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Abstract
Although a major effect of bisphosphonates on bone is inhibition of resorption resulting from their
ability to interfere with osteoclast function, these agents also prevent osteoblast and osteocyte
apoptosis in vitro and in vivo. However, the contribution of the latter property to the overall
beneficial effects of the drugs on bone remains unknown. We compared herein the action on
glucocorticoid-induced bone disease of the classical bisphosphonate alendronate with that of
IG9402, a bisphosphonate analog that preserves osteoblast and osteocyte viability but does not
induce osteoclast apoptosis in vitro. The bisphosphonates were injected daily (2.3 μmol/kg) to 5-
month-old Swiss Webster mice (6–11 per group), starting three days prior to implantation of
pellets releasing the glucocorticoid prednisolone (2.1 mg/kg/d). IG9402 did not affect levels of
circulating C-telopeptide or osteocalcin, markers of resorption and formation, respectively, nor did
it decrease mRNA levels of osteocalcin or collagen1A1 in bone. On the other hand, alendronate
decreased all these parameters. Moreover, IG9402 did not reduce cancellous mineralizing surface,
mineral apposition rate or bone formation rate, whereas alendronate induced a decrease in each of
these bone formation measures. These findings demonstrate that in contrast to alendronate,
IG9402 does not inhibit bone turnover. Both alendronate and IG9402, on the other hand, activated
survival kinase signaling in vivo, as evidenced by induction of ERK phosphorylation in bone.
Furthermore, both bisphosphonates prevented the increase in osteoblast and osteocyte apoptosis as
well as the decrease in vertebral bone mass and strength induced by glucocorticoids. We conclude
that a bisphosphonate that does not affect osteoclasts prevents osteoblast and osteocyte apoptosis
and the loss of bone strength induced by glucocorticoids in mice.
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INTRODUCTION
Extensive evidence indicates that apoptosis of bone cells contributes to regulate the growth
and maintenance of the skeleton (reviewed in [1]). Whereas all osteoclasts die by apoptosis,
80 % of osteoblasts also die by apoptosis with the remainders becoming lining cells or
osteocytes. Osteocytes also can die prematurely and this might have important implications
for bone strength. Indeed, increased osteoblast and osteocyte apoptosis is associated with
conditions with increased bone fragility, including glucocorticoid excess, sex steroid
deficiency, immobilization, and aging. Conversely, stimuli that maintain bone strength, such
as parathyroid hormone (PTH), sex steroids, and mechanical forces, preserve osteoblast and
osteocyte viability.

Traditionally, the bone protective effects of bisphosphonates have been exclusively
attributed to interference with osteoclastic resorption [2]. Nonetheless, over the last several
years, we and others have provided evidence that bisphosphonates also act directly on
osteoblasts and osteocytes to prolong their lifespan ([3–6] and reviewed in this issue
[REFERENCE]). The survival effect of bisphosphonates is exerted via a mechanism
different from inhibition of the mevalonate pathway or conversion into toxic metabolites,
recognized events by which bisphosphonates act on osteoclasts [2]. Instead, bisphosphonates
activate a novel signal transduction pathway in osteoblastic cells strictly dependent on the
expression of connexin (Cx) 43 and on the activation of the extracellular signal-regulated
kinases (ERKs) [3,7,8]. Consistent with different mechanisms of action being responsible
for the effects of bisphosphonates in osteoclasts versus osteoblasts/osteocytes, anti-apoptosis
of osteoblastic cells is observed in vitro at concentrations about 3 orders of magnitude lower
than those required to promote osteoclast apoptosis [3,5,9,10], and it is exerted by
compounds such as IG9402 and NE11809 that do not affect osteoclasts [3,5,10].

