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Abstract
The bone anabolic effect of parathyroid hormone (PTH) therapy is blunted when used in patients
who were previously on bisphosphonate treatment. Osteocytes may play a role in the
bisphosphonate silencing effect on PTH therapy since bisphosphonates have been shown to reach
the lacuno-canalicular system. In vivo osteocyte studies pose a significant challenge. For the
current study, we developed a simple method to isolate RNA from the cortical bone enriched with
osteocytes. Our purpose was to investigate how zoledronate (ZA) treatment modulates the
responses of osteocytes and the bone marrow (BM) to an acute PTH treatment. Mice received ZA
treatment for 3 months and a single PTH injection prior to euthanasia. Bone was
histomorphometrically evaluated. Gene expression was assessed at the RNA level in osteocytes
and BM. Endothelial progenitor cells (EPCs) and γδT-cells were analyzed in the BM and blood
using flow cytometry. We found that ZA treatment altered bone responses to PTH. The expression
of sfrp4, a Wnt antagonist, was significantly increased in ZA-affected osteocytes. BM EPCs were
increased in response to acute PTH but not when treatment was combined with ZA. ZA treatment
augmented EPCs in the BM but not in blood which suggests that ZA treatment may have
differential effects between the BM and blood. These findings indicate that osteocytes and BM
EPCs in mice on ZA treatment respond differently to acute PTH from those not receiving ZA.
This may partially explain the mechanisms of previous reports that ZA therapy attenuates the
anabolic effect of PTH in bone.
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Introduction
Nitrogen-containing bisphosphonates (N-BPs) and parathyroid hormone (PTH) are both
approved for the treatment of osteoporosis but their mechanisms of actions are distinct. N-
BPs suppresses bone turnover by suppressing resorption, while PTH stimulates bone
turnover with a favor of bone formation over resorption [1]. Therefore, it is of interest
whether combination therapy maximizes bone accrual. Clinical studies have demonstrated
that the anabolic effect of PTH is blunted when used after N-BP treatment [2, 3], yet
mechanisms of N-BPs silencing effect on PTH actions in bone are unclear.
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Osteocytes reside in mineralized matrix and interact with neighboring osteocytes via their
long processes. N-BPs have an antiapoptotic effect on osteocytes in mice [4], while the
long-term use of N-BPs may induce accumulated nonviable osteocytes in bone due to the
suppression of bone remodeling [5]. Thus, N-BPs effects osteocyte cellularity but its clinical
significance awaits clarification. Literature suggests that osteocytes are a key bone cell type
in skeletal homeostasis by secreting crucial molecules that regulate mineral homeostasis [6].
Sclerostin, an inhibitor of the canonical Wnt pathway, is mainly produced by osteocytes [7].
Mutation of SOST that encodes sclerostin causes a high bone mass phenotype [8]. Mice with
the osteocyte specific conditional inhibition of canonical Wnt signaling exhibit severe bone
fragility [9], suggesting that the regulation of Wnt signaling in osteocytes is crucial for bone
integrity. As mice with constitutively active parathyroid hormone (PTH) receptors in
osteocytes exhibit elevated Wnt signaling and high bone mass [10], bone anabolism by PTH
likely involves Wnt signaling in osteocytes. Thus, osteocytes are now acknowledged as a
major therapeutic target for bone metabolic diseases. However, our understanding in
osteocyte biology is limited because of their inaccessibility in the calcified matrix. In this
study we investigated how ZA treatment influences the osteocytes’ response to PTH in vivo
using a newly developed method for isolating RNA from osteocytes in cortical bone.

Materials and Methods
Animals and in vivo injections

C57BL6 mice (9-week-old, n=88, females) were maintained in a temperature controlled
room with a 12-hour light/dark cycle. Zoledronate (ZA) (Novartis, Stein, Switzerland) was
administered subcutaneously for 3 months at 0.1mg/kg/week (n=44). An equivalent volume
of vehicle (VC) was injected as control (n=44). A single injection of PTH at 80 μg/kg
(Bachem, Torrence, CA) or saline was given to 36 mice in each group subcutaneously 30
minutes or 2 hours before euthanasia (Fig. 1). Neither a single injection of PTH nor saline
was given to the remaining mice in each group before euthanasia. These doses were selected
since the dose for rodent proof-of-concept studies is approximately 0.1 mg/kg/week for ZA
[11–14] and 40~80 μg/kg/day for PTH [15, 16]. The protocol was approved and animals
were treated in accordance with the guidelines of the University Committee on Use and Care
of Animals.

