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e extensively used in bone-related disorders, have been reported to inhibit
atherosclerosis and neointimal hyperplasia. In the present study, we investigated the effects of a
bisphosphonate, zoledronate, on the proliferation, adhesion, migration and microstructure of vascular
smooth muscle cells (VSMCs) from Sprague–Dawley rats. It was shown that zoledronate suppressed VSMCs
proliferation after 48 h cultivation in a dose depend manner, most obviously at concentrations above 10 µM.
Cell cycle analysis indicated that zoledronate inhibited the proliferation of VSMCs via cell cycle arrest at S/G2/
M phase. This inhibition was not associated with cell death. In a modified Boyden chamber model, it was
shown that zoledronate dose-dependently inhibited VSMCs adhesion to collagen and migration stimulated
by platelet-derived growth factor-BB. Western blot analysis suggested that zoledronate significantly inhibited
the phosphorylation of focal adhesion kinase. Furthermore, we observed that more and more VSMCs
changed from a bipolar appearance to a globular shape under inverted light microscope as zoledronate
concentration increased from 0.1 to 100 µM. Images under transmission electron microscope confirmed this
morphological change, and many electron density bodies were observed in zoledronate-treated VSMCs.
These findings indicated that bisphosphonates' effects of suppressing atherosclerosis and neointimal
hyperplasia might be due to inhibition of VSMCs, at least for zoledronate.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Bisphosphonates have been used widely in the treatment of
disorders associated with excessive bone resorption, such as hyper-
calcemia of malignancy, multiple myeloma, osteoporosis and Parget's
disease (Lortholary, 2001; Peest and Ganser, 2007; Owens et al., 2007;
Merlotti et al., 2007). They are stable analogues of inorganic
pyrophosphate, an endogenous regulator of calcium metabolism
that prevents ectopic calcification (Tenenbaum et al., 1992). The
half-life of bisphosphonates in the circulation is short, and they enter
rapidly and extensively into bone because of their high affinity to the
calcium and hydroxyapatite crystals, then inactivate osteoclasts which
are monocyte–macrophage origin that regulate bone resorption.

Bisphosphonates have also been reported to accumulate markedly
in the aortas of both healthy and atherosclerotic rabbits in vivo (Ylitalo
et al., 1996) and in human internal mammary arteries in vitro (Ylitalo
et al., 1998). Increasing studies have shown that bisphosphonates
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could inhibit the development of experimental atherosclerosis (Daoud
et al., 1987; Ylitalo et al., 1994) and neointimal hyperplasia (Hoch et al.,
1999; Danenberg et al., 2002). These effects were mostly attributed to
the transient systemic inactivation of monocytes and macrophages
which have strong phagocytic capabilities. Effects of bisphosphonates
on non-phagocyting vascular smooth muscle cells (VSMCs), of which
proliferation, adhesion and migration play rather important roles in
atherosclerosis and neointimal hyperplasia, were no or minor, even if
bisphosphonates were encapsulated in liposomes or nanoparticles to
facilitate membrane penetration (Danenberg et al., 2003; Cohen-Sela
et al., 2006; Epstein et al., 2007). Thus, researchers contributed the
reduction of VSMCs layers to reduced local inflammation and
subsequent inhibition of VSMCs growth.

Zoledronate is a member of the newest generation of bispho-
sphonates and suggested to have the most potent antiresorptive
effects tested (Green, 2002). In this study we characterized its effects
on Sprague–Dawley (SD) rat aortic VSMCs proliferation, adhesion and
migration. Furthermore, the microstructure changes of VSMCs treated
with zoledronate were analyzed by using light microscope and
transmission electron microscope. It is concluded that zoledronate
inhibits the proliferation, adhesion and migration of VSMCs, and
these results may contribute to a better understanding of the mecha-
nisms of bisphosphonates suppressing atherosclerosis and neointimal
hyperplasia.
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Fig. 1. Effect of zoledronate on VSMCs proliferation. Cells (2×104) were seeded per well
and counted in a Coulter counter after 48 h of culture in the presence or absence of
indicated concentrations of zoledronate. Results are means±S.D. of three independent
experiments. ⁎ and ⁎⁎ indicate Pb0.05 and Pb0.01 respectively, compared with the
control.
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2. Materials and methods