Increased survival of osteoblasts leading to positive balance within each remodeling unit is
consistent with the increased wall width observed in dogs, humans, and non-human primates
upon long term bisphosphonate administration [11–14]. In addition, inhibition of osteocyte
apoptosis contributing to preservation of the osteocyte network would allow a normal
response of the skeleton to mechanical, hormonal, and pharmacotherapeutic cues [1].
However, the potent anti-resorptive action of bisphosphonates may mask the consequences
of the anti-apoptotic effect in osteoblasts and osteocytes. Indeed, although the
bisphosphonate alendronate did not prevent osteoblast and osteocyte apoptosis induced by
glucocorticoids in Cx43 deficient mice, it was still able to abolish the bone loss induced by
the steroids [6]. To single out the role of the survival effect of bisphosphonates on bone, we
examined herein the actions in mice of IG9402, one of the bisphosphonates that preserves
osteoblast and osteocyte viability in vitro, but does not affect osteoclasts [3,10]. IG9402, an
analog of the bisphosphonate olpadronate that has an amino instead of hydroxyl group in the
R1 position, was originally developed to study the role of the R1 residue of bisphosphonates
in the ability of the drugs to bind to mineral and to inhibit resorption [15]. IG9402 binds to
mineral with similar affinity than olpadronate, but, unlike the latter, it does not
inhibit 45calcium release from fetal mouse metacarpals in vitro [15] or increase ash weight
in the tibia when administered to growing mice [16]. The lack of anti-resorptive activity of
the IG9402 compound is due to its inability to inhibit enzymes of the mevalonate pathway
[17], the recognized mechanism for blocking resorption by amino-bisphosphonates. We
found that, unlike alendronate, IG9402 did not reduce bone turnover under basal conditions,
but it was as effective as alendronate in activating pro-survival kinase signaling and
preventing osteoblast and osteocyte apoptosis and the loss of bone mass and strength
induced by glucocorticoids. Therefore, preservation of osteoblast and osteocyte viability
without affecting bone remodeling is sufficient to ameliorate the deleterious effects of
glucocorticoids in bone.
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MATERIALS AND METHODS
Mice

Female 5-month-old Swiss Webster mice (n=6–11 per group) were implanted
subcutaneously with pellets containing placebo or pharmacologic doses of prednisolone,
releasing 2.1 mg/kg/day (Innovative Research of America, Sarasota, FL). Mice were
administered daily subcutaneous injections of 2.3 μmol/kg/day of alendronate (0.75 mg/kg/
day), IG9402 (0.60 mg/kg/day) or the equivalent volume of saline starting three days prior
to pellet implantation, as previously published [3]. Ten days after pellet implantation, blood
samples were obtained, mice were sacrifice and tissues were collected. The bisphosphonates
used in this study were provided by Gador S.A. (Buenos Aires, Argentina).

Markers of bone turnover
Plasma osteocalcin and C-telopeptide were measured using an enzyme radiometric assay
(Biomedical Technologies, Soughton, MA) and an enzyme linked immunosorbant assay
(RatLaps, Immunodiagnostic Systems Inc., Fountain Hills, AZ), respectively [18].

Bone mass
BMD was determined by scanning the plastic embedded lumbar spine (L1–L4) by DEXA
using a PIXImus densitometer (G.E. Medical Systems, Lunar Division, Madison, WI) [6].

Bone histomorphometry and apoptosis
L1 to L4 were fixed in 4°C Millonig's phosphate-buffered 10% formalin, pH 7.4, and
embedded undecalcified in methyl methacrylate as previously described [3]. Static
histomorphometry was performed in 3-μm thick longitudinal sections stained with 1%
toluidine blue (pH 2.8). Osteoclasts were quantified on sections stained for tartrate-resistant
acid phosphatase (TRAP) [19]. An osteoclast was defined as a multinucleated cell (>2
nuclei), with one side attached to the bone tissue. Dynamic histomorphometry was
performed in 7-μm unstained longitudinal sections by epifluorescence microscopy. For this
purpose, tetracycline HCl (Sigma Chemical Co., St. Louis, MO) (30 mg/kg body weight)
was intra-peritoneally injected 7 and 3 days before sacrifice. The histomorphometric
examination was performed with a computer and digitizer tablet (OsteoMetrics, Decatur,
GA) interfaced to a Zeiss Axioscope with a drawing tube attachment, as previously
indicated [20]. All measurements were made at X400 magnification (plan-neofluar
objective, numerical aperture 0.75). The terminology used was that recommended by the
Histomorphometry Nomenclature Committee of the American Society of Bone and Mineral
Research [21]. Apoptosis of osteoblasts and osteocytes was detected by in situ nick-end
labeling (ISEL) using the DNA fragmentation Klenow enzyme (Oncogene Research
Products, Cambridge, MA) in vertebral sections counterstained with 2% methyl green as
previously described [6]. The prevalence of apoptotic osteoblasts and osteocytes was
calculated by enumerating the total number and the ISEL-positive cells exhibiting
condensed chromatin, nuclear fragmentation or cell shrinkage.

