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Summary

Background. Clodronate is used in high bone resorption dis-
eases. Its action was defined as “cytotoxic” based on the in-
duced cellular ATP loss, without any experimental verification
of reversibility. In the present report the reversibility of clo-
dronate action was tested on cultured human osteoclastic cell
cultures. As “in vitro” bioeffects of clodronate are reversible,
this compound should not be defined as “cytotoxic”.
Introduction. Bisphosphonates are pyrophosphate analogs
able to inhibit osteoclast-mediated bone resorption widely
used in the treatment of diseases with high bone turnover.
Several evidences have shown that bisphosphonates can be
divided into two groups with distinct molecular mechanisms
of action depending on the nature of the R? side chain. The ni-
trogen-containing bisphosphonates act on osteoclasts by pre-
venting protein prenylation, while non-nitrogen-containing
bisphosphonates, like clodronate, are metabolized intracellu-
larly to a B-y-methylene analog of ATP that induces inhibition
of the ADP/ATP translocase.

Materials and Methods. In order to evaluate clodronate effects
on osteoclastic cells and the bioreversibility of its action, we
have used a human preosteoclastic (FLG 29.1) cell line and
primary cultures of human osteoclast-like (HOC) cells. Func-
tional and differentiative modifications were evaluated with
immunocytochemical tartrate-resistant acid phosphatase ac-
tivity (TRAcP) assay and with rapid quantitative detection of
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the complex “matrix metalloproteinase 9/tissue inhibitor of
metalloproteinase” (MMP9/TIMP1) by RT-PCR analysis based
on “TagMan” technology. The apoptosis phenomenon were
detected by DNA ladder analysis and quantified by counting
apoptotic cells with Transmission Electron Microscopy (TEM)
analysis. Adenosine-5'-[B-y-dichloromethylene] triphosphate
(AppCCl,p) was detected and identified in cell extract by
HPLC-ESI-MS-MS Mass Spectrometry. Intracellular ATP modu-
lation in the presence of clodronate was evaluated by lu-
ciferin-luciferase assay. The Mann-Whitney “U” test was con-
ducted for statistical analysis.

Results. We found that clodronate inhibited both proliferation
and differentiative features of cells of the osteoclastic lin-
eage. Furthermore, treatment of both cell types with clo-
dronate caused apoptosis, generation of measurable levels of
AppCCl,p, and reduction of intracellular ATP levels. Addition
of ATP to the culture medium caused an inhibition of the bio-
logical actions of clodronate on the human osteoclastic cell
lineage.

Conclusions. These data indicate that intracellular accumula-
tion of the metabolite AppCCl.p is the likely route by which
clodronate inhibits osteoclastic function and this effect is re-
versed by ATP.

KEY WORDS: bisphosphonates, clodronate, osteoclasts, ATP, bone re-
sorption.

Introduction

Bisphosphonates are synthetic analogs of pyrophosphate
which bind strongly to bone hydroxyapatite and inhibit osteo-
clast function. This explains the wide use of these compounds
for the treatment of disorders characterized by accelerated
bone resorption such as osteoporosis, Paget’s disease of
bone, and osteolysis associated with metastatic bone disease
(1-3).

The chemical structure of bisphosphonates is similar to the in-
organic pyrophosphate structure (PPi), but the two phospho-
nate groups are linked by phosphorus-carbon bonds to a cen-
tral carbon atom (P-C-P structure). The P-C-P structure is re-
quired for binding bone mineral and for interacting with molecu-
lar targets in the osteoclast (4, 5), while the antiresorptive po-
tency is determined by the chemical structure of the two gemi-
nal substituents, R* and R?, attached to the central carbon
atom (6, 7). The R? side chain appears to play an important
role in the interaction of bisphosphonates with a pharmacologi-
cal target (4, 8-10). Bisphosphonates that contain an amino
group in the R? side chain (nitrogen bisphosphonates), were
shown to inhibit bone resorption through the control of the far-
nesyl-diphosphate synthetase, an enzyme in the mevalonate
pathway central for the post-translational prenylation (10-13).
Conversely, non nitrogen bisphosphonates, such as clo-
dronate, do not affect the mevalonate pathway (12, 14-16).
Clodronate contains a -Cl in R? and is metabolized “in vitro” by
macrophages and osteoclasts into a non-hydrolysable analog
of ATP, AppCClyp, in a reaction catalyzed by class Il aminoa-
cyl-tRNA synthetases (17-19). Inhibition of the ADP/ATP
translocase by the metabolite AppCClzp is a likely route by
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which clodronate causes inhibition of osteoclast function (19).
The different mechanism of action of the two classes of mole-
cules explains the competition observed in the combined treat-
ment with clodronate and nitrogen-bisphosphonates (20).

As the intracellular accumulation of AppCClp appears to ac-
count for the pharmacological effects of clodronate on osteo-
clasts and macrophages (21-23), incorporation of clodronate
into AppCClzp could lead to depletion of intracellular ATP and
accumulation of a toxic ATP analog (21). However, despite the
accumulated experimental data, the way in which clodronate
inhibits osteoclast functions and the possible reversibility of its
effects have not been fully elucidated. Here we report that hu-
man osteoclastic cells exposed to clodronate undergo apopto-
sis “in vitro” and we confirm that these cells accumulate the
ATP analog AppCClzp, with a measurable decrease of intracel-
lular ATP. The bioreversibility of clodronate action on human
osteoclastic cells was, therefore, investigated by adding ATP
into the culture medium.