2.1. Materials

Zoledronate was kindly provided by Novartis Pharma AG (Stein,
Switzerland). RPMI 1640 medium with 2 mmol/L L-glutamine was
purchased from Biowest (Nuaille, France). Fetal bovine serum (FBS)
was purchased from PAA Laboratories GmbH (Linz, Austria). Murine
recombinant platelet-derived growth factor-BB (PDGF-BB) was
purchased from PeproTech Inc. (Rocky Hill, USA). Crystal violet was
purchased from Sigma (St. Louis, USA). Tissue culture disposable
material was purchased from NUNC (Roskilde, Denmark). Transwell
with 8-µm pore polycarbonate membrane was purchased from
Corning (NY,USA). Monoclonal antibody to alpha-smooth muscle
actin was purchased from Dako Cytomation (Glostrup, Denmark).
Fluorescein conjugated Affinipure goat anti-mouse IgG was pur-
chased from Protein Tech Group Inc (Chicago, USA). Polyclonal rabbit
anti-focal adhesion kinase (FAK) Tyr-861 antibody and phosphospe-
cific polyclonal antibody to FAK Tyr-861 were purchased from
Signalway Antibody (Pearland, USA). All other chemicals and
reagents were obtained from commercial sources and were of
analytical grade.

2.2. Cell culture

VSMCswere isolated from the thoracic aorta of SD rats by using the
method described previously (Hou et al., 2004). Cells were grown in
RPMI 1640 supplemented with 10% heat-inactivated FBS, 100 U/ml
penicillin and 100 µg/ml streptomycin. Cultures were maintained at
37 °C in a humidified 95% air and 5% CO2 atmosphere. A hill and valley
pattern, typical of cultured VSMCs, was seen when the cells reached
confluence. VSMCs type and purity were further confirmed in culture
by immunohistochemistry with monoclonal antibody to alpha-
smooth muscle actin and fluorescein conjugated secondary antibody,
which showed more than 95% positive staining of the cells (data not
shown). VSMCs were passaged by trypsinizationwith 0.02% EDTA and
0.25% trypsin in Ca2+ and Mg2+ free Dulbecco phosphate-buffered
saline (PBS). In this study, early passaged (four to eight) VSMCs were
used for the experiments and made quiescent by serum starvation in
0.4% FBS for 24 h.

2.3. Cell proliferation and morphometric analysis by light microscopy

VSMCs (2×104 cells/plate) were seeded in 24-well plates, after
quiescent VSMCs were inoculated into RPMI 1640 containing 10% FBS
with or without increasing concentrations (0.1–100 µM) of zoledro-
nate for 48 h and visually inspected by Olympus CKX41 inverted phase
contrast microscope (Tokyo, Japan). Cells in RPMI 1640 plus 10% FBS
alone served as a control. After treatment, cells were obtained by
trypsinization, and cell numbers were counted using a Beckman
Coulter Z2 Series counter (Florida, USA), assessing three counts for
each well and a mean value taken. Triplicate wells were assessed for
each treatment, experiments were done three times. Results were
compared with control cells.

2.4. Ultrastructure analysis by transmission electron microscopy

After treated with or without zoledronate (100 µM) for 48 h, cells
were harvested with a scraper and sedimented by centrifugation at
2500 rpm for 5 min at 4 °C. The pellet was suspended in PBS
containing 2.5% gluteraldehyde for 1 h, fixed cells were rinsed three
times in PBS and post-fixed with 1% OsO4 for 1 h. Then the cells were
dehydrated in a series of ethanol, and embedded in Epon. Ultrathin
sections were cut, double stained with uranyl acetate and lead citrate,
and examined under a Philips CM 120 transmission electron
microscope (Eindhoven, Netherlands) at 60 kV.
2.5. Cell cycle distribution assays

To analyze the cell cycle distribution of VSMCs exposed to
zoledronate, cells were seeded in 25 cm2 tissue culture flasks and
treated with or without zoledronate (100 µM) for 48 h. After
treatment, the adhered cells were obtained by trypsinization and
pooled with the floating cells and centrifuged at 2000 rpm for 5 min.
The cells were washed with PBS before fixation in citric acid. After the
fixation, cells were treatedwith 0.1mg/ml DNase-free RNase in 1ml of
PBS for 30 min at 37 °C, resuspended in 0.05 mg/ml propidium iodide
and then analyzed for DNA content with the use of flow cytometry
(FACScan cytometer, CellQuest software, Becton Dickinson).

