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ABSTRACT

Osteoprotegerin (OPG) is a protein produced by many cell types that has the remarkable property of inhibiting bone
loss. It does this by binding to the key bone resorptive cytokine, receptor activator of NF-kB ligand (RANKL). This
cytokine is produced mainly by osteoblastic cells and is instrumental in osteoclast differentiation. If the ratio of
RANKL: OPG increases, bone resorption increases and results in bone loss in diseases such osteoporosis, rheumatoid
arthritis and hypercalcaemia of malignancy. Hence, if drugs can be found that increase OPG, this will decrease the ac-
tivity of osteoclasts and therefore bone resorption. Statins are cholesterol lowering drugs that have recently been shown
to increase bone formation in rodents. It was hypothesised from this finding that this could be due to an increase in OPG
production. If these commonly prescribed drugs could be used to prevent bone loss or to increase bone formation then
this may prove a useful means of reducing fracture risk in patients. Treating Saos-2 osteoblast-like cells in vitro with
mevastatin increased OPG production and secretion through the mevalonate pathway. A failure of geranylgeranylation
of Rho and/or farnesylation of Ras proteins leads to an increase in PI-3K activation then AKT activation leading to sev-
eral different signaling pathways such as MAPK’s and NF-kB. NF-kB and p38MAPK inhibitors prevented the statin
stimulation of OPG but not the decrease in cell number, suggesting that statins regulate OPG secretion via PI-3K,
p38MAPK and NF-kB.
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1. Introduction simvastatin, mevastatin and fluvastatin to treat murine
(2T3) and human (MG63) bone cells. The result was an
increase in BMP-2 mRNA. Following these results
Mundy et al. [S] went on to investigate the biological
effects of mevastatin and lovastatin on mouse calvarial
bones in culture. After 72 hours bone formation had in-
creased two fold compared to the control, there was also

an increase in osteoblast number. In order to look at the

As well as lowering LDL and cholesterol levels which
statins were originally marketed for, other non-lipid low-
ering beneficial “pleiotropic” effects of statins have be-
come evident. Positive effects of statins include, de-
creased incidence of dementia [1], anti-tumour properties
[2,3], reduced fracture risk [4], increased bone formation
[5,6], and anti-atherosclerotic effects [7].

Statins have also been reported to increase bone for-
mation. If this result can be translated into a useful clini-
cal effect then statins may be an alternative to bone ana-
bolic agents like teriparatide. Statins may have additional
advantages, such as they would be cheaper than teri-
paratide and they are taken orally rather than subcutane-
ously. Mundy et al. [5] examined the effect of 30,000
natural compounds in search of an agent that increases
osteoblast differentiation by increasing the activity of the
promoter of bone morphogenic protein-2 (BMP-2). BMP-
2 is a cytokine secreted by osteoblastic progenitor cells
which stimulates the differentiation of osteoblastic cells
[8]. Lovastatin was the only compound that increased
BMP-2 activity. This finding was then repeated using
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effect of statins on bone formation in vivo lovastatin and
simvastatin were injected three times a day for 5 days
into the subcutaneous tissue overlying the calvaria. The
mice were then killed on day 21. Results showed that
there was approximately a 50% increase in bone forma-
tion. The final experiment carried out by Mundy et al. [5]
was to determine the effect of statins when given sys-
temically. Three month old ovariectomised rats were
treated orally with varying doses of simvastatin for 35
days. Compared to controls simvastatin increased trabe-
cular bone volume and bone formation rate and also de-
creased osteoclast cell number [5].

Following this in vivo work in rats by Mundy et al. [5]
the experiments have been reproduced by other research
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groups including Skogland, Forslund and Aspenberg [9]
and Oxlund and Andreassen [10]. Skogland, Forslund
and Aspenberg [9] looked at BALB/c mice with frac-
tured femurs, 41 of these mice were fed food prepared
with simvastatin and the other 41 mice were given food
excluding the simvastatin. On examining the fracture
callus at day 14 the callus in treated mice was 53% larger
than controls and the force needed to break the bone was
63% greater than the controls. Oxlund and Andreassen
[10] carried out an investigation using 60 4-month old
Wistar female rats. The rats were divided into four groups;
baseline control, sham + placebo group, ovariectomy
(OVX) + placebo, and OVX + simvastatin. Simvaststin
or placebo were given twice daily by a gastric tube for
three months. Findings showed that the bone formation
rate increased by two fold, a reduced rate of cancellous
bone loss and a decrease in TRAP activity (indicating
decreased osteoclast activity) in the OVX + simvastatin
group compared to the OVX + placebo. It was concluded
that simvastatin induces an increase in bone formation at
the periosteal surface and reduces the loss of cancellous
bone induced by ovariectomy [10].