Materials and Methods

Chemicals and equipments

Clodronate was provided by Societa Prodotti Antibiotici Spa
(Milan, Italy). Stock solutions of free clodronate at 10 mM were
prepared by dissolving the bisphosphonate in mQ-bi-distilled
water (Millipore, Molsheim, France), the pH was adjusted to 7.4
and the solution was filter-sterilized using a 0.22 um filter.
HPLC (high-performance liquid chromotography) grade ace-
tonitrile and formic acid were from Carlo Erba (Milan, Italy). Di-
methylhexylamine (DMH) was from Across (Milwaukee, WI,
USA). Adenosine-2,8-3H 5’ triphosphate (*H ATP) and all other
chemicals were purchased by Sigma (Milan, Italy) unless oth-
erwise stated.

The amount of radioactivity from 3H-DNA and 3H-ATP was
measured by liquid scintillation using a Kontron Betamatic V
counter (Kontron Instrument, Montigny le Bretonneux, France).
1H NMR spectra were recorded on a Varian 300 MHz spectrom-
eter and 3P NMR spectra on the same apparatus at 121.4 MHz
for DMSO-ds solutions. The elemental analyses were per-
formed on a Perkin Elmer 240 C Elemental Analyzer. Routinely
HPLCs were acquired using a Beckman System Gold Nouveau
apparatus equipped with a diode array detector. The RP-C18
columns were from Phenomenex (Chemtek Analytica, Anzola
Emilia, Bologna, lItaly). Eluents for ion-pairing HPLC: (A), 10
mM DMH formate (pH 5.0); (B), 50% acetonitrile and 50% of 20
mM DMH formate solution (pH 5.0) (30). On line HPLC ESI-MS
measurements were carried out on a Thermo (Thermo ltalia,
Rodano, Milan, Italy) instrument, composed by a HPLC Survey-
or MS pump, equipped with a Surveyor autosampler, and cou-
pled to a LTQ linear quadrupole ion trap mass spectrometer.
The RP column was a Luna C18 (2) (3 um, 50 x 2 mm |.D.) op-
erating at a flow rate of 200 pl min~! at a temperature of 25°C.
Eluents for ion pairing were the same above indicated. Total
RNA was determined with the GeneQuant spectrophotometer
(Pharmacia Biotechnologies, NJ, USA). The measurement of in-
tracellular ATP was performed on Orion Microplate Luminome-
ter (Berthold Detection Systems, Pforzheim, Germany).

Cell cultures

FLG 29.1 cell line was established from a 38-year-old female
suffering from acute monoblastic leukaemia (24). FLG 29.1
cells displayed an osteoclastic phenotype (24-26) in the pres-
ence of 107" M TPA (FLG 29.1-TPA) (26). The cells were

Clinical Cases in Mineral and Bone Metabolism 2007; 4(2): 146-155

grown at 37°C in RPMI-1640 medium (Biowhittaker, Verviers,
Belgium) supplemented with 10% fetal calf serum (FCS; Gibco
Grand Island, NY) and gentamycin (100 pg/ml) in 5% CO; at-
mosphere. In this paper, we refer to the undifferentiated FLG
29.1 cells as preosteoclastic cells and to the TPA-treated cells
as osteoclast-like cells.

HOC cells were obtained from human bone giant cell tumor ac-
cording to previous published method (27). Briefly, cells from a
surgically removed giant cell tumor tissue were mechanically
disaggregated by pipetting fragments or, alternatively, were re-
leased by digestion for 30 minutes with 2 mg/ml of C. his-
tolyticum neutral collagenase (Serva Electrophoresis GmbH,
Heidelberg, Germany), in phosphate-buffered saline (PBS), pH
7.3 at 37°C. Cell obtained by both treatments were washed,
plated in 25 cm? flasks at a density of 10* cells/cm?, and cul-
tured in Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco)
supplemented with 10% heat-inactivated FCS, 100 IU/ml of
penicillin (Biowhittaker), 100 pg/ml of streptomycin (Biowhittak-
er), 2.5 pg/ml of amphotericin B (Eurobio, Paris, France), and
50 IU/ml of mycostatin (Eurobio) at 37°C in 5% CO2 atmos-
phere. Cells were fed by medium replacement every 2-3 days
and osteoclast phenotype was evaluated according the typical
osteoclastic markers.

J774 cells were obtained from Istituto Zooprofilattico Sperimen-
tale della Lombardia e dellEmilia (Brescia, Italy). They were
grown at 37°C in Dulbecco’s modified Eagle’s medium (DMEM,;
Biowhittaker) containing 10% heat inactivated FCS, 1 mM L-
glutamine, penicillin (100 IU/ml), and streptomycin (100 pg/ml)
at 37°C in 5% CO, atmosphere.

Cell morphology was observed by a phase-contrast mi-
croscopy and by transmission electron microscopy (TEM).

Cell viability

Cell viability was evaluated in FLG 29.1 and HOC cells by Try-
pan blue dye exclusion. Fifty pl of cell suspension was added
to 50 pl of Trypan blue (0.25%), than viable and nonviable cells
were evaluated by counting with a hemocytometer.

Each experiment was repeated at least 3 times in triplicate and
results were expressed as percentage of control (mean + SD).

SH-ATP uptake

ATP is a small water soluble molecule that cells of the mono-
cyte-macrophagic lineage, as HOC and FLG 29.1 cells, could
readly take up from the medium. ATP uptake was evaluated in
undifferentiated FLG 29.1 and in HOC cells by measuring 3H-
ATP with a  counter.

