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Background and purpose: Strontium ranelate reduces fracture risk in postmenopausal women with osteoporosis. Evidence
from non-clinical studies and analyses of bone markers in phase lll trials indicate that this is due to an increase in osteoblast
formation and a decrease of osteoclastic resorption. The aim of this work was to investigate, in human cells, the mechanisms
by which strontium ranelate is able to influence the activities of osteoblasts and osteoclasts.

Experimental approach: Human primary osteoblasts were used to examine effects of strontium ranelate on replication
(thymidine incorporation), differentiation (Runx2 and alkaline phosphatase) and cell survival (cell counts and caspase activity).
Osteoprotegerin (OPG) was measured by quantitative reverse transcription PCR (qQRT-PCR) and ELISA and receptor activator of
NFxB ligand (RANKL) by qRT-PCR and Western blot. As strontium ranelate has been proposed as an agonist of the calcium-
sensing receptor (CaSR), the involvement of CaSR in the effects of strontium ranelate on OPG and RANKL expression, and cell
replication was examined using siRNA.

Key results: Strontium ranelate increased mRNA and protein levels of OPG and suppressed those of RANKL. Strontium ranelate
also stimulated osteoblast replication and differentiation and increased cell survival under stress. Knocking down CaSR
suppressed strontium ranelate-induced stimulation of OPG mRNA, reduction of RANKL mRNA, and increase in replication,
indicating the involvement of CaSR in these responses.

Conclusions and implications: Our results demonstrate that osteoblasts play a key role in the mechanism of action of the
anti-fracture agent, strontium ranelate by mediating both its anabolic and anti-resorptive actions, at least in part, via activation
of CaSR.
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Introduction demonstrated the efficacy of strontium ranelate to reduce

fracture risk (Meunier et al., 2002a,b; 2004a; Reginster et al.,

Postmenopausal osteoporosis is a debilitating disease of skel-
etal fragility whereby bone strength is compromised, leading
to increased fracture risk. Many anti-osteoporotic drugs target
either bone resorption (anti-resorptives), or bone formation
(anabolics) (Hauselmann and Rizzoli, 2003). These therapies
have some limitations as the down-regulation of bone resorp-
tion induced by anti-resorptives results in a similar effect on
bone formation at the tissue level, whereas the up-regulation
of bone formation induced by anabolics increases bone
resorption. A more recent approach has been adopted with
the development of strontium ranelate which appears to
affect both resorption and formation. Clinical trials have
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2002; 200S5). Furthermore, analysis of bone markers showed
strontium ranelate reduced the urinary excretion of the
bone resorption marker, type I collagen N-telopeptide and
increased the levels of a serum marker of osteoblast differen-
tiation, bone-specific alkaline phosphatase in the strontium
ranelate group as compared with placebo (Meunier et al.,
2002a). Examinations of bone biopsies from patients who
were treated with strontium ranelate (2 g per day) showed
significantly increased mineral apposition rates and endosteal
osteoblast surfaces compared with placebo, while other for-
mation parameters were maintained (Arlot et al., 2008).
Further evidence for increases in formation and decreases in
resorption have been found in a number of in vivo animal
models (Marie etal., 1985; Buehler etal., 2001; Delannoy
et al., 2002; Ammann et al., 2004; 2007). At the macroscopic
level, a recent study has reported that the increase in bone
strength induced by strontium ranelate in rats can be
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explained by an improvement of microarchitecture as well as
intrinsic bone tissue quality measured by hardness and dissi-
pated energy upon nanoindentation (Ammann et al., 2007).
Furthermore, studies in ovariectomized rats have strength-
ened the evidence that strontium ranelate decreases bone
resorption (Marie et al., 1993).

In vitro studies show that strontium ranelate stimulates
osteoblastic differentiation markers such as ALP, bone sialo-
protein and osteocalcin in primary murine osteoblasts while
also inhibiting the formation of osteoclasts and number of
differentiated osteoclasts (Bonnelye etal.,, 2008). Further
studies have reported an induction of apoptosis of mature
osteoclasts (Mentaverri et al., 2005; Hurtel et al., 2007; 2008).

The calcium-sensing receptor (CaSR) is critical for bone
development (Chang et al., 2008) and there is some evidence
that the CaSR is involved in the actions of strontium ranelate
(Brown et al., 1990; Ruat et al., 1996; Kifor et al., 1997; Mail-
land et al., 1997; Brown and MacLeod, 2001; McLarnon et al.,
2002; Coulombe et al., 2004). In bone-resorbing osteoclasts,
strontium ranelate exerted pro-apoptotic effects in vitro via
the CaSR (Mentaverri et al., 2005; Hurtel et al., 2007; 2008)
and in osteoblasts, a recent study showed that strontium
ranelate-induced stimulation of replication was inhibited by
transfection of a dominant negative CaSR (Brown, 2003;
Chattopadhyay et al., 2007).