Using primary human osteoblastic cells cultured from
iliac crest bone fragments Viereck et al. [11] investigated
the effect of atorvastatin on markers of osteoblastic dif-
ferentiation. They found a dose dependent increase in
osteoprotegerin (OPG) protein and OPG mRNA produc-
tion with a maximum of three fold increases at a concen-
tration of atorvastatin of one micromolar. These results
were time dependent with atorvastatin increasing OPG
mRNA levels from 24 hours and OPG protein secretion
between 48 and 72 hours. They also found atorvastatin to
increase the expression of the two osteoblastic differen-
tiation markers alkaline phosphatase and osteocalcin. In
summary, treatment of primary human osteoblasts with
atorvastatin increases osteoblastic differentiation and the
production of OPG. This offers a possible explanation of
how statins result in increased bone formation through
OPG induced inhibition of bone resorption. Hence, stat-
ins may be a useful future treatment for osteoporosis
[11].

Here we have focused on the general effect of statins
on OPG secretion from cultured osteoblastic cells and the
detailed signalling mechanisms affected.

2. Methods

Saos-2 osteoblast like cells immortalised from a human
osteosarcoma [12] were from the European Collection of
Cell Cultures, they were routinely cultured using a-MEM
medium, containing 10% foetal bovine serum (FCS), 100
IU/ml benzylpenicillin, 100 pg/ml streptomycin and 2
mM L-glutamine (complete medium) [13]. Cells were
maintained in a humidified environment at 37°C, 5%

Copyright © 2012 SciRes.

carbon dioxide in air, unless stated otherwise.

For each experiment looking at the effects of statins on
OPG secretion and the signalling mechanisms involved,
Saos-2 cells were seeded into 96 well tissue culture
plates at a density of 10,000 cells per well in 200 pl of
complete medium until confluent, the medium was then
changed and effectors added. Following the treatment
periods culture media from each well was removed and
stored at —20°C. 100 pl of fresh culture medium and an
additional 10 pl of 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxypheyl)-2-(4-sulfophenyl)-2H-tetrazolium salt
(MTS) and 10 pl of phenazine ethosulfate (PES) were
added to each well to give a final concentration of 150
pug/ml MTS and 30 uM PES to determine an index of cell
metabolic activity [14]. After 60 minutes the optical den-
sities were measured at 490 nm with a 700 nm reference
filter using a Bio-Tek Synergy HT plate reader. The MTS
assay was routinely used to ensure that cell number did
not vary across tissue culture plates, and to determine the
OPG concentration secreted per million cells. MTS stan-
dard curves were produced for each experiment; cells
were seeded at varying densities from 0 - 100,000 and
allowed to adhere for 1 hour. The MTS assay was then
performed on each well, giving optical densities for spe-
cific cell numbers allowing unknown cell numbers to be
calculated from MTS optical density.

