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ABSTRACT

Statins, drugs commonly used to lower serum cholesterol, have been shown to stimulate osteoblast differentiation and bone formation. These
effects have been attributed to the depletion of geranylgeranyl pyrophosphate (GGPP). In this study, we tested whether specific inhibition of
GGPP synthase (GGPPS) with digeranyl bisphosphonate (DGBP) would similarly lead to increased osteoblast differentiation. DGBP
concentration dependently decreased intracellular GGPP levels in MC3T3-E1 pre-osteoblasts and primary rat calvarial osteoblasts, leading
to impaired Rapla geranylgeranylation. In contrast to our hypothesis, 1 WM DGBP inhibited matrix mineralization in the MC3T3-E1 pre-
osteoblasts. Consistent with this, DGBP inhibited the expression of alkaline phosphatase and osteocalcin in primary osteoblasts. By inhibiting
GGPPS, DGBP caused an accumulation of the GGPPS substrate farnesyl pyrophosphate (FPP). This effect was observed throughout the
time course of MC3T3-E1 pre-osteoblast differentiation. Interestingly, DGBP treatment led to activation of the glucocorticoid receptor in
MC3T3-E1 pre-osteoblast cells, consistent with recent findings that FPP activates nuclear hormone receptors. These findings demonstrate that
direct inhibition of GGPPS, and the resulting specific depletion of GGPP, does not stimulate osteoblast differentiation. This suggests that
in addition to depletion of GGPP, statin-stimulated osteoblast differentiation may depend on the depletion of upstream isoprenoids,

including FPP. J. Cell. Biochem. 112: 1506-1513, 2011. © 2011 Wiley-Liss, Inc.
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O steoporosis is a condition characterized by low bone mineral

density (BMD) that puts one at greater risk for debilitating
fractures [Kanis, 1994; Compston, 2010]. Current treatments inhibit
bone resorption by osteoclasts and are effective at preventing
further bone loss [Close et al., 2006; Canalis, 2010]. However,
anabolic agents are needed to stimulate bone formation by
osteoblasts and restore bone mass in patients who have sustained
substantial bone loss [Girotra et al., 2006; Canalis, 2010].

Statins, drugs commonly used to lower serum cholesterol, have
positive effects on osteoblast differentiation and bone formation
both in vitro [Mundy et al., 1999; Maeda et al., 2001, 2004; Ohnaka
etal., 2001; Ruiz-Gaspa et al., 2007] and in vivo [Mundy et al., 1999;
Skoglund et al., 2002; Gutierrez et al., 2006]. Clinical trials have
indicated positive correlations of increased BMD in patients taking
statins to lower cholesterol [Tang et al., 2008; Chuengsamarn et al.,
2010].

Statins inhibit HMG-CoA reductase (HMGCR), the first step of
the isoprenoid biosynthesis pathway [Endo et al., 1977]. HMGCR