Cells were plated at a density of 4 x 10* cells/well in 24-well
plates. After 24 hours the cells were maintained overnight in
medium without FCS, then replaced with fresh medium con-
taining 1% FCS (control) plus various concentration of 3H-ATP
(0.1-5 nM for FLG 29.1 cells and 0.5-500 nM for HOC cells) in
replicates of three wells. Forty-eight hours later the cells were
washed in PBS and fixed with 4% TCA. After treatment with
0.5 M NaOH and 0.5 M HCI radioactivity was measured with a
3 counter.

Each experiment was repeated at least 3 times in triplicate and
results were normalized vs ng DNA (evaluated with a fluores-
cent DNA quantitation kit; Bio-Rad, Milan, Italy) and expressed
as mean + SD.

3H-thymidine uptake

In order to choose the non-mitogenic ATP concentrations we
performed the 3H-thymidine uptake in FLG 29.1 and HOC cells.
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Cells were plated at a density of 4 x 10* cells/well in 24-well
plates. After 24 hours the cells were cultured overnight in medi-
um without FCS, then was replaced with fresh medium contain-
ing 1% of FCS (control) and different ranges of ATP concentra-
tions in replicates of three wells. Forty-four hours later a 4
hours 3H-thymidine pulse was performed and then the cells
were exposed to 4% trichloroacetic acid (TCA). After treatment
with 0.5M NaOH and 0.5M HCI the 3H-labelled DNA was evalu-
ated with a 3 counter.

Each experiment was repeated at least 3 times in triplicate and
results were expressed as mean + SD.

Cell counting

FLG 29.1 and HOC cells were plated at a density of 10°
cells/well in 6-well plates. Twenty four hours later the medium
was replaced with fresh medium containing 1% FCS (control)
plus clodronate in a concentration ranging from 1 uM to 1 mM
in replicates of three wells. Moreover two experimental point
were introduced in order to evaluate the effects of ATP on the
action of the highest dose clodronate on FLG 29.1 and HOC
cells. A non mitogenic ATP concentration was choice for each
cell type, 1 nM for FLG 29.1 cells and 50 uM for HOC cells, ac-
cording to dose response curve, as reported in previous para-
graph. Cell growth was evaluated after 2 days of incubation by
counting with a hemocytometer.

Each experiment was repeated at least 3 times in triplicate and
results were expressed as mean + SD.

Measurement of tartrate-resistant acid phosphatase

Tartrate-resistant acid phosphatase (TRAcP) was evaluated by
histochemistry. The staining was performed in undifferentiated
FLG 29.1 cells, in TPA-treated FLG 29.1 cells and in HOC cells
maintained for 2 days in 1% FCS medium with and without 1
mM clodronate. In the same conditions TRACP activity was
evaluated also in the presence of ATP with and without 1 mM
clodronate.

Cell suspensions were cytospinned on slides and, after fixation
in 80% ethanol, they were incubated with a solution containing
naphthol AS-BI phosphate as a substrate for the reaction,
0.225% sodium tartrate and 4% pararosaniline in 2 N HCl as a
coupler for 2 hours. The cultures were then counterstained with
hematoxylin and TRACP positive FLG 29.1 cells were counted.
Experiments were carried out in triplicate and repeated three
times. Results were expressed as mean + SD of three experi-
mental points.

Quantitative RT-PCR

Undifferentiated (1 x 10° cells/ml) and TPA-treated (1 x 10°
cells/ml) were incubated in culture medium containing 1% FCS
in the absence or in the presence of 1 pM-1 mM clodronate.
After 6 days of incubation FLG 29.1 cells were disrupted in 600
pl of guanidine isothiocyanate-containing lysis Qiagen buffer
(QIAGEN, Milan, Italy) added with B-merchaptoethanol. Total
RNA was extracted with Rneasy MiniKit Qiagen® columns and
treated with RNase free DNAse Set QIAGEN®. RNA was then
eluted from columns with 50 pl RNase-free water. Total RNA
was determined with the GeneQuant spectrophotometer.

Rapid quantitative detection of matrix metalloproteinase 9
(MMP9) and tissue inhibitor of metalloproteinase (TIMP1) tran-
scripts in FLG 29.1 were evaluated by real-time reverse tran-
scriptase polymerase-chain reaction (RT-PCR), based on
“TagMan” technology as previously reported (28).

For the measurement of both MMP9 and TIMP-1 mRNA ex-
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pression, RNA extracted from HT1080 fibrosarcoma cell lines
was used as reference standard curve. Standard curve con-
sists of serial 1/10 dilution obtained from a starting quantity of
2.5 x 10* pg of total HT1080 RNA.

All the results are reported as pg HT1080 RNA/ug of total RNA
and were carried out in triplicate and expressed as the mean +
SD of pg HT1080 RNA/ug of total RNA.

Ultrastructural analysis

The percentage of apoptotic cells was determined by TEM.
Five random fields, each of 100 cells, were counted in each
slide.

FLG 29.1 cells and HOC cells (1 x 10° cells) were incubated
for 2 days in 1% FCS medium (control) with 100 uM or 1 mM
clodronate. In order to evaluate the apoptotic influence of ATP
on clodronate treated cells 1 x 10° of both FLG 29.1 cells and
HOC cells in 1% FCS medium were incubated with 1 mM clo-
dronate in the presence of 1 nM or 50 uM ATP. At the end of
the incubation time samples were fixed in 4% cold glutaralde-
hyde in 0.1 M cacodylate buffer, pH 7.4, at room temperature
and postfixed in 1% OsO4 in 0.1 M phosphate buffer, pH 7.4, at
4°C. The samples were then dehydrated in acetone series,
passed through propylene oxide, and embedded in Epon 812.
Semi-thin sections (1-2 pum thick) were cut and stained with
toluidine blue-sodium tetraborate.

