary tube formation. In treated mice, clodronate significantly decreased tumor 
size, number of tumor nodules, number of tumor-associated macrophages and tumor capillary density.

Conclusions: Clodronate is a potent inhibitor of tumor angiogenesis. These results highlight clodronate as a potential 
therapeutic for cancer.
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Results

Clodronate treatment decreases tumor burden in a mouse 
orthotopic model of ovarian cancer

We first examined the effects of clodronate on tumor growth 
using a syngeneic mouse model of ovarian cancer. In the ID8-
VEGF model, mice treated with clodronate had an 80.2% 
decrease in tumor weight (P < 0.001) relative to the control lipo-
some group (Fig. 1A). To determine whether similar effects would 
be noted in another model, we next used the SKOV3ip1 model. 
In this model, there was a 69.9% decrease in tumor weight (P = 
0.008) and a 69.3% decrease in the number of tumor nodules 
(P = 0.03) in the clodronate treatment group compared with the 
controls (Fig. 1A and B). Mouse body weights did not differ sig-
nificantly between the clodronate treatment group and controls, 
suggesting no obvious adverse effects of clodronate.

Next, we examined for potential effects of treatment on the 
tumor microenvironment. Tumor sections from the clodronate 
treatment groups showed 52.9% (ID8-VEGF model) and 52.4% 
(SKOV3ip1 model) decrease in macrophage density (P = 0.001 
and P < 0.001, respectively) relative to controls (Fig.  1C). On 
inspection of the tumor sections, the control groups had many 
macrophages within the tumor islands, while the clodronate 
treatment groups had predominantly extratumoral macrophages 
between the tumor islands. Additionally, clodronate treat-
ment resulted in a 70.2% decrease in microvessel density (P < 
0.001) relative to controls (Fig. 1D). These results suggest that 
clodronate treatment alters tumor size, the number of tumor 
nodules, macrophage density, and capillary density within the 
microenvironment.

Clodronate treatment decreases angiogenic cytokines
To further explore possible mechanisms underlying the effects 

of clodronate on tumor growth, we next examined its effects on 
in vitro cell proliferation and cytokine production. Clodronate 
inhibited the growth of endothelial cells with an IC

50
 of 3.54–

3.91 mM (95% confidence interval [CI]), and of tumor cells with 
an IC

50
 of 3.49–4.39 mM (95% CI) (Fig. 2A and B). From these 

data, we selected the 2 mM dose of clodronate for use in our sub-
sequent in vitro studies. For our animal studies, the final injec-
tion dose of liposomal clodronate was 1.0 mg/mouse (2.77 μmol) 
and 0.2 mg/mouse (0.55 μmol). Given the substantial effects on 
tumor angiogenesis noted from the in vivo experiments, we asked 
whether clodronate could affect production of angiogenic factors 
by different cell types. Using ELISA, we assessed the produc-
tion of angiogenic cytokines by tumor cells, endothelial cells, and 
macrophages in the presence or absence of clodronate. In SKOV3 
cells, cytokine secretion did not change significantly; however, 
both endothelial cell (RF24) and macrophage (THP1) secre-
tion of pro-angiogenic cytokines decreased significantly after 
treatment with clodronate (Fig.  2C). Endothelial cells exhib-
ited a 52.1% decrease in IL6 secretion (P < 0.001) and a 61.9% 
decrease in IL8 secretion (P < 0.001). Macrophages showed a 
24.0% decrease in FGF-2 secretion (P < 0.05) with no signifi-
cant change in TNFα or VEGF secretion. Decreased secretion of 
pro-angiogenic cytokines by multiple components of the tumor 

microenvironment suggests that clodronate has an indirect, 
upstream inhibitory effect on tumor angiogenesis.

Clodronate impairs endothelial tube formation
To address whether clodronate could directly affect endothe-

lial cells, we assessed endothelial cell migration and tube forma-
tion in 3D gels. Treatment with clodronate resulted in a 64.7% 
decrease in endothelial cell migration relative to controls (P < 
0.001). After VEGF stimulation, normal migratory capacity 
recovered only partially (endothelial cell migration inhibition 
with a 45.5% decrease in number of cells which migrated into 
the insert relative to control; Fig. 3A and B). Additionally, clo-
dronate treatment significantly impaired tube formation in vitro, 
with a 42.6% decrease in the number of nodes formed relative to 
the control group (Fig. 3C and D).