While these findings all help to explain the reduction in
fracture risk seen in patients taking strontium ranelate, there
is a missing link in the explanation of how this agent is able
to concurrently affect resorption and positively affect forma-
tion. It is possible that osteoblasts play a key role in both the
promotion of bone formation and indirectly by modulating
osteoclast differentiation through receptor activator of NFxB
ligand (RANKL) and osteoprotegerin (OPG), which are known
to regulate osteoclast formation and activity (Lacey etal.,
1998; Khosla, 2001).

We first reported that strontium ranelate induced increases
in mRNA levels of OPG and decreased RANKL mRNA
(Brennan et al., 2007) in human primary osteoblasts, which
has now been confirmed (Atkins et al., 2009) albeit at supra-
physiological concentrations. However, it is yet to be shown
whether the protein levels of these cytokines are affected in
the same manner. In the current study, therefore, we assessed
both parameters that could account for the benefits of stron-
tium ranelate on bone formation, that is, replication, differ-
entiation and lifespan, and the possible down-regulation of
osteoblast-induced osteoclast differentiation via mRNA and,
importantly for the first time, protein levels of RANKL and
OPG using concentrations ranging from 0.1 to 10 times the
plasma concentrations found in patients treated with stron-
tium ranelate 2 g per day. Furthermore, for the first time, we
assessed the involvement of the CaSR in the modulation of
OPG and RANKL by strontium, as well as cell replication by
knocking down the CaSR with the use of siRNA technology.

Methods

Culture conditions
Human osteoblasts (HOBs) were grown from the minced tra-
becular ends of fetal long bone in accordance with the
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National Health and Medical Research Council guidelines and
with the approval of the University of Sydney Human Ethics
Committee (approval number: 01/02/40), as previously
described (Slater et al., 1994a). HOBs were trypsinized from
75 cm? flasks and plated at a density of 5 x 10° cells per well in
10% DMEM in 6-well plates or 1.5 x 10* cells per well in 10%
DMEM in 96-well plates. Cells were incubated for a 24-h
period in serum-reduced OptiMEM media before treatments
were added. The culture medium used contains 1 mM
calcium. Experiments were performed independently at least
three times and triplicate wells were used in all experiments.
Cells were treated for different periods of time depending on
the parameter tested as follows: 48 h for replication, 72 h for
ALP activity, 10 days for Runx2 mRNA expression, 24 h for
OPG and RANKL mRNA expression, or 48 h for OPG and
RANKL protein expression.

Composition of treatment media

For the purposes of this study, strontium ranelate consisted of
a 1:100 molar ratio of Sr?*, derived from SrCl, and ranelate,
sourced from sodium ranelate. This ratio reflects the relative
concentrations of strontium and ranelic acid in the serum of
patients treated with strontium ranelate 2 g per day for 3
years. Concentrations of strontium ranelate used in this study
are expressed in terms of Sr** (mM).

mRNA expression assays (real-time reverse transcription PCR)
RNA was extracted from HOBs plated in 6-well plates using a
QIAGEN RNeasy Mini extraction kit according to the manu-
facturer’s instructions. Total RNA (1.5 ug) was converted to
cDNA using Superscript III reverse transcriptase and random
hexamer primers as previously described (Sivagurunathan
et al., 2005) for OPG, RANKL and Runx2/Cbfal.

For RANKL and OPG mRNA expression analysis: the cDNA
solution created in the reverse transcription step (1 uL) was
added to a final volume of 20 uL of PCR reaction mixture
containing 1x buffer, 2.5 mM MgCl,, 0.2 mM dNTP, SYBR
Green I dye, 0.025 U-uL™! Taq polymerase and 200 nM of
each of forward and reverse primers for RANKL or OPG.
Primers for OPG were newly designed for this study as follows:
Fwd: 5" GTCATCTAAAGCACCCTGTAG and Rev: 5" TGAA-
GAATGCCTCCTCACAC. Primers for RANKL have been previ-
ously described (Sivagurunathan et al., 2005). Serial dilutions
of a known concentration (1 x 10® copies uL™") of a purified
form of OPG or RANKL as required were used as standards.
The purified target gene was obtained as reported previously
(Sivagurunathan et al., 2005). Tubes were placed in a Rotor
Gene real-time PCR cycler. mRNA expression for OPG and
RANKL were determined as copy number per microgram of
total RNA (Sivagurunathan et al., 2005) and expressed as per-
centages of the respective controls. This method has recently
been documented as the most valid reference for data nor-
malization in real-time reverse transcription PCR (RT-PCR)
(Bustin, 2002; Tricarico et al., 2002; Anderson, 2003), while
the use of house-keeping genes has increasingly been seen as
problematic (Ke et al., 2000; Zhu et al., 2001; Bustin, 2002).
The expression of Runx2/Cbfal mRNA was quantified by real-
time RT-PCR, using TagMan fluorogenic probes and an ABI