The concentration of secreted OPG by the Saos-2 cells
was measured in the culture media by enzyme linked
immuno-sorbant assay (ELISA); briefly a 96 well ELISA
plate was coated with 100 pl of 200 ng/ml anti-human
OPG (R&D Systems, AF805) in 0.1 M sodium bicarbon-
ate pH 8.6 and incubated overnight at 4°C. Excess pri-
mary antibody was discarded and non-specific binding to
the polystyrene plate blocked with 200 pl of milk per
well (8 ml of skimmed milk in 100 ml of 0.1 M Tris HCI
buffer pH 7.4), incubated at 4°C for 1 hour. The plate
was washed three times each for 2 minutes with 200 pl of
0.2% Tween 20 in 0.1 M Tris HCI pH 7.4. Samples and
recombinant human OPG standards (R&D Systems, 805-
05-100) (100 pl) were added to the plate and incubated
for a further 1 hour at 4°C. Samples were discarded and
the plate washed as previously described. A biotinylated
anti-human OPG antibody (R&D Systems, BAF805)
(100 pl) at a concentration of 200 ng/ml was added to
each well and the plate incubated for 1 hour at 4°C. This
secondary antibody solution was then discarded and the
plate washed again (as above). Avidin peroxidase (Sigma,
E2886) was diluted in milk to a concentration of 2 pg/ml
and 100 pl added to each well and the plate incubated for
a final 1 hour at 4°C. The plate was washed and 100 pl
per well of 3, 3°5, 5 Tetramethylbenzidine (TMB) was
added to each well, and incubated at room temperature
for 30 minutes. This reaction was then stopped using
10% sulphuric acid. Optical densities were read at 450
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nm and 570 nm was used as a reference wavelength on a
Bio-Tek Synergy HT plate reader (Bio-Tek” Instruments,
Inc. Vermont USA).

3. Results and Discussion

Statins are prescribed to patients for their cholesterol
lowering properties [15,16]. Therefore osteoblastic cells
were co-incubated with cholesterol and mevastatin to
determine if the statin was having its effects by lowering
cell membrane cholesterol. The results showed that 10
UM mevastatin significantly increased OPG secretion
("P < 0.001) to approximately 425 nanograms/million
cells (£50 SD) compared to a control (no mevastatin and
no cholesterol) level of approximately 100 nanograms/
million cells (10 SD), addition of cholesterol (0 - 32
pg/ml) did not inhibit the stimulation of OPG secretion
(Figure 1). This suggests that effects on OPG secretion
are not as a result of the statin reducing the cholesterol
concentration in the cell.

Further down the mevalonate pathway intermediates
are produced which are used by the cell to modify target
proteins (prenylation). This involves the addition of a
farnesyl (C,s) or geranylgeranyl (Cyy) group to appropri-
ate cysteine residues and is important in determining the
activities of proteins and in targeting them to specific
subcellular membrane domains [17]. Many signalling
proteins such as small GTP binding proteins are modified
by prenylation; such as Ras which is only active after
farnesylation and members of the Rho subfamily (RhoA,
RhoC, Racl and Cdc42) which are geranylgeranylated
[18]. To determine whether the statin effect on OPG se-
cretion was occurring due to a lack of farnesylated or
geranylgeranylated proteins the isoprenoids involved in
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Figure 1. Osteoprtegerin (OPG) secretion from Saos-2 cells
and the effect of mevastatin with and without cholesterol.
Saos-2 cellswere incubated with cholester ol with or without
10 micromolar mevastatin for 48 hours. Results signifi-
cantly different from the control (no mevastatin and no

cholesterol) are shown by P < 0.05, P < 0.01 and ""P <
0.001. Data is presented as mean + SD.
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these reactions, farnesyl pyrophosphate (FPP) and ger-
anylgeranyl pyrophosphate (GGPP) were co-incubated
with mevastatin on Saos-2 cells. Note that in the pres-
ence of statin, GGPP can not be formed by adding FPP
despite being down stream of FPP in the mevalonate
pathway. This is because of the requirement for a five
carbon isoprene from earlier in the pathway. The results
showed that as previously 10 uM mevastain significantly
increased OPG secretion (* P < 0.001), addition of FPP
dose-dependently inhibited the statin stimulation of OPG
secretion, with full prevention at 100 uM (Figure 2(a)),
10 uM GGPP also prevented the increase in OPG secre-
tion (Figure 2(b)). These results suggest that both farne-
sylation and geranylgeranylation play a part in OPG
regulation.

