
Abstract. Clodronate, one of the halogenated bisphosphonates,
was found to inhibit the cell growth of endocytic macrophages,
osteoclasts and several cancer cells through diverse mechanisms.
Cytosolic Ca2+ signaling had previously been suggested as an
apoptotic signal to certain cancer cells. Whether clodronate has
an anti-cancer effect and induces the Ca2+ signal in thyroid
cancer cells remains unknown. In this study, the effects of
clodronate, including growth inhibition and cytosolic Ca2+

signaling, were examined and analyzed on ARO, SW579, WRO
and TT thyroid cancer cell lines. Clodronate decreased the
growth of these cells in a dose-dependent manner and was more
effective on slow growing cells. Clodronate treatment transiently
increased cytosolic Ca2+ on slow growing SW579 thyroid cancer
cells but not on the fast growing ARO cells. The results from this
study implied that clodronate-mediated cell growth inhibition in
slow growing thyroid cancer cells might correlate with a Ca2+

signaling pathway.

Clodronate was found to reduce the incidence of new

skeletal metastases in women with breast cancer (1). This

kind of halogenated biphosphonate has been widely used in

the therapy of metabolic bone diseases and bone metastases

(2,3). It induced cell apoptosis of osteoclasts (4),

macrophages (5) and breast cancer cells (6) in vitro. In

osteoclasts or macrophages, clodronate was metabolized

into non-hydrolysable ATP analogs (7-9). It was therefore

proposed that this clodronate metabolite competitively

inhibited mitochondrial ADP/ATP translocase and then

induced cell apoptosis of osteoclasts (10). At present, it is

not known whether clodronate has anti-cancer activity on

other cancer cells such as thyroid cancer cells.

Cytosolic Ca2+ ([Ca2+]i) is a multifunctional signal for

different cell types and is involved in a variety of cellular

pathways (11), including regulating exocytosis (12) and cell

proliferation (13). However, variable Ca2+ signaling

pathways in the control of cell progression and apoptosis

have been the topic of several investigations (14-17). Recent

reports have suggested, independently, that a decrease in

the endoplasmic reticulum (ER) Ca2+ pool was directly

correlated with the anti-cancer effects (e.g. signal for

apoptosis or cell growth arrest) of drugs (18-21). Since

clodronate has a Ca2+ chelating property similar to EGTA,

it would be interesting to examine the effect of clodronate

on the [Ca2+]i of cancer cells and its correlation with growth

inhibition activity.

In this study, we examined the effects of clodronate on

the proliferation, cell morphology and [Ca2+]i of ARO,

SW579, WRO and TT human thyroid cancer cell lines. The

potential mechanisms of the clodronate-mediated growth

inhibition and Ca2+ signaling were discussed.

Materials and Methods

Materials. Clodronate was purchased from Leiras Oy (Turku,

Finland) or Sigma Chemical Company (St. Louis, MO, USA). The

acetoxymethyl ester form (AM) of Fura-2 was purchased from

Molecular Probes (Eugene, OR, USA). All other reagents were

purchased from Sigma Chemical Company unless indicated.

Cell culture. Four human thyroid cancer cell lines were used. The

poorly-differentiated ARO cells and follicular WRO cells were

cultured as previously reported (22). The squamous SW579 cell
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line was purchased from the American Type Culture Collection

(ATCC, Rockville, MD, USA) and cultured in 90% Leibovitz's

L-15 medium (Gibco, BRL, USA) with 2 mM L-glutamine and

10% fetal bovine serum (FBS). The medullary TT cell line was

from ATCC and was cultured in 90% Ham's F12K medium with

2 mM L-glutamine, 1.5 g/L sodium bicarbonate and 10% FBS.

The cells were cultured in plastic culture dishes (Costar,

Cambridge, MA, USA) for analysis of growth. When performing

Ca2+ imaging experiments, these cells were cultured on

coverglass.