Analysis of DNA fragmentation

FLG 29.1 cells and HOC cells (1x10° cells) were incubated for
2 days in 1% FCS medium (control), 100 uM clodronate, 1 mM
clodronate, 100 uM clodronate plus ATP (1 nM or 50 uM), 1
mM clodronate plus ATP (1 nM or 50 uM). Positive control of
apoptosis was represented by HL60 cell line treated with 2.5
UM camptothecin for 4 hours.

The selective extraction of fragmented DNA was obtained by a
DNA extraction kit according to manufacturer’s instructions
(ApopLadder EXTM; Takara Bio Inc., Otsu, Shiga, Japan).
Briefly, a 15 pL DNA sample was loaded onto 2% horizontal
agarose gels containing ethidium bromide. Gels were run at 60
V for 1 hour and DNA fragments were visualized using UV illu-
mination.

Synthesis of AppCClp metabolite and its identification
on the cell lines

AppCClop was obtained following the method of Blackburn and
coworkers with minor modifications (29). The crude product was
purified by CC on DEAE Sephagel using a linear salt gradient
(LiCl, 0-0.5 M, pH 7.0, 0.5 L) and the isolated compound was re-
peatedly treated with methanol/acetone affording a white, hygro-
scopic powder. ESI-MS: m/z calcd 574.1 [M-H]", 572.1 [M-2H];
found: 573.9 [M-H]", 571.8 [M-2]"; *H NMR, & (from Me4Si): 8.36
(s, 1H,), 8.13 (s, 1H,), 5.91 (d, 1H), 4.56 (m, 1H), 4.23 (m, 1H),
3.98 (m, 1H), 3.76 (m, 2H); 3P NMR 300 MHz), & (from 85%
H3PO4): -11.86 (d, Pq, 2Jap 28.1 Hz), -3.87 (dd, Pg, 2Jqp 28.1 Hz,
2Jpy 22.6 Hz ), +5.86 (d, Py, 2Jp, 22.6 Hz). Elemental analysis:
calcd. for C11H12Cl2LisN5012P3-6H20-19LICI: C, 8.74; H, 1.60;
N, 4.63. Found: C, 8.87; H, 1.60; N, 4.35. The purity of ATP and
AppCClyp standards (200 uM) was checked just before the use,
by reverse phase HPLC on a Jupiter C18 column (5 mm, 250 x
4.6 mm 1.D.) using the same eluents as for HPLC-ESI (gradient:
20% of B in 10 min and then to 80% of B in 30 min; tR: ATP
24.01 min; AppCClzp 24.08 min).

Cell extracts were obtained following the method of Frith et al.
with some modifications (21). FLG 29.1 and J774 cells were
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grown in 162 cm? flask. A total of approximately 1 x 107 FLG
29.1 cells were incubated for 2 days with 1 mM clodronate or
with an equivalent volume of growth medium supplemented
with 1% FCS. The same number of J774 cells were incubated
with 250 uM clodronate for 2 days in medium 10% FCS. At the
end time cells were rinsed twice with PBS and the adherent
cells were scraped from the flask. Each sample was than incu-
bated with 10 ml of ice-cold 7% (v/v) perchloric acid and left at
4°C for 1 hour. The extracts were neutralized with a saturated
solution of KHCOg3, left for 30 minutes on ice and than cen-
trifuged twice (5 minutes, 220 g) to remove insoluble potassi-
um perchlorate. Supernatants were then lyophilized. The ion-
pair chromatographic separation was strongly influenced, in
terms of retention time reproducibility and peak shape, by the
high saline content of the samples, requiring a step of purifica-
tion to eliminate part of it. This was accomplished by adding
about 2 ml of distilled water (Milli-Q) to 100 mg of the
lyophilized extracts from untreated and clodronate-treated
cells. The suspension was centrifuged and the operation was
repeated. The combined extracts were lyophilized and the
residue was re-dissolved in 50 mM DMH formate, pH 5.0, as
suggested by Auriola et al. (30). A 5% reproducibility in reten-
tion time (9.33 * 0.42 min) was tolerated, considering the
chromatographic technique applied and the high selectivity of
the MS/MS detection.

Following the paper of Auriola et al. (30), ion-pair liquid chro-
matography was used for HPLC analysis of ATP and
AppCClyp. Samples were eluted using an RP column using the
following gradient elution: 10 to 75% B in 14 min; B was held at
75% for 2 min and then brought back to the starting value in
1.0 min). The equilibration time before the next injection was
12 min. The sample injection volume was 10 mL. The eluate
was directly introduced into the LC/MS interface. The com-
pounds of interest were ionised by negative ion electrospray
and analysed by full-scan product ion MS/MS of their quasi-
molecular ions. The spray needle capillary, heated capillary
and tube lens potentials were -4000, -27 and -20 V, respective-
ly. The capillary temperature was set at 265°C. Nitrogen was
used both as sheath and auxiliary gas, respectively at flow
rates of 26 and 6 (in arbitrary units). The CID parameters were
optimised for each analyte by infusion and alternately applied
to detect the two compounds during the HPLC run. For ATP
detection, the precursor ion isolation width was 5 m/z units, the
collision energy was 27%, and the product ion scan range was
from m/z 170 to 550, while for AppCCl,p detection, the precur-
sor ion isolation width was 7 m/z units, the collision energy was
22%, and the product ion scan range was from m/z 170 to 630.
The maximum ion injection time was 200 msec; each scan was
composed of two microscans.