Microcomputed tomography
The femurs were formalin-fixed and analyzed using microCT (Scanco Medical AG,
Bruttisellen, Switzerland) to determine the effect of 3-month ZA treatment on the skeleton.
The femurs were scanned at 10 μm voxel resolution. 300 cross-sectional slices were made at
10 μm intervals at the distal end beginning at the edge of the growth plate and extending in
the proximal direction, and 100 contiguous slices starting 0.02mm proximal to the growth
plate were selected for analysis of trabecular microarchitecture. The scans for midshaft
cortical microarchitecture were obtained by 100 slices at the exact midpoint of the femur.

Histology
Tibiae were fixed, decalcified in 10% EDTA, embedded in paraffin, and processed for
hematoxylin and eosin (H&E) and tartrate-resistant acid phosphatase (TRAP) staining. H&E
staining was performed using a standard staining protocol. The Leukocyte Acid Phosphatase
assay system (Sigma, St Louis, MO) was used for TRAP staining. The proximal
metaphyseal region was histomorphometrically analyzed using Image-Pro Plus v4 (Media
Cybernetics, Silver Spring, MD). The number of osteoclasts, total osteoclast surface per
linear perimeter and osteoclast size were assessed. The osteoclast size was defined as the
cell length in the direction parallel to the bone surface. Non-attached osteoclasts and TRAP+

mononuclear cells (MNCs) were counted in the tibial BM within 100 μm of the bone
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surface. TRAP+ multinucleated cells that were not on the bone surface were considered non-
attached osteoclasts as opposed to bone resorbing osteoclasts which were found on the bone
surface.

Serum TRAcP5b and calcium
Serum was isolated from peripheral blood (PB) and kept at −80°C until use. Serum TRAP
isoform 5b (TRAcP5b) levels were measured using the mouse TRAP assay (IDS, Boldon,
UK). Serum calcium levels were determined using a commercially available kit (Pointe
Scientific, Canton, MI).

RNA isolation from bone
At sacrifice, BM was isolated from the femur directly into TRIZOL (Invitrogen, Grand
Island, NY) using centrifugation [13]. The BM sample was then homogenized, frozen in
liquid nitrogen, and stored at −80°C before use. Femurs without the endosteum and
periosteum were used to isolate osteocyte enriched RNA by scraping the endosteal surface
of the femoral cortex using dental endodontic files (Dentsply, York, PA) to remove the
adhered BM and lining cells. The scraped femoral cortex was frozen in liquid nitrogen and
stored at −80°C. The cortex was then crushed into fine powder in liquid nitrogen. The bone
powder was homogenized in TRIZOL and processed for RNA isolation. Total RNA was
extracted by the phenol/chloroform method.

Quantitative real-time PCR
First-strand cDNA was synthesized using the SuperScript First-strand system (Invitrogen).
Quantitative PCR (qPCR) was performed using an iCycler IQ (BioRad, Hercules, CA) with
SYBR Green (Invitrogen). Samples were run in triplicate and results normalized to 18S and
GAPDH expression. Relative quantification of data generated using this system was
performed using the standard curve method. Primers sets for the following genes were used:
Bim, BAD, BAK, Bcl2, MMP-13, Cxcl12, VEGFA, Sfrp4, S6K1, SOST, β-catenin,
GSK3β, and mTOR (Table 1).

Flow cytometry
BM was isolated from the right femurs and BM and blood were subjected to red blood cell
lysis. MNCs (1 × 106) were incubated with a combination of fluorescein isothiocyanate
(FITC) anti-mouse CD34, phycoerythrin (PE) anti-mouse VEGFR2, and allophycocyanin
(APC) anti-mouse CD133. MNCs were also incubated with PE anti-mouse δγTCR. FITC
Rat IgG2a, PE Rat IgG2a, APC Rat IgG2b, and APC Rat IgG1 were used for isotype
controls. Cell analyses of CD34+, VEGFR2+, CD133+, and δγTCR+ were performed using
the C6 Flow Cytometer (BD Accuri Cytometers, Ann Arbor, MI). Antibodies were
purchased from eBioscience (San Diego, CA).