Cell growth assay. The cell growth assay has been described

previously (23). Briefly, thyroid cancer cells were seeded in a 96-

well culture dish (Costar) at a density of 4 x 103 cells /mL and

cultured overnight prior to clodronate treatment. After clodronate

treatment for 24-72 hours, the medium was discarded and

replaced with an equal volume (100 ÌL) of fresh medium

containing 0.456 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromide (MTT) and incubated for 1.5 hours at 37ÆC

in the dark. The medium was discarded and the cells were then

combined with 100 ÌL dimethyl sulfoxide (DMSO) to dissolve the

formazan produced. Cell growth was determined by the

colorimetric comparison of optical density (OD) values from a

microplate reader (SpectraMax 250; Molecular Devices,

Sunnyvale, CA, USA) at an absorption wavelength of 570 nm.

Digital ratio imaging for [Ca2+]i measurement. The [Ca2+]i assay has

been described previously (24). Briefly, thyroid cancer cells (2 x 105)

were grown on 22-mm poly-L-lysine-coated glass coverslips placed

in 35-mm culture dishes. The cells were washed with loading buffer,

containing 150 mM NaCl, 5 mM KCl, 2.2 mM CaCl2, 1 mM MgCl2,

5 mM glucose and 10 mM HEPES, pH 7.4. The cells were treated

with 5 ÌM Fura-2 AM in the loading buffer for 30 minutes at 37ÆC.

The coverslips were washed three times in the loading buffer and

then mounted in a recording chamber on the platform of an

inverted microscope (IX-70, Olympus Optical Co., Ltd, Tokyo,

Japan). The [Ca2+]i ratio images with excitations of 340 and 380 nm

were collected every 0.5 seconds by an imaging system using a high

speed cooled CCD camera (MicroMAX: 782YHS, Princeton

Instruments, Roper Scientific, Inc., Trenton, NJ, USA) and a xenon

lamp within a monochrometer as an excitation light source

(Polychrome II, T.I.L.L. Photonics, Germany) and a software Axon

Image Workbench 2.0 (Axon Instruments, Foster City, CA, USA).

Fura-2 fluorescence images were acquired at 510 nm emission filter

with alternative excitation at 340 and 380 nm for the same exposure

time. The change of [Ca2+]i was calculated as the subtraction value

between the ratio (fluorescent intensity excited at 340 nm to that

excited at 380 nm; F340/F380) value of peak (after drug application)

and that of basal level (before drug treatment).

Drug treatment for [Ca2+]i ratio imaging. Thyroid cancer cells were

treated with clodronate under the indicated conditions. When

measuring [Ca2+]i using the ratio imaging method as described

above, a micropipette with a tip of 2 Ìm diameter was used for

delivery of a very small amount (picoliter to nanoliter) of 2 mM of

clodronate locally by a 15 psi ejection pulse for 0.5 seconds

(Picospritzer II, General Valve, USA). The micropipettes were

pulled routinely by a glass puller (P-97, Sutter Instrument Company,

Novato, CA, USA), polished by a microforge (MF-83, Narishige,

Japan) and clamped by a water hydraulic micromanipulator (MHW-3,

Narishige) that was mounted on the stage of the IX-70 inverted

microscope.

Statistical analysis. Data are expressed as mean ± standard error

of mean (SEM) and analyzed by one-way analysis of variance or

Student’s t-test. The difference between means was considered as

significant when the p value was < 0.05.

Results

Growth rate of different thyroid cancer cells. Four different

thyroid cancer cell lines were used in this study. The ARO

line is a poorly-differentiated type, SW579 is squamous or

spindle type, WRO is follicular type and the TT line is a

medullary type. As shown in Figure 1, the growth rate of

ARO was the fastest in contrast to the other slow growing

cell lines. According to the proliferation profile of these 4

cell lines, the growth rate of these cells was in the order

ARO > WRO > SW579 > TT.

