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Abstract. Nitrogen-containing bisphosphonates (BIS) are
potent inhibitors of bone resorption and are used in the treat-
ment of a number of medical conditions, including multiple
myeloma, breast cancer and osteoporosis. Recent experi-
mental evidence demonstrates that BIS also affect endothelial
cell functions and angiogenesis; however, the molecular
mechanism(s) are unclear. Vascular endothelial growth factor
(VEGF) is a potent pro-angiogenic signal for endothelial
cells. BIS inhibit VEGF responses in endothelial cells. The
VEGF receptor-2 (VEGFR?2) is the main signaling receptor
for VEGF in endothelial cells. We hypothesized that altered
VEGFR2 expression in BIS-treated endothelial cells may
account for these attenuated responses to VEGFE. The affect
of the BIS zoledronic acid (ZOL) was investigated in human
umbilical vein endothelial cells using confocal microscopy,
Western blotting, real-time PCR and flow cytometry. VEGFR2
accumulated within the ZOL-treated endothelial cells
(p=0.0002), though not on the cell surface (p>0.05). ZOL did
not induce VEGFR2-specific mRNA (p>0.05). ZOL inhibited
endothelial cell chemotaxis towards VEGF (p=0.001). VEGF
stimulation significantly reduced the amount of VEGFR2 in
the endothelial cells (p=0.01). This response to VEGF was
reduced by ZOL (p>0.05). The effects of ZOL on endothelial
cell migration, VEGFR2 protein expression and response to
VEGF were attenuated by geranylgeranyl pyrophosphate.
Two- and one-way ANOVAs with Tukey or Dunnett's multiple
comparison adjustments were used. The data suggest that ZOL
induces aberrant VEGFR2 accumulation. This is not likely
due to the induction of mRNA transcription, but rather to the
disruption of the mevalonate pathway.
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Introduction

Nitrogen-containing bisphosphonates (BIS) are potent inhibi-
tors of bone resorption and are used during the treatment of
many diseases, including multiple myeloma and metastatic
breast cancer (1,2). Recent in vitro and in vivo studies have
suggested that BIS also affect endothelial cell functions
and angiogenesis. The BIS zoledronic acid (ZOL) inhibits
cytokine-stimulated endothelial cell proliferation and migra-
tion (3), suggesting that ZOL inhibits cellular responses to
cytokines. Furthermore, BIS affect angiogenesis in vivo.
ZOL inhibits testosterone-stimulated angiogenesis within
the prostate in mice (4). In an experimental cervical cancer
model, ZOL increased endothelial cell apoptosis and subse-
quently reduced angiogenesis (5). BIS also altered vascular
response to wound healing. ZOL reduced the number of
endothelial cells within alveolar bone after tooth extraction
(6). Collectively, these findings suggest that ZOL is capable
of inhibiting endothelial cell function and angiogenesis. The
molecular mechanisms accounting for the aberrant responses
to growth factors and cytokines caused by BIS remain largely
unknown.

VEGF interacts with many receptors, including VEGFR1/
fms-like tyrosine kinase (FLT)-1 and VEGFR2/KDR/
fetal liver kinase (FLK)-1. Experimental evidence supports
VEGFR2 as the major receptor mediating cell signaling in
endothelial cells in response to VEGF. Selective activation
of VEGFRI1 does not induce cell migration or intercel-
lIular calcium release in endothelial cells (7); furthermore,
transgenic mice with VEGFRI1 lacking the cytoplasmic
portion had apparently normal vasculogenesis and angio-
genesis (8). In vitro, VEGF stimulation induces minimal
tyrosine VEGFR1 phosphorylation in endothelial cells (9).
By contrast, the functional inactivation of VEGFR2 by a
blocking antibody disrupted angiogenesis (10). Endothelial
cells expressed increased VEGFR2 mRNA at the site of
arterial injury (11). VEGF-stimulated endothelial cells
phosphorylate VEGFR2 and downstream signaling targets,
such as PLC-y (12). These findings suggest that VEGFR2
is the main receptor responsible for signal transduction
during VEGF-stimulation in endothelial cells. Therefore,
we hypothesized that BIS modulate VEGFR2 expression in
endothelial cells.
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Materials and methods

Cell culture. Human umbilical vein endothelial cells
(HUVECSs) were isolated, characterized and grown as previ-
ously described (13,14).