It is important to be clear about the relative effects of
FPP and GGPP because these two intermediates are used
to modify different families of proteins such as the Ras
and Rho sub families respectively. This could help to
identify the prenylated proteins involved in the action of
statins on cells. The above findings with FPP and GGPP
were therefore investigated further using various effec-
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Figure 2. Osteoprotegerin (OPG) secretion from Saos-2 cells
and the effect of mevastatin with and without (a) Farnesyl
pyrophosphate (FPP) and (b) Geranylgeranyl pyrophos-
phate (GGPP). Saos-2 cells were incubated for 48 hours
with 10 micromolar mevastatin and increasing concentra-
tions of FPP or GGPP. Results significantly different from
the control (no mevastatin and no FPP or GGPP) ar e shown
by ‘P < 0.05, P < 0.01 and "'P < 0.001. Data is presented
asmean * SD.
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tors that inhibit downstream proteins.

The phosphotidylinositide-3 kinase (PI-3K/AKT) path-
way is essential for cell growth, proliferation, survival
and nitric oxide production. These effects have been
shown to occur through the transcription factor, AKT,
which is a downstream target of PI-3K. Activation of the
PI-3K pathway requires a ligand such as VEGF (vascular
endothelial growth factor) [19] to bind to a HER kinase
receptor. This binding results in HER kinase activation
and auto-trans-phosphorylation of intracellular domains
and activation of PI-3K [20]. PI-3K catalyses the phos-
phorylation of phosphatidylinositol (PI) lipids resulting
in the release of PI(3,4)P, and PI(3,4,5)P;. These cause
the phosphotidylinositide dependent kinase (PDKI1) to
translocate to the cell membrane where it is phosphory-
lated. PDK1 binds directly to AKT and phosphorylates it
at Thr-308. This results in autophosphorylation of Ser-473
and hence increased AKT activity [19]. PI-3K contains a
Src homology domain and two proline rich regions that

flank a breakpoint cluster region homology (BH) domain.

This BH domain is structurally similar to GTPase acti-
vating proteins for the Rho family of small G proteins.
Rac and Cdc42 can bind to this domain and be activated
[21].

Two inhibitors of PI-3K were co-incubated with me-
vastatin on saos-2 cells; wortmannin and LY294002.
Figure 3(a) shows 10 pM mevastatin significantly in-
creased OPG secretion by approximately 6 fold from 400
nanograms/million cells to 2500 nanograms/million cells
(""P < 0.001), this stimulation by mevastatin was re-
duced to less than a 1 fold increase by co-incubation with
concentrations of wortmannin as little as 0.25 pM, how-
ever concentrations of secreted OPG were still signifi-
cantly raised compared to control (no mevastatin and no
wortmannin). Figure 3(b) shows that LY294002 dose
dependently inhibited the mevastatin stimulated increase
in OPG, with it being totally prevented at 50 nM. These
observations indicate that statins have their effect by in-
creasing PI-3K activity and that this is an early interme-
diary in the effects of mevastatin. Statins appear to act to
increase PI-3K activity through their inhibition of the
production of farnesyl and geranylgeranyl pyrophos-
phates and subsequent modification of Rho family pro-
teins. In the absence of this modification these proteins
will not be able to localise to the cell membrane but how
this deficiency results in the activation of PI-3K is not
clear. Downstream of PI-3K, AKT activates mitogen
activated protein kinases (MAPK) pathways and the
NF-kB pathway.

NF-kB is a transcription factor that promotes cell sur-
vival and protects cells from apoptosis and its activation
is thought to be part of a stress response. BAY 11-7082,
a specific inhibitor of NF-kB, dose dependently inhibited
the statin stimulation of OPG, although did not quite re-
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Figure 3. Osteoprotegerin (OPG) secretion from Saos-2 cells
and the effect of mevastatin with and without (a) Wort-
mannin and (b) L'Y294002. Saos-2 cells wer e incubated with
10 micromolar mevastatin and increasing concentrations
of wortmannin or LY294002 for 48 hours. Results signifi-
cantly different from the control (no mevastatin and no
wortmannin or LY294002) are shown by ‘P < 0.05, "P <
0.01 and ""P < 0.001. Data is presented as mean + SD.

duce it back to control levels. 10 uM mevastatin alone
significantly increased the OPG concentration (P <
0.001) from roughly 100 nanograms/million cells (+15
SD) to 1100 nanograms/million cells (=50 SD). 100 pM
BAY 11-7082 reduced this increase in OPG secretion to
roughly 300 nanograms/million cells (=75 SD) this how-
ever was still significantly greater (‘P < 0.05) than the
control (no mevastatin and no BAY 11-7082) (Data not
shown).