catalyzes the production of mevalonate from HMG-CoA. Mevalo-
nate is converted through a series of steps to isopentenyl
pyrophosphate (IPP), which then isomerizes to dimethylallyl
pyrophosphate (DMAPP). Together IPP and DMAPP are converted
to geranyl pyrophosphate (GPP) by farnesyl pyrophosphate synthase
(FPPS). FPPS also catalyzes the addition of a second molecule of
IPP to GPP to form farnesyl pyrophosphate (FPP), the branch point
of the isoprenoid biosynthesis pathway. FPP can then be utilized
by squalene synthase to form squalene, the precursor for sterol
synthesis. An addition of IPP to FPP by geranylgeranyl pyropho-
sphate (GGPP) synthase (GGPPS) leads to GGPP production
[Goldstein and Brown, 1990; Holstein and Hohl, 2004]. FPP and
GGPP can be used in the farnesylation and geranylgeranylation
of proteins, respectively. This prenylation is important to the
subcellular localization of certain proteins, including the small
GTPases, such as Ras and RhoA [Zhang and Casey, 1996].
Through inhibition of HMGCR, statins deplete isoprenoid
metabolites, including FPP and GGPP, resulting in impaired protein
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prenylation. It is thought that the effects of statins on bone are due to
the depletion of GGPP, since addition of exogenous GGPP to statin-
treated osteoblasts prevents the effects of statins on osteoblast
differentiation and matrix mineralization [Ohnaka et al., 2001;
Maeda et al., 2004]. Consistent with this understanding is that
nitrogenous bisphosphonates (N-BPs), which inhibit FPPS [Luck-
man et al., 1998; van Beek et al., 1999], deplete GGPP and have been
shown to stimulate osteoblast differentiation in vitro [Duque and
Rivas, 2007; Ebert et al., 2009] and prevent the negative effects of
dexamethasone on osteoblast differentiation [Hayashi et al., 2009].
It is important to note, however, that several additional studies have
reported that N-BPs decrease osteoblast proliferation and matrix
mineralization [Idris et al., 2008; Orriss et al., 2009].

Digeranyl bisphosphonate (DGBP) is a bisphosphonate analog
that specifically inhibits GGPPS [Wiemer et al., 2007]. We
hypothesized that if statin-stimulated osteoblast differentiation
occurred through depletion of GGPP, direct inhibition of GGPPS
with DGBP would similarly result in increased osteoblast differ-
entiation and matrix mineralization.

CELL CULTURE
The MC3T3-E1 pre-osteoblast cell line was obtained from ATCC.
The animal protocol used for isolation of primary rat calvarial cells
was approved by the Institutional Animal Care and Use Committee
at the University of lowa. Primary rat osteoblast cells were obtained
by three sequential enzyme digestions of calvariae from 2-day-old
neonatal Sprague-Dawley rats (Harlan). Digestions were performed
with 0.05% collagenase type I and 1% trypsin (Invitrogen) in serum-
free a modified essential medium (a-MEM; Invitrogen) at 37°C
with shaking. The first two digestions (10 and 20 min, respectively)
were discarded. Following the final digestion (60 min), cells
were centrifuged and resuspended in a-MEM containing 10% fetal
bovine serum (FBS) and 1x penicillin-streptomycin (Invitrogen).
Cells were grown in a humidified atmosphere with 5% CO, at 37°C
in 10 cm plates.

Cells were subcultured for experiments at a density of
1 x 10% cells/cm?. All experiments were carried out in osteoblast
differentiation medium. This consisted of a-MEM with 10 mM B-
glycerophosphate and 50 wg/ml L-ascorbic acid (Fischer Scientific).
Treatments were replaced every 3-4 days until the termination of the
experiment.

FPP/GGPP QUANTITATION

MC3T3-E1 pre-osteoblasts and primary calvarial osteoblasts were
plated in 10 cm plates. Upon confluency cells were treated with
DGBP (Wiemer lab, University of lowa; 0.1, 1, 10, 100 uM) for 24 h.
Alternatively, MC3T3-E1 pre-osteoblasts were treated with or
without 1 wM DGBP for 1, 2, or 4 weeks. FPP and GGPP levels were
determined as previously reported by reverse phase HPLC [Tong
et al.,, 2005]. Briefly, cells were washed twice with phosphate-
buffered saline (PBS) (Invitrogen) and isoprenoid pyrophosphates
were extracted from cells and used as substrates for incorporation
into fluorescent GCVLS or GCVLL peptides by farnesyltransferase or
geranylgeranyl transferase I. The prenylated fluorescent peptides

were separated by reverse phase HPLC and quantified by
fluorescence detection. Total FPP and GGPP levels were normalized
to total protein content as measured by bichinconic (BCA) assay.
Values are expressed as pmoles/mg protein.