Clodronate inhibited proliferation of thyroid cancer cells. Four

dosages of clodronate (0.25, 0.5, 1 and 2 mM) were applied

to thyroid cancer cells for 1, 2 and 3 days and the cell

growth was measured by MTT assay (Figure 2). Clodronate

treatment resulted in a decrease in growth of the thyroid

cancer cells in a dose-dependent manner. As shown in

Figure 2A, the growth of fast growing ARO cells was

minimally affected by clodronate and the decrease of cell

growth was not evident until day 3 after treatment with a

high dose of clodronate (2 mM). On the other hand, the

growth of slow growing cells stopped at 0.5 mM of

clodronate. Moreover, the proliferation of these slow

growing cells decreased after treatment with 1 or 2 mM of

clodronate for 2 or 3 days.
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Figure 1. Comparison of cell growth rate among 4 different thyroid cancer
cell lines. The growth of each thyroid cancer cell line was normalized to
day 1 of respective thyroid cancer cells (ARO, ●; SW579, ●●; WRO, ▲▲
and TT, ▼▼). As shown, ARO has the highest growth rate followed by
WRO, SW579 and TT.



Differential effect of clodronate on [Ca2+]i of thyroid cancer
cells. Although pretreatment of clodronate lowered the basal

[Ca2+]i of most thyroid cancer cells, the response of [Ca2+]i

to transiently applied clodronate in thyroid cancer cells was

heterogeneous (Figure 3A-D). In ARO cells, a uniform

decreased pattern of [Ca2+]i after clodronate treatment was

observed (Figure 3A). In contrast, clodronate induced an

increase of [Ca2+]i in the majority (>90%) of control SW579

(Figure 3B, upper panel). However, clodronate had no effect

on [Ca2+]i of the majority (>90%) of SW579 cells pretreated

with clodronate for 3 days (Figure 3B, lower panel). In WRO

and TT cells, a differential [Ca2+]i response to clodronate

was observed indicating an endogenous difference in these

cells (Figure 3C and 3D). Figure 4 shows the comparison of

clodronate-induced changes in basal [Ca2+]i and [Ca2+]i in

clodronate-pretreated ARO and SW579 cells. We have found

that clodronate transient treatment resulted in a decrease of

[Ca2+]i in ARO cells. In contrast, the same clodronate

treatment induced a 20-second increase of [Ca2+]i in SW579

cells. However, after a 3-day clodronate treatment, the

SW579 cells showed no [Ca2+]i response to clodronate.

Discussion

In this study, we found that clodronate treatment increased

[Ca2+]i and resulted in growth inhibition of slow growing
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Figure 2. The effect of clodronate on cell viability of four thyroid cancer cell lines. A different dosage of clodronate (0.25, 0.5, 1 and 2 mM) was applied
to these thyroid cancer cell lines (ARO, A; SW579, B; WRO, C and TT, D) for 1, 2 and 3 days. The cell viability was measured by MTT assay from three
independent experiments of 6 repeated samples. Asterisks indicate p values < 0.05 compared with the day 1 group of the same dosage (one-way analysis
of variance).
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Figure 3. The effect of transient or continued clodronate treatment on the [Ca2+]i of thyroid cancer cells. The inlets of each graph show the Fura-2 fluorescence
images. The time-lapse changes of [Ca2+]i in 22 control and 11 pretreated ARO cells are shown in A. All the [Ca2+]i of these cells decreased when clodronate
was applied transiently (as indicated by arrows, see Materials and Methods for detail). The time-lapse changes of [Ca2+]i in 3 control cells and 3 pretreated
SW579 cells are shown in B. The [Ca2+]i in control SW579 cells was increased when clodronate was applied. No [Ca2+]i response in clodronate-pretreated
SW579 cells was observed in the lower panel. The time-lapse changes of [Ca2+]i in 10 control cells and 8 pretreated WRO cells are shown in C, in 8 control
cells and 7 pretreated TT cells are shown in D. No significant difference in the fluorescence image was found in either WRO or TT cells.



thyroid cancer cells, but not of fast growing, poorly-

differentiated ARO thyroid cancer cells.