2.6. Hoechst 33258 staining

Cells were seeded in a 24-well plate and treated as described for
the proliferation studies. After treatment, cells were fixed, washed
twice with PBS and stained with Hoechst 33258 staining solution for
5 min at room temperature and observed under fluorescence micro-
scope using a 4′, 6-diamidino-2-phenylindole (DAPI) filter. Fragmen-
ted or condensed nuclei were scored as apoptotic.

2.7. Double staining of annexin V and propodium iodide

Cells were stained with annexin V and propodium iodide and then
evaluated for apoptosis by flow cytometry according to the manufac-
turer's protocol (BD Biosciences). Briefly, cells were collected, washed
twicewith cold PBS, and centrifuged at 2000 rpm for 5min. Cells were
resuspended in 0.4 ml binding buffer at a concentration of 1×106 cells
per ml, 0.1 ml of the solution was transferred to a 5 ml culture tube,
and 5 µl of annexin V and 5 µl of propodium iodide were added. Cells
were gently vortexed and incubated for 15 min at room temperature
in the dark. Finally, 400 µl of binding buffer was added to each tube,
and samples were analyzed by FACScan flow cytometer. For each
sample, 10,000 ungated events were acquired.

Cells in the lower right quadrant correspond to early apoptotic cells
(annexin V-positive and propodium iodide-negative), whereas those
in the upper right quadrant correspond to late apoptotic or necrotic
cells (annexin V- and propodium iodide-positive).

2.8. Cell adhesion

The effect of zoledronate on VSMCs adhesion was assayed
with Transwell, 24-well tissue culture plates comprising an interven-
ing 8-µm pore polycarbonate membrane separating the upper and
lower wells. The upper side of the membrane was coated with 20 µg/
mL collagen type I to promote cell adhesion. Cells were divided into



Fig. 2. Flow cytometric analysis of DNA content for zoledronate-treated VSMCs. Cells
were incubated for 48 h, either in the absence (A) or in the presence of zoledronate at a
concentration of 100 µM (B). Cells were harvested, fixed and stained with propidium
iodide. Results are means±S.D. of three independent experiments.
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aliquots of 1×104 cells resuspended in serum free medium with or
without increasing concentrations (0.1–100 µM) of zoledronate. Cells
in serum free medium alone served as a control. Chambers were
incubated for 1 h at 37 °C. Next, the membrane's upper portion was
rinsed, fixed, and stained with crystal violet dye. Adhesion was
assessed by counting the number of cells per three independent high-
power fields (HPFs ×400) with light microscope.

2.9. Cell migration

The effect of zoledronate on VSMCs migration was also monitored
with Transwell using a modified Boyden's chamber assay. Briefly, the
cells were harvested by trypsinization and suspended in the serum
free RPMI 1640 supplemented with 0.2% BSA. Cell suspensions were
then placed into the upper well at a concentration of 1×104 cells/
100 µl, while the same medium was placed into lower well (600 ml).
PDGF-BB (10 ng/ml) and zoledronate at various concentrations were
added only to the lower compartment of the chamber. Serum free
medium containing 0.2% BSA and 10 ng/ml PDGF-BB served as a
control. The chamber was incubated at 37 °C in 5% CO2 humidified
atmosphere for 4 h. Non-migrating cells on the upper surface were
scraped gently and washed out with PBS for 3 times. VSMCs migrated
to the lower surface of the membrane were stained with crystal violet
dye and counted per three independent HPFs (×400) with light
microscope.

2.10. Western-immunoblot analysis

After VSMCs were treated with or without increasing concentra-
tions (0.1–100 µM) of zoledronate for 24 h, cell layers were rinsed
three times with PBS and extracted in ice-cold lysis buffer (150 mM
NaCl, 50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF,
Fig. 3. Nuclear staining of VSMCs by Hoechst 33258. VSMCs were treated without (A) or with
F (magnification, ×100). The results shown are representative of three separate experiment
1% NP-40, 0.1% SDS, 1 mM PMSF, 1 mg/ml each of aprotinin, leupeptin,
pepstatin) for 10 min. Lysates were centrifuged at 12,000 rpm for
5 min at 4 °C, and supernatants were stored at −80 °C. Protein
concentrations were determined by the BCA method. Twenty
micrograms of protein from each cell extract was separated by
electrophoresis on 10% SDS-polyacrylamide gels and then transferred
to Polyvinyl difluoride (PVDF) membrane (Amersham Biosciences
Europe, Freiburg, Germany). Membranes were blocked with blocking
solution (50mMTris–HCl,150mMNaCl, 5%(w/v) non-fat drymilk and
0.1%Tween 20) overnight at 4 °C, and immunoblotted with rabbit
antibody to FAK Tyr-861 (1:1000), and p-FAK Tyr-861 (1:1000).
Horseradish peroxidase-conjugated goat anti-rabbit IgG was used at
1:10,000 dilution for 1 h. The proteins were visualized using Im-
mobilon Western detection reagents (Millipore).

