PHARMACOLOGICAL
SOCIETY

British Journal of Pharmacology (2010), 159, 1681-1692

© 2010 The Authors
Journal compilation © 2010 The British Pharmacological Society Al rights reserved  0007-1188/10

www.brjpharmacol.org

B]' BRITISH JOURNAL l/ BRITISH
BPS

OF PHARMACOLOGY

RESEARCH PAPER

Gallium modulates osteoclastic bone resorption
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Background and purpose: Gallium (Ga) has been shown to be effective in the treatment of disorders associated with
accelerated bone loss, including cancer-related hypercalcemia and Paget’s disease. These clinical applications suggest that Ga
could reduce bone resorption. However, few studies have studied the effects of Ga on osteoclastic resorption. Here, we have
explored the effects of Ga on bone cells in vitro.

Experimental approach: In different osteoclastic models [osteoclasts isolated from long bones of neonatal rabbits (RBC),
murine RAW 264.7 cells and human CD14-positive cells], we have performed resorption activity tests, staining for tartrate
resistant acid phosphatase (TRAP), real-time polymerase chain reaction analysis, viability and apoptotic assays. We also
evaluated the effect of Ga on osteoblasts in terms of proliferation, viability and activity by using an osteoblastic cell line
(MC3T3-E1) and primary mouse osteoblasts.

Key results: Gallium dose-dependently (0-100 pM) inhibited the in vitro resorption activity of RBC and induced a significant
decrease in the expression level of transcripts coding for osteoclastic markers in RAW 264.7 cells. Ga also dramatically reduced
the formation of TRAP-positive multinucleated cells. Ga down-regulated in a dose-dependant manner the expression of the
transcription factor NFATc1. However, Ga did not affect the viability or activity of primary and MC3T3-E1 osteoblasts.
Conclusions and implications: Gallium exhibits a dose-dependent anti-osteoclastic effect by reducing in vitro osteoclastic
resorption, differentiation and formation without negatively affecting osteoblasts. We provide evidence that this inhibitory
mechanism involves down-regulation of NFATc1 expression, a master regulator of RANK-induced osteoclastic differentiation.
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Introduction resorption of mineralized bone by secreting protons and pro-
teolytic enzymes through their ruffled-border (Blair, 1998).
Osteoclasts are multinucleated cells derived from haemato-  Various bone disorders are characterized by an increased
poietic precursors. They are crucially involved in the  osteoclastic bone resorption that exceeds the bone formation
by osteoblasts. This imbalance ultimately leads to skeletal
fragility. Osteoporosis is probably one of the most frequent
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increase in bone fragility and susceptibility to fracture’ (Con-
sensus Development Conference, 1993). From 50 years of age
onwards, 40% of women are osteoporotic and one in three
women from the same age group will suffer osteoporotic frac-
tures (Melton et al., 1992; Klotzbuecher et al., 2000; Lindsay
et al., 2001). Eighty percent of these bone fractures affect the
proximal femur, vertebral bodies and wrist, and result in pro-
longed hospitalization, a reduction in the patient’s
autonomy, a decrease in the quality of life and an increase in
mortality rates (Ensrud et al., 2000; van Balen et al., 2001).
With the increasing life expectancy of the general population,
osteoporotic fractures will undoubtedly be a major public
health concern in modern society. In light of these data, the
prevention of osteoporotic fractures has become a great chal-
lenge, not only from a clinical perspective, but also from a
social and economic point of view. To address this issue, a
large variety of bone resorption inhibitors have been devel-
oped and successfully used to reduce the risk of osteoporosis-
associated fractures (Orcel, 2005). Among these resorption
inhibitors, bisphosphonates are today one of the preferred
therapies for preventing and treating osteoporosis and the
molecular mechanisms underlying the effects of these drugs
have recently been clarified. Nitrogen-containing bisphos-
phonates such as alendronate, zoledronate and risedronate,
inhibit enzymes of the mevalonate pathway involved in the
synthesis of cholesterol. Inhibiting these enzymes leads to a
reduction of osteoclast activity and an increase in apoptosis-
dependent cell death, thereby resulting in reduced bone
resorption (Reszka et al., 1999; Fisher et al., 2000; Rogers et al.,
2000). The clinical effectiveness of the bisphosphonates has
been extensively demonstrated (McClung, 2000; Bone et al.,
2004; Papapoulos et al., 2005) but effective treatment requires
total compliance from the patient. However, several major
constraints related to administration modalities and adverse
events may decrease patient compliance. Some studies have
demonstrated an increased risk of fracture as a consequence of
poor compliance with treatment (Huybrechts et al., 2006;
Rabenda et al., 2008). For example, Siris et al. (2006) showed
that patients who took more than 80% of their osteoporosis
medications had a 26% reduction in fractures compared with
patients with lower long-term compliance. An alternative
consisting of a weekly or monthly administration was pro-
posed to improve the compliance and maintenance of
therapy (Emkey and Ettinger, 2006). However, despite these
strategies, compliance still remains suboptimal (Cramer et al.,
2007).