Cell migration and quantitation. HUVECs (75,000 cells/well)
were placed onto 24-well transwell tissue culture plates with an
8-pum pore size (Corning Inc., Life Science). Cells were incu-
bated with or without ZOL (ChemPacific), or with or without
geranylgeranyl pyrophosphate (GGPP) (Sigma-Aldrich Corp.)
for 48 h at 37°C. Next, the cells were incubated in serum-free
media for 8 h prior to the addition of VEGF (R&D Systems)
to several of the lower transwell chambers. HUVECs were
allowed to migrate for 16 h at 37°C. The undersides of the tran-
swell inserts were washed, and the remaining cells were fixed
with 5% formalin. Next, the cells were stained with hema-
toxylin and mounted on glass slides. Cells from each treatment
group were counted with the aid of a light microscope.

Confocal microscopy, image management and quantification.
HUVECs were rinsed with ice-cold PBS and fixed in freshly
prepared 4% paraformaldehyde for 10 min. After cell fixation,
the cells were washed with PBS (3 x 5 min) and then incu-
bated with PBS containing 0.1% saponin. Cells were blocked
and permeabilized with 0.1% bovine serum albumin BSA in
PBS plus 0.1% saponin for 30 min at RT. In all subsequent
staining steps, the PBS included 0.1% saponin. Next, the cells
were incubated with VEGFR2 antibodies (R&D Systems)
according to the manufacturer's recommended dilution for
at least 1 h. The wells were washed (3 x 5 min) with PBS
containing 0.1% saponin, and incubated with Alexafluor-
labeled isotype-specific secondary antibodies (Molecular
Probes). Excess secondary antibodies were removed by
washing. Fluorescent images were visualized with a Bio-Rad
MRC 1024 Confocal Laserhead on an Olympus AX-70 upright
microscope, x60 water immersion lens, using Bio-Rad Laser
Sharp 3.0 Software with Confocal Assistant. Each confocal
image was colorized in a standard fashion using Adobe
Photoshop CS software (Adobe Inc.). Quantification of fluo-
rescence was performed according to the methods developed
at the University of Minnesota Biomedical Image Processing
Laboratory (15). Cell fluorescence was distinguished from the
background with the ‘threshold’ tool, and the cells of interest
were circumscribed with the ‘lasso’ tool. The number of cells
and positive pixels (fluorescence) from each individual image
were calculated (number of red pixels/cell).

Semi-quantitative real-time PCR. Total RNA was isolated
from HUVEC monolayers by the guanidium-phenol extraction
method with TRIzol reagent (Invitrogen) according to the
manufacturer's protocol. The total amount of RNA isolated
from each sample was quantified by absorbance at 260 nm.
Equal amounts of total RNA (800 ng) were converted to
cDNA using an Advantage RT reverse transcription kit
(Clontech) according to the manufacturer's protocol. The
cDNA from each treatment group was analyzed for VEGFR2
using VEGFR2-specific primers (5“TCA CTT TGT GCA
AGA TAC CCA GA-3"). The reaction mixture consisted of
Taq SYBR Green Supermix with Rox (Bio-Rad) in a 25-ul
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Figure 1. ZOL inhibits endothelial cell migration towards VEGF. Equal
number of HUVECSs were incubated with or without 12.5 yM ZOL and/or
3 uM GGPP in transwell cell culture plates. After 48 h, 25 ng/ml of VEGF
(grey bars) or cell culture media without serum (black bars) was added to
the lower chamber. The cells were incubated for 16 h at 37°C. Next, the cells
that migrated through the porous membrane were washed, fixed, stained and
counted. Bars represent the mean + standard error (n=5).

total reaction mixture. Amplification was performed by
30-35 cycles consisting of denaturation at 95°C for 30 sec,
primer annealing at 62°C for 60 sec and primer extension
at 72°C for 30 sec on a Thermocycler (Stratagene Model
Mx3000p).

