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Abstract
Bone mass loss (osteoporosis) seen in postmenopausal women is an adverse factor for

implant denture. Using an ovariectomized rat model, we studied the mechanism of

estrogen-deficiency-caused bone loss and the therapeutic effect of Zoledronic acid. We

observed that ovariectomized-caused resorption of bone tissue in themandible was evident

at four weeks and had not fully recovered by 12weeks post-ovariectomized compared with

the sham-operated controls. Further evaluation with a TUNEL assay showed ovariecto-

mized enhanced apoptosis of osteoblasts but inhibited apoptosis of osteoclasts in the

mandible. Zoledronic acid given subcutaneously as a single low dose was shown to coun-

teract both of these ovariectomized effects. Immunohistochemical staining showed that

ovariectomized induced the protein levels of RANKL and the 65-kD subunit of the NF-jB

complex mainly in osteoclasts, as confirmed by staining for TRAP, a marker for osteoclasts,

whereas zoledronic acid inhibited these inductions. Western blotting showed that the levels

of RANKL, p65, as well as the phosphorylated form of p65, and IjB-a were all higher in the

ovariectomized group than in the sham and ovariectomizedþ zoledronic acid groups at

both the 4th- and 12th-week time points in the mandible. These data collectively suggest

that ovariectomized causes bone mass loss by enhancing apoptosis of osteoblasts and

inhibiting apoptosis of osteoclasts. In osteoclasts, these cellular effects may be achieved by

activating RANKL-NF-jB signalling. Moreover, zoledronic acid elicits its therapeutic effects in the mandible by counteracting

these cellular and molecular consequences of ovariectomized.
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Introduction

In recent years, implant denture has been a primary tactic
to restore missing teeth as it causes little harm to natural
teeth, allows a good recovery of mastication and, compared
with other approaches, is more feasible and less uncomfort-
able.1,2 However, this tactic requires tooth extraction,

whereas certain bone diseases that affect bone metabolism,
such as osteoporosis, can cause destruction of alveolar
bones and thus affect the healing of alveolar fossae after
tooth extraction.3,4 While osteoporosis is a general adver-
sarial factor for bone implant surgery,5,6 postmenopausal
osteoporosis (PMOP) has been a main focus of medical
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research in recent years as it has become increasingly prob-
lematic due to the rising elderly population worldwide,
which poses a major public health problem itself.7–9 In
rats, ovariectomy (OVX) affects bone wound healing, espe-
cially in the early phase (roughly the first four weeks),
although healing can still occur eventually.10,11

In PMOP, estrogen deficiency increases the level of the
receptor activator nuclear jB ligand (RANKL) secreted by
osteoblasts in the bone.12 RANKL binds in a competitive
manner to RANK on the surface of osteoclasts to activate
the tumor necrosis factor receptor-associated factors
(TRAFs), including TRAF6. Through a signalling cascade,
TRAF6 activates the transcription factor NF-jB pathway,
which in turn activates genes regulating the differentiation
of osteoclasts.13–15 As a result, formation and activation of
osteoclasts are enhanced, thus enhancing bone resorption
and resulting in the loss of bone mass,16 as illustrated in
Figure 1.

Bisphosphonates have been widely used in clinics to
treat metastatic bone cancer, Paget disease, and osteoporo-
sis.17,18 A conventional dose is about 100 mg/kg, but the
optimal doses and durations still await further optimiza-
tion19 for different pathologies since long-term
treatment with a high dose has been shown to cause
bisphosphonate-related osteonecrosis of jaw, especially in
the mandible.20 Zoledronic acid (ZOL), a third-generation
nitrogen-containing bisphosphonate, has been shown to be
the most effective bisphosphonate in the treatment of oste-
oporosis.21 ZOL has also been shown to effectively promote
bone formation around implanted teeth,22,23 inhibit bone
resorption, and potentially promote bone formation
mainly through its impact on osteoclasts and osteoblasts.24