Considering all these data (human cost and effects on the
economy), it is evident that the primary aim of osteoporosis
therapy is to prevent fracture risk. In this context, we are
interested in finding new anti-resorptive compounds.
Among these, gallium (Ga) could be a promising candidate,
as Ga is used for the treatment of hypercalcemia in cases of
malignancy (Warrell et al., 1984; Warrell et al., 1986; Warrell
etal., 1988) and Paget’s disease (Matkovic etal.,, 1990;
Warrell et al., 1990). In a small trial of myeloma patients
treated with chemotherapy, Ga was shown to attenuate the
rate of bone loss in patients (Niesvizky, 2003). Moreover,
treatment with organic Ga was shown to improve bone
content and strength in osteopenic rats (Ma and Fu, 2009).
All these data suggest that Ga may have a positive effect on
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these bone disorders, probably by decreasing the rate of bone
resorption.

However, there are only a few studies of the effects of Ga on
osteoclastic resorption. For example, Donnelly ef al. (1991)
demonstrated that bone fragments treated with Ga are less
readily resorbed, indicating that Ga treatment seems to confer
bone with resistance to resorption. At the dose used for this
study, Ga did not modify the morphology or the number of
osteoclasts. In contrast to these findings, Blair et al. (1992)
showed a cytotoxic effect of Ga on osteoclasts. The anti-
osteoclastic effect of Ga still needs to be established, given
that the direct effect of Ga on bone cells has only been
partially addressed. Similarly, the effect of Ga on osteoblasts
needs to be investigated, as a few studies have reported that
Ga modified the expression of type-1 collagen and osteocalcin
(Bockman et al., 1993; Guidon etal., 1993). However, no
study has explored the effect of Ga on osteoblasts in terms of
viability, proliferation and enzymatic activity such as alkaline
phosphatase (ALP).

Within this context, the first objective of the present work
was to explore the in vitro effects of Ga on osteoclasts in terms
of resorption activity, differentiation and viability. Our
second objective was to determine whether Ga may affect the
viability and activity of osteoblastic bone forming cells. Our
data have provided new insights into the effects of Ga on both
bone resorbing and forming cells.

Methods

Cell culture

All animal handling and surgical procedures were conducted
according to European Community guidelines for the care
and use of laboratory animals (DE 86/609/CEE) and were
approved by the local ethical committee.

To assess the anti-osteoclastic activity of Ga, we used three
complementary and well-established osteoclastic models.
First, we performed experiments with the unfractioned rabbit
bone cell (RBC) model (Guicheux et al., 1998). Neonatal RBC
were isolated using a previously reported method (Guicheux
et al., 1998). Briefly, after killing 13-day-old rabbits by cervical
dislocation, the long bones were isolated and freed from soft
tissue, minced with a pair of scissors and agitated in 20 mL
a-minimal essential medium (o-MEM) by vortex for 30 s. After
sedimentation, the cell suspension was collected (repeated
twice). The cell pellet was next washed and re-suspended in
a-MEM supplemented with 10% fetal calf serum (FCS), 1%
antibiotic mixture (P/S; 100 U-mL™" penicillin, 100 pg-mL™
streptomycin) and 1% L-glutamine. Cultures were finally
established on glass coverslips and on dentin slices in a
humidified, 95% air, 5% CO, atmosphere at 37°C for 4 days.

Our second osteoclastic model was the murine monocytic
RAW 264.7 cell line, from ATCC (Wittrant et al., 2004). Cells
were seeded at a density of 10* cells-cm™ and maintained for
6 days in phenol red-free o-MEM supplemented with 10%
FCS, 1% P/S, 1% L-glutamine and RANK-L (50 ng-mL™). The
medium was removed every 2 days. Mature osteoclasts form
after 6 days of culture.

Peripheral blood was obtained from human volunteers who
were not taking any medication and with their informed



consent. Human peripheral blood mononuclear cells (PBMCs)
were isolated by centrifugation over Ficoll gradient (Duplomb
etal., 2008). CD14" cells were magnetically labelled with
CD14 Microbeads and positively selected by MACS technol-
ogy (Miltenyi Biotec, Bergisch Gladbach, Germany). CD14*
cells were seeded in 24-well plates (250 x 10° cells per well) in
o-MEM containing 10% FCS and 25ng-mL’ human
macrophage-colony stimulating factor (hM-CSF). After 3 days
of culture, the medium was changed with fresh medium con-
taining 10% FCS, 25 ng-mL' hM-CSF, with or without
100 ng-mL™" human ligand for receptor activator of nuclear
factor kB (RANK-L). Cells were maintained for 12 days and the
medium was changed every 4 days.

To determine whether Ga could affect the behaviour of
osteoblastic cells, we first used one of the most largely
described osteoblastic cell lines, MC3T3-E1. MC3T3-E1 cells
were routinely grown in o-MEM medium containing 10%
FCS, 1% P/S and 1% L-glutamine. Cells were sub-cultured
once a week using trypsin/EDTA and maintained at 37°C in a
humidified atmosphere of 5% CO; in air. The medium was
completely renewed every 2 days.