Discussion

The key findings from our study are that clodronate treat-
ment impairs tumor angiogenesis in an orthotopic model of 
ovarian cancer through direct and indirect effects. These find-
ings provide insight into the anti-angiogenic and tumor-limiting 
capabilities of clodronate and support further investigation of 
clodronate as a therapeutic adjuvant to current chemotherapeutic 
agents in patients with ovarian cancer.

Our study shows that clodronate inhibits the secretion of cyto-
kines by both endothelial cells and macrophages. Macrophages 
have been shown to produce growth factors stimulating endo-
thelial cell proliferation and directing capillary formation. 
Endothelial cells support the differentiation of inactivated macro-
phages into the repair phenotype through direct contact and the 
secretion of CSF1.8 Liposomal clodronate-mediated depletion of 
TAMs has been shown previously to inhibit tumor growth in ter-
atocarcinoma mouse models and increase radiosensitivity in mel-
anoma mouse models.7,9 We found that depletion of TAMs also 
decreases tumor vascularity, leading to decreased tumor growth.10

Clodronate, a non-aminobisphosphonate, can block adenosine 
triphosphate (ATP)-binding sites, resulting in the interruption of 
ATP/energy usage of cells. As a result, clodronate can influence 
a variety of pathways and trigger apoptosis.9 Clodronate’s ability 
to disrupt the cell’s source of energy may explain the effect on 
endothelial cell function and not on tumor cell function as seen 
in this study. Endothelial cell movement, migration and capil-
lary formation rely on interaction between ATP and actin fila-
ments, which results in a change in the cell’s shape.11 Clodronate 
has been previously shown to disrupt this ATP-actin interaction 
in a canine model of malignant histiocytosis.12 The blockage of 
ATP-binding sites by clodronate has also been implicated in a 
decreased risk for osteonecrosis of the jaw as compared with the 
aminobisphosphonates, zoledronic acid and pamidronate. This 
adverse event is most often encountered in multiple myeloma 
or metastatic breast cancer patients being treated with monthly 
intravenous infusions of an aminobisphosphonate, and very few 
reports have been published worldwide involving clodronate, 
despite its widespread use for 20 y.13
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Other studies of clodronate’s potential use in cancer treatment 
have had mixed success.14-17 There are conflicting data regard-
ing the ability of clodronate to affect survival rates in early-stage 
breast cancer.14 However, a recent meta-analysis concluded that 

clodronate as adjuvant therapy in breast cancer is beneficial, pro-
ducing an increased 5-y overall survival rate.15 Emerging data 
in prostate cancer trials show improved survival with the use of 
clodronate in men with metastatic, androgen-sensitive prostate 