ATP measurement

Effect of 1 mM clodronate was evaluated on undifferentiated
FLG 29.1 cells during 24 hours exposure. Cells were counted
and washed once with PBS, then they were transferred in 96
well microplates for intracellular ATP measurement by an
ATP bioluminescence assay kit (DCS Innovative Diagnostik-
Systeme, Hamburg, Germany). Briefly, cellular ATP was ex-
tracted by adding 0.05 ml of extraction reagent to 0.1 ml of
cell suspension. After 15 minutes incubation, the assay was
measured in a Orion Microplate Luminometer using 0.05 ml
of cellular extract injected with 0.1 ml of luciferin-luciferase
reagent. A count integration time of 10 seconds with a 0,04
seconds delay was used. Relative Light Unit (RLU) results
from unknown samples were extrapolated on a standard
curve (concentration range: 83,33-0,012 ng ATP/ml) obtained
by measuring nine 3-fold serial dilutions of an ATP-standard
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solution of 250 ng ATP/ml in triplicate. Linear regression
analysis of mean RLUs for each ATP standard concentration
vs ATP standard concentration was evaluated to determine
standard curve linearity. Results from a typical standard
curve for ATP measurement were: y = 2367,7x + 117,91, R2
=1.

Statistical analysis

Data were expressed as the mean + SD of triplicate experi-
mental points and are representative of three different experi-
ments. Statistical differences were analyzed by using the
Mann-Whitney U-test and were considered significant at the
0.05 p level.

Results

Cell morphology

FLG 29.1 cells stained with May-Grunwald-Giemsa had a typi-
cal aspect of undifferentiated leukemic blast, with large round
nuclei, prominent nucleoli, dispersed nuclear chromatin and
basophilic cytoplasm (24). Less than 3% of the cells were mult-
inucleated, the majority were mononucleated. The diameter of
the cells ranged from 15 to 20 um and had a round shape. Un-
differentiated FLG 29.1 cells grew in suspension as small float-
ing clusters. After 72 hours of treatment with 0.1 uM TPA 36%
of the cells adhered to the dishes and over 45% were multinu-
cleated with size ranging from 50 to 100 um. Multinucleated
cells were found attached or in suspension and lacked charac-
teristic peripheral ruffling. TEM showed that most of the un-
treated cells had cytoplasmic features of undifferentiated
blasts, namely abundant free ribosomes, scarce organelles,
large and irregularly shaped nucleus with dispersed chromatin
and large nucleoli. After treatment with 0.1 uM TPA for 72
hours FLG 29.1 cells appeared to be in a more advanced stage
of differentiation, containing rather numerous rod-shaped mito-
chondria and well developed RER, large Golgi areas, and sev-
eral dense bodies resembling lysosomes.

HOC cells cultured from giant cell tumors of bone presented
two main cell populations, one characterized by larger polymor-
phic cells with a variable distribution of nuclei and another,
mainly composed of smaller irregularly shaped mononucleated
cells. All the giant cells had an abundant finely granulated cyto-
plasm. The overall aspect of these cells was mostly like osteo-
clasts and macrophages with numerous pleomorphic mitochon-
dria and lysosomes, dense bodies, and a wide Golgi areas, as
previously described (30, 31). At the ultrastructural level,
mononuclear cells revealed a diverse morphology, displaying
features of fibroblast-like cells with scarce granules and numer-
ous microvilli and desmosomes (data not shown).

Effects of clodronate on cell viability

Analysis of viable cells demonstrated that treating FLG 29.1
and HOC cells with clodronate concentrations ranging from 1
UM to 1 mM had no effect on cell viability (Table I).

Measurement of 3H-ATP uptake in FLG 29.1 and HOC cells

Uptake of exogenous 3H-ATP was evaluated both in undiffer-
entiated FLG 29.1 and in HOC cells with a 3 counter. Extracel-
lular ATP was incorporated in a dose dependent manner
(Table I1).
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Table | - Viability of undifferentiated FLG 29.1 cells and of HOC
cells in the presence of clodronate.

Cell type Clodronate (M) Percent of control® pP
FLG 29.1 0 100+9 -
1 100 + 12 NS

10 100 + 15 NS

100 100+ 8 NS

1000 926+16 NS

HOC 0 100 + 16 -
1 911+14 NS

10 92.2+15 NS

100 90.0+0.9 NS

1000 85.2+1.2 NS

@ Controls are represented by untreated FLG 29.1 and HOC cells. Results
are expressed as mean + SD of triplicate experimental points and are repre-
sentative of three different experiments.

® Data were considered Not Significative (NS) when p > 0.05.

Table Il - Measurement of *H-ATP uptake in undifferentiated FLG
29.1 and in HOC cells.

Cell type SH-ATP SH-ATP uptake
(nM) [Mean = SD (dpm/ng DNA)]
Undifferentiated 0.01 117.67 £ 0.49
FLG 29.1 0.05 516.96 + 0.76
1 1023.65 +5.25
3 3030.02 + 23.17
5 4932.57 +114.81
HOC 0.05 8.5+0.40
5 40.33+0.39
50 361.55 +0.39
100 719.43 +1.26
250 1760.06 + 60.87
500 3550.51 + 67.05

The experiments were repeated three times in triplicate and expressed as
mean + SD.

