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Introduction

Denosumab (Dmab) and zoledronic acid (ZOL) are antiresorp-
tive agents with different mechanisms of action indicated for 
delaying the onset of skeletal-related events (SREs) in patients 
with bone metastases from solid tumors, including breast can-
cer.1,2 Moreover, these agents also have demonstrated efficacy for 
preserving bone health in patients in the adjuvant breast cancer 
setting.3-9 In addition to its antiresorptive effects, clinical and 
preclinical data suggest that ZOL also may have antiangiogenic 
effects.10-13 However, the effects of the newer antiresorptive agent 
Dmab on angiogenesis are largely unknown.

ZOL is among the most active nitrogen-containing bisphos-
phonates (N-BPs),14,15 and is the only bisphosphonate indicated for 
the treatment of patients with multiple myeloma or patients with 
bone metastases from solid tumors.1 All bisphosphonates accumu-
late in the mineral portion of the bone matrix and are released dur-
ing bone resorption. After internalization by osteoclasts, N-BPs 
inhibit farnesyl pyrophosphate synthase, an enzyme in the meval-
onate pathway required for the post-translational modification and 
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function of small GTPases (e.g., Ras, Rho, Rac), which play a key 
role in cell proliferation and survival.14,16-18 Therefore, N-BPs such 
as ZOL interfere with multiple cellular functions required for the 
bone-resorbing activity and survival of osteoclasts.

In addition to its antiresorptive activity, studies have shown 
that ZOL (and other BPs) can inhibit several steps involved 
in angiogenesis,10,11,13 an important process involved in tumor 
growth and progression. For example, a preclinical study demon-
strated that BPs (ie., ZOL, ibandronate, risedronate and clodro-
nate) decreased proliferation and capillary-like tube formation 
and induced apoptosis in human umbilical vein endothelial cells 
(HUVECs).11 Moreover, ZOL has been shown to inhibit pro-
liferation, adhesion and migration of HUVECs, reduce blood 
vessel sprouting in cultured aortic ring and chicken chorioallan-
toic membrane assays and inhibit basic fibroblast growth factor 
(bFGF)-induced angiogenesis in mice.13 Additionally, in a small 
clinical study (n = 26) of patients with bone metastases from solid 
tumors, repeated low doses of ZOL (1 mg q week × 4, 4 mg q 
28 d × 3) produced significant (p < 0.01) decreases in vascular 
endothelial growth factor (VEGF) levels.12 Notably, these effects 
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Denosumab is a fully humanized monoclonal antibody that 
specifically targets the human receptor activator of nuclear fac-
tor kappa B (RANK) ligand (RANKL), a cytokine essential 
for osteoclast differentiation, activation and survival.2,19,20 In a 
recent phase III clinical trial, Dmab was more effective at delay-
ing SREs than ZOL in women with bone metastases from breast 
cancer.21 Moreover, Dmab is indicated for the prevention of SREs 
in patients with bone metastases from solid tumors, but is not 
indicated for patients with multiple myeloma.2 Therefore, this 
antiresorptive agent represents an exciting new treatment option 
for patients with bone metastases from breast cancer.

In contrast with bisphosphonates, Dmab does not incorporate 
into the mineralized bone matrix.22,23 In addition, RANKL is 
expressed systemically; therefore, blocking RANKL with Dmab 
may interfere with important RANKL-mediated pathways out-
side of bone. Indeed, preclinical studies suggest that RANKL 
may be involved in angiogenesis, but data are conflicting.24-26 For 
example, proangiogenic factors such as VEGF have been shown 
to increase RANK expression,25 and RANKL has been shown 
to promote angiogenesis in vivo in an endothelial nitric oxide 
synthase-dependent manner.26 Intuitively, these data suggest that 
RANKL inhibition would also inhibit angiogenesis. However, 
another preclinical study showed that RANKL inhibits prolifera-
tion of HUVECs and VEGF-induced angiogenesis and induces 
apoptosis in these cells.24 Therefore, the effects of inhibiting 
RANKL on angiogenesis remain equivocal. The objective of 
this study was to examine the potential antiangiogenic effects of 
RANKL inhibition with Dmab.