WESTERN BLOTTING

MC3T3-E1 pre-osteoblasts were plated in 10cm plates. Upon
confluency, cells were treated for 24 h. At the end of the experiment,
media was removed and cells were washed twice in PBS. Cells were
collected with a cell scraper after the addition of 2% sodium dodecyl
sulfate (SDS)-lysis buffer. Lysates were transferred to a 1.5 ml tube,
heated to 100°C for 5min, and passed through a 27-guage needle.
Lysates were then centrifuged and supernatant transferred to a fresh
1.5ml tube. Protein concentrations were determined by the BCA
method. Proteins were resolved on12% (Rapla and Ras) or 7.5%
[Glucocorticoid receptor (GR) or Spl] SDS-PAGE gels and
transferred to polyvinylidene difluoride membranes by electro-
phoresis. Primary and secondary antibodies were added sequentially
for 1h and proteins were visualized using an enhanced chemilu-
minescence detection kit from GE Healthcare. Anti pan-Ras was
obtained from InterBiotechnology. Rap1a, GR, Sp1, aTub, and BTub
antibodies were obtained from Santa Cruz Biotechnology, Inc.
Phospho (Serine 211) GR antibody was obtained from Abcam.
Horseradish peroxidase-conjugated anti-mouse and anti-rabbit
were from GE Healthcare while anti-goat was from Santa Cruz
Biotechnology, Inc.

MINERALIZATION ASSAY

MC3T3-E1 pre-osteoblasts were plated in 24-well plates. Treatment
began when cells reached confluency. After 28 days of culture, cells
were fixed for 1h in ice cold 70% ethanol. Cells were then washed
thoroughly with DI H,0; mineralization was detected with 40 mM
Alizarin red, pH=4.2, for 15min. Following staining, cells were
washed thoroughly with DI H,0 to remove non-specific Alizarin red.
Images were captured using a Canon EOS Rebel XS. Mineralization
was quantified as described previously [Gregory et al., 2004].
Briefly, Alizarin Red was eluted with 10% acetic acid per well. Plates
were shaken on an orbital rotator for 15min. The acetic acid
and cells were transferred to a 1.5ml tube and heated to 85°C for
10 min. The samples were then cooled on ice and centrifuged. The
supernatant was transferred to a new tube and 10% ammonium
hydroxide was added. Samples were vortexed vigorously and
aliquots were transferred to a 96-well plate. The absorbance was
read at 405nm on a Thermomax Microplate Reader (Molecular
Devices). Absorbance was compared to a standard curve; values
were expressed as total wmol Alizarin Red per well.

REAL-TIME QUANTITATIVE POLYMERASE CHAIN REACTION (QPCR)
Primary calvarial osteoblasts were plated in six-well plates.
Treatment was applied when cells reached confluency. Eight days
following the onset of treatment, total RNA was isolated from each
well using Qiashredders and the RNeasy Mini Kit (Qiagen). During
the isolation, a DNase step was performed (Qiagen). One microgram
of RNA was reverse-transcribed into cDNA using the iScript cDNA
Synthesis Kit (Bio-Rad). Real-time PCR was performed with Sybr
Green Master Mix (Applied Biosystems) on ABI SDS 7900 HT
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(Applied Biosystems). The real-time protocol consisted of 2 min at
50°C, 10 min at 95°C, followed by 40 cycles of 95°C (15s) and 60°C
(1 min). Dissociation curves were obtained following real-time qPCR
to ensure the proper amplification of target cDNAs. Primers were
obtained from Integrated DNA Technologies (Iowa City, TA) and
eluted in TE Buffer (Ambion).