2.11. Statistical analysis

Data were expressed as mean±S.D. of three independent experi-
ments. Statistical differences were evaluated using the Student's t-test
and considered significant at Pb0.05 or Pb0.01 level. Figures shown
in this article were obtained from at least three independent
experiments with similar results.

3. Results

3.1. Effect of zoledronate on VSMCs proliferation

The effects of various concentrations of zoledronate on the
proliferation of VSMCs were studied by measuring the cell number
in the absence or presence of zoledronate at different concentrations
after 48 h incubation. As described in Fig. 1, zoledronate had minor
effects on VSMCs proliferation at low concentrations (b1 µM). In
contrast, cell numbers were significantly reduced at concentration
above 10 µM (Pb0.01). The inhibitive rate was 89.6% when VSMCs
were treated with 100 µM zoledronate.

3.2. Effect of zoledronate on VSMCs cell cycle distribution assays

To further examinewhether the decrease in proliferation of VSMCs
reflected a cell cycle arrest, cell cycle progression was analyzed by
propidium iodide staining and FACS analysis. The controlled VSMCs
revealed a cell-cycle distribution typical of that fast proliferating cells,
with an average of 78.5% of cells exhibiting a 2n DNA content (G0/G1
phase), 11.6% of cells featuring a 4n DNA content (G2/M phase) and
9.9% revealing a DNA content of between 2n and 4n (S phase).
0.1 (B), 1 (C), 10 (D), 100 µM (E and F) of zoledronate for 48 h. A–E (magnification, ×400),
s.



Fig. 4. Double staining of annexin V and propodium iodide. Cells were treated without (A) or with 0.1 (B), 1 (C), 10 (D), 100 µM (E) of zoledronate for 48 h. The presence of apoptic cells
was identified by flow cytometric analysis of cells labeled with annexin V and propidium iodide. Cells in the lower right quadrant correspond to early apoptotic cells, whereas those in
the upper right quadrant correspond to late apoptotic or necrotic cells. Numbers in each quadrant are percentage of cells they contain. The results shown are representative of three
separate experiments.
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After treatment of VSMCs with 100 µM zoledronate for 48 h, the
G0/G1 phase occupied only 46.5% of the cell cycle, by contrast, cells in
G2/M and S phase increased to 29.6% and 23.9%, respectively.
Additionally, no obvious apoptotic cells were detected in zoledronate
treated VSMCs (Fig. 2). The results indicated that zoledronate down-
modulated VSMCs proliferation via cell cycle arrest at the S/G2/M
phase.

3.3. Effect of zoledronate on VSMCs apoptosis

In order to verify if the induction of apoptosis occurred during
zoledronate treatment, the presence of apoptotic cells was deter-
mined by means of Hoechst 33258 staining, and the application of
double staining with annexin V and propodium iodide. Hoechst 33258
staining assay showed that fragmented or condensed nuclei were
rarely seen in VSMCs following zoledronate treatment. Also, flow
cytometry assays revealed that treatment of VSMCs with various
concentrations of zoledronate for 48 h caused only minimal apoptosis
versus control. Taken together, these results indicated that zoledro-
Fig. 5. Zoledronate effects on VSMCs morphology after 48 h using light microscope. VSMCs
for 48 h. Cells were viewed under Olympus CKX41 inverted phase contrast microscope. Not
A–E (magnification, ×200), F (magnification, ×400).
nate was not affecting VSMCs proliferation through increasing cell
apoptosis. Representative results of Hoechst 33258 assays are shown
in Fig. 3 and flow cytometry assays are shown in Fig. 4.

3.4. Effect of zoledronate on VSMCs microstructure

As the concentration of zoledronate increased from 0.1 to 100 µM,
increasingly more VSMCs retracted from the substratum and lost
contacts between neighboring cells, but still attached to the culture
plate (Fig. 5), which appeared to be more globular in shape. Although
these morphological changes were noted, no deleterious effects on
cellular viability were observed.