For these reasons, ZOL has gradually been introduced into
stomatology as a highly effective bone resorption inhibi-
tor.22,23 Mechanistically, the two nitrogen atoms in the

imidazole side chain of ZOL have a high affinity to
hydroxyapatite in bone and can directly interfere with the
adhesion of osteoclasts to the bone’s surface, causing ultra-
structural changes of osteoclasts that eventually lead the
cells to apoptosis. 25,26 However, detailed molecular mech-
anisms underlying these cellular effects of ZOL remain to
be elucidated as relevant reports are not consistent.27,28

Furuya et al. have observed that osteoblasts can directly
contact osteoclasts, promoting the transformation of
R-type osteoclasts with bone resorption into the N-type
osteoclasts without bone resorption.29 Greiner et al. have
shown that when primary osteoblasts are co-cultured
with osteoclast-like cells, the two cell types interact with
each other; ZOL added into the culture facilitates this inter-
action and has better effects on both cell types as well, com-
pared with its efficacy in the culture of each cell type.30 As a
result, ZOL, especially at a high dose, promotes not only
apoptosis of osteoclasts but also differentiation of osteo-
blasts that subsequently benefits implanted teeth.30

However, these effects do not seem to involve NF-jB sin-
gling.30 In addition, animal studies have also shown that a
single systemic administration of ZOL can increase the
bone mineral density around dental implants.31–33

In a previous study, we observed that ZOL can
inhibit the differentiation and function of osteoclasts
in vitro. These effects are associated, in a dose- and
time-dependent manner, with an inhibition of expression
of the NF-jB, JNK, and some genes regulating osteoclast
formation, including the calcitonin receptor (calcitonin
receptor, CTR), RANK, and activated T nuclear
factor (nuclear factor of activated T cells, NFATC1).34 In
the present study, we further determined whether these
cellular and molecular effects of ZOL observed in vitro
would also occur in animals that receive a single low
dose of ZOL.

Figure 1. Involvement of RANK-NF-jB signalling in the differentiation of osteoclasts in osteoporosis. RANKL secreted by mature osteoblasts binds to and activates

RANK on osteoclast precursors, activating TRAF6 that in turn activates the NF-jB signalling pathway. As a downstream event, NFATc1 is activated and enters into the

nucleus to regulate expression of genes related to osteoclast differentiation and maturation. (A color version of this figure is available in the online journal.)
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Materials and methods

Reagents and instruments

Reagents were acquired as follows: ZOL was purchased
from Novartis Pharma Stein AG, Switzerland (ST303).
ELISA kits (PINP: E-EL-R1414c, CTX-I: E-EL-1456c) were
obtained from Elabscience Biotechnology Co., Ltd,
Wuhan, China, whereas a TUNEL apoptosis kit (KGA702-
A) was purchased from KeyGEN BioTECH Co., Ltd,
Jiangsu, China. A hematoxylin and eosin (H-E) staining
solution (G1121), a Masson trichrome staining solution
(G1340), a TRAP staining kit (G1492), a BCA protein con-
centration determination kit, and a polyacrylamide gel cast
system were purchased from Solarbio Science Technology
Co., Ltd, Beijing, China. Polyvinylidene difluoride (PVDF)
membranes were obtained from EMD Millipore. Primary
antibodies against NF-jB p65 (bsm-33117M) and RANKL/
CD254 (bs-0747R), used for both immunohistochemical
(IHC) staining and Western blotting (WB), were purchased
from Biosynthesis Biotechnology Co., Ltd, Beijing, China.
Secondary antibodies and associated kits for IHC were
from Zhongshan Jinqiao Biotechnology Co., Ltd, Beijing,
China. Primary antibodies against p65 (#8242), phospho-
p65 (p-p65, #3033), IjBa (#4812), and phospho-IjBa
(p-IjBa at Ser 32, #2859) used for WB were purchased
from Cell Signaling Technology, USA. b-actin antibody
(bs-0061R) used for WB was purchased from Biosynthesis
Biotechnology Co., Ltd, Beijing, China. A secondary anti-
body for WB (#014-091S) was obtained from PMK
Bioprimacy Co., Ltd, Wuhan, China, whereas a chemilumi-
nescence solution used for WB was obtained from ECL,
Millipore, USA. A stripping buffer (#SW3020) was pur-
chased from Technology Co., Ltd, Beijing, China. A dental
X-ray machine was purchased from SIRONA, Germany. A
fluorescence and light microscope fromNikon ECLIPSE CI,
Japan, was used for capturing IHC images. A chemilumi-
nescence imaging system from SYNGENE Co., Ltd
GeneGnome XRQ NPC, England, was used for capturing
protein signals from WB membranes, whereas an enzyme-
labeling instrument from Bio-Tek ELX800, USA, was used
for determination of optical density (OD) of the signals
from WB membranes.