Biomechanical testing
The load bearing properties of the sixth lumbar vertebrae (L6) were measured using a single
column material testing machine and a calibrated tension/compression load cell (Model
5542, Instron Corp., Norwood, MA), as previously described [22]. The length, width, and
depth of bones were measured with a digital caliper at a resolution of 0.01 mm (Mitutoyo
no.500–196, Ace Tools, Wantagh, NY).
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Gene expression
Total RNA was purified from fifth lumbar vertebrae (L5) using Ultraspec reagent (Biotecx
Laboratories, Houston, TX), according to the manufacturer's instructions. Taqman
quantitative RT-PCR was performed as previously described [6] using primer probe sets
from Applied Biosystems (Foster City, CA). Relative mRNA expression levels were
normalized to the house-keeping gene ribosomal protein S2 using the ΔCt method [23].

ERK activation
Female 5-month-old Swiss Webster mice (n=4 per group) were administered a single
injection of 2.3 μmol/kg/day of alendronate, IG9402 or the equivalent volume of saline.
Twenty four hours after injection, mice were sacrificed and protein lysates were obtained
from the 6th lumbar vertebrae, as previously published [24]. Fifty μg protein were used to
determine phosphorylated and total ERK1/2 by Western blot analysis using rabbit anti-
phospho Tyr204-ERK and anti-total ERK (Santa Cruz Biotechnology, Santa Cruz, CA).

Statistical analysis
Data was analyzed using SigmaStat (SPSS Science, Chicago, IL). All values are reported as
the mean ± S.D. Differences in group means were analyzed by one-way or two-way analysis
of variance, and t-test was used to estimate the level of significance of differences between
means.

RESULTS
The aminobisposphonate IG9402 does not reduce bone remodeling

Daily administration of IG9402 for 13 days did not affect circulating levels of the bone
resorption marker C-telopeptide, whereas alendronate significantly decreased it (Figure 1A).
Plasma levels of osteocalcin were also unchanged in mice treated with IG9402, whereas
were significantly lower in mice treated with alendronate (Figure 1B). Quantitative RT-PCR
analysis demonstrated that mRNA levels of the osteoclast-specific genes calcitonin receptor,
cathepsin K, and TRAP were not changed in vertebral bone of animals receiving IG9402
(Figure 1C). Bones from mice treated with alendronate showed increased mRNA levels for
calcitonin receptor and no significant changes in the levels of cathepsin K and TRAP
mRNAs. Whereas alendronate decreased the levels of both osteocalcin and collagen IaI,
IG9402 did not reduce osteocalcin expression and even increased collagen IaI mRNA
expression (Figure 1D). None of the drugs induced any change in alkaline phosphatase
expression. Taken together, these results indicate that whereas alendronate induced the
expected decrease in bone remodeling and the expression of osteoblastic genes, IG9402 did
not reduce bone remodeling or osteoblastic gene expression.

Administration of prednisolone did not affect either circulating C-telopeptide or the
expression of osteoclast markers (Figure 1A and C). In contrast, the glucocorticoid reduced
dramatically circulating levels of osteocalcin, as well as the expression of osteocalcin and
collagen 1a1 mRNA (Figure 1B and D). Reduction of osteocalcin protein and mRNA was
not prevented by either bisphosphonate, suggesting that these compounds are not able to
prevent the effect of glucocorticoids on the transcription of osteocalcin gene [25].

IG9402 prevents glucocorticoid-induced bone loss
We next investigated the effect of the bisphosphonates on vertebral bone mass and
histomorphometric indexes. Neither alendronate nor IG9402 altered BMD or bone volume
(BV/TV) in the lumbar spine under basal conditions (Figure 2A and B). On the other hand,
and consistent with the lack of anti-remodeling effect of IG9402, only alendronate reduced
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mineralizing surface, mineral apposition rate, and bone formation rate (Figure 2C), and
osteoblast numbers without decreasing significantly osteoclast numbers (Figure 2D).