To further explore the ultrastructure changes of VSMCs treated
with zoledronate, the ultrathin sections of VSMCs treated with or
without zoledronate (100 µM) were examined under a transmission
electron microscope. Untreated cells exhibited the typical spindle
shape (Fig. 6A) with a diverse array of intracellular organelles
that included well-developed rough endoplasmic reticulum, Golgi
apparatus, mitochondria, and nuclei (Fig. 6D). VSMCs treated with
were treated without (A) or with 0.1 (B), 1 (C), 10 (D), 100 µM (E and F) of zoledronate
e the change in shape of VSMCs from bipolar to globular when exposed to zoledronate.



Fig. 6. Electronmicroscopy images showing ultrastructural features of a control cell (A, D) and coexistence of morphological features of cells (B, C, E) exposed to zoledronate (100 µM).
D and E are higher power images of A and B respectively. A, Low-power image of untreated cells exhibited the normal appearance of spindle shape; B and C, Low-power images of
VSMCs treated with zoledronate for 48 h exhibited the characteristic ultrastructural morphology of a more globular shape; D, High-power image of untreated cells shows a diverse
array of intracellular organelles that include well-developed rough endoplasmic reticulum (rER), Golgi apparatus (Go), mitochondria (Mi), and nuclei (Nu); E, High-power image of
VSMCs treated with zoledronate shows large amounts of electron density bodies (DB).

Fig. 7. Effect of zoledronate on VSMCs adhesion. Cells (1×104) were seeded per well and
counted after 1 h of culture in the presence or absence of indicated concentrations of
zoledronate. Results are means±S.D. of three independent experiments. ⁎ and ⁎⁎

indicate Pb0.05 and Pb0.01 respectively, compared with the control.
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zoledronate showed the more globular shape (Fig. 6B–C). In addition,
large amounts of high electron density bodies (lysosomes) were
observed in the cytoplasm (Fig. 6E).

3.5. Effect of zoledronate on VSMCs adhesion to collagen

Adherence of cells to the underlying matrix is believed to be an
essential component in cell movement and the development of
hyperplastic vascular lesions. To determine the effects of zoledronate
on VSMCs adhesion to collagen type I, cell counts were determined
after incubated for 1 h. As shown in Fig. 7, zoledronate inhibited
VSMCs adhesion in a concentration-dependent manner. In the
presence of 100 µM zoledronate, the mean number of adhered cells
was only 31.6% of the control cells.

3.6. Effect of zoledronate on VSMCs migration

PDGF-BB released from restenotic or atherosclerotic lesions acts as
a chemoattractant and proliferative agent for VSMCs (Delafontaine,



Fig. 9. Zoledronate suppressed FAK phosphorylation. VSMCs cultured in the absence or
presence of increasing concentrations of zoledronate were lysed in the plates, the
amount of tyrosine phosphorylated FAKwas reduced in zoledronate treated VSMCs. The
results shown are representative of three separate experiments.
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1998). To determine the effect of zoledronate on PDGF-BB-stimulated
VSMCs migration, we carried out migration assays in the presence of
10 ng/ml PDGF-BB and zoledronate at various concentrations. As
shown in Fig. 8, PDGF-BB induced VSMCs migration more than 4-fold
as compared with unstimulated control cells. 0.1 µM zoledronate had
little effect on PDGF-BB-stimulated migration. However, above 1 µM
zoledronate inhibited PDGF-BB-stimulated cell migration efficiently
with the increase of zoledronate concentration. In the presence of
100 µM, the number of migrated cells was 40.4% of the PDGF-BB-
stimulated control. These results indicated that zoledronate induced a
dose-dependent inhibition of PDGF-BB-stimulated VSMC migration.

3.7. Effect of zoledronate on phosphorylation of FAK

Phosphorylation of focal adhesion kinase is critical for cell
adhesion and migration (Panetti, 2002; Webb et al., 2002). The
decline in VSMCs adhesion and migration suggested that zoledronate
might be altering the phosphorylation of FAK. To measure FAK
phosphorylation, we immunoprecipitated FAK from VSMCs extracts
and performed an immunoblot with an antibody to detect phos-
phorylated tyrosine. As shown in Fig. 9, there was a significant
decrease in tyrosine phosphorylation of FAK in comparison with
control samples.