Animals

Seventy-two adult female SD rats of specific pathogen free
(SPF) grade weighing 250–300 g supplied by our univer-
sity’s animal facility were housed in polypropylene cages
(four animals per cage) in the facility under standard con-
ditions (22–25�C and light on from 7 a.m. to 7p.m.), with
food and water supplied ad libitum. The animals were ran-
domly and equally (24/group) divided into the sham-
operated group, the OVX group, and the OVX plus ZOL
group, referred to as “the ZOL group” for simplicity. After
one week of acclimation, OVX was performed under anes-
thesia in sterile conditions as described before.35 Three
months after OVX, all rats were anesthetized with an intra-
peritoneal injection of 3% sodium pentobarbital at a dose of
35mg/kg in sterile conditions, followed by extraction and
saturation of the left mandibular molars with local

compression applied to stop the bleeding. Buprenorphine
(Temgesic) was administered during the recovery from sur-
gery for pain relief. The ZOL group immediately received a
single subcutaneous injection of ZOL at a dose of 20 mg/kg,
while the other two groups received saline as the control.
The rats were then placed in a heat-controlled environment
for recovery and fed with a soft diet for the remaining dura-
tion of the experiment. Bodyweights were regularly mea-
sured, which showed changes of less than 10%. No adverse
events were observed, such as uncontrolled pain or
inflammation.

The animal study was approved by the Animal
Experimental Ethics Committee of Guizhou Medical
University (no.1603096) with the animal use under an
approved protocol (SCXK; 2015–0001) to Jian Liao. All
experimental procedures were performed in accordance
with the guidelines of the International Council on
Research Animal Care as well as the “Guide for the Care
and Use of Laboratory Animals” by the National Institute
of Health of the United States.

Blood sample collection and processing

Under anesthesia as described above, 5 mL of blood were
collected from the abdominal aorta of each rat from half of
the animals in each group at four weeks, and from the other
half of the animals at 12weeks, after the tooth extraction.
Collection of such a large amount of blood was more con-
venient from the aorta than from other body sites.36 The
sampling was conducted around 8 a.m. to avoid influence
by the circadian rhythm. After the blood was immediately
spun at 10,000� g for 10min at room temperature, serum
was collected and transferred into a new tube and stored
immediately at �80�C until its use. The animals were then
euthanized using CO2 asphyxiation.

Dental X-ray imaging

A dental X-ray machine was used to take dental images at
conditions of 70-kV voltage and 7-mA current for an irra-
diation time of 0.03 s.

Bone tissue preparation for H-E staining and
Masson staining

The mandible tissue around the site of tooth extraction was
collected from the animal with the soft tissue carefully sep-
arated using a saline-saturated gauze. A portion of the bone
tissue was placed at �80 �C for Western blot analyses. The
remaining tissue was fixed for 48 h with a 4% paraformal-
dehyde solution and, after X-ray imaging analysis, was
decalcified for approximately seven weeks until a syringe
needle could easily penetrate the bone. The decalcified
specimens underwent a routine paraffin embedding proce-
dure carried out by the pathology department of our hos-
pital. Paraffin sections of about 4–5 mm in thickness were
prepared for H-E staining, Masson trichrome staining, and
IHC staining. For Masson trichrome staining to visualize
collagen fibres, which is routinely conducted in our pathol-
ogy department, paraffin sections were dewaxed with
xylene and rehydrated with deescalating concentrations
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of ethanol and then with water, followed by staining with
Weigert’s solution and then fuchsin staining of cytoplasm/
muscle/erythrocyte.