Statistics
Independent t-tests for two groups and ANOVA for multiple groups were performed for
parametric data. Tukey’s test was used as a post hoc test. All statistical analysis was
conducted with SYSTAT 12 (Systat software Inc., Chicago, IL). An α-level of 0.05 was
used. Results are presented as mean ± standard error.

RESULTS
ZA treatment increased non-attached osteoclasts

MicroCT analysis of the distal femurs showed that the ZA-treated mice exhibited
significantly more trabecular bone than vehicle control (Fig. 2A and Table 2). Tissue
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mineral density (TMD) of trabecular bone was significantly higher in the ZA-treated mice
compared to VC. ZA treatment affected the cortical bone as well. The cortex of the mid-
femurs was thicker and denser in the ZA-treated mice than VC. Osteoclast surfaces and
numbers per linear perimeters in the ZA group were significantly smaller than those in VC.
Thus, 3-month ZA treatment exerted the expected antiresorptive effect in bone, resulting in
significantly higher bone mass as compared to VC. Interestingly, the size of osteoclasts on
the bone surface was significantly larger in the ZA than VC group. We further counted the
numbers of non-attached osteoclasts and TRAP+ MNCs in the tibial BM within 100 μm of
the bone surface. The TRAP+ multinucleated cells and MNCs were predominantly found in
the BM nearby (but not on) the bone surface (Fig. 2B). In the ZA group, significantly greater
numbers of non-attached osteoclasts and TRAP+ MNCs were noted compared to VC. Serum
TRAcP5b levels in the ZA-treated mice were significantly lower than in control despite the
significant increase in the numbers of non-attached osteoclasts and TRAP+ MNCs in the
bone marrow.

Osteocyte dominant RNA isolation from the femoral cortex
We developed a simple method to isolate total RNA from the cortical bone. The
photomicrograph of H&E-stained section of tibia where the BM was flushed multiple times
with phosphate buffered saline exhibited discernible remnants of trabecular bone, BM cells,
ant the endosteum (Fig.3A top), while the tibia in which the endosteal and periosteal
surfaces were mechanically scraped showed minimal residual BM cells (Fig. 3A bottom).
Thus, nearly all BM cells and endosteum were removed from the cortical bone with this
novel filing method. To confirm that RNA isolated from the filed cortical bone was derived
from essentially osteocytes, genes expressed particularly in osteocytes were assessed
(SOST). Also, cxcl12 was assessed as it is mainly expressed in BM cells. As shown in Fig.
3B, the expression of SOST was significantly higher in the cortex than the BM. The
expression of cxcl12 was significantly lower in the filed bone but not in the flushed bone,
showing that the filing method removed the majority of BM cells and the endosteum. These
results indicate that RNA isolated from the filed cortical bone was osteocyte dominant RNA.

ZA treatment altered calcium homeostasis in response to acute PTH
Serum calcium levels significantly increased in response to acute PTH in VC, confirming
systemic PTH effects in mice [17] (Fig. 3C). However, the ZA-treated mice did not respond
to acute PTH as the VC mice did; no differences were noted in the serum calcium levels
between the PTH-injected and saline-injected mice. When the ZA mice receiving a saline
injection were compared to the VC mice receiving a saline injection, ZA treatment
significantly reduced the serum calcium levels. Thus, 3-month ZA treatment decreased
serum calcium levels and blunted the calcium response to acute PTH.

Osteocyte response to acute PTH in ZA-treated mice
The responses of osteocytes to acute PTH were investigated at the RNA level. When the
mice with neither PTH nor saline single injection prior to euthanasia were compared
between the ZA and VC groups, significantly reduced expression of β-catenin was observed
in the ZA-treated mice (Fig. 4A). However, no statistical differences were noted in other
genes studied here between the ZA and VC groups. A single injection of PTH significantly
downregulated the expression of S6K1 at 2 hours in both the VC- and ZA-treated mice (Fig.
4B). Significantly elevated expression of sfrp4 in response to acute PTH at 2 hours was
noted in the ZA-treated mice but not in VC group.
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Bone marrow response to acute PTH in ZA-treated mice
When mice with neither PTH nor saline single injection prior to euthanasia were compared
between the ZA and VC groups, significantly increased expression of Bim, BAD, Bcl2, and
VEGFA was observed in the ZA-treated mice (Fig. 5A). In the VC mice, acute PTH
stimulated the expression of Bcl2 at 30 minutes, and Bim and MMP-13 at 2 hours (Fig. 5B).
However, in the ZA-treated mice, MMP-13 was the only gene which was significantly
induced by acute PTH.