4. Discussion

It is well established that accelerated proliferation of VSMCs and
migration of VSMCs from the media to the intimal are fundamental
events in the development of both intimal hyperplasia and athero-
sclerosis (Hanke et al., 1990; Davies and Hagen, 1994; Ross, 1997;
Andres, 1998). In addition, cell-matrix adhesion is known to influence
proliferation, migration and survival of VSMCs (Morla and Mogford,
2000; Koutsouki et al., 2005; Kamiya et al., 2007). Therefore,
inhibition of VSMCs proliferation, adhesion and migration represents
a potentially promising therapeutic strategy for the treatment of
diseases such as atherosclerosis and intimal hyperplasia.

Bisphosphonates are the most widely used and effective anti-
resorptive agents for the treatment of diseases in which there is an
increase in osteoclastic resorption. They are carbon-substituted
analogs of pyrophosphate. Based on the absence or presence of a
nitrogen atom on the side chains, they can be categorized into two
groups. Non-nitrogen-containing bisphosphonates, such as clodro-
nate and etidronate, were the first antiresorptive bisphosphonates to
be developed for clinical use. Nitrogen-containing bisphosphonates,
such as alendronate and zoledronate, are much more potent at
inhibiting bone resorption. The mechanism of bisphosphonate action
is now well documented, with nitrogen-containing bisphosphonates
like zoledronate inhibiting a key enzyme, farnesyl diphosphate
Fig. 8. Effect of zoledronate on PDGF-BB-stimulated VSMCs migration. After incubation
with zoledronate for 4 h, the numbers of migrated cells were determined along with
controls. Results are means±S.D. of three independent experiments. ⁎ and ⁎⁎ indicate
Pb0.05 and Pb0.01 respectively, compared with the control.
synthase (Van Beek et al., 1999), in the mevalonate pathway, this
class of bisphosphonates prevents protein prenylation of a wide
variety of small intracellular G-proteins, including Ras, Rac, Rab and
Rho (Luckman et al., 1998). Loss of prenylation consequently prevents
these proteins from acting at the correct spatial location within the
cell, thus ultimately affecting their normal behavior, including cell
proliferation, survival, cytoskeletal organization and vesicular traffick-
ing (Zhang and Casey, 1996).

Bisphosphonates have also been found to exhibit the effects of
inhibiting development of atherosclerosis and neointimal hyperplasia,
and etidronate has been reported to inhibit the intima-media
thickening of carotid artery even in man (Koshiyama et al., 2000).
Bisphosphonates not only bind tightly to hydroxyapatite in the bone
but they also concentrate in the arterial wall of both healthy
and especially atheromatous rabbits for at least several days or a
week (Ylitalo et al., 1996). Thus, this leads to the hypothesis
that bisphosphonates might exert direct effects on VSMCs, which
are the major cellular components of vascular wall. Thereafter,
etidronate was found to inhibit the growth of VSMCs from spon-
taneous hypertensive rats, but cells from Wistar Kyoto rats were not
affected (Su et al., 2002).

In the present study, zoledronate was found to have minor effects
on VSMCs proliferation at relative low concentrations after 48 h
incubation, but cell numbers were significantly reduced at concentra-
tion above 10 µM, and the inhibitive rate reached a maximum 89.6%
when VSMCs were treated with 100 µM zoledronate. Similar
concentrations (typically 10–100 µM) of zoledronate have been
utilized elsewhere to produce anti-proliferative effects against
human epidermoid cell lines, leukemia cells and non-small cell lung
cancer cells (Caraglia et al., 2004; Ohtsuka et al., 2005; Li et al., 2008).
One concern is that the doses required to achieve inhibition of cell
growthmay not be achieved in vivo using current treatment regimens.
A peak serum concentration of zoledronate following a 4 mg dose
administration ranges only from 1 to 5 µM (Berenson et al., 2000). It
has been suggested however that the effective local concentrations of
bisphosphonates at the sites of artery, especially atherosclerotic
artery, may be much higher than serum levels. At 24 h after dosing
in healthy rabbits, the mean aorta to plasma ratios of clodronate,
etidronate, and pamidronate were, respectively, 2.4 to 2.8, 2.4 to 4.0,
and 8.6 to 10. The corresponding ratios in atherosclerotic rabbits were,
respectively, 13 to 22, 1.5 to 2.2, and 13 to 24 (Ylitalo et al., 1996). It is
unclear however if the bioavailability of zoledronate in artery,
particularly for VSMCs, would allow effective concentrations above
10 µM. Despite this concern, the low toxicity of bisphosphonates,
coupled with promising results from their usage to treat athero-
sclerosis and neointimal hyperplasia, warrants a more in-depth
investigation into the potential effects these drugs may exert directly
on VSMCs. More detailed studies on the mechanism of zoledronate
mediated inhibition of VSMCs growth using in vivo model systems
should further clarify its potential use for improved treatment of
atherosclerosis and neointimal hyperplasia.