Western blotting. Proteins from treated HUVEC grown on
100-mm plates were isolated with RIPA buffer. An equal
amount of protein from HUVEC lysates was separated by
6% SDS-polyacrylamide gel electrophoresis. Separated
proteins were transferred to Hybond ECL paper (Amersham
Bioscience), blocked with 5% milk and then incubated with
VEGFR?2 or human (-actin (Sigma-Aldrich Corp.) antibodies.
After washing, blots were incubated with HRP-conjugated
secondary antibodies (Santa Cruz). Excess secondary
antibody was removed by washing. The blots were incu-
bated with Supersignal (Pierce) to react with the remaining
HRP-conjugated secondary antibodies. Chemiluminescence
was detected by radiographic film. The radiographic films
were digitized and appropriate sized bands were analyzed by
densitometry using NIH Image] software (version 1.42).

Flow cytometry. HUVECs were analyzed for surface
immunoreactive VEGFR2 protein (iVEGFR2) expression
by flow cytometry. HUVEC monolayers were dispersed by
incubation with 0.5 mM EDTA/0.017% trypsin as previously
described (14). Dispersed HUVECs were washed with cold
PBS containing 10% (v/v) FBS, pelleted and then counted in
a hemacytometer. Equal numbers of HUVECs were resus-
pended in PBS containing 2% (v/v) FBS and incubated with
a VEGFR2 antibody (per the manufacturer's recommended
concentration; R&D Systems) or an IgG isotype-specific
control antibody. Next, excess primary antibodies were
removed by washing with PBS containing 2% FBS, and the
cells were then incubated with an FITC-labeled anti-isotype
secondary antibody (Jackson ImmunoResearch Laboratories).
Excess secondary antibodies were removed by washing and
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Figure 2. VEGFR2 accumulation within ZOL-treated HUVECs. (A) Representative confocal microcopy images of VEGFR2-stained HUVECs. HUVECs were
incubated with (ii) or without (i) 12.5 uM ZOL; some cell cultures contained 12.5 yM ZOL and 3 uM GGPP (iii), and others contained only 3 uM GGPP (iv).
Cells were stained for VEGFR2 (red) and then viewed by confocal microscopy. Images were digitized and the number of red pixels per cell was determined
using computer software. (B) Accumulated confocal microscopy data. Confluent HUVECs were treated with 12.5 yM ZOL for various time periods. Surface
VEGFR2 was analyzed using flow cytometry (C). Results are reported as the mean + standard error (confocal microscopy, n=6; flow cytometry, n=9). NS, not

significant.

the cells were assessed for surface VEGFR2 by detecting
the amount of fluorescence per cell using a flow cytometer
(Beckton Dickinson FACScan).

Statistical methods. Analysis of variance (ANOVA) was used
to test for differences among the means of multiple treatment
groups. When the overall test revealed the results to be signifi-
cant (at a p-value of 0.05), pairwise comparisons were made
using Tukey's multiple comparison tests or Dunnett's test, when
comparing treatment groups to the ‘no’ treatment group.

Results

ZOL inhibits endothelial cell chemotaxis towards VEGEF,
which is prevented by GGPP. To determine whether ZOL alters
endothelial cell migration towards VEGF, equal numbers of
HUVEC:s from the different treatment groups were allowed to
incubate for 48 h prior to chemotaxic induction. The HUVECs
were then allowed to migrate towards serum-free cell culture
medium containing VEGF for 16 h. ZOL significantly reduced
endothelial cell migration towards VEGF (Fig. 1). Since BIS
is a known inhibitor of farnesyl pyrophosphate synthase
(16), by preventing the biosynthesis of GGPP we aimed to
determine whether the addition of GGPP prevents the effect
of ZOL on HUVEC migration. We therefore also incubated
endothelial cells with ZOL and GGPP for 48 h, then allowed
the HUVECS to migrate towards VEGF. GGPP prevented the
effect of ZOL on endothelial cell chemotaxis (Fig. 1). HUVEC
cell migration to VEGF was not significantly altered by GGPP
treatment alone.