Figure 1. Clodronate treatment reduces tumor burden, TAM levels, and tumor capillary density. (A) Quantification of tumor weight (g) harvested from 
female mouse SKOV3ip1 and ID8-VEGF ovarian tumor models treated with 0.2 or 1.0 mg/mouse clodronate-encapsulated liposomes, respectively 
(n = 4 [SKOV3ip1] and 4 [ID8-VEGF] mice) or equally diluted control liposomes (n = 8 [SKOV3ip1] and 6 [ID8-VEGF] mice) 1 d after last injection showed 
significantly decreased tumor weight in the clodronate treatment group relative to the control group. **P < 0.01 and ***P < 0.0009 determined by the 
Student t test. Data are shown as means ± the standard error of the mean (SEM). (B) Quantification of tumor nodules present in the peritoneal cavity of 
female nude mice in the SKOV3ip1 ovarian tumor model group treated with 0.2 mg/mouse clodronate-encapsulated liposomes (n = 4) or equally diluted 
control liposomes (n = 8) 1 d after last injection showed significantly fewer number of tumor nodules in the clodronate treatment group relative to the 
control group. *P < 0.03 determined by the Student t test. Data are shown as means ± SEM. (C) Quantification of F4/80 stained tumor sections taken 
from female mouse SKOV3ip1 and ID8-VEGF ovarian tumor models treated with 0.2 or 1.0 mg/mouse clodronate-encapsulated liposomes or equally 
diluted control liposomes showed significantly decreased macrophage density in the clodronate treatment group relative to the control group. n = 
5 mice for the SKOV3ip1 group and n = 3 mice for the ID8-VEGF group. ****P < 0.0001 and **P = 0.0014 as determined by the Student t test. Data are 
shown as means ± SEM. (D) Quantification of CD31-positive cells in the tumor sections taken from female mouse SKOV3ip1ovarian tumor models treated 
with 0.2 mg/mouse clodronate-encapsulated liposomes or equally diluted control liposomes showed significantly decreased capillary density in the 
clodronate treatment group relative to the control group (n = 2 mice). ***P = 0.0002 as determined by the Student t test. Data are shown as means ± 
SEM. (E) Representative histology images of F4/80, and CD31 stained tumor sections taken from female mouse SKOV3ip1 and ID8-VEGF ovarian tumor 
models treated with 0.2 or 1.0 mg/mouse clodronate-encapsulated liposomes or equally diluted control liposomes show decreased macrophage and 
capillary density in the clodronate treatment group relative to the control group. F4/80-positive cells (staining darkly) represent macrophages within 
the tissue section. CD31-positive cells (staining darkly) represent endothelial cells within the tissue section. Images were taken at 200× magnification.
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cancer and delays in time to first bone metastasis in high-risk 
prostate cancer patients.16,17 Our results favor the introduction 
of clodronate as a potential anti-angiogenic approach for human 
ovarian cancer, and may have beneficial effects with the cur-
rent standard-of-care chemotherapy drugs (e.g., platinum and 
taxanes).18

Materials and Methods

Cell lines and culture conditions
SKOV3 cells were obtained from the American Type Culture 

Collection and grown in 5% CO
2
 at 37 °C. These cells were 

maintained in RPMI 1640 medium supplemented with 15% 
fetal bovine serum (FBS) and 0.1% gentamicin sulfate (Gemini 
Bioproducts, 400-107). The immortalized human endothelial cell 
line RF24 was maintained in modified Eagle’s medium (MEM) 
supplemented with 10% FBS, 1% sodium pyruvate, 1% MEM 
vitamins, 1% nonessential amino acids, 1% l-glutamine, and 1% 
penicillin/streptomycin. The human monocyte cell line THP-1 
was maintained in RPMI 1640 supplemented with 10% FBS, 
0.1% gentamicin sulfate, and 0.05 mM 2-mercaptoethanol. 
THP-1 cells were differentiated into macrophages by the addition 
of 1 μg/mL 12-O-Tetradecanoylphorbol-13-acetate to cells every 
24 h over 3 d. Differentiated macrophages were then stimulated by 
the addition of 1 μg/mL lipopolysaccharide and incubated for 2 h.

Figure 2. Clodronate treatment inhibits cytokine production by endothelial cells and macrophages but has no significant effect on tumor cytokine 
secretion or cell proliferation. (A) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay shows the response of endo-
thelial cells (RF24) to increasing doses of clodronate at 180 h. Cells showed an IC50 of 3.725 mM (95% CI: 3.540–3.909 mM) determined by interpolation 
of data. (B) MTT cell viability assay shows the response of response of tumor cells (SKOV3) to increasing doses of clodronate at 72 h. Cells showed an 
IC50 of 3.941 mM (95% CI: 3.488–4.393 mM) as determined by interpolation of data. (C) Quantification of EGF, FGF2, TGFα, IFNγ, IL6, IL8, IL10, TNFα, and 
VEGF secretion (pg/mL) by in vitro endothelial (RF24) tumor (SKOV3) cells and activated macrophages (THP-1) treated with media (control) or filtered 
clodronate salt (2 mM) shows significant decrease in cytokine secretion of endothelial cells in the clodronate treatment group relative to the control 
group, but shows mixed results in cytokine secretion of activated macrophages and no significant change in cytokine secretion of tumor cells between 
the clodronate treatment and control groups. Supernatant was collected 48 h after treatment administration for endothelial and tumor cells, and 12 h 
after treatment administration for activated macrophages. n = 3 samples collected per group, measured in duplicates by ELISA.*P < 0.05, ****P < 0.0001 
and NS > 0.05, not significant, as determined by the Student t test. Data are shown as means ± SEM.
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In vitro clodronate treatment
Samples prepared for enzyme-linked immunosorbent assay 