Administration of prednisolone caused a significant reduction in BMD and BV/TV, as well
as mineralizing surface, mineral apposition rate and bone formation rate (Figure 2A–C). In
addition, the glucocorticoid did not alter osteoclast number but reduced dramatically
osteoblast number (Figure 2D). Administration of alendronate or IG9402 prevented
prednisolone-induced decrease in BMD and BV/TV. However, alendronate was not able to
reverse the decrease in mineralizing surface, mineral apposition rate, bone formation rate, or
osteoblast number induced by prednisolone. IG9402, on the other hand, prevented this
decrease in mineralizing surface and mineral apposition rate (Figure 2C). However, bone
formation rate in animals treated with IG9402 and the glucocorticoid was still lower than
that of the control group treated with saline and placebo. Nevertheless, the decrease in
osteoblast numbers induced by glucocorticoids was prevented by IG9402. These results
suggest that alendronate and IG9402 prevent the loss of bone mass induced by
glucocorticoids via different mechanism of action. Thus, whereas the main effect of
alendronate is to stop bone resorption preventing glucocorticoid-induced bone loss, IG9402
preserves osteoblast activity resulting in maintenance of bone mass.

IG9402 induces ERK activation and abolishes glucocorticoid-induced osteoblast and
osteocyte apoptosis in vivo

Administration of alendronate or IG9402 did not alter the already low levels of osteoblast
and osteocyte apoptosis in the vertebrae of placebo-treated mice (Figure 3A). On the other
hand, prednisolone increased osteoblast, and cancellous and cortical osteocyte apoptosis, as
previously shown [3, 6, 26, 27], and daily injections of either alendronate or IG9402
prevented this effect. In addition, both alendronate and IG9402 were able to prevent
glucocorticoid-induced decrease in bone strength as measured by the load required to break
the 6th lumbar vertebra (Figure 3B). These findings suggest that preservation of osteoblast
and osteocyte viability in the absence of anti-resorptive effect is sufficient to maintain bone
strength.

We have shown that the anti-apoptotic effect of bisphosphonates in vitro requires activation
of ERKs [3]. To determine whether this pathway was also activated in vivo, mice received a
single injection of saline, alendronate, or IG9402 and were sacrificed 24 h later. ERK
activation was measured by Western blotting in vertebral bone lysates. As previously found
in vitro, both bisphosphonates increased the fraction of active (phosphorylated) ERKs
(Figure 3C).

DISCUSSION
In this report, we have dissected the contribution of preservation of osteoblast and osteocyte
viability to the overall actions of bisphosphonates in bone by examining the effects on the
mouse skeleton of administering the bisphosphonate IG9402 that activates exclusively
survival signaling in osteoblastic cells without affecting osteoclasts. We show that whereas
IG9402 did not alter bone turnover, it was still effective in preventing osteoblast and
osteocyte apoptosis induced by glucocorticoids, resulting in maintenance of bone mass and
strength. Furthermore, IG9402 significantly increased collagen 1a1 levels in vertebral bone
and prevented the decrease in the expression of this gene induced by glucocorticoids.

Alendronate was also effective in preventing apoptosis of osteoblastic cells and the loss of
bone mass and strength induced by glucocorticoids. However, this effect was accompanied
by a decrease in bone turnover, as evidenced by decreased circulating levels of markers of
resorption and formation, as well as osteoblast numbers. Nonetheless, osteoclast numbers
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and osteoclast-specific genes were not decreased by alendronate. This is consistent with the
accumulation of inactive large TRAP positive osteoclasts in humans treated with
bisphosphonates [28,29] and with findings demonstrating that alendronate inhibits
resorption in vitro without affecting calcitonin receptor expression [30].