The next step was to use primary mouse osteoblasts pre-
pared from the calvaria of 3-day-old mice as previously
described (Guicheux et al., 2003). Calvaria were removed
from the animals under aseptic conditions and incubated in
PBS containing 4 mM EDTA at 37°C for 30 min under con-
tinuous agitation. Supernatant was discarded and o-MEM
containing 3 mg-mL™ type-2 collagenase was added. Calvaria
were subjected to five sequential enzymatic digestions each
conducted at 37°C for 20 min. Cells from fractions 1-2 and
3-5 were pooled, centrifuged and resuspended in o-MEM
containing 10% FCS, 1% P/S and 1% L-glutamine. Cells were
seeded at a density of 2.10* cells-cm™ in a-MEM containing
10% FCS, 1% P/S and 1% L-glutamine, at 37°C in a humidified
atmosphere of 5% CO2 in air. The medium was completely
renewed every 2 days.

Resorption assay

RBC were seeded at a density of 5.10° cells per dentin slice in
24-well plates and were treated with graded concentrations of
Ga (0-100 uM) for 4 days. The resorption activity of osteo-
clasts isolated from total RBC preparations was evaluated by
the calculation of resorbed surface area on dentin slices, as
described previously (Grimandi ef al., 2006). To investigate
the anti-resorptive activity of Ga, graded concentrations of Ga
(from 0-100 pM) was incubated in 24-multiwell culture plates
containing one dentin slice per well. After 4 days of culture,
dentin slices were collected, rinsed with sodium hypochlorite
and scraped gently using a soft tooth brush. They were
observed by scanning electron microscopy (SEM) using back-
scattered electron modes and a semi-automatic image analy-
ser (LEICA Quantimeter 500, Cambridge, UK). The resorption
activity was calculated as the percentage of surface resorption
per dentin slice.

Cell viability assay
RBC viability was assessed by using cell tracker green (CTG)
staining as previously reported in detail (Magne et al., 2003).
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Briefly, after the indicated times, RBC established on glass
coverslips were treated with 5 uM CTG for 30 min at 37°C and
then washed with serum-free medium. Cells were observed
using a fluorescent microscope. CTG incorporated into living
cells was detected using an isothiocyanate (FITC) fluorescent
set characterized by Aex = 488 nm; Aeym = 490-560 nm.

Cell viability was further quantified by the methyl tetrazo-
lium salt (MTS) assay as reported by Magne et al. (2003). The
MTS assay is based on mitochondrial NADH/NADPH-
dependent dehydrogenase activity, resulting in cellular con-
version of the tetrazolium salt MTS into a soluble formazan
dye. The medium was aspirated after a given period of time
and 100 puL of MTS solution was added to each well. Finally,
the colorimetric measurement of formazan dye was made
with a spectrophotometer by measuring optical density at
490 nm. Results were expressed as MTS activity relative to
that of cells cultured in the presence of vehicle. Furthermore,
cellular proliferation was quantified by scoring cells manually
after Trypan blue staining. As a positive control of cell death,
cells were treated with actinomycin-D (Act-D; 5 ug-mL™) or its
vehicle (DMSO) (Vinatier et al., 2005).

RNA isolation

After the indicated times, total RNA was isolated from cultured
cells using TRIzol reagent (Gibco BRL) in accordance with the
manufacturer’s instructions. Briefly, lysis of the cells in TRIzol
was followed by centrifugation at 10 000 g for 15 min, at 4°C
in the presence of chloroform. The upper aqueous phase was
collected and the RNA was precipitated by addition of isopro-
panol and centrifugation at 7500 g for 5 min, at 4°C. RNA
pellets were washed with cold 75% ethanol, dried, reconsti-
tuted in sterile water and quantified by spectrometry.

Real-time polymerase chain reaction (RT-PCR)

RNA samples (1 ug) were treated with DNase I (1 U-ug™’) to
remove any contaminating genomic DNA. RNA was then
reverse transcribed using AffinityScript QPCR cDNA Synthesis
Kit in accordance with manufacturer’s protocol, in a total
volume of 20 uL. RT products were diluted 10-fold in sterile
water. Template cDNAs (5 uL) were subjected to RT-PCR using
specific mouse primers (see Table 1). The absence of DNA
contamination in RNA preparations was tested by including
RNA samples that had not been reverse-transcribed (No
Reverse Transcription, NoRT). NoRT and No Template (NTC as
DEPC water) controls as well as a positive control for each
gene were included in each run. A housekeeping gene
(GAPDH) was used as an internal control.

Real-time PCR was performed in the MX3000pro
(Stratagene) using Brilliant SYBR Green QPCR Master Mix
(Stratagene) in accordance with the manufacturer’s recom-
mendations. The following temperature profile was used: 40
cycles of 30 s at 95°C, 1 min at 60°C and 30 s at 72°C. Ampli-
fication curves were analysed using the MxProV3 software
(Stratagene). PCR products with Ct over 35 cycles were con-
sidered as undetectable (ND). The delta Ct (6Ct) (cycle thresh-
old) method was used to calculate relative expression levels.
Cycle thresholds were normalized against the housekeeping
gene (GAPDH) in order to control for cDNA quantification
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Table 1 Gene names, sequences of primer pairs, length of PCR products and GeneBank accession numbers used for RT-PCR analysis
Gene Primer sequences Product length ~ GeneBank accession number

Glyceraldehyde 3 phosphate deshydrogenase (GAPDH)

Tartrate resistant acid phosphatase (TRAP) ACP5

Cathepsin K (CTK)