Results

In vitro cytotoxicity and capillary tubule inhibition. The 
cytotoxicity of Dmab and ZOL was evaluated in human 
MDA-MB-436 (Fig. 1), CG5 (Fig. 2) cells and HUVECs 
(Fig. 3). Dmab (0.31 to 160 μM) did not significantly inhibit 
growth of MDA-MB-436, CG5 cells or HUVECs (p > 0.05), 
nor did inhibit HUVEC tubule formation in Matrigel com-
pared with control (p > 0.05) (Fig. 4). In contrast with these 
findings, ZOL decreased the viability of MDA-MB-436, CG5 
cells and HUVECs in a time- and concentration-dependent 
manner with an IC

50
 (concentration inhibiting 50% of growth) 

of 111.88 μM ZOL after 48 h and 34.75 μM ZOL after 72 h in 
MDA-MB-436 cells, 78.55 μM ZOL after 48 h and 14.54 μM 
ZOL after 72 h in MDA-MB-436 cells and 64.46 μM ZOL 
after 72 h in HUVECs (Table 1). As expected, ZOL caused 
considerable reduction in cell viability after 72 h of treatment, 
particularly for CG5 and MDA-MB-436 cells (p < 0.001). 
Moreover, HUVEC capillary tubule formation was inhib-
ited after 24 h from ZOL addition in a dose-dependent man-
ner (Fig. 5). Additionally, marked inhibition was observed at 
10 μM ZOL and 160 μM ZOL caused almost complete cap-
illary tubule disruption. Indeed, quantification of tubule net-
works in HUVECs illustrates the inhibitory effect of ZOL 
(already at 1 μM that is a concentration readily achievable in 
vivo) and the lack of any effect with Dmab even at high con-
centrations (Fig. 6).

Figure 1. Cytotoxicity of Dmab and ZOL in human MDa-MB-436 cells. 
Cell viability of the human breast cancer cell line MDa-MB-436 after 
treatment with increasing concentrations (0.31 to 160 μM) of Dmab 
(○) or ZOL (●) for (A) 24 h, (B) 48 h and (C) 72 h was evaluated by MTT 
assay and expressed as percentage of untreated cells. each point is the 
mean of at least four different replicate experiments (± s.D.). statistical 
analysis: p < 0.01, untreated vs. 80 and 160 μM ZOL treated cells at 48 h; 
p < 0.001, untreated vs. 40, 80 and 160 μM ZOL treated cells at 72 h.

were observed early and were long-lasting. Taken together, these 
studies suggest that ZOL has antiangiogenic properties, which 
might translate to clinical anticancer activity.
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In vitro invasion. In the presence of a chemoattractant (FBS), 
untreated HUVECs (positive control) strongly invaded the 
lower surface of the insert, whereas invasion in the absence of a 

Figure 2. Cytotoxicity of Dmab and ZOL in human CG5 cells. Cell vi-
ability of the human breast cancer cell line CG5 after treatment with in-
creasing concentrations (0.31 to 160 μM) of Dmab (○) or ZOL (●) for (A) 
24 h, (B) 48 h and (C) 72 h was evaluated by MTT assay and expressed 
as percentage of untreated cells. each point is the mean of at least four 
different replicate experiments (± s.D.). statistical analysis: p < 0.01, un-
treated vs. 80 and 160 μM ZOL treated cells at 48 h; p < 0.001, untreated 
vs. 40, 80 and 160 μM ZOL treated cells at 72 h.