Differential impact of ZA in bone marrow and peripheral blood
The effect of acute PTH at 2 hours was assessed in the BM and PB of the VC- and ZA-
treated mice. When the ZA-treated mice receiving a saline injection were compared to the
VC-treated mice receiving a saline injection, ZA treatment significantly increased the
percent of endothelial progenitor cells (EPC: CD34+CD133+VEGFR2+) in the BM but had
no effect in PB (Fig. 6A and 6B). The percent of BM EPCs was significantly increased in
response to acute PTH in the VC-treated mice, while in the ZA-treated mice, a non-
significant decrease was noted (Fig. 6A). However, acute PTH had not significant effect on
PB EPC in both VC- and ZA-treated mice (Fig. 6B). The percent of γδT-cells did not
change significantly in the BM of both VC- and ZA-treated mice in response to acute PTH
(Fig. 6C). However, in PB, acute PTH significantly decreased the percentage of γδT-cells in
the VC-treated mice, but not in the ZA-treated mice (Fig. 6D). These results indicate that
ZA treatment elicited a differential effect in BM vs. PB.

Discussion
It has been reported that the bone anabolic effect of PTH is blunted when applied to
osteoporotic patients who have been on N-BP therapy [2, 3]. The mechanisms of this
blunted PTH effect by N-BPs are unclear. This study was designed to determine the
mechanisms by which previous N-BP treatment undermines the bone anabolism of PTH
therapy at the osteocyte level. Literature shows that osteoporosis is associated with increased
osteocyte apoptosis [18]. However, little is known about the effect of bisphosphonates on
osteocytes due to their inaccessibility in the calcified matrix. Bisphosphonates circulate in
plasma for a few hours after administration with the majority binding to trabecular bone,
however some reaches the lacuno-canalicular system [19]. As osteocytes reside in the
lacuno-canalicular system for years and have the ability to reshape the peri-lacunar matrix
[20], osteocytes are likely affected by bisphosphonates. In this study, we developed a simple
method to isolate osteocyte-dominant RNA from the dense cortical bone and confirmed that
the method indeed works by observing a high level of osteocyte-associated SOST and a low
level of BM-associated cxcl12 expression. To characterize the osteocytes in our model,
acute PTH administration was given to the ZA-treated mice. Literature reports that the
chronic elevation of PTH downregulates SOST and activates the Wnt pathway in osteocytes
[10, 21] and that PTH protects osteocytes from apoptosis [22]. Hence, in this study we
examined genes related to Wnt signaling and apoptosis. Without an acute injection, no
significant differences were noted in the gene expression of osteocytes except β-catenin
between the mice on ZA vs. VC. However, osteocytes’ responses to acute PTH were
different. In the ZA-affected osteocytes, acute PTH significantly increased the expression of
sfrp4 at 2 hours. As the protein product of sfrp4 decreases bone formation by abating the
Wnt pathway [23], the increased sfrp4 suggests that ZA treatment might have an impact on
osteocytes by attenuating PTH-activated Wnt signaling. We expected the downregulation of
SOST with acute PTH, but no change in the expression of SOST was observed in this study.
Bellido et al, reported that while continuous PTH downregulated SOST, intermittent PTH
did not affect SOST in osteocytes, and that a single injection of PTH transiently suppressed
SOST but this was observed only after the first injection [21]. The inconsistency between
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their finding and our result could be due to a difference in the bone used for analysis. We
used the filed dense cortical bone which is free from BM cells, endosteum, and periosteum.
On the other hand, Bellido’s group used the lumber vertebra which is primarily composed of
trabecular bone including the bone marrow. As sclerostin is found not only in osteocytes but
also a small amount in osteoblasts and osteoclasts [24, 25], their results might be influenced
by the SOST expression in other cell types as well as osteocytes. In the BM, ZA treatment
alone significantly upregulated Bim, BAD, Bcl2, and VEGFA. Acute PTH upregulated Bcl2
and Bim in the VC-treated mice but such upregulation was not observed in the ZA-treated
mice. Thus, BM cells were influenced by 3-month ZA treatment. As BM is a heterogeneous
cellular environment, it is not known which specific cell types are responsible for this
increase, however, it may reflect the increased non-attached osteoclasts and TRAP+ MNCs.
These findings may give an empirical explanation for the silencing effect of N-BPs on PTH
therapy since osteocytes are known to play a major role in PTH-induced bone anabolism
[22].