The primers for qPCR (listed as forward primer and reverse
primer) were as follows: alkaline phosphatase (ALP), 5'-AATCG-
GAACAACCTGACTGACCCT-3" and 5-AATCCTGCCTCCTTCCACT-
AGCAA-3’; type I collagen (Collal), 5-AGCAAAGGCAATG-
CTGAATCGTCC-3' and 5-TGCCAGATGGTTAGGCTCCTTCAA-3';
osteocalcin (OCN), 5'-AGAACAGACAAGTCCCACACAGCA-3" and
5'-TATTCACCACCTTACTGCCCTCCT-3’; GAPDH, 5'-TGACTCTACC-
CACGGCAAGTTCAA-3’ and 5-ACGACATACTCAGCACCAGCAT-
CA-3'.

NUCLEAR/CYTOSOL FRACTIONATION

MC3T3-E1 pre-osteoblasts were plated in 10cm plates. Upon
confluency, cells were treated with 1 wM dexamethasone (Sigma) or
DGBP (10, 50, and 100 wM). Cells were treated for 24 h. Nuclear/
cytosol fractionation was performed with the nuclear/cytosol
fractionation kit from Biovision. Cells were lysed and fractionated
as described by the kit protocol. Alternatively, whole cell lysate was
obtained by lysing the cells with RIPA buffer with added protease
and phosphatase inhibitors. Protein concentrations were determined

with the BCA method. Western blotting was performed as described
above.

STATISTICAL ANALYSIS

Data are expressed as means + SEM. All experiments were repeated
at least twice with similar results. Differences between two groups
were compared using unpaired student’s #-tests. Statistical sig-
nificance was defined by P-values <0.05.

DGBP DECREASES GGPP LEVELS AND IMPAIRS PROTEIN
GERANYLGERANYLATION

To determine whether DGBP inhibited GGPPS in MC3T3-E1 pre-
osteoblasts and primary rat calvarial osteoblasts, cells were treated
with increasing concentrations of DGBP for 24 h. DGBP reduced
intracellular GGPP levels at concentrations of 1-100 uM (Fig. 1A).
This decrease in GGPP correlated with the appearance of un-
prenylated Rap1la, a geranylgeranylated protein, in MC3T3-E1 pre-
osteoblasts (Fig. 1B) and primary calvarial osteoblasts (data not
shown). Lovastatin, which reduces both FPP and GGPP, impaired
both the farnesylation of Ras (appearance of an upper band) and the
geranylgeranylation of Rapla. In contrast, DGBP, which does
not deplete FPP, had no effect on farnesylation of Ras. Impaired
geranylgeranylation of Rapla by lovastatin and DGBP was
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Fig. 1.

DGBP reduces intracellular GGPP and impairs protein geranylgeranylation. A: Cells were treated with DGBP for 24 h. GGPP levels were quantified and normalized

to total protein content. Data are expressed as pmoles per mg protein (% control). °P< 0.05 as compared to control MC3T3-E1 cells. °P < 0.05 as compared to control
primary osteoblasts. B: MC3T3-E1 cells were treated with lovastatin or DGBP for 24 h. Total protein was isolated and used for Western blot analysis of protein prenylation.
The Rap1a antibody probes for non-geranylgeranylated Rap1a, and a visible band indicates impaired geranylgeranylation. The Ras antibody probes for total Ras. The lower
band is farnesylated Ras, and the upper band is non-farnesylated Ras. The existence of the upper band indicates impaired farnesylation of Ras. a-Tubulin was used as a loading
control. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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prevented by the addition of 20 uM GGPP. However, impaired
farnesylation of Ras by lovastatin-mediated FPP depletion was not
prevented by the addition of exogenous GGPP.

MINERALIZATION IS INHIBITED BY DGBP INDEPENDENTLY

OF GGPP DEPLETION

To determine the effects of depletion of GGPP on osteoblast
mineralization, MC3T3-E1 pre-osteoblasts were treated with DGBP
for 28 days. One micromolar of DGBP significantly reduced
osteoblast mineralization as evidenced by reduced Alizarin red
staining (Fig. 2A) followed by elution and quantitation of the stain at
an absorbance of 405 nm (Fig. 2B). DGBP at concentrations of 1 uM
or less had no significant effect on osteoblast viability as measured
by MTT assay throughout the time course of osteoblast differentia-
tion (data not shown).