Further inhibitors were used as co-treatments in order
to elucidate the role of mitogen activated protein kinases
(MAPK’s), p38MAPK, ERK and JNK, in the response of
Saos-2 cells to statin treatment. MAPK’s regulate cell
cycle progression through G1 phase, regulation of em-
bryonic development, cell movement, apoptosis and dif-
ferentiation. These three different MAPK signalling cas-
cades all contain the same series of three kinases. A
MEK kinase (MEKK) phosphorylates and activates a
MAP kinase kinase (MEK), this MEK then phosphory-
lates and activates a MAP kinase (MAPK) [22].

SB202190, a p38MAPK inhibitor, produced similar
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results to BAY 11-7082, the stimulation in OPG secre-
tion by mevastatin was inhibited by 100nM SB202190
by approximately 50%. However the concentration of
secreted OPG remained significantly raised (" P < 0.001)
compared to control level (no mevastatin and no SB202190)
(Figure 4). In contrast further inhibitors; U 0126 and SP
600125 for ERK and JNK respectively did not prevent
the statin stimulation of OPG.

ERK activation is independent of PI-3K and is instead
activated by the farnesylated Ras directly via the MEK
kinase Raf-1. To further confirm that the statin effects
were not as a result of ERK activation, Saos-2 cells were
treated with a Raf-1 kinase inhibitor. This did not have
any effect on OPG secretion (data not shown). This sug-
gests along with earlier findings that elevation of OPG is
not as a result of mechanisms downstream of Ras farne-
sylation or as a result of ERK inhibition.

4. Conclusions

The effects of one member of the statin family, mevas-
tatin, were overcome by mevalonate. This showed that
mevastatin was acting to block the mevalonate pathway.
Farnesyl and geranylgeranyl pyrophosphate intermedi-
ates down stream of mevalonate could also overcome the
effects of mevastatin, however, addition of cholesterol
could not. These results suggest that intermediates in the
mevalonate pathway, probably farnesyl and geranylger-
anyl pyrophosphate, were crucial in the mechanism of
action of statins on Saos-2 cells. Farnesyl and geranyl-
geranyl pyrophosphate are used by cells to modify spe-
cific proteins so that they adhere to lipid membranes on
the inner surface of cell membranes. The most ubiquitous
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Figure 4. Osteoprotegerin (OPG) secretion from Saos-2 cells
and the effect of mevastatin with and without SB202190.
Saos-2 cells were incubated with 10 micromolar mevastatin
and either 10 or 100 nanomolar SB202190 for 48 hours.
Results significantly different from the control (no mevas-
tatin and no SB202190) are shown by "P < 0.05, P < 0.01
and ""P < 0.001. Data is presented as mean  SD.
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of these proteins belong to the Ras and Rho family which
are GTP binding molecular switches associated with a
wide range of protein tyrosine kinase receptors. Also
widely associated with these receptors is the enzyme
PI-3K. Inhibtion of this enzyme with two unrelated in-
hibitors blocks the effects of statins in these cells. It ap-
pears likely therefore that in the presence of statin, a
failure to properly modify Rho and/or Ras proteins leads
to an activation of PI-3K or alternatively aberrant Rho
and/or Ras fail to down regulate PI-3K. Active PI-3K
leads to the transcription factor, phosphorylated AKT
which leads to a range of signal transduction pathways
including the three MAPK pathways, NF-kB activation
and cytoskeletal rearrangements. Inhibitor studies showed
that while JNK and ERK were not involved in mediating
the effects of statins, P38 and NF-kB pathways were re-
sponsible for OPG elevation. These findings are dia-
grammatically summarised in Figure 5.

Thus, one can postulate that statins increase PI-3K
which activates AKT leading to elevated OPG via p38-
MAPK and NF-kB. If this mechanism occurs in patients
treated with statins then the elevated OPG might inhibit
bone loss that occurs with ageing and thus, diminish
fracture prevalence.
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