Calcitonin receptor (CTR)

Receptor activator of nuclear factor kappa B (RANK)

Osteoclastic stimulatory transmembrane protein
(OC-STAMP)

Nuclear factor of antivated T-cell c1 (NFATc1)

Alkaline phophatase (ALP)

Osteocalin (OCN)

Ostepontin (OPN)

Osterix (Osx)

Forward 5’-gagccaaacgggtcatca-3’
Reverse 5’-catatttctcgtggttcacacc-3’
Forward 5’-gtgatcaccgcttttggtc-3’
Reverse 5’-ccacccatgaatccatcct-3’
Forward 5’-gcctagcgaacagattctcaa-3”
Reverse 5’-cactgggtgtccagcattt-3”
Forward 5’-ccttccagaggagaagaaacc-3’
Reverse 5’-ggagattccgccttttcac-3”
Forward 5’-cactgaggagaccacccaag-3’
Reverse 5’-tggcagccactactaccaca-3’
Forward 5’-cagccacggaacacctct-3’
Reverse 5’-ggacaggctgggagaagg-3’
Forward 5’-tgaggctggtcttccgagtt-3’
Reverse 5’-cactgggaacactcgatagg-3’
Forward 5’-ggccagctacaccacaaca-3’
Reverse 5’-ctgagcgttggtgttatatgtctt-3”
Forward 5’-agactccggcgctacctt-3”
Reverse 5’-ctcgtcacaagcagggttaag-3’
Forward 5’-cccggtgaaagtgactgatt-3’
Reverse 5’-ttcttcagaggacacagcattc-3’
Forward 5’-actacccacccttccctcactc-3”

Reverse 5’-ccaccacctagccagttgec-3’

Runx2

Forward 5’-ccacaaggacagagtcagattaca-3’

74 bp NM_32599
88 bp NM_007388
105 bp NM_007802
95 bp NM_007588
90 bp NM_009399
108 bp NM_029021
91 bp NM_198429.2
96 bp NM_007431
93 bp NM_007541
142 bp NM_009263
241 bp NM_130458
92 bp NM_009820

Reverse 5’-tggctcagataggaggggta-3’

RT-PCR, real-time polymerase chain reaction.

differences. Results are reported as the fold change in gene
expression relative to control conditions. Gene expression
was arbitrarily set as 1 in control condition cultures
(untreated cultures).

Staining with Hoechst 33342

After the indicated times, cells were fixed for 10 min in 3.7%
paraformaldehyde, and washed with PBS. Staining of the cells
was carried out with Hoechst 33342 (10 pg-mL™) for 10 min.
After washing of the cells with PBS, the cells were examined
with a fluorescent microscope (Axioplan 2, Zeiss,
Oberkochen, Germany). Staurosporin (1 uM; 12 h) was used
as a positive control of apoptotic cell death. Apoptotic cells
were readily recognized, as they had a condensed or frag-
mented nucleus (Hughes et al., 1995).

Tartrate resistant acid phosphatase (TRAP) staining

At the end of the incubation period, the cells were rinsed
gently with pre-warmed PBS, fixed and stained cytochemi-
cally in accordance with the manufacturer’s instructions to
detect the presence of TRAP-positive cells. Briefly, TRAP stain-
ing solution [4% solution of 2.5 M acetate buffer (pH 5.2),
12.5 mg-mL™" naphthol AS-BI phosphoric acid, 0.67 M L(+)-
tartrate buffer (pH 5.2) and 15 mg of Fast Garner salt] was
freshly prepared and filtered before use. The cells cultured on
glass coverslips were fixed in a 4% paraformaldehyde solution
and then stained for 10-20 min at 37°C. The stained cells
were observed using a light microscope (Axioplan 2, Zeiss,
Germany). TRAP-positive multinucleated cells (MNCs) con-
taining at least three nuclei were manually counted as osteo-
clasts. Results were expressed as the number of TRAP-positive
MNC s relative to the number under control conditions.
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Alkaline phosphatase (ALP) activity measurement

Cells were treated with 100 uM Ga or 100 ng-mL™' bone mor-
phogenetic protein-2 (BMP-2; (Guicheux et al., 2003) or their
respective vehicles for 48 h. ALP activity was then evaluated
by previously described methods (Guicheux etal., 2003).
Briefly, cells were washed twice with ice cold PBS and scraped
in a 0.2% aqueous solution of Nonidet P-40. Cell suspensions
were sonicated on ice for 30 s and centrifuged for 5 min at
4°C. Aliquots of supernatants were subjected to protein assay
with the Pierce Coomassie Plus assay reagent (Pierce, Rock-
ford, USA) and to ALP activity measurements. ALP activity
was assessed at pH 10.3 in 0.3 M of 2-amino-2methyl-1-
propanol containing 1 mM MgCl,. p-Nitrophenyl phosphate
(P-NPP; 10 mM) was used as a chromogenic substrate for an
optical density measured at 405 nm. ALP activity was cor-
rected for the total protein content and expressed as ALP
activity relative to cells cultured in the presence of the
vehicle.