PRISM 7700 sequence detector system as a standard curve for
this gene was not established in the laboratory. Human Gus 8
was used to normalize expression of Runx2/Cbfal. mRNA
from vehicle-treated cells was chosen as the calibrator sample
(i.e. target expression = 1).

Osteoprotegerin protein assays (ELISA)

Human osteoblasts were plated in 6-well plates and cell
culture supernatants were collected after 48-h treatments. The
Biomedica ELISA test Kkits were enzyme immunoassays
designed to determine OPG directly in biological fluids, in
this case cell culture supernatants. Serial dilutions (standards)
were made from the 500 pM stock solution of protein pro-
vided in the kit in order to create a standard/calibration curve.
Samples were processed according to manufacturer’s instruc-
tions and placed in an ELISA plate reader to determine the
absorbance at 450 nm against 690 nm (as reference). Protein
loading was corrected for using a BCA assay according to
manufacturer’s instructions.

RANKL and CaSR protein assays (Western blotting)

Human osteoblasts were plated in 6-well plates (10° cells per
well for CaSR and 5 x 10° cells per well for RANKL expression).
For RANKL, at the end of the 48-h culture period, and for
CaSR expression, at the end of the transfection period, HOB
cells were lysed in ice cold lysis buffer (50 mM Tris, pH 8§,
150 mM NacCl, 1% (v/v) NP-40, 0.25% (w/v) sodium deoxy-
cholate, 1 mM PMSEF, 1 uM bestatin-HCI, 1 uM pepstatin A
and 10% (v/v) glycerol). Protein concentrations were deter-
mined by BCA assay and equal amounts of protein were
subjected to electrophoresis on 12% SDS-PAGE for RANKL
determinations and 10% SDS-PAGE for CaSR, and then trans-
ferred electrophoretically onto a PVDF membrane and incu-
bated in 1% (w/v) heat-denatured casein in PBS containing
0.04% (w/v) thymol (HDC) for 1h at room temperature.
Membranes were then exposed to primary antibody
(1 ug'mL™" anti-human RANKL antibody or 1 ug-mL™" anti-
human CaSR (ADD antibody)) in HDC for 1 h at room tem-
perature, washed with 0.05% (v/v) Tween-20 in PBS and
incubated with secondary anti-IgG horseradish peroxidase-
conjugated antibody for 1h at room temperature.
Membranes were washed extensively and an enhanced
chemiluminescence detection assay (from Millipore) was
performed according to manufacturer’s instructions. Band
densities were measured using an Alpha Innotech Digital
Imaging System.

CaSR siRNA knock-down assays

Cells were plated at a density of 10° cells per well in 6-well
(PCR experiments) or 1.5 x 10* cells per well in 96-well (thy-
midine incorporation) plates with 10% DMEM. Twenty-four
hours later, cells were transfected with complexes of 60 nM
siRNA directed at CaSR, scrambled sequence and 1% (v/v)
Invitrogen Lipofectamine RNAIMAX transfection reagent
contained in OptiMEM medium. Transfection occurred over
4-24 h, after which time transfection medium was aspirated
and replaced with 10% OptiMEM for a further 2-24 h.
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Medium was then changed to serum-free OptiMEM and incu-
bated at 37°C for 2-24 h and then treated for 24 h with
strontium ranelate treatments made up in the serum-free
medium.

Cell replication studies (thymidine incorporation)

Human osteoblasts were plated in 96-well plates. Serum-
reduced medium was supplemented with strontium ranelate
(0.01-2 mM Sr?, all in vehicle). A final volume of 100 uL was
used. Cells were then cultured for 48 h prior to the addition of
[*H]-thymidine. [*H]-thymidine incorporation was deter-
mined as previously described (Namkung-Matthai etal.,
1998). Scintillation vials were counted for 5 min in a Tri-Carb
1900CA liquid B-scintillation counter.