Effects of ATP on FLG 29.1 and HOC 3H-thymidine cellular
uptake

The concentration of ATP added to the culture medium was
chosen on the basis of the effect of a dose response curve of
ATP on 3H-thymidine incorporation and Trypan blue exclusion
test in undifferentiated FLG 29.1 and in HOC cells. Neither 1
nM nor 50 uM ATP affected 3H-thymidine incorporation or via-
bility of respectively undifferentiated FLG 29.1 and HOC cells
(data not shown).

The effects of clodronate on FLG 29.1 and HOC cell
proliferation is bioreversible

Undifferentiated FLG 29.1 and HOC cell proliferation was eval-
uated by cell counting. Cells were incubated for 2 days in the
presence of 1% FCS with clodronate added in a range of con-
centrations from 1 puM to 1 mM. Moreover, the possibility of re-
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verting the effect of clodronate on cell proliferation both in un-
differentiated FLG 29.1 and in HOC cells was evaluated after
adding ATP into the culture medium.

Clodronate significantly inhibited FLG 29.1 cell proliferation
from 10 mM dose (Fig. 1). Proliferation in HOC cells was signif-
icantly inhibited by clodronate at each dose considered (Fig. 1).
One nM and 50 pM ATP reversed the inhibitory effect of simul-
taneously added 1 mM clodronate on proliferation of respec-
tively undifferentiated FLG 29.1 cells and HOC cells (Fig. 1).
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Figure 1 - Effects of clodronate on proliferation of undifferentiated FLG
29.1 (A) and of HOC (B) cells with and without respectively 1 nM and
50 uM ATP added to the culture medium. Cell proliferation was evaluat-
ed after incubation for 2 days by counting with a hemocytometer. Con-
trol ([]); clodronate (Il); ATP ([]); clodronate (1000 uM + ATP ([H).
Each experiment was repeated at least three times in triplicate and re-
sults were expressed as mean + SD. *p< 0.05.

The effects of clodronate on TRACP activity in FLG 29.1
and HOC cells is bioreversible

The histochemical assay for TRACP activity was performed in
undifferentiated and TPA-treated FLG 29.1 cells and in HOC
cells.

High levels of TRACP activity were present in TPA-treated
FLG 29.1 cells and in HOC cells. Low doses of clodronate (1
UM-10 pM) not always interfered with TRAcCP activity in three
different experiments (data not shown), while the addition of 1
mM clodronate resulted in a significative inhibition of TRAcP
activity (57 % and 62 % respectively) in each cell type consid-
ered (Fig. 2).

The decrease of TRAcP-positive cells in TPA-treated FLG 29.1
and HOC lineages was reversed in the presence of respective-
ly 1 nM and 50 pM ATP concentrations (Fig. 2).

Effects of clodronate on MMP9 and TIMP-1 mRNA expression
in FLG 29.1 cells

MMP-9 and TIMP-1, evaluated by RT-PCR, were expressed in
both undifferentiated and TPA-treated FLG 29.1 cells. The in-
cubation with 1 uM and 10 pM clodronate caused a not signi-
ficative inhibition of MMP-9/TIMP-1 complex (data not shown),
while 100 pM and 1 mM clodronate caused a dose-dependent
inhibition compared with the respective controls (Fig. 3). Ex-
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Figure 2 - Cells cultures were evaluated for TRACP activity by a histo-
chemical assay. Effects of 1 mM clodronate on TRACP activity in undif-
ferentiated and TPA-treated FLG 29.1 cells and in HOC cells was eval-
uated with and without respectively 1 nM, 1 nM and 50 uM ATP added
to the culture medium. Control ([_]); clodronate (uM) (Hl); ATP ([);
clodronate 1000 pM + ATP ([). Experiments were carried out in tripli-
cate and repeated three times and results were expressed as mean +
SD. *p< 0.05 vs cells not exposed to clodronate.

cept for the 1 mM dose on undifferentiated FLG 29.1 cells, clo-
dronate inhibitory action on TIMP-1 and MMP-9 expression
preserved the physiological cellular equilibrium of the two en-
zymes, with significantly higher values of TIMP-1 when com-
pared to those of MMP-9 (Fig. 3).
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Figure 3 - Effects of clodronate on MMP9 and TIMP-1 mRNA expres-
sion in undifferentiated (A) and TPA-treated (B) FLG 29.1 cells. RT-
PCR showed modulation of MMP9 ([]) and TIMP-1 ([C]) mRNA ex-
pression by 100 uM and 1 mM clodronate. Concentrations were derived
by comparison with values obtained with the HT1080 reference cell
line. Experiments were carried out in triplicate and results were ex-
pressed as mean + SD. *p<0.05; ns: not significative.
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Effects of clodronate on apoptosis of undifferentiated FLG 29.1
cells and of HOC cells

Both undifferentiated FLG 29.1 cells and HOC cells showed typi-
cal apoptotic morphological events after exposure for 2 days to
100 pM and 1 mM clodronate. The cells were characterized by
reduced cell volume, chromatin condensation, aggregation of the
nuclear membrane, with either a condensate or a pale cytosol,
without signs of necrosis (Fig. 4). The phenomenon was quanti-
fied by counting apoptotic cells in TEM random fields. In both cell
lines apoptotic elements increased in a dose-dependent manner
in response to clodronate (Table IIl).

Moreover, the contemporary treatment of undifferentiated FLG
29.1 and HOC cells respectively with 1 nM and 50 pM ATP
prevented the apoptotic effect of 1 mM clodronate (Table III).
No reversibility of clodronate effects was observed when cells
already showing recognizable morphological signs of apoptosis
were exposed to ATP (data not shown).