IHC staining and positivity quantification

After deparaffinization with xylene, removal of xylene, and
rehydration with deescalating concentrations of ethanol
and then with water, the tissue sections were treated with
a 0.25% trypsin solution for 30min for antigen retrieval and
then with 3% H2O2 in deionized water to exhaust the
endogenous peroxidase. After blocking with a normal
goat serum for 30min, the sections were incubated with a
primary antibody at a dilution of 1:50 overnight at 4�C. The
next morning, the sections were prewarmed at 37�C for
30min and then incubated with the corresponding second-
ary antibody that had been pre-conjugated with a
streptavidin-biotin complex (SABC). A diaminobenzidine
solution was applied onto the sections for color develop-
ment, followed by a light hematoxylin counterstaining to
visualize the nuclei. Three quick washes with phosphate-
buffered saline (PBS) were applied between each step. The
sections were then rehydrated with escalating concentra-
tions of ethanol, submerged in xylene, and then mounted
with a neutral gum. Under a light microscope, the total OD
of the positive staining in an area was measured using the
Image ProPlus 6.0 image analysis software; five randomly
selected areas were measured for each section from each
animal for statistical comparisons.

TUNEL staining for detection of apoptotic cells and
TRAP staining for osteoclasts

Paraffin sections were dewaxed and rehydrated as
described above, followed by treatment with a protein
kinase K to digest nuclear proteins so that chromosomal
DNA was well exposed. After exposure with a 3% H2O2

solution for 30min to exhaust the endogenous peroxidase,
the sections were incubated with a reaction solution of
deoxyribonucleotide terminal transferase to append a
peroxidase-conjugated nucleotide at the 3-OH end of
cleaved DNA in apoptotic cells. After three quick washes,
a diaminobenzidine solution was applied to the section for
color development, followed by a light hematoxylin coun-
terstaining of the nuclei. The sections were then rehydrated
and mounted with a neutral gum as described above. The
positive TUNEL staining was imaged and quantified as
described for the IHC staining. The TRAP staining kit
was then used to stain TRAP, an osteoclast marker, accord-
ing to the manufacturer’s instructions. The cells deter-
mined as positive for TRAP staining contained
characteristic red, granular material. TRAP-positive multi-
nucleated cells with >3 nuclei identified under a positive
microscope were considered osteoclasts.

ELISA analyses of serum biomarkers for bone turnover

Each standard sample or serum sample (100mL, diluted 50
times) was added to a well of a 96-well plate, followed by
incubation at 37�C for 90min. The samples were then
removed from the wells and 100 mL of a working solution

of biotinylated antibody was added in, followed by incu-
bation at 37�C for 60min. After three quick washes with
PBS, 100 mL of an enzyme-conjugate working solution was
added and incubated at 37�C for 30min. After the wells
were washed five times with PBS, 90mL of a substrate solu-
tion was added, followed by incubation at 37�C for 15min.
After the addition of 50mL of termination solution, the OD
at 450 nm wavelength was measured using an instrument
for the enzyme-labeling. The OD values of the serial stan-
dard samples were used to plot a standard curve with
which the concentration of the biomarker in each serum
sample was calculated.

Protein preparation and WB

Each frozen bone tissue (50–100mg) was put into a ceramic
grinding bowl and poured into liquid nitrogen to make the
bone fragile; a ceramic grinding rod was then used to finely
grind the bone. The fine bone tissue was then put into an
Eppendorf tube with addition of 200mL of a RIPA lysate
buffer containing a cocktail of protease inhibitors, followed
by iterations of pipetting the tissue on ice. After centrifug-
ing the tube at 12,000 r/min for 10min at 4�C, the superna-
tant was collected as the protein sample, followed by
determination of the protein concentration using a BCA
kit. A 12% of polyacrylamide gel containing sodium
dodecyl sulfate (SDS) was made; 30mg of each protein
sample was loaded into a well, with a pre-stained protein
marker loaded into the first well. After electrophoresis of
the gel in the presence of SDS (SDS-PAGE), the fractionated
proteins were electro-transferred onto a PVDF membrane.
The membrane was incubated with 5% skim milk in PBS at
room temperature for 1.5 h and then a primary antibody
was applied, followed by overnight incubation at 4�C.
While all primary antibodies were diluted at 1:800, the
b-actin antibody used to control the protein loading was
diluted to 1:2000. After three washes with PBS again, a
sheep anti-rabbit secondary antibody or a sheep anti-
mouse secondary antibody, diluted to 1:15000, was applied
at room temperature for 2 h, followed by applying an
enhanced chemiluminescence solution (ECL) onto the
membrane to develop a fluorescent signal. Three washes
with PBS were applied between each step. The fluorescence
was captured using a Gene Gnome Imaging System, fol-
lowed by quantification of the fluorescent intensity using
an ImageJ analysis software. When the WB was performed
to detect a phosphorylated form of p65 or IjB-a, the anti-
body complex was removed from the membrane with a
stripping buffer and then reused for a second round of
WB for detecting the corresponding total protein. All
experiments were carried out three times to obtain a
mean and standard deviation (SD).