Detection of osteoblast differentiation (alkaline

phosphatase assay)

Human osteoblasts were plated in 96-well plates. Serum-
reduced medium was supplemented with strontium ranelate
(0.01-2 mM Sr*) and the cells were cultured for a further
72 h. Alkaline phosphatase was determined as previously
described (Namkung-Matthai et al., 1998) using a modifica-
tion of the method of Lowry (1955), which uses p-nitrophenyl
phosphate as the substrate of alkaline phosphatase. Plates
were read at 405 nm to detect the alkaline phosphatase
product (p-nitrophenolate). Alkaline phosphatase measure-
ments were corrected for changes in cell number using total
cellular protein. Total cellular protein from HOBs was deter-
mined using a Bio-rad kit based on the method of Bradford
(1976) according to the manufacturer’s instructions.

Osteoblast lifespan — H,0,-induced oxidative stress

Human osteoblasts were plated in 96-well plates. Serum-
reduced medium was supplemented with strontium ranelate
(0.01-2 mM Sr*) and the cells were cultured for a further
48 h. Apoptosis was then induced by the addition of 0.2 mM
H,O, for 1 h. The cells were subsequently treated with stron-
tium, in the absence of H,O, for a further 3 h. After this time,
the degree of apoptosis in the cell populations was measured
by live cell counts using Trypan blue exclusion. Trypan blue
dye added to the wells remains excluded from live cells, while
non-viable cells incorporate the dye.

Osteoblast lifespan — serum deprivation

For serum-deprivation studies, HOBs were plated in 96-well
plates. After 24-h adaptation to serum-reduced conditions in
OptiMEM, the cells were treated with vehicle or strontium
ranelate (0.01-1 mM Sr*) for a further 7 days under serum-
reduced conditions. At the end of the culture, the degree
of apoptosis in the cell populations were measured using
the CaspaseGlo assay kit according to manufacturer’s
instructions.

Statistics and data analysis
Experiments were routinely performed in triplicate or quin-
tuplicate. Each experiment was repeated at least three times.
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Grouped data are presented as means = SEM. Where single,
representative results are presented, data are given as means *
SD. ANOVA, with Newman-Keuls post test, was used to deter-
mine significant differences between treatments. Where the
data have been expressed as ratios, the coefficients of varia-
tion were calculated using the method of Colquhoun (1971).

Materials

Culture media were purchased from ThermoTrace Biosciences
(Melbourne, VIC, Australia), and serum-reduced OptiMEM
was from Invitrogen (San Diego, CA, USA). FBS was from
CSL Limited (Parkville, VIC, Australia). Methyl, 1’,2’-[*H]-
thymidine was purchased from Amersham Biosciences (Little
Chalfont, Buckinghamshire, UK). The RNA extraction kit
(RNeasy kit) was obtained from QIAGEN (Hilden, Germany).
DNA molecular weight markers (0.07-12.2 kb) were from
Roche Molecular Biochemicals (Mannheim, Germany). Super-
script III reverse transcriptase and Lipofectamine RNAIMAX
transfection reagent were obtained from Invitrogen (San
Diego, CA, USA). TagMan fluorogenic probes were purchased
from Applied Biosystems (Courtaboeuf, France). The OPG
ELISA kit for OPG determinations was obtained from Bio-
medica (Vienna, Austria). Porcine trypsin for passaging cul-
tured cells was from JRH Biosciences (Lenexa, KS, USA).
Bradford assay kit was from Bio-Rad Laboratories (Carlsbad,
CA, USA). BCA assay from Pierce (Rockford, IL, USA). Caspa-
seGlo assay kit was from Promega (Madison, WI, USA). Anti-
human RANKL antibody was from Abcam (Cambridge, MA,
USA). Secondary IgG horseradish peroxidase-conjugated anti-
body was obtained from Chemicion (Temecula, CA, USA).
Calcium chloride and strontium chloride were from Sigma
Chemical Co. (St Louis, MO, USA). Sodium ranelate came
from Les Laboratoires Servier (Neuilly, France). All other
chemicals were obtained from Sigma Chemical Co. (St Louis,
MO, USA). The Tri-Carb 1900CA liquid B-scintillation counter
was purchased from Packard Instruments Co. (Downers
Grove, IL, USA), the fluorescence plate reader was a FLUOstar
Optima from BMG LABTECH GmbH (Offenburg, Germany),
the Corbett Rotor Gene 3000 thermocycler was purchased
from QIAGEN (Hilden, Germany) and the ABI PRISM 7700
sequence detector system was from Applied Biosystems (Cour-
taboeuf, France). The chemiluminescence detection assay was
from Millipore (Billerica, MA, USA) and the Digital Imaging
System was purchased from Alpha Innotech (San Leandro,
CA, USA).