ZOL causes VEGFR2 to accumulate within endothelial
cells. To determine whether VEGFR2 protein expression is
altered by ZOL, HUVECs were incubated with ZOL for 48 h,
then the presence of the protein was visualized by immu-
nofluorescence. iVEGFR?2 was initially evaluated by confocal
microscopy. Endothelial cells expressed constitutive amounts
of iVEGFR2, which significantly increased after ZOL incuba-
tion (Fig. 2A, i vs. ii, and B). GGPP prevented the increase in
iVEGFR2 expression caused by ZOL (Fig. 2A, i vs. iii, and
B). GGPP alone did not significantly alter iVEGFR2 expres-
sion (Fig. 2A, i vs. iv, and B). Next, to determine whether the
VEGFR2 protein also accumulated on the endothelial cell
surface, we analyzed surface iVEGFR2 by flow cytometry.
The number of iVEGFR2(+) HUVECs was not significantly
altered by ZOL at the time points tested (Fig. 2C).

VEGFR2-specific mRNA expression is not altered in ZOL
endothelial cells. To determine whether VEGFR2 mRNA
transcription paralleled the increased VEGFR2 protein
expression, HUVECs were incubated with ZOL for various
time periods. At each time point, cells were harvested and
the total RNA was isolated and analyzed for VEGFR2-
specific mRNA by real-time PCR. ZOL treatment did not
significantly alter VEGFR2 mRNA expression at the time
points tested (Fig. 3A). To confirm and extend our confocal
microscopy data, iVEGFR2 expression was determined in the
ZOL-treated HUVECs by Western blotting. The mean amount
of iVEGFR2 increased and became statistically significant
after 32 h of ZOL treatment compared to the non-treated cells
(Fig. 3B).
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Figure 3. ZOL does not induce VEGFR2-specific mRNA in HUVECs. Confluent HUVECS were treated with 12.5 uM ZOL for various times. Total RNA, pro-
tein or cells were isolated from each treatment group and analyzed for (A) VEGFR2 mRNA by RT-PCR or (B) whole cell protein expression by Western blotting.
(B) An image of a representative blot is shown above the accumulated data. Bars represent the mean + standard error (RT-PCR, n=3; Western blotting, n=6).
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Figure 4. ZOL reduces the amount of VEGFR2 degradation in VEGF-
stimulated HUVECs. HUVECs were incubated with or without 12.5 uM
ZOL. Additionally, selected cell cultures were also incubated with 3 pl
GGPP. After the initial treatment with ZOL and/or GGPP, certain cell cul-
tures were stimulated with 10 ng/ml VEGF. Cellular protein extracts were
analyzed for iVEGFR2 by Western blotting. The blot lanes above the bar
graph correspond to the x-axis labels of the accumulated optical density
data. Bars represent the mean + standard error; n=4. NS, not significant.

VEGFR?2 is not altered after VEGF stimulation in ZOL-treated
endothelial cells. To determine whether VEGFR2 protein
levels are modulated after receptor activation, HUVECs were
treated with or without ZOL and then certain cell cultures
were stimulated with VEGF for 6 h. VEGF stimulation
caused a significant reduction of iVEGFR2 in endothelial
cells (Fig. 4). The amount of iVEGFR2 was significantly
greater in ZOL-treated HUVECs (no Tx vs. ZOL). VEGF
stimulation of ZOL-treated HUVECSs reduced the amount of
iVEGFR2 (compare no Tx vs. ZOL/VEGF to no Tx vs. ZOL).
After VEGF stimulation (VEGF vs. ZOL/VEGEF, p=0.002) a
significantly increased amount of iVEGFR2 remained in the
ZOL-treated HUVECs. GGPP attenuated the effects of ZOL
on VEGFR2 expression after VEGF stimulation (VEGF vs.
ZOL/GGPP/VEGF, p=0.37). HUVEC iVEGFR2 expression
was not significantly altered by GGPP (no Tx vs. GGPP).