Figure 3. Cytotoxicity of Dmab and ZOL in hUVeCs. Cell viability of hU-
VeCs treated with increasing (0.31 to 160 μM) concentrations of Dmab 
(○) or ZOL (●) for (A) 24 h, (B) 48 h and (C) 72 h was evaluated by MTT 
assay and expressed as percentage of untreated cells. each point is the 
mean of at least four different replicate experiments (± s.D.). statisti-
cal analysis: p < 0.01, untreated vs. 160 μM ZOL treated cells at 48 h, 
untreated vs. 40, 80 and 160 μM ZOL treated cells at 72h.

chemoattractant (negative control) was limited. Dmab had no 
effect on chemoattractant-induced HUVEC invasion. However, 
treatment with ZOL for 24 h inhibited chemoattractant-induced 
HUVEC invasion in a dose-dependent manner (Fig. 7). The 
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number of invading cells, compared with the positive control, 
was reduced by approximately 50, 75 and 90% at 5 , 20 and 
160 μM ZOL, respectively.

In vivo angiogenesis. An in vivo vascularization assay was per-
formed using Matrigel plug assay in mice to evaluate the effects 
of ZOL and Dmab on the angiogenic process. Any angiogenic 
response observed by macroscopic analysis (Fig. 8Aa and Ba) was 
found by quantitative evaluation obtained by measuring hemoglo-
bin levels in the Matrigel of negative controls (without the addition 
of VEGF and TNFα). On the other hand, a potent angiogenic 
response was observed in positive controls (Fig. 8Ab and Bb) with 

Figure 4. effects of Dmab on hUVeC tubule formation. Representative photomicrographs of hUVeCs plated onto Matrigel after 24 h of treatment with 
(A) vehicle control; (B) 0.31 μM Dmab; (C) 0.62 μM Dmab; (D) 1.25 μM Dmab; (E) 2.5 μM Dmab; (F) 5 μM Dmab; (G) 10 μM Dmab; (H) 20 μM Dmab; 
(I) 40 μM Dmab; (J) 80 μM Dmab; (K) 160 μM Dmab. pictures were taken at magnification 10×.

Table 1. IC50 Values (μM) of Dmab or ZOLa

IC50

MDA 436 CG5 HUVEC

24 h > 160 ± 0.02 > 160 ± 0.03 > 160 ± 0.04

48 h > 160 ± 0.03 > 160 ± 0.04 > 160 ± 0.04

72 h > 160 ± 0.07 > 160 ± 0.04 > 160 ± 0.06

24 h > 160 ± 0.02 > 160 ± 0.02 > 160 ± 0.03

48 h 111.88 ± 0.03 78.55 ± 0.04 > 160 ± 0.02

72 h 34.75 ± 0.04 14.54 ± 0.05 64.46 ± 0.03
aData shown are mean ± standard deviation. abbreviations: Dmab, 
denosumab; h = hours; ZOL, zoledronic acid.
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In vivo antitumor effect. The in vivo potential anticancer 
activity of Dmab and ZOL was examined in athymic mice xeno-
grafted with the human breast cancer cell line CG5. The mean 
tumor weight was not significantly decreased in mice treated 
with Dmab for 42 d compared with untreated control vehicle-
treated mice (p > 0.05) (Table 2, Fig. 9). In contrast to Dmab, 
ZOL treatment caused a 44% reduction of the tumor weight if 
compared with untreated mice (p < 0.001). Interestingly, one 
out of 6 mice achieved a tumor stabilization and ZOL treatment 
induced also an increase of life survival (ILS) of 35% if compared 
with untreated mice (p = 0.002). On the other hand, Dmab did 

an increase of about 5-fold of the recorded O.D. Moreover, signifi-
cant vascularization similar to the positive control was observed 
in Matrigel plugs containing untreated CG5 cells exposed in the 
presence of VEGF and TNFα (Fig. 8Ac and 8Bc) while a not 
significant reduction of angiogenesis was recorded in CG5 cells 
pre-treated with Dmab in presence of VEGF and TNFα (p = 
0.08) (Fig. 8Ad and 8Bd). In contrast, hemoglobin content in 
the Matrigel plugs containing VEGF, TNFα and ZOL-pretreated 
CG5 cells was similar to the negative controls and about 5-fold 
lower than the positive controls (Fig. 8Ae and 8Be), demonstrat-
ing a marked anti-angiogenic response with ZOL (p = 0.0008).