Previous studies found that zoledronate induced apoptosis in
a variety of tumor cell lines, including osteogenic sarcoma cells,
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myeloma cells and human pancreatic cancer cells (Evdokiou et al.,
2003; Ibrahim et al., 2003; Tassone et al., 2003). To exclude the
possibility that zoledronate reduced VSMCs number by causing cell
death, we conducted apoptosis assays, which showed only minor
increases in the proportions of apoptic cells as zoledronate concen-
tration increased from 0.1 to 100 µM. Cell cycle analysis demonstrated
that an accumulation of cells within the S and G2/M phase of the cell
cycle after just 48 h of exposure to zoledronate. This result indicated
that zoledronate inhibited VSMCs proliferation, at least in part, by
arresting cell cycle at the S/G2/M phase. This effect has also been
observed in non-small cell lung cancer cells after zoledronate
treatment (Li et al., 2008).

Zoledronate also exerted a concentration-dependent effects on the
adhesion and migration of VSMCs in vitro, with a reduction about
68.4% and 59.6% respectively in the number of adhered and migrated
VSMCs at 100 µM in the indicated time. Other bisphosphonates have
been reported to inhibit the binding of a multiple of malignant tumor
cells to mineralized and nonmineralized extracellular matrices
(Boissier et al., 1997; Garrioch et al., 2005), and inhibit the migration
of macrophages and some tumor cells (Stevenson and Stevenson,
1986; Pietschmann et al., 1998; Hasmim et al., 2007). The decline in
adhesion and migration of VSMCs suggested focal adhesions might be
disrupted. Because tyrosine phosphorylation plays a critical role in the
regulation of cell adhesion andmigration (Panetti, 2002), we sought to
investigate the phosphorylation state of regulatory proteins found
within sites of attachment. A key mediator of tyrosine phosphoryla-
tion at focal adhesions is FAK, which itself becomes phosphorylated
during binding of cells to the extracellular matrix (Gerthoffer and
Gunst, 2001). Our data revealed that tyrosine phosphorylation of FAK
was diminished in comparison with control samples. These findings
indicate that zoledronate modulates the phosphorylation of FAK in
VSMCs, and suggest a mechanism through which zoledronate governs
adhesion and migration.

Microstructure changes of VSMCs exposed to zoledronate were
observed under inverted phase contrast microscope and transmission
electron microscope. More and more VSMCs changed from a bipolar
appearance to a globular shape as zoledronate concentration
increased from 0.1 to 100 µM. This morphological change indicated
that zoledronate could interfere with VSMCs cytoskeleton. Images
under transmission electron microscope confirmed this morphologi-
cal change, and many electron density bodies (lysosomes) were
observed in zoledronate-treated VSMCs. Lysosomes play many critical
roles in biological functions, including digestion of exogenous or
endogenous macromolecules, receptor recycling, repair of the plasma
membrane, processing of bioactive peptide substances and antigen
presentation, with acidic environment (Mullins and Bonifacino, 2001).
The extracellular release of lysosomal contents are through exocytosis
in both secretory and nonsecretory cells (Webste et al., 1997; Jaiswal
et al., 2002). As is stated above, nitrogen-containing bisphosphonates
prevents a wide variety of small intracellular G-proteins prenylation,
including Rab which plays pivotal roles in vesicular transport (Zerial
and McBride, 2001). Therefore, remarkable increase of lysosomes
in cytoplasm might be due to inhibition of lysosomal exocytosis.
Further investigationwill be needed to elucidate the exact mechanism
involved.

In summary, our data demonstrated that zoledronate inhibited the
proliferation, adhesion and migration of VSMCs. These results contrib-
uted to a better understanding of the mechanisms by which bisophso-
phonate could inhibit atherosclerosis and neointimal hyperplasia.
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