Statistical analysis

Each experiment was repeated at least three times with similar
results. Results are expressed as mean = SEM of three inde-
pendent determinations each performed in triplicate. Means
were compared by one way analysis of variance followed by a
post hoc test (Fisher’s projected least significant difference)
with statistical significance set at P < 0.0S.

Materials
o-Minimal essential medium (o-MEM), antibiotic mixture
(P/S; 100 U-mL™ penicillin, 100 ug-mL™" streptomycin),

phosphate-buffered saline (PBS), trypsin/EDTA and Trizol
reagent were purchased from Invitrogen Corporation (Paisley,
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Figure 1 Effect of Ga on unfractioned rabbit bone cells (RBC). Unfractioned RBC were prepared and cultured for 4 days either on dentin
slices (A, B, D) or glass coverslips (C) in the presence of Ga at the indicated concentrations. (A) The resorption activity of osteoclasts in the
presence or absence of Ga was seen by the formation of typical resorption lacunae observed by scanning electron microscopy with
backscattered electrons (bar = 100 um). (B) Cells were treated with graded concentrations of Ga and quantitative analysis of osteoclastic
resorption was performed with a semi automatic image analyser. Osteoclastic resorption is expressed in relative activity compared with
untreated cells. *P < 0.05 as compared with untreated cells; a: P < 0.05 as compared with 2.5 uM-treated cells; b: P < 0.05 as compared with
10 pM-treated cells; c: P < 0.05 as compared with 25 uM-treated cells. (C) Cell viability in the presence or absence of Ga was visualized by
fluorescent microscopy after CTG staining (bar = 50 um). (D) Cells were treated with graded concentrations of Ga and MTS activity was
evaluated. As a positive control of cell death, cells were treated with actinomycin-D (Act-D; 5 ug-mL™") or its vehicle (DMSO). Results are
expressed as relative MTS activity as compared with untreated cells. *P < 0.05 significantly different from vehicle treated cells. Ga, gallium;
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MTS, methyl tetrazolium salt.

UK). Fetal calf serum (FCS), culture plates and plastics were
obtained from Dominique Dutscher (Brumath, France).
Tartrate-resistant acid phosphatase (TRAP) activity was
assayed by a commercially available kit (Sigma, Saint Quentin
Fallavier, France). Protein content was determined using the
Pierce Coomassie Plus Assay (Pierce, Rockford, IL, USA). Cel-
lular viability was visualized using CTG dye (Invitrogen Cor-
poration) and quantified using an MTS assay (Promega,
Charbonniéres, France). Staurosporin, actinomycin-D (Act-D;
5 ug-mL™) and its vehicle (DMSO), EDTA, type-2 collagenase,
Ga nitrate, pNPP and Ficoll were purchased from Sigma (Saint
Quentin Fallavier, France). BMP-2, hM-CSF and hRANK-L
were purchased from Tebu-Bio (Le Perray en Yvelines, France).
Apoptosis was detected by the characteristic changes in
nuclear morphology following Hoechst 33342 staining
(Sigma).

AffinityScript QPCR cDNA Synthesis Kit and Brilliant®
SYBR® Green QPCR Master Mix were obtained from Strat-
agene Europe (Amsterdam Zuidoost, the Netherlands). Oli-
gonucleotide primers were from MWG (Courtaboeuf,
France).

Results

Effect of Ga on osteoclastic resorption activity in RBC

To determine whether Ga may be effective in inhibiting osteo-
clastic resorption, we first investigated the effect of Ga in a
well-established osteoclastic model, namely, the unfractioned
RBC. The functional activity of osteoclasts was demonstrated
by a resorption assay showing numerous typical resorption
pits on the surface of dentin slices. In our untreated culture,
we observed a high resorption activity on the surface of
dentin slices as shown by a high number of large resorption
lacunae (Figure 1A). Interestingly, our results showed a signifi-
cant dose-dependent effect of Ga on the resorption activity
(Figure 1B). A marked inhibition was observed with 100 uM of
Ga. To determine whether this inhibition of resorption activ-
ity by Ga was to cell death, we evaluated the effect of Ga on
the viability of unfractioned RBC using CTG staining and
MTS conversion activity. Our data (Figure 1C) indicate that
Ga, even at the highest concentration used here (100 uM), did
not affect CTG staining. In addition, whereas actinomycin D
(5 ug'mL™") induced a dramatic decrease in MTS conversion

British Journal of Pharmacology (2010) 159 1681-1692
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Figure 2 Effects of Ga on RAW 264.7 differentiation. (A) RAW 264.7 cells were established in the presence (RANK-L) or absence (CTRL) of
50 ng-mL™" of RANK-L for 6 days. Cells were stained for TRAP activity and observed under a light microscope (bar = 50 um). Quantitative
analysis of transcripts was performed by real-time polymerase chain reaction (RT-PCR) using primers specific for TRAP, CTR, CTK, RANK and
OC-STAMP. Results are reported as fold change in gene expression relative to untreated cells after normalization against GAPDH. *P < 0.05
significantly different from corresponding untreated cells. (B) RAW 264.7 cells cultured concomitantly with RANK-L (50 ng-mL™") and different
doses of Ga (0-50 uM-100 uM) for 6 days. Quantitative analysis of transcripts was performed by RT-PCR using primers specific for TRAP, CTR,
RANK, CTK and OC-STAMP. Results are reported as fold change in gene expression relative to untreated cells after normalization against
GAPDH. *P < 0.05 significantly different from corresponding untreated cells; a: P < 0.05 significantly different from 50 uM-treated cells. Ga,
gallium; RANK, receptor activator of nuclear factor kappa B; RANK-L, receptor activator of nuclear factor kappa B-Ligand; CTK, cathepsin K;
CTR, calcitonin receptor; OC-STAMP, osteoclastic stimulatory transmembrane protein; GAPDH, glyceraldehyde 3 phosphate deshydrogenase;
RT-PCR, real-time polymerase chain reaction.