Figure 5. effects of ZOL on hUVeC tubule formation. Representative photomicrographs of hUVeCs plated on Matrigel after 24 h of treatment: with 
(A) vehicle control; (B) 0.31 μM ZOL; (C) 0.62 μM ZOL; (D) 1.25 μM ZOL; (E) 2.5 μM ZOL; (F) 5 μM ZOL; (G) 10 μM ZOL; (H) 20 μM ZOL; (I) 40 μM ZOL; 
(J) 80 μM ZOL; (K) 160 μM ZOL. pictures were taken at magnification 10×.
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examined. The mean vessel counts in untreated tumors was 32 ± 
3 and was almost unaltered in tumors treated with Dmab (30.3 ± 
4, p = 0.526) (Table 3). On the other hand, treatment with ZOL 
caused a significant reduction of mean vessel count that reached 
the value of 16.8 ± 1 (p = 0.0001) providing biochemical support 
that ZOL, but not Dmab, inhibits tumor growth via an anti-
angiogenic mechanism (Table 3). Some representative images of 
neo-vascularization are shown in Figure 10.

Discussion

In this study we demonstrate that ZOL, but not Dmab, 
induces time- and dose-dependent growth inhibition of human 
MDA-MB-436, CG5 cells and HUVECs. Additionally, Dmab 
failed to inhibit HUVEC capillary tubule formation or HUVEC 
cell invasion. Although there are conflicting data on the role of 
RANKL in angiogenesis, our current data are not consistent 
with a preclinical study in which RANKL inhibited prolifera-
tion of HUVECs and VEGF-induced angiogenesis and induced 

not induce any effect on tumor stabilization and caused an ILS of 
only 8% if compare with untreated mice (p > 0.05). The differ-
ence of the effects between ZOL and Dmab on ILS was statisti-
cally significant (p = 0.018). Maintenance of body weight across 
treatment arms suggests that both Dmab and ZOL did not have 
any adverse metabolic effects (data not shown).

Immunohistochemical determination of intratumor angio-
genesis. The effect of Dmab and ZOL on the expression of CD34 
as a marker of neo-vessel formation in the human xenografts was 

Figure 6. Quantification of the effects of Dmab and ZOL on hUVeC 
tubule formation. Capillary-like networks were quantified with ImageJ 
software. each point is the mean of at least four different replicate 
experiments (± s.D.). statistical analysis: p < 0.05, untreated vs. 0.6 μM, 
1.2 μM and 2.5 μM ZOL treated cells; p < 0.01, untreated vs. 5.0, 10.0 
and 20.0 μM ZOL treated cells; p < 0.001, untreated vs. 40.0, 80.0 and 
160.0 μM ZOL treated cells.

Figure 7. effects of Dmab and ZOL on hUVeC invasion. Cultured hU-
VeCs were harvested and suspended in DMeM and incubated for 24 h 
on filter coated with Matrigel in the absence or in presence of Dmab 
or ZOL; 3 mL of DMeM supplemented with 10% FBs (positive control) 
or not (negative control) was added to the well underneath the insert. 
Cells that crossed the Matrigel-coated filter were fixed, stained and 
counted. six random microscope fields were counted for each group. 
statistical analysis: p < 0.01 control vs. 5 μM ZOL treated cells; p < 0.001 
control vs. 20 μM and 80 μM ZOL treated cells.