We observed a quick response of [Ca2+]i elevation in

slow growing thyroid cancer cells when clodronate was

applied transiently (Figures 3 and 4). This [Ca2+]i elevation

was suggested to be from a ER Ca2+ store (data not

shown). The clodronate-induced increase of [Ca2+]i

correlated well with growth inhibition in a slow growing

thyroid cancer cell line, but not in fast growing ARO cells.

This observation agrees well with findings that

undifferentiated thyroid cancer cells have a defective ATP-

induced Ca2+-phosphatidylinocitol (PI) signaling on IP3-

linked Ca2+-release process (25). In this study, we found

that clodronate failed to mobilize [Ca2+]i in the poorly-

differentiated ARO cells. Recently, it has been reported

that a decrease in ER Ca2+ pool content by ATP-induced

capacitative Ca2+ entry (CCE) induced growth arrest in

human prostate cancer cells (26). It is possible that the slow

growing thyroid cancer cells have a normal Ca2+-PI

signaling pathway which mediated the clodronate-induced

ER Ca2+ pool depletion or CCE.

In this study, the first transient clodronate treatment did

not result in a [Ca2+]i elevation in some SW579 cells.

However, these cells did respond when clodronate was

applied again (data not shown). This may have resulted

from insufficient clodronate or IP3 molecule to release ER

Ca2+ during the first clodronate treatment. It is interesting

that energized mitochondria might reduce the threshold

concentration of IP3 which triggers CCE (27). Whether

clodronate treatment modulated the threshold of IP3 is not

known. More studies are needed to elucidate the detailed

pathway of clodronate regulation on Ca2+-IP3 and CCE

signaling.

It has been suggested that mitochondria can regulate

CCE through buffering mitochondrial Ca2+ in non-excitable

cells, such as T lymphocytes (28) and RBL cells (29).

Mitochondria are located near to ER with specific functions

related to buffering cytosolic Ca2+ (30). In a pilot study, we

monitored changes in the cytosolic and the mitochondrial

Ca2+ after a transient clodronate treatment of SW579 cells.

Our results indicated that clodronate induced an increase of

both the cytosolic and the mitochondrial Ca2+

concentration (data not shown). These results suggest that

the mitochondrion participated in the buffering of the

cytosolic Ca2+ change during a clodronate-induced [Ca2+]i

increase in SW579 thyroid cancer cells.

In this study, we found that the original spindle and

squamous shape of the SW579 thyroid cancer cell changed

to a round or thinner shape after clodronate treatment

(data not shown). Furthermore, clodronate treatment

induced changes in the distribution as well as the level of

F-actin in the slow growing thyroid cancer cell lines, but

not the fast growing ARO cells (data not shown).

Bisphosphonates were found to inhibit breast and prostate

cancer cell adhesion and invasion (31,32). These results

together imply that clodronate might change the

organization of the cytoskeleton and cell morphology,

affect cell adhesion and inhibit cell growth of thyroid

SW579 cancer cells.

Regarding the anti-proliferation effect, a dose-dependent

response was observed (Figure 2) and this anti-cancer effect

correlated to growth arrest and a Ca2+-dependent signaling.

Due to the high hydrophilic property of clodronate, it has

been found to be internalized into endocytic cells such as

macrophage and even under liposome-capsulated status

(33,34). Moreover, it has been proposed that the mechanism

of clodronate-induced growth inhibition of cancer cells is

apoptosis through a metabolite of clodronate (35-38).

Further studies are needed to clarify whether thyroid cancer

cells take up clodronate efficiently and precede apoptosis

induced by its metabolite, as described before (39). In

conclusion, we found that clodronate inhibited the growth of
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Figure 4. Comparison of averaged time-lapse [Ca2+]i response to locally
applied clodronate with or without (control) clodronate pretreatment
(clodronate) in ARO and SW579. The averaged signal from 34 out of
ARO control and 41 out of clodronate pretreated ARO cells are shown in
the ARO set. The averaged signal from 14 out of SW579 control and 8 out
of SW579 clodronate pretreated cells are shown in the SW579 set.



human thyroid cancer cell lines. The clodronate-mediated

growth inhibition correlated to Ca2+ signaling and probably

morphological change.
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