Results

Strontium ranelate increases the secretion of OPG protein as well
as mRNA levels in human primary osteoblasts

After 24 h, strontium ranelate treatments from 0.01 to 2 mM
induced concentration-dependent increases in OPG mRNA
expression, determined by quantitative RT-PCR (Figure 1A).
OPG mRNA expression increased by around 50% and 200% in
response to 1 and 2 mM strontium ranelate respectively
(P < 0.05, P < 0.001). Strontium ranelate significantly
increased the secretion of OPG measured by ELISA from HOBs;
this increase in protein paralleled the increase in OPG mRNA

British Journal of Pharmacology (2009) 157 1291-1300

>

400
o *k%
Q
§ 300
X
®
S 200
P
E
5 100
o
(e}
0 —L
vehicle 0.01 0.1 1 2
strontium ranelate (mM Sr2*)
- *k%
B
g 30 T Sk
e
8 l
©
()
E 2.0
£
£
3 ]
I
(o}
O] 1.0 -
o
o -
0 -
vehicle 0.01 0.1 1 2
strontium ranelate (mM Sr2*)
Figure 1 Strontium ranelate increases osteoprotegerin (OPG)

mRNA and protein expression in human osteoblasts (HOBs). Cells
were exposed for 24 h to vehicle or: 0.01, 0.1, 1T and 2 mM strontium
ranelate, before RNA was extracted, converted to cDNA and then
analysed by real-time reverse transcription PCR. (A) OPG mRNA
expression was quantified and expressed as % of the value after
treatment with vehicle (% vehicle). The results are presented as
means + SEM from four experiments. (B) OPG protein was measured
by ELISA according to manufacturer’s instructions. The results are
representative of three experiments = SD each with triplicates. Con-
centrations are expressed as added to the vehicle, which contains
1 mM Ca®". ***P < 0.001 compared with vehicle; *P < 0.05 compared
with vehicle.

expression. Strontium ranelate (1 and 2 mM Sr*") increased
OPG protein by approximately sevenfold and 8.5-fold respec-
tively (Figure 1B).

Strontium ranelate down-regulates both RANKL protein and
mRNA expression in human primary osteoblasts

Treatment with strontium ranelate resulted in concentration-
dependent decreases in RANKL mRNA expression measured
by qRT-PCR. Concentrations of strontium ranelate as low as
0.1 mM, markedly reduced the expression of RANKL mRNA to
around 20 % of the value after treatment with vehicle
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Figure 2 Strontium ranelate decreases receptor activator of NF«B
ligand (RANKL) mRNA and protein expression in human osteoblasts.
Cells were exposed for 24 h to vehicle or: 0.01, 0.1, 1 and 2 mM
strontium ranelate, before RNA was extracted, converted to cDNA
and then analysed by real-time reverse transcription PCR. (A) RANKL
mRNA expression was quantified and expressed as % of the value
after treatment with vehicle (% vehicle). The results are presented as
means = SEM from three experiments, each with triplicates. (B)
RANKL protein was detected by Western blotting after cells were
exposed to treatments for 24 h. One blot is shown, representative of
two experiments. Concentrations are expressed as added to the
vehicle, which contains 1 mM Ca?. ***P < 0.001 compared with
vehicle; **P < 0.01 compared with vehicle.

(Figure 2A; P < 0.001). As seen on the Western blot, the down-
regulation of RANKL expression by strontium ranelate
induced a similar decrease in cell-associated RANKL protein
after 48-h treatment with strontium ranelate (Figure 2B).

The CaSR is involved in strontium ranelate-induced OPG mRNA
expression and suppression of RANKL mRNA

The extent of the knockdown of the CaSR in HOBs using
siRNA technology was tested by Western blot analysis of the
CaSR compared with HOBs which were exposed to the trans-
fection reagent in the absence of siRNA, and HOBs which
were transfected with scrambled siRNA. siRNA directed
against the CaSR inhibited the expression of the CaSR in
HOBs by around 50% compared with both HOBs transfected
with siScrambled and without transfection (Figure 3A);
B-actin was used as the control.