Figure 8. ZOL inhibits in vivo angiogenesis evaluated by matrigel 
plug assay. In vivo vessel formation was assessed after the injection of 
C57BL/6 mice with matrigel plugs containing heparin only (negative 
control) (a), containing heparin, VeGF and TNFα (positive control) (b), 
containing CG5 cells untreated (c) or previously treated with Denosum-
ab at 100 μM (d) or ZOL at 100 μM (e) for 24 h in serum-free medium. 
after 5 d, animals were sacrificed and neovascularisation was evaluated 
by macroscopic analysis and by the measurement of hb content of 
matrigel plugs. The macroscopic appearance of representative matrigel 
plugs from each experimental group is shown (A). histograms repre-
sent the mean value (n = 10; data from two independent experiments) 
of the hb content, expressed as absorbance (OD)/100 mg of matrigel 
plug. Bars: +sD values (B). Denosumab vs untreated: p = 0.08; ZOL vs. 
untreated p = 0.0008 (*).
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antiangiogenic activity of ZOL reported in other preclinical and 
clinical studies.29-31 However, a limitation of this study is the use 
of mice that do not express human RANKL. For example, a 
knock-in mouse model that expresses chimeric (murine/human) 
RANKL has been created.28 Moreover, this model was used to 
demonstrate that Dmab inhibits bone resorption and increases 
BMD, as has been shown in clinical trials with osteoporosis.7,28,32 
Additional studies examining the effects of Dmab in such a 
mouse model will help clarify the role of RANKL inhibition in 
angiogenesis.

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM), 
bovine serum albumin (BSA) and fetal bovine serum (FBS) were 
purchased from Flow Laboratories. Tissue culture dishes were 
purchased from Becton Dickinson. Zoledronic acid1 was kindly 

apoptosis in these cells.24 Taken together, these data suggest that 
inhibiting RANKL with Dmab is not antiangiogenic. In con-
trast, ZOL markedly inhibited both HUVEC tubule formation 
and cell invasion and inhibited endothelial and breast cancer cell 
proliferation. These results are also in agreement with previous 
reports regarding the antiangiogenic activity of ZOL.10,11,13

In agreement with the in vitro assays, no antiangiogenic 
activity was observed with Dmab in vivo. However, this is to 
be expected as Dmab specifically binds human RANKL and 
does not bind murine RANKL.28 Furthermore, as the Matrigel 
used in this assay was derived from mouse sarcoma, extracel-
lular matrix proteins were of mouse origin. As a result, in this 
experiment Dmab treatment acted as a second positive control. 
As expected, ZOL treatment inhibited angiogenesis in Matrigel 
vascularization assays in vivo while Dmab had again not signifi-
cant effects. These data provide further support for the potential 
in vivo antiangiogenic effect of ZOL, which may translate into 
clinical anticancer activity.

Denosumab had no effect on the growth of human xenografts 
in athymic nude mice and no effect on the expression of CD34 
as a marker of angiogenesis in these xenografts. In contrast, 
treatment with ZOL caused a substantial reduction in xenograft 
tumor volume and marker levels. Although it is unknown if 
mouse RANKL influenced growth of the xenograft tumor, the 
implanted breast cancer cells were of human origin and there-
fore expressed human RANKL. Thus, Dmab would be able to 
bind the RANKL expressed by the xenografts and potential anti-
cancer activity should be observed by reduction in tumor size. 
Therefore, RANKL inhibition with Dmab does not appear to 
have anticancer activity against breast cancer tumors.

Overall, these data suggest that Dmab does not have anti-
angiogenic activity and provide additional support for the 

Table 2. Therapeutic  efficacy of Zoledronic acid and Denosumab on 
CG5 breast cancer xenografts

Treatment 
groupsa TWIb T-Cc Stable diseased ILSe Lethal

(%) (days) mice treated (%) toxicityf

ZOL 44 7 6-Jan 35 0/6

Denosumab - 0 0/6 8 0/6
aCG5 tumor bearing-mice were treated starting from day 6 after tumor 
cells injection, as follows: (1) ZOL at 20 μg/mouse i.v. three times a week 
for three consecutive weeks; (2) Denosumab at 10 mg/Kg i.v. two times 
a week for three for four consecutive weeks.  bTumor weight inhibition 
was calculated at the nadir of the effect. statistical significance of dif-
ferences of tumor weight between each group are as follows: ZOL vs. 
untreated, p = 0.013; ZOL vs. Denosumab, p = 0.014. cCalculated as the 
median times for treated (T) and control (C) tumors to reach the same 
size (1,000 mg). dstable disease was defined as the maintenance of the 
same tumor weight for at least two weeks from the  start of treatment. 
eIncrease in lifespan. ILs of treated mice was calculated compared their 
median survival time (MsT) with those of untreated mice. The animals 
were euthanized for ethical reasons when tumors reached a mean of 
3.0 g in weight (the time of euthanization was recorded as the time of 
death). statistical significance of differences of survival between each 
group are as follows: ZOL vs untreated, p = 0.002; ZOL vs. Denosumab, 
p = 0.018. fNumber of toxic deaths/total number of treated mice.