expression level of these osteoclastic markers in differentiated
RAW 264.7 cells. As indicated in Figure 2B, Ga dose-
dependently decreased the expression level of TRAP, CTK,
CTR, RANK and OC-STAMP. As Ga strongly suppressed the
expression of these osteoclastic differentiation markers, we
tested the viability of RAW 264.7 cells after incubation with
Ga, using the MTS assay on undifferentiated and differentiated

activity, Ga at concentrations ranging from 2.5 to 100 uM did
not significantly affect MTS conversion activity (Figure 1D).
All of these results strongly suggest that Ga inhibited the
resorption activity of osteoclasts in the RBC model, without
affecting RBC viability.

Effect of Ga on osteoclastic differentiation

To ascertain whether Ga may affect the osteoclastic resorption
activity through an inhibitory effect on osteoclastic differen-
tiation, we next embarked on experiments in a well-known
murine osteoclastic differentiation model, the RAW 264.7 cell
line. Our results (Figure 2A) indicate that when stimulated by
RANK-L for 6 days, RAW 264.7 cells support the formation of
TRAP-positive multinucleated cells. Moreover, RANK-L treat-
ment significantly up-regulated the expression of transcripts
coding for TRAP, cathepsin K (CTK), calcitonin receptor (CTR),
receptor activator of nuclear factor kappa B (RANK) and osteo-
clastic stimulatory transmembrane protein (OC-STAMP). We
subsequently sought to determine whether Ga may affect the
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RAW 264.7 cells. As indicated in Figure 3A, while Act-D
induced a marked decrease in MTS conversion activity in both
cells, Ga (100 uM) did not significantly alter MTS activity. To
further assess whether Ga may induce apoptotic cell death, we
finally carried out a Hoechst 33342 staining on differentiated
RAW 264.7 cells (Figure 3B, right panel). Whereas Ga (100 uM)
did not induce a noticeable condensation of nuclei, stauro-
sporin triggered a marked apoptotic cell death. All these results
suggest that Ga modulated the expression level of osteoclastic
markers in RAW 264.7 without affecting cell viability and
without inducing cell apoptosis. Finally, to confirm whether
these effects of Ga at the transcript level correlated with an
alteration in the formation of osteoclast-like cells, we counted
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indicated in the Materials and Methods. Samples were observed with a fluorescent microscope (bar = 30 um). Ga, gallium; RANK-L, receptor
activator of nuclear factor kappa B-Ligand; MTS, methyl tetrazolium salt.

the total number of multinucleated TRAP-positive cells treated
with increasing doses of Ga in our three models; human
CD14-positive cells (Figure 4G-I), RBC (Figure 4A-C) and
RAW 264.7 cells (Figure 4D-F). Compared with untreated cul-
tures (Figure 4A, D and G), when cells were treated with Ga
(100 uM), there was a marked reduction in the total number of
TRAP+ cells in all three models (Figure 4B, E and H) and this
reduction was dose-dependent in RBC (Figure 4C), RAW 264.7
(Figure 4F) and CD14+ (Figure 4I) cultures.

Effect of Ga on the expression of the transcription factor, nuclear
factor of activated T-cell c1 (NFATc1)

In an effort to further document the mechanism of
Ga-induced inhibition, we tested the effects of Ga on the
expression of NFATc1. As shown in Figure 5, in control con-
ditions we observed that RANK-L treatment induced NFATc1
expression, with an early induction measured at 12 h and a
sustained activation at 24 h. In the presence of Ga, and for
both concentrations used, we observed a dose-dependent
down-regulation of the early NFATc1 induction, and a more
pronounced inhibition of the sustained activation measured
at 24 h.

Effect of Ga on osteoblastic cells

To ascertain whether Ga may affect osteoblastic bone forming
cells, we sought to assess the effects of Ga on the viability,
proliferation and activity of MC3T3-E1 cells and primary

osteoblasts. Based on the dose-dependent effects of Ga on the
osteoclast-like cells, we tested Ga at 100 uM for all the subse-
quent experiments with osteoblasts. Our data indicate that Ga
did not affect the MTS conversion activity in both MC3T3-E1
cells (Figure 6A) and primary osteoblasts (Figure 6C). Con-
versely and as expected, Act-D markedly reduced the MTS
conversion activity of both types of cells (Figure 6A and C). To
further determine the effects of Ga on the proliferation of
osteoblasts, we counted the total number of viable cells after
Ga treatments. Our results indicated that Ga did not signifi-
cantly influence the proliferation of MC3T3-E1 cells
(Figure 6B) and primary osteoblasts (Figure 6D).