(ELISA) were treated with 2 mM clodronate salt ([dichloro-phos-
phono-methyl]phosphonic acid) or culture medium (control). 
Samples prepared for migration assays were treated with 2 mM 
clodronate-encapsulated liposomes or the equivalent diluted 
free liposomes (control) (Encapsula NanoScience). Samples pre-
pared for 3D tube formation were treated with media (control), 

0.125 mM or 2 mM clodronate-encapsulated liposomes, or the 
equivalent diluted free liposomes for 0.125 mM.

Cell viability assays
RF24 and SKOV3 cells (2 × 104 in 100 μL) were plated in 

96-well plates. After 24 h, clodronate was added once to each 
well in increasing concentrations (0.1, 0.25, 1, 2, 3, 4, 7, and 
8 mM). After three doubling times, (180 h for RF24 and 72 h for 
SKOV3) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

Figure 3. Clodronate impairs capillary recruitment and formation. (A) Quantification of endothelial cell (RF24) migration after treatment with 2 mM 
clodronate-encapsulated liposomes or equally diluted control liposomes ± VEGF (20 ng/mL) indicates clodronate treatment significantly decreases 
endothelial cell migration compared with the control group. n = 2 inserts per group, 5 pictures per insert. *P < 0.02, ***P < 0.0007 as determined by 
the Student t test. Data are shown as means ± SEM. (B) Representative images of migration assay seen in (A) show a decreased number of endothelial 
cells within the insert of the clodronate treatment group relative to the control group. Images were taken after prior treatment with 2 mM clodronate-
encapsulated liposomes, equally diluted liposomes (control), control plus 20 ng/mL VEGF, or 2 mM clodronate-encapsulated liposomes plus 20 ng/mL 
VEGF. Images were captured at 200× magnification. (C) Endothelial vessel formation was quantified by counting the number of nodes (points at which 
where three or more elongated cells meet) formed on the gel matrix after prior treatment with 2 mM, 0.125 mM clodronate-encapsulated liposomes or 
equally diluted control liposomes (to 0.125 mM, control). n = 3 wells per group, 5 pictures per well. ***P < 0.0003, ****P < 0.0001 (compared with media) 
as determined by the Student t test. Data are shown as means ± SEM. (D) Representative images of 3D tube formation seen in (C) on a gel matrix cor-
relating to capillary formation show decreased vessel formation in the clodronate treatment group relative to the control group.. Images were taken 
after treatment with 0.125 mM or 2 mM clodronate-encapsulated liposomes or equally dilute liposomes (to 0.125 mM, control). Images were taken at 
100× magnification.
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bromide (MTT) was added to each well. The plate was incubated 
at 37 °C for 20 min and absorbance was then read at 570 nm 
(Ceres UV 900C; Bio-Tek Instrument Inc.).

ELISA
Samples were prepared per instructions with Milliplex mag-

netic beads (EMD Millipore, HCYTOMAG-60K) for various 
angiogenic cytokines (EGF, FGF-2, TGFα, IFNγ, IL10, IL6, 
IL8, TNFα, and VEGF) and run through a MAGPIX instru-
ment (Luminex). Instrument software was used to analyze stan-
dard dilutions and calculate sample concentrations of individual 
cytokines in pg/mL per well. Cytokine concentrations were then 
compared within the same cell line and time point per treatment 
or lack of treatment.

3D tube formation assay
RF24 cells were treated with media (control), 0.125 mM or 

2 mM clodronate-encapsulated liposomes, or the equivalent 
diluted free liposomes for 0.125 mM prior to seeding for 12 h. 
A total of 3 × 104 RF24 cells were seeded onto 200 μL Matrigel 
(BD Biosciences, 356237) in a 48-well plate and incubated in 
5% CO

2
/95% air at 37 °C for 10 h. Images were taken using an 

inverted camera at 200× magnification, and cells forming nodes 
were counted in five fields (upper left and right, center, and lower 
left and right).