Table 3. Cd34 positive vessels

ZOL Dmab CTR

Mouse # 1 17 ± 3 31.6 ± 4 35.2 ± 4

Mouse # 2 16.3 ±  5 29.5 ± 5 31.7 ± 6

Mouse # 3 18.2 ±  7 34.4 ± 6 33.6 ± 5

Mouse # 4 15.8 ± 6 25.7 ± 5 27.4 ± 6

Mean SD 16.8 ± 1 30.3 ± 4 32 ± 3

p value 0.0001 0.526

Number vessels/hpf. Tumor sections were immunostained with anti-
CD34 monoclonal antibody (mec 14.7 abnova). The number of vessels 
was evaluated over 10 sequential hpf (400× enlargement) chosen 
among the better vascularized areas of each  tumor  and  reported as 
mean + sd/hpf.

Figure 9. ZOL reduced the growth of CG5 xenografts. Nude mice were 
injected i.m. with 3 × 106 CG5 cells/mouse and treatment started from 
day 6 after tumor cells injection. Groups: (◆) untreated; (□) ZOL, 20 μg/
mouse i.v. (△) Denosumab, 10 mg/ Kg i.v. points are means with sD 
(bars).
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provided as the hydrated disodium salt by Novartis Pharma 
AG. The neutralized sodium salt of ZOL was dissolved in ster-
ile distilled deionized water (ddH

2
O) and aliquots of this stock 

solution were stored at 20°C. Denosumab was purchased from 
GlaxoSmithKline SpA (GSK).2

Cell culture. The experimental models consisted of the 
human breast cancer cell lines MDA-MB-436 and CG5 (both 
from American Type Tissue Culture Collection) and of human 
umbilical vein endothelial cells HUVECs (a kind gift from Dr 
M. Festa). MDA-MB-436 and CG5 cells were grown in DMEM 
supplemented with 10% heat-inactivated FBS, 20 mM HEPES, 
100 U/mL penicillin, 100 μg/mL streptomycin, 1% l-glutamine 
and 1% sodium pyruvate. The HUVECs were grown in endo-
thelial cell growth medium-2 (EGM-2) with supplements and 
growth factors supplied by the vendor (Lonza). Both cell lines 
were grown in a humidified atmosphere at 37°C and 5% CO

2
.

Cell viability assay. Cells were seeded in serum-containing 
media in 96-well plates at 2.5 × 103 cells/well for MDA-MB-436 
cells, 1.8 × 103 cells/well for CG5 and 4 × 103 cells/well for 
HUVECs. On the bases of preliminary experiments, after 24 h 
incubation at 37°C, the cells were treated with increasing con-
centrations of Dmab or ZOL (0.31 to 160 μM for both Dmab 
and ZOL) for 24, 48 and 72 h. Cell viability was assessed by 
adding MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide] solution in phosphate-buffered saline (PBS) to 
a final concentration of 5 mg/mL. The plates were then incu-
bated at 37°C for an additional 4 h and the MTT-formazan crys-
tals were solubilized in 1N isopropanol/hydrochloric acid 10% 
solution at 37°C on a shaking table for 20 min. The absorbance 
values of the solution in each well were measured at 570 nm 
using a Bio-Rad 550 microplate reader (Bio-Rad Laboratories, 
Milan, Italy). Percentage cell viability was calculated as 100% × 
(absorbance of the treated wells- absorbance of the blank control 
wells) / (absorbance of the negative control wells - absorbance of 
the blank control wells). All MTT experiments were performed 
in triplicate and repeated at least three times. Half maximum 
inhibitory concentration (IC