The reduction in bone turnover induced by traditional bisphosphonates may explain why
prolongation of osteoblast lifespan is not translated into a considerable increase in BMD,
likely due to the reduction in the extent of osteoblast-covered surfaces. However, previous
evidence has shown that where osteoblasts are present, more bone is made, as indicated by
an increase in wall thickness in cancellous bone of animals and humans under long-term
treatment with bisphosphonates [11–14]. In the current study, inhibition of glucocorticoid-
induced osteoblast apoptosis by IG9402, in the absence of a reduction in bone turnover, was
sufficient to abolish the decrease in osteoblast number induced by the steroid. Moreover,
although bone formation rate in animals treated with steroids and IG9402 was still reduced,
the decrease in mineralizing surface and mineral apposition rate induced by the steroid was
prevented. This indicates that the percent of bone surface covered by osteoblasts, as well as
the synthetic activity of individual osteoblasts, was preserved by IG9402, even when
glucocorticoids were present. Moreover, IG9402 prevented the decrease in spinal BMD and
in cancellous bone volume induced by prednisolone. These findings support a role for
activation of survival signaling by bisphosphonates in conditions in which the prevalence of
osteoblast apoptosis is augmented. Nonetheless, not detectable effects of IG9402 on BMD,
bone volume, or indexes of bone formation were observed under basal conditions. This
could be due to the short-term duration of the current study and/or to the unchanged levels
of osteoblast apoptosis in placebo-treated animals receiving IG9402. In support of this
possibility, the increase in osteoblast number and bone formation rate induced by PTH or
PTH-related peptide is associated with decreased basal levels of osteoblast apoptosis, at least
in murine cancellous bone [18,31,32]. Future experiments will be required to examine
whether osteoblast apoptosis under basal conditions is reduced by long-term treatment with
IG9402, thereby inducing an anabolic response.

In conclusion, our findings support the notion that preservation of osteoblast and osteocyte
viability is an additional mechanism by which bisphosphonates maintain skeletal mass and
strength. Moreover, although both alendronate and IG9402 prevent the decrease in bone
mass induced by glucocorticoids, they do so by different mechanisms. Thus, while
alendronate stops bone resorption and therefore halts the erosion of the bone that occurs in
the presence of the corticoisteroids, IG9402 prevents osteoblast apoptosis and the decrease
in osteoblast numbers, leading to the preservation of the bone forming function of the
osteoblasts. Bisphosphonate analogs, like IG9402, which prevent osteoblast and osteocyte
apoptosis without affecting bone remodeling, might represent a valuable tool in the
treatment of bone fragility in conditions exhibiting decreased osteoblast performance, such
as idiopathic juvenile osteoporosis [33], or when a decrease in bone remodeling is not
desirable.
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Abbreviations

BMD bone mineral density

PTH parathyroid hormone

Cx connexin

TRAP tartrate-resistant acid phosphatase
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Figure 1. IG9402 does not decrease bone turnover in mice
Mice were treated with daily injections of alendronate or IG9402, starting 3 days prior to
pellet implantation. Ten days after pellet implantation, mice were sacrificed and plasma and
lumbar vertebrae were collected. Levels of circulating C-telopeptide (A), circulating
osteocalcin (B) and mRNA for osteoclastic (C) and osteoblastic (D) genes were determined
as indicated in Methods. Aln: alendronate. *: p<0.05 versus saline-placebo and #: p<0.05
versus saline-GC by two-way anova, n= 6–11 mice/group.
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Figure 2. IG9402 prevents the decrease in vertebral bone mass induced by glucocorticoids
(A) Bone mineral density in lumbar vertebrae was determined by DEXA. (B–D)
Histomorphometric measurements were determined in lumbar vertebral sections stained
with toluidine blue (B and D) or unstained (C). Osteoclast numbers were scored in sections
stained for TRAP. GC: prednisolone, Aln: alendronate. *: p<0.05 versus saline-placebo and
#: p<0.05 versus saline-GC by two-way anova, n= 6–11 mice/group.
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Figure 3. IG9402 prevents osteoblast and osteocyte apoptosis and the loss of bone strength
induced by glucocorticoids and activates ERK survival signaling
(A) The prevalence of apoptosis of osteoblasts, and cancellous and cortical osteocytes was
determined by ISEL in lumbar vertebrae. (B) Maximum load of 6th lumbar vertebrae was
measured by vertebral compression strength. GC: prednisolone, Aln: alendronate. * p<0.05
versus saline-placebo by two-way anova, n= 6–11 mice/group. (C) Mice (4/group) were
given a single injection of saline, or 2.3 μM/kg/day alendronate or IG9402. Twenty four
hours later mice were sacrificed and the 6th lumbar vertebrae were collected. Levels of
phosphorylated and total ERK were determined by Western blotting and are expressed as
fold change in phosphor-ERK/ERK over saline-treated mice. Each line corresponds to an
individual animal. * p<0.05 versus saline by one-way anova.
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