Furthermore, we evaluated the effect of Ga on the activity
of osteoblasts by measuring the total protein content and the
ALP activity in MC3T3-E1 cells (Figure 7A and B) and primary
osteoblasts (Figure 7C and D). BMP-2 markedly increased the
ALP activity of both cell types without affecting the total
protein content (Figure 7C and D). By contrast, Ga failed to
affect the total protein content and the ALP activity in both
osteoblastic cell types (Figure 7).

Finally, we used RT-PCR to study the effect of longer-term
treatment of Ga on proliferative osteoblastic cells. The results
showed that Ga did not have any negative effect on early and
late osteoblastic marker expression (Figure 8).

Discussion

Osteoporosis results in an imbalance of the bone metabolism
in favour of osteoclastic resorption. The main complication of
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Figure 5 Effect of Ga on the expression of NFATc1. RAW 264.7 cells
were cultured concomitantly with RANK-L (50 ng-mL™") and different
doses of Ga (0, 50 uM, 100 uM) for 12 and 24 h. Quantitative
analysis of transcripts was performed by RT-PCR using primers specific
for NFATc1 as described in the Materials and Methods. Results are
reported as fold change in gene expression relative to time zero after
normalization against the housekeeping gene GAPDH. *P < 0.05
significantly different from equivalent untreated cells; a: P < 0.05
significantly different from 50 uM-treated cells. Ga, gallium; NFATc1,
nuclear factor of activated T cell c1; GAPDH, glyceraldehyde 3 phos-
phate deshydrogenase.
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osteoporosis is the development of bone fractures, which area
serious health problem not only in terms of morbidity and
mortality but also from an economic point of view (Ensrud
et al., 2000; Lindsay et al., 2001). Among the anti-osteoporotic
treatments, the bisphosphonates are probably the most effec-
tive in reducing fracture risk. However, some treatment regi-
mens and some adverse effects may decrease the effectiveness
of these drugs (Gallagher et al., 2008; Rabenda et al., 2008). In
this context, we were interested in finding new anti-resorptive
compounds. Given the potential anti-resorptive effects of
gallium (Ga) suggested by a few studies (Donnelly et al., 1991;
Blair et al., 1992; Ma and Fu, 2009), we focused our efforts on
the effect of Ga on osteoclasts.

To address this fundamental issue, we first ascertained
whether Ga may affect the most relevant functional param-
eter of osteoclasts, namely their resorptive activity (Faucheux
et al., 2008). For this purpose, we used the unfractioned RBC
model as a well-established culture system that supports the
activity of mature resorbing osteoclasts (Grimandi et al.,
2006). In this model, the functional activity of osteoclasts was
evidenced by a resorption assay showing numerous typical
resorption pits on the surface of dentin slices. As was previ-
ously demonstrated for bisphosphonates in this RBC model
(Faucheux et al., 2008), Ga dose-dependently inhibited the
resorption activity of osteoclasts. This result seems to confirm
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Figure 6 Effect of Ga on osteoblastic viability and proliferation. Murine MC3T3-E1 osteoblastic cells (A, B) and murine primary calvaria-
derived osteoblasts (C, D) were cultured as described in the Materials and Methods. After overnight incubation, cells were treated with 100 uM
Ga or 5 ug-mL™" Act-D (+) or their respective vehicles () for 48 h. Osteoblastic viability was evaluated by MTS activity. Results are expressed
in relative MTS activity compared with untreated cells (*P < 0.05 significantly different from untreated cells) (A, C). Osteoblastic proliferation
was quantified by scoring cells manually after Trypan blue staining. Results are expressed as relative cell number as compared with untreated
cells (B, D). *P < 0.05 significantly different from corresponding untreated cells. Ga, gallium; MTS, methyl tetrazolium salt.

the few published reports (Hall and Chambers, 1990; Blair
etal., 1992). However, use of the RBC model alone makes it
difficult to decide whether the effect of Ga on osteoclasts may
be direct or indirect, mediated by osteoblasts or stromal cells
present in the RBC model. Nonetheless, at least two mecha-
nisms could contribute to the effect of Ga on the resorption
activity of osteoclasts. This effect could be due either to the
induction of apoptosis via the inhibition of specific intracel-
lular signalling pathways as reported for the bisphosphonates
and the mevalonate pathway (Rogers et al., 1999; 2000), or to
alteration of osteoclast differentiation and formation.

To further address both these issues, we explored the effect
of Ga by using the murine RAW 264.7 cell line, a RANKL-
dependent osteoclastic differentiation model (Wittrant et al.,
2004). Our results demonstrate that Ga significantly affected
the RANKL-induced osteoclastic activity of RAW 264.7, as seen
by the marked reduction in the expression level of transcripts
coding for specific osteoclastic markers (TRAP, CTK, CTR,
RANK, OC-STAMP). In our study, the level of CTR was checked
as an indicator of the formation/differentiation of osteoclasts
as there is no specific effect of calcitonin in our model. To assess
whether the RANKL-induced reduction in levels of osteoclastic
markers was associated with an alteration in osteoclastic for-
mation, we then demonstrated that Ga dose-dependently
affects the total number of TRAP-positive multinucleated cells
formed in the RBC model and RAW 264.7 cells. To establish
whether this effect of Ga may be translated to a human model
of osteoclast-like cells, we finally tested the effect of Ga on the