Transfection of HOBs with siRNA directed against CaSR
non-significantly suppressed OPG mRNA expression in
vehicle-treated cells (Figure 3B). In the presence of scrambled
siRNA, OPG mRNA expression was significantly stimulated
more than twofold by 2 mM strontium ranelate. Knocking
down the CaSR abolished this stimulation. In the presence of
scrambled siRNA, RANKL mRNA expression was significantly
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Figure 3 Calcium-sensing receptor (CaSR) is involved in strontium
ranelate-induced changes in osteoprotegerin (OPG) and receptor
activator of NFkB ligand (RANKL) mRNA expression. (A) Protein blots
from human osteoblasts (HOBs) transfected with siRNA directed at
the CaSR (siCaSR), scrambled siRNA (siScrambled) and without trans-
fection. siCaSR inhibited the expression of the CaSR in HOBs by
around 50% compared with both HOBs transfected with siScrambled
and without transfection. B-Actin was used as the loading control. (B
and C) siRNA directed against the CaSR was transfected into cells
prior to the addition of strontium ranelate. Total RNA was extracted,
converted to cDNA and then analysed by real-time reverse transcrip-
tion PCR (A: OPG, B: RANKL). The results are presented as means *
SEM from three experiments, each with triplicates. Concentrations
are expressed as added to the vehicle, which contains 1 mM Ca?".
***P < 0.001 compared with vehicle; **P < 0.01 compared with
vehicle; *P < 0.05 compared with vehicle; #P < 0.05 compared with
same treatment with addition of siRNA; ###P < 0.001 compared
with same treatment with addition of siRNA.

British Journal of Pharmacology (2009) 157 1291-1300



Osteoblast-dependent effects of strontium ranelate
TC Brennan et a

1296

A
[0}
©
e
2 800
X *
@ 600
2o
2 400
IS
& 200
[oX
2
c 0° .
§ vehicle 0.01 0.1 1 2
strontium ranelate (mM Sr2*)
B [0 siScrambled
B siCaSR #
2
()

) *

o <

§ g 200 A

ED

el

[} =

o % 100 -

N =

'E O

52

ow

(@]

0
Vehicle 1

strontium ranelate

(mM Sr#¥)
Figure 4 Strontium ranelate increases human osteoblast (HOB) cell
replication via the calcium-sensing receptor (CaSR) as measured by
[®H] thymidine incorporation. [*H] thymidine incorporation was mea-
sured in HOBs treated for 24 h with vehicle or: 0.01, 0.1, 1 and 2 mM
strontium ranelate (A). siRNA directed against the CaSR was trans-
fected into cells prior to the addition of strontium ranelate for 24 h
and the increased [*H] thymidine incorporation seen with strontium
was blunted in cells transfected with siRNA directed towards the CaSR
(B). *P < 0.05 compared with vehicle.

reduced (by more than 50%) with 1 mM strontium ranelate.
Knocking down the CaSR abolished this inhibition of RANKL
expression (Figure 3C).

Strontium ranelate increases cell replication via activation

of the CaSR

Strontium ranelate (0.01-2 mM) dose-dependently stimu-
lated [*H]-thymidine incorporation by 2-3-fold at 0.1 and
1 mM, and by approximately fivefold at 2 mM (P < 0.001)
after a 48-h culture (Figure 4A). In the presence of scrambled
siRNA, [*H]-thymidine incorporation was significantly
increased by strontium ranelate, whereas in the presence of
siRNA directed against the CaSR this effect was eliminated
(Figure 4B).

Strontium ranelate increases bone cell differentiation
The effects of strontium ranelate on the differentiation of
human primary osteoblasts were investigated in parallel via
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Figure 5 Strontium ranelate increases human osteoblast cell differ-
entiation assessed by Runx2/Cbfal mRNA expression and alkaline
phosphatase activity. Alkaline phosphatase activity was measured
after 72-h treatments of 0.01, 0.1, 1 and 2 mM strontium ranelate
and corrected for total cellular protein (A). Cells were exposed for 10
days to vehicle or: 0.01, 0.1, 1 and 2 mM strontium ranelate, before
RNA was extracted, converted to cDNA and then analysed by real-
time reverse transcription PCR. Runx2/Cbfal expression was quanti-
fied and expressed as fold-change from the value after treatment with
vehicle (B). Concentrations are expressed as added to the vehicle,
which contains T mM Ca?". ***P < 0.001 compared with vehicle;
**P < 0.01 compared with vehicle; *P < 0.05 compared with vehicle.

the assessment of two indirect and independent markers.
Alkaline phosphatase activity, corrected for total cell protein,
was assessed after a culture of 72 h in presence of the differ-
ent treatments. Strontium ranelate (1 and 2 mM) increased
alkaline phosphatase activity by twofold (P < 0.01,
Figure 5A).