Statistical analyses

All quantitative data were presented as the mean� SD.
With the GraphPad Prism 6.0 statistical software, one-
way ANOVA or two-way ANOVA were used to compare
each group and the Tukey’s post-test was carried out for
multiple comparisons. A P-value less than 0.05 was set as
the cut-off for statistical significance.
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Figure 2. X-ray imaging of rat mandibles in the Sham, OVX, and ZOL groups at 4 and 12weeks after tooth extraction. Note that the bone mineral density (red arrows)

at the bottom of the alveolar fossa was higher in the ZOL group, was higher than in the OVX group, especially at 12weeks, but was similar between the ZOL and

Sham groups. On the other hand, alveolar ridge absorption (blue arrows) was obvious in the OVX group, especially at the fourth week, but was less evident in the sham

group and not obvious in the ZOL group. The bone healing of the two groups was already complete at 12weeks. (A color version of this figure is available in the online

journal.)

Figure 3. Histology of the mandible. Although the bone in each group is still more loose and less dense at the 4th week than the 12th week time point, a larger number

of bone resorption lacunae and osteoclasts (red arrow) are discerned in the OVX group than in the sham and ZOL groups, and more osteocytes (black arrow) are found

in the sham and ZOL groups. Neovascularization (blue arrow) can be discerned 12weeks post OVX, especially in the sham and ZOL group. (A color version of this

figure is available in the online journal.)
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Results

Changes in X-ray imaging of the alveolar fossa in
the mandible

X-ray images showed that the alveolar bone density in the
mandible was pronouncedly decreasedwith a fuzzy trabec-
ular appearance in the OVX group at four and 12weeks
post OVX, compared with the corresponding counterparts
in the sham and ZOL groups (Figure 2). Especially at the
12th week, the ZOL group showed a higher mineral density
than the sham group, while the degree of alveolar bone
absorption was decreased among the two groups.
Although the alveolar bone resorption was discerned in
all three groups at the fourth week, the resorption was
much milder in the sham and ZOL groups at the later
time point compared with the OVX group (Figure 2). On
the other hand, new bone formation found at the bottom of

the extraction pit was more evident in the ZOL group, espe-
cially at the later time point. These observations together
indicate that 12weeks post OVX, the bone wound healing is
almost complete in the sham and ZOL groups while it is
much slower in the OVX group (Figure 2).

Histopathological changes of the mandible

H-E staining revealed that the bone of each groupwasmore
loose and less dense at the fourth week than the later time
point, as expected (Figure 3). Immature braided bone and
rich collagen fibres, featured by its blue hematoxylin stain-
ing (Figure 4), were less abundant in the Sham and ZOL
groups than in the OVX group, which could be discerned at
four weeks and more so at 12weeks post OVX. In contrast,
the mature bone, featured by its red eosin staining
(Figure 4), showed the opposite. The bone trabecular struc-
ture was thinner and often broken in the OVX group but