To determine whether the negative effect of DGBP on osteoblast
mineralization was due to the depletion of GGPP, GGPP add-backs
were performed. Twenty micromolars of GGPP alone significantly
reduced mineralization of MC3T3 cell cultures as compared to
control wells. The addition of GGPP with DGBP did not prevent the
effects of DGBP on osteoblast mineralization.

EXPRESSION OF OSTEOBLASTIC GENES IS INHIBITED BY DGBP

In order to determine the effects of GGPPS inhibition on osteoblast
differentiation, primary rat calvarial osteoblasts were treated with
1 wM DGBP for 8 days, followed by the assessment of osteoblastic
gene expression. As shown in Figure 2C, treatment of the osteoblast
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cells for 8 days with 1 wM DGBP significantly inhibited the
expression of ALP and OCN, with no effect on the expression of
Col1al.

DGBP LEADS TO AN ACCUMULATION OF FPP

To determine whether the inhibition of GGPPS perturbs the level
of its substrate, FPP, intracellular FPP was measured in MC3T3-E1
pre-osteoblasts and primary rat calvarial osteoblasts after 24 h of
DGBP treatment. Treatment with DGBP resulted in a concentration-
dependent increase in intracellular FPP in both cell types (Fig. 4A).
To determine whether the effect of DGBP on GGPP depletion
(Fig. 1A) and FPP accumulation (Fig. 4A) was transient, intracellular
GGPP and FPP were assessed throughout the 4-week time course of
MC3T3-E1 cell differentiation. As shown in Figure 4B, MC3T3-E1
cell GGPP levels were significantly decreased after 4 weeks of
control differentiation. One miromolar of DGBP significantly
decreased GGPP levels at each time point assessed. Similarly to
GGPP, MC3T3-E1 differentiation cultures exhibited decreased
intracellular FPP after 4 weeks of control differentiation. Treatment
of the differentiation cultures with 1 uM DGBP resulted in a
significant accumulation of FPP at each time point, and prevented
the decrease of FPP exhibited during control differentiation.

DGBP TREATMENT LEADS TO GLUCOCORTICOID RECEPTOR
ACTIVATION IN OSTEOBLASTS

It has been shown recently that certain nuclear hormones, including
the thyroid receptor, estrogen receptor, and GR, are bound and

mRNA/GAPDH

4

5 W Control

3 DGBP 1uM

5

2

*

8

1

5

0

Alkaline Type | Collagen Osteocalcin
Phosphatase

DGBP inhibits osteoblast differentiation and matrix mineralization. A: MC3T3-E1 pre-osteoblasts were treated with 1 M DGBP in differentiation medium for 28 days.

Alizarin red was used to detect mineralization. B: Mineralization was quantified by elution of Alizarin red and measurement of absorbance at 405 nm. Data are expressed as j.g
Alizarin red per well (% control). *P < 0.05 as compared to control, °P < 0.05 as compared to DGBP-treated osteoblasts. C: Cells were treated with 1 wM DGBP for 8 days. cDNA
was transcribed from extracted mRNA and used for real-time qPCR analysis of osteoblastic gene expression. Expression was normalized to the housekeeping gene GAPDH.

*P< 0.05 as compared to control.
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activated by FPP [Das et al., 2007 ; Vukelic et al., 2010]. To determine
whether the accumulation of intracellular FPP by DGBP correlates
with activation of nuclear hormone receptors in osteoblasts,
phosphorylation of the GR was assessed in MC3T3-E1 pre-osteoblast
cells following 24 h of treatment with DGBP (10, 50, or 100 p.M)
or 1 uM of the GR agonist dexamethasone. As shown in Figure 4A,
dexamethasone led to the appearance of phosphorylated (Serine
211)-GR. Similar to treatment with the GR agonist, DGBP led to
increased phosphorylated-GR with all concentrations tested. The
level of phosphorylated-GR normalized to total GR was quantified
using densitometry (Fig. 4B).