A longer culture duration was necessary to assess the effect
of strontium ranelate on the expression of the osteoblast-
specific transcription factor, Runx2/Cbfal, which is an early
sign of commitment to the osteoblast lineage. After 10-days
culture, strontium ranelate dose-dependently increased the
expression of Runx2/Cbfal with a maximum around 1.3-fold
and 1.5-fold, with the concentrations of 1 and 2 mM respec-
tively (P < 0.05 and P < 0.001, Figure 5B).
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Figure 6 Strontium ranelate increases human osteoblast survival.
Cell survival was measured as live cell counts post H,O,-induced
oxidative stress after 48-h strontium ranelate treatment (A) or caspase
3/7 was measured with a commercial kit after 6 days’ serum depri-
vation (B). Concentrations are expressed as added to the vehicle,
which contains T mM Ca?". ***P < 0.001 compared with vehicle; **P
< 0.01 compared with vehicle; *P < 0.05 compared with vehicle.

Strontium ranelate increases bone cell survival

As a decrease in the lifespan of osteoblasts has been shown to
be involved in osteoporosis, we assessed the capability of
strontium ranelate to counteract this deleterious effect. Two
approaches were used to mimic the decrease in osteoblast
lifespan observed under conditions of stress, namely oxida-
tive stress induced by H,O, and the deprivation of serum.
Strontium ranelate dose-dependently increased HOB survival
under oxidative stress conditions induced by the addition of
peroxide (Figure 6A). Strontium ranelate also decreased apo-
ptosis induced by prolonged serum deprivation as measured
by caspase 3 and caspase 7 activities at concentrations as low
as 0.0l mM (P < 0.05 for 0.01 and 0.1 mM, P < 0.001 for
1 mM; Figure 6B).

Discussion and conclusions

Concentrations of OPG and RANKL protein are key determi-
nants of osteoclast production with increased secretion of
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OPG and diminished RANKL availability down-regulating
osteoclastogenesis. Here we show that strontium ranelate, at
concentrations spanning those found in the serum of patients
taking 2 g per day, significantly enhanced OPG mRNA expres-
sion in HOBs and for the first time, induced OPG protein
secretion from these cells as measured by ELISA. In addition,
strontium ranelate suppressed RANKL mRNA expression in
HOBs and decreased the membrane-associated protein levels
of RANKL, as detected by Western blotting, which has not
been previously reported. Apart from an earlier abstract
(Brennan et al., 2007) a recent report indicated that strontium
ranelate influences RANKL and OPG mRNA levels in human
cells in vitro, although the concentrations of strontium rane-
late tested were supraphysiological and it is difficult, there-
fore, to relate these results to the clinical setting (Atkins et al.,
2009). The ability of strontium ranelate to modulate these
cytokines suggests it is able to down-regulate osteoclastogen-
esis through an indirect stimulation of osteoblasts. In vivo
histomorphometry has revealed a decrease in bone resorption
after treatment with strontium ranelate in monkeys (Buehler
etal., 2001), rats (Marie et al., 1985) and mice (Marie and
Hott, 1986), and a decrease in bone resorption markers in
humans (Meunier et al., 2002a,b), inducing a trend to lower
osteoclast surfaces in human biopsies (Arlot et al., 2008). The
results from the current study provide a potential explanation
for these effects via a strontium ranelate-induced increase in
the osteoblast-produced OPG and a concurrent reduction in
RANKL.

Furthermore, we show for the first time that these specific
effects of strontium are mediated by the CaSR. It has been
recently reported that strontium ranelate-induced increases in
bone cell replication are CaSR-dependent, with the overex-
pression of a dominant negative version of the CaSR leading
to a loss of response (Brown, 2003; Chattopadhyay et al.,
2007). We noted a similar effect on replication using siRNA. In
the current study, a 50% reduction in the CaSR protein
expression also blunted the increased production of OPG
mRNA levels usually induced by strontium ranelate. RANKL
mRNA levels were likewise unaffected in cells with a silenced
CaSR, whereas RANKL levels were depressed following treat-
ment with strontium ranelate in cells transfected with
scrambled siRNA. This does not, however, completely exclude
the involvement of another receptor or mechanism that
might be sensitive to strontium ranelate. Interesting recent
data from rabbit osteoclasts suggest that the downstream sig-
nalling mechanism by which strontium ranelate acts to
enhance osteoclast apoptosis is distinct from calcium, yet
both activate the CaSR (Hurtel et al., 2008). From the results
presented here, it is likely that the effects of strontium rane-
late on both osteoblasts and osteoclasts are mediated, at least
in part, by the CaSR.