Figure 4. Masson staining of collagen fibres in the mandible, in which mature bone appears red, whereas immature braided bone that is fraught with collagen fibres

appears blue (a). Quantification of stained collagen (b) shows that at the fourth-week time point, the OVX group has an abundance of collagen when compared with the

sham group, whereas ZOL decreases the abundance of collagen; the collagen abundance was still more than the sham group. The collagen abundance shows little

difference among the three groups 12weeks post OVX. (Data are presented as mean�SD. * and *** indicate a P< 0.05 and<0.001, respectively, when compared with

the Sham group; # and ## indicate a P< 0.05 and 0.01, respectively, when compared with OVX group.) (A color version of this figure is available in the online journal.)
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was normal in the sham and ZOL groups, especially at the
fourth week (Figure 3). Moreover, the OVX group showed
more osteoclasts that were distinctive by their polynuclei,
much larger cellular size, and locations in the bone matrix
compared to the sham and ZOL groups that showed more
osteocytes embedded deeply in the bone tissue and were
smaller in size with only one nucleus. These morphological
features collectively suggest that OVX causes bone mass
loss by increasing the number of osteoclasts and decreasing
the number of osteoblasts, especially at the earlier time
point. ZOL counteracts these OVX-causing effects to help
the healing of the OVX-caused bone damage and even
enhances the bone growth when compared with the
sham-operated rats.

Effect of OVX and ZOL on apoptosis of osteoblasts and
osteoclasts

TUNEL staining identified more apoptotic osteoblasts but
less apoptotic osteoclasts in the OVX group than in the
sham group, especially at the fourth-week time point
(Figures 5 and 6). As aforementioned, these two cell types
were located at different areas of the bone with osteoclasts
stained for TRAP, which confirmed that those TUNEL-
positive cells that were very large and had multiple
nuclei were indeed osteoclasts (Figure 6(b)). These data
indicate that OVX causes bone-mass loss by both increasing
bone resorption and decreasing bone growth, as expected,
especially during the early period after OVX. At the fourth
week, the number of osteoblasts in the ZOL group was

Figure 5. TUNEL staining detecting apoptotic osteoblasts in the osteoblast-abundant areas of the mandible. Note that the number of apoptotic osteoblasts (arrows) is

more abundant in the OVX group than in the sham and ZOL groups, especially at the fourth-week time point (a), with the average staining intensity of five randomly

selected areas per animal quantified and statistically compared (b). (Data are presented as mean�SD. * and *** indicate a P< 0.05 and 0.001, respectively, when

compared with the Sham group; ## and ### indicate a P< 0.01 and 0.001, respectively, when compared the OVX group with the ZOL group.). (A color version of this

figure is available in the online journal.)
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Figure 6. Detection of apoptotic osteoclasts with a TUNEL assay and with TRAP staining in the mandible. Note that the number of apoptotic osteoclasts (arrows) is

less abundant in the OVX group than in the Sham and ZOL groups (a). The osteoclasts are distinctive by their multiple nuclei and very large cellular sizes, which were

confirmed by staining for TRAP (b), a marker for osteoclasts. The number of TUNEL-positive osteoclasts and the staining intensity of individual osteoclasts are

both more in the OVX group than the sham and ZOL groups at both time points (a), which is also confirmed by the quantitation of the average TUNEL staining intensity

of five randomly selected areas per animal (c). (Data are presented as mean�SD. ** indicate a P< 0.01, respectively, when compared with the Sham group; # and ##

indicate a P< 0.05 and 0.01, respectively, when compared with the OVX group.). (A color version of this figure is available in the online journal.)

Table 1. The seral levels of CTX-I and PINP.

Groups Sham OVX ZOL-20 F P

The results of serums in 4 weeks

CTX-I (ng/mL) 1.78� 0.171 5.34� 0.551*** 1.99� 0.242### 91.740 <0.001

PINP (pg/mL) 398.30� 41.291 721.24� 47.086* 492.31� 21.279 56.760 <0.001

The results of serums in 12 weeks

CTX-I (ng/mL) 2.67� 0.284 3.83 � 0.218* 2.04� 0.311## 33.000 <0.001

PINP (pg/mL) 739.90� 100.505 917.43 � 27.086 592.03� 56.814# 16.990 0.003

ZOL: zoledronic acid; OVX: ovariectomy; CTX-I: C-terminal telopeptide of type I collagen, bone resorption marker; PINP: N-terminal propeptide of type I procollagen,

bone formation marker.