50
) values are presented as mean ± 

standard deviation (SD).
Tubule formation assay. To study the effect of Dmab and ZOL 

on angiogenesis in vitro, HUVECs were seeded on Matrigel (BD 
Biosciences). Briefly, 30 μL of Matrigel was pipetted into each 
well of a 96-well cell culture plate and incubated for 30 min at 
37°C. Dissociated HUVECs were seeded on the Matrigel layer at 
a density of 8.5 × 103 cells/well. Next, Dmab or ZOL was added 
at increasing concentrations (0.31 to 160 μM). Then, Matrigel 
cultures were incubated at 37°C. After 24 h of incubation, tube 
formation was photographed (magnification 10× ) under a phase-
contrast microscope and the area covered by the tubule network 
was quantified using ImageJ (National Institutes of Health).

Animals. All procedures involving the animals were performed 
in accordance with the Institutional Guidelines and complied 
with the Italian D.L. no.116 of January 27, 1992 of Ministero della 
Salute and associated guidelines in the European Communities 
Council Directive of November 24, 1986 (86/609/ECC).

Invasion assay. For the invasion assay, 5 × 105 HUVEC 
cells were plated in the top chamber of uncoated polyethylene 

Figure 10. effect of ZOL on vascularization of breast cancer tumors 
xenografted in nude mice. Tumors were collected, fixed and paraffin 
embedded after 3 weeks of treatment of the animals with placebo (A) 
or Dmab (B) or ZOL (C). Thereafter, the expression of CD34 was evalu-
ated and the vessel count was performed as described in the Materials 
and Methods section. arrows indicate examples of vessels in the differ-
ent treatment settings. The micrographs were obtained by observation 
with Zeiss microscope (400× magnification).
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terephthalate (PET) membrane-covered dishes (6-well insert, 
pore size 8 μm; Becton Dickinson). Matrigel (100 μL of a 1 mg/
mL dilution in serum-free DMEM medium) was placed on the 
lower side of each insert (6-well insert, pore size 8 μm; Becton 
Dickinson). The insert and the plate were incubated overnight 
at 4°C. The following day, cells were harvested and suspended 
in DMEM (containing 0.31 to 160 μM Dmab or ZOL) at a 
density of 1 × 106 cells/mL. The inserts were washed with serum-
free DMEM, then 1 × 106 cells were added to each insert and 
3 mL of DMEM containing 10% FBS was added to the well 
underneath the insert. After incubation at 37°C for up to 24 h, 
the inner side of the insert was wiped with a wet swab to remove 
the cells. The outer side of the insert was rinsed gently with PBS, 
stained with 0.25% crystal violet for 10 min, rinsed again and 
then allowed to dry. Next, the inserts were viewed under a CCD 
camera-equipped Nikon microscope. The inserts were processed 
and cell labeling was detected using a spectrophotometer. Crystal 
violet was extracted with 900 μL of 0.1 M sodium citrate in 50% 
ethanol and the absorbance was measured at 585 nm.

In vivo Angiogenesis assay. Eight week-old C57BL/6 (Charles 
River) mice were injected subcutaneously (s.c.) in the flank with 
600 μl of matrigel (BD Biosciences). Positive control contained 
matrigel supplemented with VEGF (100 ng/ml) (R&D Systems), 
TNFα 2 ng/ml (R&D Systems) and heparin (19 U; Schwarz 
Pharma SpA). Negative controls contained heparin alone.

Cells CG5 (3 × 106/ samples) untreated and treated with 
either Denosumab or with Zoledronic Acid at a dose of 100 μM 
for 24 h in serum-free medium were added to matrigel. Each 
group consisted of five animals.

After 5 d mice were sacrificed and matrigel plugs were har-
vested. The angiogenic response was evaluated by macroscopic 
analysis of the plug at autopsy and by measurement of the 
Hemoglobin (Hb) content into the pellet of matrigel.