To confirm that 100 uM and 1 mM clodronate-induced apopto-

Figure 4 - TEM photographs (1600X) of apoptotic cellular morphology
of undifferentiated FLG 29.1 cells (A, B, C) and of HOC cells (D, E, F).
(A) and (D) defined controls, (B) and (E) are cells that have been treat-
ed for 2 days with 100 uM clodronate and (C) and (F) represent cells
that have been treated for 2 days with 1 mM clodronate.
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Table Il - Effects of ATP on clodronate-induced apoptosis in undif-
ferentiated FLG 29.1 cells and in HOC cells.

Treatment Apoptotic cells (percent)®
Undifferentiated HOC
FLG 29.1
Control 3 5
Clodronate (100 pM) 10 11
Clodronate (1 mM) 13 15
ATP 3 6
ATP + Clodronate 5 4

2 The percentage of apoptotic cells was evaluated after 2 days of clodronate
exposure by TEM counting random fields (100 cells per slide).

sis was reversed by ATP in undifferentiated FLG 29.1 cells and
in HOC cells, the DNA ladder formation by agarose gel elec-
trophoresis was examined. Cells treated with 100 uM and 1
mM clodronate showed a prominent DNA ladder characteristic
of apoptosis which disappeared in the presence of 1 nM ATP
for undifferentiated FLG 29.1 cells and of 50 uM ATP for HOC
cells (Fig. 5).

Metabolism of clodronate to the ATP analogue AppCClzp in
FLG 29.1 and J774 cells

The product ion spectra recorded from the standards of AppC-
Clop and ATP, together with their relevant MS/MS spectra are
reported in Figure 6. The MS/MS spectrum of the metabolite

Figure 5 - Electrophoretic analysis of DNA extracted from undifferentiat-
ed FLG 29.1 cells (A) and HOC cells (B). Line 1 defined apoptosis posi-
tive controls, Lines 2 defined untreated cells, Lines 3 and 4 depict cells
that have been treated for 2 days respectively with 100 pM and 1 mM
clodronate. Lines 5 and 6 represent cells that have been treated for 2
days respectively with 100 pM clodronate plus 1 nM or 50 uM ATP and
with 1 mM clodronate plus 1 nM or 50 pM ATP.
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Figure 6 - A. Extracted ion chromatograms from product ion full scan negative ion HPLC-ESI-MS/MS of standard solutions of AppCCl.p (a) and ATP
(b). The ion range from m/z 224 to m/z 228 is showed in a (precursor ion 572,3) while the ion range from m/z 405 to m/z 410 is showed in b (precur-
sor ion 506,4). Full scan negative ion MS/MS spectra of AppCCl,p (c) and of ATP (d) showing the fragmentation patterns. B. lon chromatograms from
product ion full scan negative ion HPLC-ESI-MS/MS recorded from FLG 29.1 cell (figures on the left hand) and J774 cell (figures on the right hand)
extracts. The ATP signal was present in both untreated cell (a and d traces) and in clodronate-treated FLG 29.1 cell (e trace), while was absent in
J774 cell (b trace). The AppCCl,p signal was present in both the treated cell lines (c and f traces). The ion range from m/z 224 to m/z 228 is shown
for AppCCI2p (precursor ion 572,3) while the ion range from m/z 405 to m/z 410 is shown for ATP (precursor ion 506,4).
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Figure 7 - Intracellular ATP levels in undifferentiated FLG 29.1 cells was
measured in the absence ([_]) and in the presence (Ill) of 1 mM clo-
dronate and monitored over 24 hr by a luciferase luminometric assay. Val-
ues are the mean + SD of three independent experiments carried out in
triplicate.*p<0.05.

was characterized by two principal diagnostic ions at m/z 225
and 227, due to the cleavage of the bisphosphonate moiety
(Fig. 6). The presence of these two compounds in the analyzed
samples was tested by comparing the spectral analysis of the
treated and untreated cells with the standards profiles, in the
expected retention time window (Fig. 6).

The signal due to the metabolite was absent in both the un-
treated cell lines, while it was present in the treated FLG 29.1
cell line; in this cell line, the ATP signal was also still detectable
(Fig. 6). We have compared the obtained results with those for
the J774 cells (Fig. 6), a cell line for which in the presence of
clodronate AppCClzp metabolite was detected also by Auriola
et al. (30). In the same analytical conditions, for the two cell
lines investigated it was possible to make a raw quantitative
evaluation of the yield of metabolite. J774 cell line incubated
with 250 uM clodronate for 2 days in medium containing 10%
FCS, showed a strong signal of the metabolite, while ATP was
not detectable under the same conditions (Fig. 6). The ATP
signal in the FLG 29.1 cells incubated with 1 mM clodronate for
2 days in medium with 1% FCS was greatly emerging (Fig. 6)
and it is possible to affirm that, in this case, the metabolite is
present in lower amount respect to the remaining ATP, if we
compare this situation with the behaviour of the J774 cell line.
For these later cells we have chosen the protocol of clodronate
incubation time and concentration indicated by Frith et al. (21),
because in the conditions we adopted for FLG 29.1 (1 mM clo-
dronate in 1% FCS medium for 2 days of culture), J774 cells
did not survive, with 0% viability and characteristic sign of
necrosis (data not shown).

Clodronate modulates intracellular ATP levels

In order to evaluate clodronate effect on intracellular ATP lev-
els, FLG 29.1 cells were monitored over 24 hours with a lu-
ciferin-luciferase detection system. The results clearly indicated
that 1 mM clodronate significantly down-regulated intracellular
ATP in the early exposure time (2-4 hours) with a full recovery
within 16 hours (Fig. 7).