Discussion

BIS disrupt endothelial cell function and angiogenesis in vitro
and in vivo (17). The molecular mechanisms that underpin
these aberrant responses to cytokines, such as VEGF, are not
well understood. We hypothesized that BIS alter VEGFR2
expression in endothelial cells, which may lead to abnormal
responses to VEGF. To confirm that BIS attenuate endothelial
response to VEGF, a chemotaxis assay was performed. ZOL
significantly reduced endothelial cell migration towards VEGF
(Fig. 1). BIS is a known inhibitor of farnesyl pyrophosphate
synthase (16), and consequently prevents the biosynthesis of
geranylgeranyl pyrophosphate (GGPP). We aimed to determine
whether this pathway is involved in the attenuated endothelial
response to VEGF. The results of the present study show that
the addition of GGPP abated abnormal endothelial cell migra-
tion (Fig. 1) and the accumulation of VEGFR2 (Figs. 2 and 3)
caused by ZOL, suggesting that the inhibition of the farnesyl
pyrophosphate synthase is, in part, responsible for the reduced
endothelial cell chemotaxis towards VEGF.

To determine whether VEGFR2 protein expression is
altered by ZOL, endothelial cells treated with ZOL were
analyzed by two methods: confocal microscopy (Fig. 2) and
Western blotting (Fig. 3B). ZOL caused a significant increase
in VEGFR?2 protein accumulation in endothelial cells, which
was prevented by concomitant GGPP treatment (Fig. 2), again
suggesting that the disruption of the malvanoate pathway is
at least partially responsible for the effects observed by ZOL.
VEGFR2 protein appeared to accumulate with increased dura-
tion of exposure to ZOL (Fig. 3B), yet the surface expression
of VEGFR2 was not apparently affected by ZOL treatment
(Fig. 2C), suggesting that VEGFR2 accumulated within the
endothelial cells. To determine whether ZOL induced de novo
VEGFR2-specific mRNA, the relative mRNAs were evalu-
ated using real-time PCR. We found that the mRNA from
ZOL-treated endothelial cells did not cause a comparable
increase in VEGFR2 transcription (Fig. 3A), suggesting that
the observed increase in VEGFR2 protein expression was due
to post-translational stabilization of VEGFR2 protein and/or
reduced VEGFR2 degradation.



A portion of the total amount of VEGFR2 protein is
degraded after VEGF stimulation (18). To determine whether
VEGFR?2 is degraded after VEGF stimulation in ZOL-treated
endothelial cells, endothelial cell cultures were incubated with
VEGF after ZOL treatment. VEGF stimulation significantly
reduced the amount of VEGFR2 compared to non-treated
cells (Fig. 4), suggesting that a portion of the VEGFR2 was
degraded. ZOL significantly affected the amount of VEGFR2
protein that remained after VEGF stimulation (Fig. 4; VEGF
vs. ZOL/VEGFR treatment groups, p=0.002). However,
stimulation with VEGF reduced the amount of VEGFR?2 in the
ZOL-treated endothelial cells compared to non-treated cells
(Fig 4; compare no Tx vs. ZOL/VEGF to no Tx vs. ZOL).
However, the reduction in the percentage of the VEGFR2 was
less in the ZOL-treated endothelial cells after VEGF stimula-
tion (percentage reduction in the mean OD, 49% reduction
compared to no Tx vs. VEGF, and 18% reduction in ZOL
vs. ZOL/VEGF). Furthermore, the quantity of VEGFR2 was
statistically similar when comparing the ZOL/VEGF and ZOL
treatment groups (p=0.27). The data imply that VEGF inter-
acts with VEGFR2 and may cause lysosomal degradation of
the receptor, but this is hindered by ZOL.

In conclusion, we demonstrated that VEGFR?2 accumulates
within ZOL-treated cells, which may be reduced by GGPP,
suggesting that the attenuated response to VEGF involves
disruption of the mevalonate pathway and the VEGFR2.
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