Hb was mechanically extracted from the pellets in water and 
measured using the Drabkin (Sigma-Aldrich) method by spec-
trophotometric analysis at 540 nm. Values were expressed as opti-
cal density (OD)/100 mg of matrigel.

Analysis of in vivo therapeutic efficacy. CD-1 male nude 
(nu/nu) mice, 6–8 weeks old and weighing 22–24 g were pur-
chased from Charles River Laboratories. All procedures involving 
animals and their care were conducted in conformity with the 
institutional guidelines, which are in compliance with national 
and international laws.

Immunosuppressed mice were injected intramuscularly (i.m.) 
into the hind leg muscles of mice at 3 × 106 CG5 breast cancer 
cells per mouse. After 6 d (when a tumor mass of about 300 mg 
was evident) mice were randomized, divided in three groups and 
treatment started.

Mice were treated intravenously (i.v.) with ZOL at 20 μg per 
mouse for three times a week for 3 consecutive weeks or with 
Dmab at 10 mg/Kg twice a week for 4 consecutive weeks.

Tumor sizes were measured three times a week in two dimen-
sions by a caliper and tumor weight was calculated using the fol-
lowing formula: a × b2/2, where a and b are the long and short 
diameter of the tumor, respectively. Antitumor efficacy of treat-
ments was assessed by the following end points: (1) %TWI, 

percent tumor weight inhibition; (2) tumor growth delay, evalu-
ated as T-C, where T and C are the median times for treated and 
control tumors, respectively, to achieve equivalent size; (3) stable 
disease, defined as the maintenance of the same tumor weight 
for at least two weeks from the start of treatment; (4) increase 
of mice survival. The animals were euthanized for ethical rea-
sons when tumors reached a mean of 3.0 g in weight (the time of 
euthanization was recorded as the time of death).

Immunohistochemistry. Tumors were harvested, fixed in 
formaldehyde and embedded in paraffin for immunohisto-
chemistry. Briefly, 3- to 5-μm sections from each specimen were 
mounted on glass and dried overnight at 37°C. Sections were 
then deparaffinized in xylene, rehydrated with a graded alcohol 
series and equilibrated in PBS (used for all subsequent washes and 
antibody dilutions). Antigen retrieval was performed by heating 
tissue sections in a microwave oven (700 W) for 2 × 5 min in 
citrate buffer (pH 6) and then processed using the standard strep-
tavidin-biotin-immunoperoxidase method (DAKO Universal 
Kit, DAKO Corporation). Mouse monoclonal antibody raised 
against CD34, was used as primary antibody (CD34 monoclonal 
antibody, clone MEC 14.7, Abnova).

Diaminobenzidine was used as the final chromogen and 
hematoxylin as the nuclear counterstain. Negative controls 
lacked the primary antibody and were performed for each tissue 
section. The specificity of staining also was confirmed via compe-
tition of the primary antibody with the respective peptide against 
which they were generated. All samples were processed under the 
same conditions. Two pathologists (AS and FDC) independently 
evaluated the staining pattern of the vessels and the number of 
vessels was evaluated over 10 sequential hpf (400× enlargement) 
chosen among the better vascularized areas of each tumor and 
reported as mean + sd/hpf. All samples were processed as previ-
ously described.27

Statistical analysis. The Student’s t-test (unpaired, two-tailed) 
was used for comparing statistical differences. Survival curves of 
mice were generated by Kaplan-Meier product-limit estimate and 
statistical differences between the various groups were evaluated 
by log-rank analysis with Yates correction (software Primer of 
Biostatistics, McGraw-Hill). Differences were considered statisti-
cally significant when p < 0.05.

Conclusions

These findings support the potential antiangiogenic activity of 
ZOL in vitro and in vivo. ZOL has, in fact, shown promising 
clinical activity against both bone tumor control33 and improve-
ment in the quality of life of patients with bone metastases.34 The 
in vitro data do not rule out an antiangiogenic role of RANKL, or 
that RANKL inhibition could promote angiogenesis. Therefore, 
additional studies need to be performed to clarify the effects of 
Dmab on angiogenesis.
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