When mice with a single saline injection were compared between VC and ZA, the
percentage of EPCs per total MNCs was different between the BM and PB. 3-months ZA
treatment significantly increased EPCs in the BM. It has been proposed that ZA treatment
has an anti-angiogenic property and suppresses EPCs [26]. Contrarily, N-BPs are used to
treat avascular osteonecrosis of the femoral head with promising outcomes, suggesting that
ZA treatment may not interfere with vascularization [27]. Thus, our finding that ZA
treatment for 3 months significantly increases BM EPCs supports BPs’ therapeutic effect in
avascular osteonecrosis of the femoral head. As the bone anabolic effect of PTH has been
linked to increased angiogenesis [28], in this study we assessed whether ZA treatment alters
the number of EPCs in response to acute PTH. It has been demonstrated that PTH induced
significant changes in gene expression of BM cells at 1 hour post-administration [17].
Hence, the EPC levels at 2 hours post-injection were assessed in the BM and PB.
Interestingly, acute PTH significantly expanded EPCs in the BM of the VC-treated mice,
while such an immediate effect was attenuated in the ZA-treated mice, indicating that 3-
month ZA treatment altered the response of the BM to acute PTH. Taken together with the
increased expression of sfrp4 in ZA-affected osteocytes, these findings may support the
blunted PTH anabolic actions in bone following bisphosphonate treatment.

It has been demonstrated that the number of circulating γδT-cells was greatly reduced by N-
BP treatment and such a reduction was long-lasting, even after cessation of the treatment
[29, 30]. Since N-BPs modulate the number of circulating γδT-cells, which is associated
with acute phase reaction [31], we assessed γδT-cell levels in the PB and BM to confirm the
effect of ZA treatment and their responses to acute PTH. In PB with acute saline, we saw a
non-significant decrease in the γδT-cell level with ZA, which is in line with previous
findings [29, 30]. Interestingly, acute PTH significantly decreased γδT-cells in the PB of the
VC-treated mice but not in the ZA-treated mice. The biological significance of the
suppressive effect of acute PTH on γδT-cells in PB is unknown.

In this study, 3-month ZA treatment indeed suppressed bone resorption significantly.
Although osteoclasts were suppressed in mice on ZA vs. VC treatment, it was interesting to
note that the size of osteoclasts in mice on ZA treatment was significantly larger than in VC.
Furthermore, significantly more numbers of non-attached osteoclasts and TRAP+ MNCs,
located near but not on the bone surfaces, were noted in mice on ZA treatment vs. control.
These findings were similar to a report by Weinstein et al. where increased numbers of giant
and non-attached osteoclasts were observed in bone-biopsy specimens from patients on N-
BP treatment [32]. When bone resorption occurs, N-BPs are internalized and inhibit the
prenylation of small GTPases, resulting in osteoclast disintegration [33]. Though the
inhibition of protein prenylation may eventually lead to osteoclast apoptosis, it could simply
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interfere with osteoclasts’ attachment to the bone since apoptosis is secondary for the
antiresorptive effect of N-BPs [34]. This may account for the observation of non-attached
osteoclasts predominantly seen near the bone surfaces in the ZA-treated mice. The
significance of the increased numbers of non-attached osteoclasts in ZA-treated mice is
currently unknown. As osteoclasts were suppressed significantly, decreased osteoblast
surface was anticipated due to the coupling of bone resorption and formation. However,
osteoblasts were not suppressed in this study. The probable explanation is that the 9-week-
old mice used in the study were still in the growing stage where bone formation exceeds
resorption [35]. Hence, a coupling effect could be masked and not clearly detected.