Nuclear accumulation of the GR following DGBP treatment of
the MC3T3-E1 pre-osteoblasts was also assessed. One micromolar
of dexamethasone led to a decrease in cytosolic and an increase
in nuclear GR (Fig. 4C). DGBP treatment had no effect on cytosolic
levels of the GR, however, the higher concentrations of DGBP
(50 and 100 wM) led to increased nuclear GR. The nuclear and
cytosolic GR levels were quantified using densitometry (Fig. 4D).

These data demonstrate that specific inhibition of GGPPS in
osteoblasts by the bisphosphonate DGBP results in depletion of
intracellular GGPP and impaired protein geranylgeranylation. In
contrast to our hypothesis, specific depletion of GGPP does not lead
to increased osteoblast differentiation. Importantly, inhibition of
GGPPS leads to an accumulation of the GGPPS substrate, FPP, and
activation of the GR.

As mentioned earlier, statins have been shown to stimulate
osteoblast differentiation and bone formation [Mundy et al., 1999;
Maeda et al., 2001, 2004; Ohnaka et al., 2001; Ruiz-Gaspa et al.,
2007]. These effects have been attributed to decreased GGPP, since
addition of exogenous GGPP prevents statin-stimulated osteoblast
mineralization [Maeda et al., 2004] and bone morphogenetic
protein-2 (BMP-2) expression [Ohnaka et al., 2001]. Consistent with
this, N-BPs, which similarly decrease GGPP, have been shown to
stimulate osteoblast differentiation in vitro [Duque and Rivas, 2007;
Ebert et al., 2009].

The results presented here have important consequences for the
studies showing positive effects of statins and N-BPs on osteoblast
differentiation. Direct inhibition of GGPPS and depletion of GGPP
inhibited osteoblast mineralization and differentiation of MC3T3-E1
pre-osteoblasts and primary rat calvarial osteoblasts. These results
suggest that depletion of isoprenoids upstream of GGPP may be
essential for statin-stimulated osteoblast differentiation.

One possibility is that DGBP inhibits osteoblast mineralization
due to its bisphosphonate core backbone. It has been reported that
bisphosphonates display a pyrophosphate-like effect to prevent
hydroxyapatite (HAP) crystal growth [Nancollas et al., 2006]. This
would be consistent with studies showing negative effects of N-BPs
on osteoblast matrix mineralization. However, the structure of
DGBP lacks the traditional hydroxyl group of the N-BP structure.
Clodronate, a non-nitrogenous bisphosphonate which similarly
lacks the hydroxyl group, exhibits lower inhibitory effects on HAP
crystal growth in vitro than N-BPs, and concentrations <1 wM fail

to inhibit osteoblast mineralization [Idris et al., 2008; Orriss et al.,
2009]. This suggests that at the concentration tested in this study,
DGBP did not inhibit mineralization through inhibition of HAP
crystal growth; however, the binding affinity of DGBP for HAP has
not been tested.

As shown in Figure 2, exogenous GGPP inhibited osteoblast
mineralization alone. This is consistent with data from Yoshida et al.
[2006] showing that GGOH inhibits expression of osteoblastic genes
and mineralization in MC3T3-E1 pre-osteoblasts. Also consistent
with data from Yoshida et al. [2006], demonstrating that GGPPS
expression and activity decrease during osteoblast differentiation,
we show in Figure 3 that intracellular GGPP levels decrease during
the differentiation of MC3T3-E1 pre-osteoblasts [Yoshida et al.,
2006]. Interestingly, we demonstrate that the upstream isoprenoid
FPP similarly decreases during osteoblast differentiation, suggesting
that isoprenoids upstream of GGPP play a role in regulating
osteoblast differentiation. This is consistent with work published by
Takase et al. [2009] demonstrating decreased mevalonate kinase
expression following treatment of osteoblasts with parathyroid
hormone [Takase et al., 2009].