Discussion

Clodronate (dichloromethylenebisphosphonate) is a synthetic
analog of pyrophosphate (31) widely used in the treatment of
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metabolic bone diseases that involve excessive bone resorp-
tion (32-34). The use of clodronate in this wide spectrum of dis-
ease states depends critically upon its ability to inhibit osteo-
clast-mediated bone resorption as supported by “in vitro” and
“in vivo” studies (19, 20, 31-35). Differently than nitrogen-bis-
phosphonates, known to prevent protein prenylation, clo-
dronate, like other non-nitrogen bisphosphonates, acts through
the formation of an intracellular non-hydrolyzable ATP analog,
AppCClzp, previously defined as a “cytotoxic” metabolite (7,
21). Despite the accumulated experimental data, the way in
which clodronate exerts its putative “cytotoxic” function has not
been fully elucidated.

Original studies describing the effect of clodronate on “in vitro”
cellular models showed that clodronate was able to inhibit the
growth and the glycolysis of fibroblasts and osteoclasts in a re-
versible manner (36). In 1982, Reitsma et al. used the term “cy-
totoxic” for the “in vitro” clodronate action on rat macrophages
(37). However, in long-term cultures of bone marrow cells clo-
dronate was unable to inhibit preosteoclastic cell proliferation,
whereas it inhibited the differentiation of these cells into mature
osteoclasts (38). Moreover, in various studies clodronate was
not affecting the viability of cells of the osteoclastic lineage (38-
40), while being able to induce apoptosis (40). Interestingly, the
recent demonstration that combined treatment with clodronate
could enhance or antagonize some of the molecular effects of
nitrogen bisphosphonates suggested a competitive action not
simply based on “cytotoxicity” (20).

The demonstration of the metabolism of clodronate to a meth-
ylene-analogue which could not be hydrolyzed, led to the sug-
gestion that in clodronate-treated cells there is an accumula-
tion of a non-physiological and non-hydrolysable nucleotide
metabolite (17, 18), reinforcing the concept of its “cytotoxic”
action. However, before talking of “cytoxicity” it would be nec-
essary to demonstrate lack of bioreversibility of such effects
either by measuring the clearance of the accumulated
metabolite or by the supplementation of exogenous substrata
capable to counteract the accumulation of the non-hydrolyz-
able metabolite.

In order to evaluate the bioreversibility of clodronate action on
the bone resorption cycle we examined the ability of clodronate
to modulate functional and proliferative properties of FLG 29.1
cells, a human preosteoclastic cell line (24-26) and of human
osteoclastoma (HOC) cells in primary culture (27).

Previous studies with clodronate in non human osteoclastic cell
lineages suggested that nitrogen bisphosphonates can affect
“in vitro” both mature osteoclasts and precursors, whereas clo-
dronate actions seemed limited to mature osteoclasts (41-43).
In this report clodronate exhibits an inhibitory effect both on
proliferative properties and differentiative features of human
preosteoclasts and mature osteoclastic cells, without acutely
influencing their viability, but inducing cell apoptosis, as shown
in previous studies (19, 35, 40).

Interestingly, this study demonstrated for the first time that high
concentrations of clodronate regulate the expression of MMP-9
and TIMP1 genes in both human preosteoclastic cells and hu-
man osteoclastoma cells. These observations reinforce the hy-
pothesis of a role of clodronate on osteoclast recruitment, be-
ing the complex of metalloproteinase/metalloproteinase tissue
inhibitor pivotal for cell migration and trafficking of bone cells,
including osteoclasts (44-46).

The actions of clodronate on the human models explored in this
report made possible to evaluate the bioreversibility of its ef-
fects. This is not a novel concept for bisphosphonates, as previ-
ous studies demonstrated that alendronate inhibited normal hu-
man epidermal keratinocytes growth in a reversible manner
(47). The present data clearly indicate that the clodronate ac-
tions on human osteoclastic cells are reversed by adding ex-
ogenous ATP, which is incorporated by these cells. Indeed, we
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were able to demonstrate the formation of intracellular AppC-
Cl2p in human preosteoclastic FLG 29.1 cells exposed to clo-
dronate, with consequent inhibition of mitochondrial oxygen
consumption by a mechanism that involves competitive inhibi-
tion of the ADP/ATP translocase, in agreement with previous
findings in human osteoclasts and rat liver cells (19, 48). Inter-
estingly, even though clodronate appears to acutely inhibit the
intracellular levels of ATP in FLG 29.1 cells, the ATP synthesis
was still present at intracellular concentrations exceeding those
of the AppCClzp metabolite. Conversely, in the murine
macrophage-like cell line J774, originally used to characterize
the metabolism of clodronate to AppCClp (21), ATP levels
were very low when compared to the clodronate-derived
metabolite, supporting the possibility of a “cytotoxic” effect in the
latter cells (21). These findings altogether open the possibility of
a cell-specific action of clodronate, depending on the metabolic
pathways of the ATP/AppCClzp complex in a given cell type.

In this report we demonstrated that clodronate affects the re-
sorption cycle, by acting both on preosteoclastic and on mature
osteoclastic cells. The lack of acute toxicity of clodronate on
cells of the osteoclastic lineage together with its bioreversibility
by ATP make unlikely the recognition of clodronate as a com-
pound “cytotoxic” for human osteoclastic cells. Therefore, it is
reasonable to assume that clodronate can be categorized as a
drug capable to modulate in a bioreversible fashion the differ-
entiative and functional processes of cells of the osteoclastic
lineage.
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