The analysis of signaling molecules was only performed at the RNA level, not at the protein
level in this study. This is due to technical difficulties in the isolation of osteocyte protein
from the cortex and a weakness of the study. The altered Wnt signaling in ZA-affected
osteocytes in response to PTH in vivo needs to and could be verified using genetic
approaches in future studies. ZA was administered at 0.1 mg/kg in this study. Using a dose
conversion table between different species recommended by Center for Drug Evaluation and
Research at the FDA [36], our dose of 0.1 mg/kg/w corresponds to approximately 2.2 mg/
month (26.4mg/year) in human adults. Since ZA is administered at 4mg every 3~4 weeks in
human for the treatment of bone metastatic diseases, our subcutaneous dose is considered
safe nonetheless effective to stimulate bone cells. However, when compared to the ZA dose
for the management of osteoporosis (5mg/year), our dose is considerably high. The clinical
relevance of the results, therefore, needs to be interpreted with caution.

In summary, using our novel RNA isolation technique specific for osteocytes, we found that
PTH administration exerted a differential effect on the expression of Sfrp4 in osteocytes
depending on the previous history of ZA treatment; PTH excited osteocytes to express Sfrp4
in ZA-treated mice but not in control. The antiapoptotic effect of PTH was also blunted in
osteocytes of ZA-treated mice. Data presented here may partially explain the mechanisms of
previous reports that ZA therapy attenuates the anabolic effect of PTH in bone.
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Fig 1.
Experimental schedule. A single injection of PTH or saline was performed 30 minutes or 2
hours before euthanasia to determine the effect of 3-month ZA treatment on osteocytes’
responses to acute PTH.
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Fig 2.
A, Representative 3D reconstructions of the metaphyseal trabecular bone of the distal
femurs. B, Representative photomicrographs of TRAP-stained trabecular bone sections
show non-attached osteoclasts (arrow head) and TRAP+ MNCs (arrow) near the bone
surfaces.
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Fig 3.
Isolation of osteocyte dominant RNA. A, Representative photomicrographs of H&E-stained
sections of the tibiae where a bone flush (top) and filing technique (bottom) were used.
Remnants of the BM was obvious in the flushed tibia but not in the filed tibia. B, Total RNA
was isolated from the filed cortical bone and qPCR performed to verify osteocyte dominant
RNA by evaluating SOST and BM dominant RNA by assessing cxcl12 expression. C,
Serum calcium levels at 12 weeks were plotted. 3-month ZA-treatment significantly
decreased the serum calcium levels. A single injection of PTH increased the serum calcium
levels significantly in the VC-treated mice but not in the ZA-treated mice. n>5/group, *P <
0.05, **P < 0.01, ***P < 0.001.
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Fig 4.
ZA treatment influenced the gene expression of osteocytes in responses to acute PTH. Total
RNA was isolated from the filed tibial cortex and qPCR was performed. Results normalized
to GAPDH are presented. Apoptosis-related genes (Bim, BAD, BAK, and Bcl2), cell
proliferation (S6K1 and mTOR), and Wnt signaling-related genes (sfrp4, SOST, GSK3β,
and β-catenin) were analyzed. A, The effect of 3-months ZA and VC treatment on the gene
expression of osteocytes were assessed. B, The osteocytes’ responses to acute PTH over
acute saline were plotted for mice on 3-month VC and ZA treatment. The value in the plot is
greater than one when acute PTH upregulated the gene expression of osteocytes. n=5/
group, *P < 0.05
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Fig 5.
ZA treatment influenced the gene expression of BM cells in response to acute PTH. Total
RNA was isolated and qPCR was performed. Results normalized to GAPDH are presented.
Apoptosis-related genes (Bim, BAD, BAK, and Bcl2), MMP-13, and VEGFA were
analyzed. A, The effect of 3-months ZA and VC treatment on the gene expression of the BM
were assessed. B, The responses of the BM to acute PTH over saline were plotted for mice
on 3-month VC and ZA treatment. The value in the plot is greater than one when acute PTH
upregulated the gene expression of the BM. n=5/group, *P < 0.05, **P < 0.01, ***P < 0.001
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Fig 6.
ZA treatment increased CD34+CD133+VEGFR2+ EPCs significantly in the BM (A) but not
in PB (B). Acute PTH increased EPCs in the BM of the VC- treated but not in ZA-treated
mice (A). In the VC-treated mice, acute PTH had no effect on γδT-cells in the BM (C) but
significantly suppressed in PB (D). However, in ZA-treated mice no effects were observed
in both VC- and ZA-treated mice. n=10/group, *P < 0.05, **P < 0.01, ***P < 0.001
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Table 1