Recently there have been many roles reported for FPP, in addition
to being a precursor in cholesterol synthesis and a substrate for
protein prenylation. FPP has been reported to be an activator of
TRPv3 channels [Bang et al., 2010], an antagonist of the LPA3
receptor [Liliom et al., 2006], and an agonist of the GPR92 orphan
receptor [Oh et al., 2008]. A study by Das et al. [2007] showed that
FPP activates several nuclear hormone receptors, including the
thyroid receptor, estrogen receptor, and GR [Das et al.,, 2007].
Additionally, FPP activated the GR in epithelial cells and was found
to play a role in the regulation of wound healing [Vukelic et al.,
2010]. We demonstrate in Figure 4 that DGBP increases the
phosphorylation of the GR at serine residue 211, similar to the GR
agonist dexamethasone, and high concentrations of DGBP caused
an increase in nuclear GR. The decrease in cytosolic GR localization
was evident with the GR agonist dexamethasone, but not with
DGBP. This may be due to the fact that dexamethasone is itself an
agonist of the GR, whereas activation of the GR by DGBP is likely
indirect and dependent upon the inhibition of GGPPS and the
ensuing FPP accumulation. High doses of glucocorticoids are known
to have negative effects on the skeleton through direct effects on
osteoblasts to inhibit proliferation and differentiation [Canalis et al.,
2007]. This suggests that activation of the GR by FPP may play a role
in the negative effects of DGBP on osteoblasts. Vukelic et al. [2010]
also demonstrate that treatment with statins promoted wound
healing through the depletion of endogenous FPP. This calls to
question whether statin drugs would similarly decrease basal GR
activity in pre-osteoblasts, which has been shown to be required for
osteoblast differentiation in murine models [Sher et al., 2006;
Canalis et al., 2007]. However, the low levels of activated GR in the
absence of dexamethasone or DGBP argues against a role for the low
basal levels of FPP in supporting GR activity. Taken together these
results suggest that the accumulation of FPP by GGPPS inhibition
inhibits osteoblast differentiation potentially through the activation
of the GR, or other nuclear hormone receptors.

Interestingly, several recent publications have reported a single
nucleotide polymorphism (SNP) in the FPPS gene (rs2297480) that
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correlates with BMD. Caucasian women with CC or CA genotypes at
this site displayed lower BMD at all sites measured as compared to
the AA genotype [Levy et al., 2007]. Consistent with this, Marini
et al. [2008] demonstrated that post-menopausal osteoporosis
patients with the CC genotype showed a decreased response
following 2 years of N-BP therapy as compared to the AA or AC
genotypes [Marini et al., 2008]. While the functional consequence of
this SNP has not been determined, this work highlights the
importance of FPP in the skeleton.

In summary, direct inhibition of GGPPS with DGBP depletes
GGPP in osteoblasts resulting in impaired geranylgeranylation.
DGBP inhibits osteoblast matrix mineralization and this is not
prevented by GGPP add-backs, suggesting that the effect on
mineralization is independent of GGPP depletion. Consistent with
the effect of DGBP on matrix mineralization, DGBP inhibits
expression of osteoblastic genes in primary rat calvarial osteoblasts.
Interestingly, inhibition of GGPPS led to an accumulation of the
GGPPS substrate FPP, and this accumulation remained over the
course of osteoblastic differentiation. This increase in FPP correlated
with increased phosphorylation and nuclear accumulation of the
glucocorticoid receptor. Together these results suggest a potential
role for the depletion of isoprenoids upstream of GGPP, such as FPP,
in statin-stimulated osteoblast differentiation. The roles of FPP and
other specific isoprenoids in osteoblast differentiation will continue
to be investigated.
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