Migration assay
Cell culture inserts (BD Nanosciences) for 24-well plates were 

coated with 0.1% gelatin and air-dried. Migration was assessed 
in four groups: control (empty liposomes), control plus VEGF, 
clodronate, and clodronate plus VEGF. RF24 cells were treated 
with 2 mM clodronate-encapsulated liposomes or the equiva-
lent diluted free liposomes (control) prior to seeding for 12 h. 
Treatment and control groups of RF24 cells (1 × 105) suspended 
in 100 μL serum-free MEM were added into the upper cham-
ber and complete media for RF24 cells containing 10% FBS 
(500 μL) or 10% FBS with VEGF (20 ng/mL in 500 μL). The 
chambers were incubated at 5% CO

2
/95% air and 37 °C for 6 h. 

After incubation, cells in inserts were fixed and stained. Inserts 
were then removed and placed on slides for counting by light 
microscopy. Images were taken at 200× magnification, and cells 
were counted in five fields (upper left and right, center, and lower 
left and right).

Immunohistochemistry
Fresh-frozen sections in optimal cutting temperature (OCT) 

compound were stained for CD31 and F4/80. Frozen sections 
were fixed in acetone and acetone-chloroform. After endogenous 
peroxide blocking and three washes with PBS, the slides were 
incubated in protein block (5% normal horse serum plus 1% nor-
mal goat serum in PBS) for 20 min. After three washes with PBS, 
the slides were incubated with primary antibody to CD31 (1:800, 
PharMingen, 550274), F4/80 (1:600, Serotec, MCA497RT), or 
Ki67 (1:200, BioCare Medical, CRM325) overnight at 4 °C. 
Matching secondary antibodies were applied for 1 h at room 
temperature and staining was developed using diaminobenzi-
dine. Hematoxylin was then used to stain nuclei. To calculate 
the macrophage count and cell proliferation index, five random 
fields were studied and counted at 200× magnification for each 

tumor section. To quantify microvessel density, five random 
fields were studied at 200× magnification for each tumor section, 
and endothelial cell nodes (where three endothelial cells with 
nuclei adjoined) or a well-defined capillary lumen were counted 
as vessels.

In vivo ovarian cancer models
Female C57BL/6 and nude mice were obtained from Taconic. 

All experiments were approved by the Institutional Animal Care 
and Use Committee of The University of Texas MD Anderson 
Cancer Center. Tumor cells from appropriate ovarian cancer 
mouse models (SKOV3ip1 and ID8-VEGF, 1.0 × 106 cells) were 
injected intraperitoneally into the mice on day 0. The C57BL/6 
mice were used for the ID8-VEGF syngeneic model, while nude 
mice were used for the SKOV3ip1 orthotopic model. Mice were 
randomized to treatment or control groups, where treatment 
began on day 7 and continued weekly until day 28. Control mice 
received empty liposomes, while the treatment group received 
clodronate-encapsulated liposomes group (n = 10 mice per 
group). Treatments were given in 200 μL volumes at 1.0 mg/
mouse for ID8-VEGF tumors or 0.2 mg/mouse for SKOV3ip1 
tumors. Twenty mice were injected with SKOV3ip1 cells, with 
ten mice receiving 0.2 mg clodronate-encapsulated liposomes 
and ten mice receiving empty liposomes; and, 20 mice were 
injected with ID8-VEGF cells, with ten mice receiving 1.0 mg 
clodronate-encapsulated liposomes and ten mice receiving empty 
liposomes. Mice were sacrificed on day 29 and tumors were har-
vested, counted and weighed.

Statistical analysis
GraphPad Prism 5.0 (GraphPad Software) was used to analyze 

data. Data are presented throughout the manuscript as means ± 
the standard error of the mean. Comparisons were made using 
the Student t test or analysis of variance (ANOVA) with P < 0.05 
considered statistically significant.
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