In the current study statistically significant effects were
observed with strontium ranelate, at concentrations between
0.1 and 2 mM, depending on the variables measured. These
concentrations are in the range of the plasma concentrations
of strontium ranelate in patients included in the phase III
clinical trials and what can be expected in the bone microen-
vironment (Boivin et al., 1996; Dahl et al., 2001). It is thus
likely that the current findings may help explain some of the
mechanisms of action by which strontium ranelate decreases
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fracture risk in postmenopausal women with osteoporosis
(Meunier et al., 2004b; Reginster et al., 2005).

The HOB cells used here have been extensively character-
ized in previous studies (Slater etal., 1994a,b). Strontium
ranelate increased the replication of HOBs, confirming previ-
ous observations made on osteoblasts from rodent species or
osteoblastic cell lines (Marie et al., 1985; Marie and Hott,
1986; Canalis et al., 1996, Ammann et al., 2004). Moreover,
strontium ranelate promoted the differentiation of human
primary osteoblasts as detected by changes both in Runx2
mRNA expression and in alkaline phosphatase activity cor-
rected for total cellular protein. Runx2 is a key transcription
factor expressed by committed osteoblasts (Karsenty et al.,
1999; Karsenty and Wagner, 2002; Marie 2008) which has not
previously been reported to be induced by strontium and is
similarly affected by the natural ligand of the CaSR, calcium
(Dvorak et al., 2004). It should be noted that cells which grow
from the ends of long bones are a mixed population of cells
already committed to the osteoblast lineage and uncommit-
ted osteoblast precursors. Strontium ranelate induced signifi-
cant increases in alkaline phosphatase activity, an early
marker of differentiation in cells already committed to the
osteoblast lineage in around 72h, with non-consistent
increases seen before that time (data not shown). A similar
time course for the induction of alkaline phosphatase by
strontium ranelate is also seen in the relatively differentiated
MG63 cell line (Brennan et al., 2005) and an even longer time
course of 7 days for induction of alkaline phosphatase and for
another functional marker, osteocalcin, by strontium ranelate
has been reported in mouse bone marrow stromal cells
(Choudhary et al.,, 2007). The time course for induction of
Runx?2 in uncommitted cells is much longer according to the
literature (Igarashi et al., 2004), and we also did not see con-
sistent increases in Runx2 in the presence of strontium rane-
late at earlier time points tested (data not shown). It was not
possible to directly test the involvement of the CaSR in the
strontium ranelate induction of Runx2 in HOBs, as it is tech-
nically difficult to maintain siRNA knockdown and keep a
population of primary cells healthy over the 10 days required.
Nevertheless, the study of Chang et al. (2008) showed that
Runx2 expression was markedly reduced in CaSR knockout
chondrocytes, indicating an important role for the CaSR in
Runx2 induction. Stimulation of cellular replication and dif-
ferentiation may underlie the positive effects of strontium
ranelate on bone formation observed during in vivo and clini-
cal studies (Arlot et al., 2008).

The decreased lifespan of osteoblasts following menopause
is considered to play a role in the decrease in bone mineral
density and increase in fracture risk (Bonewald, 2004;
Almeida et al., 2007), and it is well established that the pro-
tective mechanism of oestrogen to reduce fracture risk in
patients with glucocorticoid-induced osteoporosis includes an
increased osteoblast and osteocyte lifespan (Weinstein et al.,
1998; Dennison, 1999). The protective effects of strontium
ranelate on HOB cell survival under hydrogen peroxide or
long-term serum-reduced stress mimic the protective effects
seen with both oestrogen (Kousteni et al., 2001) and intermit-
tent parathyroid hormone (Jilka et al., 1999) and are in con-
trast to the increased osteoblastic cell death induced by
glucocorticoids (Sambrook et al., 2003). It has also been pos-
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tulated that reduced osteoblast/osteocyte death contributes to
reduced resorption (Gu et al., 2005). It is plausible, therefore,
that the increase in osteoblast lifespan we observe in the
presence of strontium ranelate could contribute to anti-
fracture efficacy through improved bone quality.

In conclusion, strontium ranelate significantly down-
regulates both mRNA and protein levels of the osteoblast-
induced signals for osteoclastogenesis through the CaSR and
has positive effects on osteoblastic replication, differentiation
and lifespan. These findings in human primary osteoblasts
provide new insights into the mechanism of action of stron-
tium ranelate in the bone microenvironment.
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