RANKL-induced formation of TRAP-positive cells in a model of
human CD14+ cells. Interestingly, Ga down-regulated the
formation of osteoclast-like cells in CD14+ cell culture, there-
fore strengthening the relevance of our data. Viewed together,
these data strongly suggest that Ga can affect not only osteo-
clastic resorption but also the formation and differentiation of
osteoclasts. To rule out the possibility that the observed effects
of Ga on the activity, differentiation and formation of osteo-
clasts may be mediated by a cytotoxic effect of Ga, we also
tested its effects on cell viability. Based on our results obtained
using the MTS assay, CTG and Hoechst 33342 stainings, we
failed to detect any effects of Ga on cell viability. All these
results point to the hypothesis that Ga affects osteoclasts by
specific cellular and molecular mechanisms independent of
generally cytotoxic processes.

Given the crucial role of the transcription factor NFATc1 for
osteoclastogenesis (Takayanagi et al., 2002; Asagiri and Takay-
anagi, 2007), we decided to investigate the effect of Ga on its
expression. Upon RANKL treatment of osteoclastic progenitor
cells, and TNF receptor-associated factor 6 (TRAF6) recruit-
ment, nuclear factor kappa B and c-Fos pathways are activated
and control the expression of NFATc1. Regulation of NFATc1
expression also involves Ca signalling pathways. The binding
of Ca to calmodulin, which is the main Ca binding protein,
activates calcineurin. Once activated, this kinase allows the
nuclear translocation of NFATc (Soderling and Stull, 2001).
Given the chemical similarity of Ca and Ga, it seems reason-
able to suggest that Ga could interact with the Ca pathway
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chain reaction; GAPDH, glyceraldehyde 3 phosphate deshydrogenase.

and affect certain pivotal signalling pathways in the biology
of osteoclasts.

In the present report, we provide evidence that Ga dose-
dependently decreased the expression of NFATc1 and these
preliminary results also suggest that Ga dose-dependently
decreased the expression of c-Fos (data not shown). It will be
also interesting to explore the effect of Ga on the
Ca-calmodulin pathway. One possible mechanism could be
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competition between Ga and Ca for binding to calmodulin.
This explanation would require uptake of Ga by the cell.
However, no data exists on mechanisms of Ga uptake by
osteoclasts. The effects of Ga could be mediated by a receptor
such as the Ca sensing receptor or the transferrin receptor via
the Ga-transferrin complex. With a view to validating the
hypothesis of a possible interaction of Ga with these recep-
tors, it will be necessary to determine the actual chemical



form of Ga in the culture medium (see Benezeth et al., 1997).
Finally, the identification of Ga-modulated signalling
pathways downstream of these receptors deserves further
attention.

Considering the role of osteoblastic cells in the bone
remodelling process, we investigated whether Ga could affect
osteoblastic behaviour. In the literature, Ga seems to modify
the expression of type-1 collagen and osteocalcin in osteo-
blasts (Bockman et al., 1993; Guidon et al., 1993). However,
no study has explored the effect of Ga on osteoblasts in terms
of viability, proliferation and relevant enzymic activity such
as ALP. We first used a well-known osteoblastic cell line:
MC3T3-E1 cells. The MC3T3-E1 cell line is a non-transformed
cell line established from newborn mouse calvaria (Sudo et al.,
1983). These cells exhibit an osteoblastic phenotype as shown
by the expression of ALP activity (Guicheux et al., 2003), the
synthesis of extracellular matrix (ECM) components such as
osteocalcin and type-1 collagen (Sudo et al., 1983), and their
ability to mineralize the ECM (Suzuki et al., 2006). However,
as the sensitivity of established cell lines to cytotoxic com-
pounds remains lower than those of primary cells used in
culture models, we also embarked on experiments with
primary osteoblasts isolated from the calvaria of newborn
mice. In both models, Ga failed to affect the viability and
activity of osteoblasts.

Finally, to complete our study, we analysed the effect of Ga
on the expression of the mainly early and late osteoblastic
markers such as osteocalcin. A medium-term treatment (8
days) with Ga failed to affect the expression of these markers.
Interestingly, these results are in contradiction with a few
published studies that have mainly documented the effect of
Ga on osteoblasts after a short-term treatment (Guidon et al.,
1993; Jenis et al., 1993).

All these data thereby suggest that despite its marked anti-
osteoclastic effects, Ga did not negatively affect the behaviour
of osteoblasts in vitro.

In conclusion, our data taken together showed that Ga
affected the resorption activity, differentiation and formation
of osteoclasts by non-cytotoxic mechanisms. In addition, this
compound did not reveal any adverse effects on osteoblastic
bone forming cells. This is the first report indicating that the
inhibitory effects of Ga on osteoclastogenesis probably
involve a reduction in the expression of NFATcl. Further
experiments are now required to elucidate the mechanisms of
Ga action, for example, determining whether they involve a
Ca-dependent pathway. Our results suggest that Ga may be a
promising candidate for regulating the excessive resorption
activity of osteoclasts as observed in osteoporosis.
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