Primers used for quantitative real-time PCR

Gene Accession number Forward (5′-3′) Reverse (5′-3′)

GAPDH NM_008084.2 ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC

18S NR_003278.1 TTGACGGAAGGGCACCACCAG GCACCACCACCCACGGAATCG

Bcl2 NM_009741.3 GGTCTTCAGAGACAGCCAGG GATCCAGGATAACGGAGGCT

BAD NM_007522.2 GTACGAACTGTGGCGACTCC GAGCAACATTCATCAGCAGG

BAK NM_007523.2 TATTAACCGGCGCTACGACAC CTTAAATAGGCTGGAGGCGATCTT

Bim NM_207680.2 CGACAGTCTCAGGAGGAACC CCTTCTCCATACCAGACGGA

mTOR NM_020009.2 CTCAGGCTGCTGGAGCTTAT GCCAAAGCACTGCACTACAA

S6K1 NM_001114334.1 GAATGTTCCGCTCTGCTTTC CTGGGAAGATATTTGCCATGA

β-catenin NM_007614.3 CCCAGTCCTTCACGCAAGAG CATCTAGCGTCTCAGGGAACA

GSK3β NM_019827.6 GTGGTTACCTTGCTGCCATC GACCGAGAACCACCTCCTTT

SOST NM_024449.5 AGCCTTCAGGAATGATGCCAC CTTTGGCGTCATAGGGATGGT

Sfrp4 NM_016687.3 AGAAGGTCCATACAGTGGGAAG GTTACTGCGACTGGTGCGA

VEGFA NM_001025250.3 AATGCTTTCTCCGCTCTGAA GCTTCCTACAGCACAGCAGA

MMP-13 NM_008607.2 GGTCCTTGGAGTGATCCAGA TGATGAAACCTGGACAAGCA

Cxcl12 NM_021807.3 GAGCCAACGTCAAGCATCTG CGGGTCAATGCACACTTGTC
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Table 2

Bone Histomorphometry and serum chemistry

Parameter Vehicle Control (VC) Zoledronate (ZA)

Trabecular bone

 BV/TV (%) 9.3 ± 1.3 71.8 ± 1.0***

 Tb.N (1/mm) 3.7 ± 0.1 7.8 ± 0.2***

 Tb.Th (μm) 47.2 ± 1.9 122.5 ± 1.2***

 Tb.Sp (μm) 264.7 ±11.3 99.4 ± 9.9***

 Conn.D. (1/mm3) 60.3 ± 11.7 124.7 ± 18.7*

 TMD (mg/cc) 792.9 ± 15.3 845.2 ± 10.0*

Cortical bone

 Ct.Th (mm) 1.88 ± 0.05 2.12 ± 0.05*

 Porosity (%) 7.6 ± 0.1 5.4 ± 0.1***

 TMD (mg/cc) 1210.7 ± 6.0 1254.7 ± 7.3**

Histomorphometry

 Ob.S/BS (%) 6.0 ± 0.7 6.8 ± 0.8

 Oc.S/BS (%) 25.2 ± 1.9 17.9 ± 1.0**

 Oc.N/BS (#/mm) 8.3 ± 0.5 3.7 ± 0.3***

 Oc size (μm) 24.7 ± 1.7 39.5 ± 1.4***

 Non-attached Oc (#/mm2) 7.7 ± 1.6 40.5 ± 4.9***

 TRAP+ MNCs (#/mm2) 6.1 ± 1.4 26.6 ± 3.4***

Serum TRAcP 5b (U/L) 7.41 ± 0.97 5.13 ± 0.39*

n > 7/group.

*
P < 0.05,

**
P< 0.01.

***
P < 0.001.
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