Note: Data are presented as mean � SD. *Significantly different when comparing the sham group with the OVX or ZOL group. #Values differ significantly from OVX

(OVX vs. ZOL-20. At 4weeks, CTX-I: Sham vs. OVX (***P< 0.001), OVX vs. ZOL-20 (###P< 0.001), and PINP: OVX vs. Sham or ZOL-20 (*P< 0.05). At 12weeks, CTX-I,

Sham vs. OVX (* P< 0.05), OVX vs ZOL-20 (##P< 0.01), and PINP, OVX vs ZOL-20 (#P< 0.05).
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between the sham and OVX groups, while the number of
apoptotic osteoclasts in this group was almost identical to
that in the sham group. At the later time point, the number
of apoptotic osteoblasts and osteoclasts in the Sham and
ZOL groups was similar but still differed significantly
from their counterpart in the OVX group. These data col-
lectively suggest that ZOL not only inhibits OVX-caused
apoptosis of osteoblasts but also, more significantly, coun-
teracts OVX-caused inhibition of apoptosis of osteoclasts or
even directly enhances apoptosis of osteoclasts, at least
during the earlier time period.

Serum levels of bone turnover markers CTX-I and PINP

The International Osteoporosis Foundation and the
International Federation of Clinical Chemistry (IFCC)
Bone Marker Standards Working Group have recom-
mended the serum levels of the N-terminal propeptide of
type I procollagen (PINP) and C-terminal telopeptide of

type I collagen (CTX-I) as the reference markers for bone
turnover that reflect changes in bone metabolism induced
by anti-osteoporotic treatment.37 Anti-resorptive drugs
induce rapid dose-dependent decreases in bone resorption,
whereas bone formation stimulating medications increase
the levels of these bone formation markers.37,38 Compared
with the sham group at the fourth-week time point, the
seral CTX-I and PINP levels in the OVX group were
increased, suggesting that OVX enhances the transforma-
tion of bone tissues. However, these two bone transforma-
tion markers were decreased in the ZOL group to the levels
seen in the sham group (Table 1).

Effect of OVX and ZOL on RANKL and some NF-jB
components in the mandible

Positive IHC staining for RANKL was observed mainly in
osteoclasts due to their multiple nuclei and very large cel-
lular size, whereas the staining in other cell types that are

Figure 7. IHC staining for RANKL in the mandible. RANKL positive cells are mainly osteoclasts (a). The number of positive osteoclasts and the average staining

intensity of individual osteoclasts are both higher in the OVX group than in the sham and ZOL groups at both time points (a); quantitation of average staining intensity,

which is mainly contributed by osteoclasts, of five randomly selected areas per animal shows similar results (b). (Data are presented as mean�SD. * and **** indicate a

P< 0.05 and 0.0001, respectively, when compared with the sham group; ## and ### indicate a P< 0.01 and 0.001, respectively, when compared with the OVX group.).

(A color version of this figure is available in the online journal.)
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much smaller was challenging to quantify (Figure 7(a)).
Similarly, positive IHC staining for the p65 component of
the NF-jB complex was also much more clear in the osteo-
clasts than in other cell types (Figure 8(a)). For both RANKL
and p65, the number of positive osteoclasts as well as the
staining intensity in individual osteoclasts were both much
higher in the sham and ZOL groups than in the OVX group
at both time points (Figures 7(a) and 8(a)). Quantification of
average staining intensity of randomly selected areas,
which was mainly contributed by the large osteoclasts,
also resulted in the same data (Figures 7(b) and 8(b)).
These data suggest that OVX induces the protein expres-
sion of these two genes mainly in osteoclasts, while ZOL
counteracts the induction.

WB assay showed that at both time points OVX upregu-
lated the RANKL protein level in the mandible tissue com-
pared with the sham operation, whereas ZOL attenuated
the induction. This was shown by quantification and sta-
tistical comparison of the density of theWB bands based on

the ratio of the density of RANKL to that of the correspond-
ing b-actin included as the protein loading control
(Figure 9). WB also showed similar changes in the total
p65 level as well as its phosphorylated form at both time
points (Figure 9). The total protein of IjB-a, which is an
inhibitory component of the NF-jB complex, did not
show obvious differences among the three groups.
However, its phosphorylated form, which is known to
result in quick degradation of IjB-a via a ubiquitin path-
way, was significantly increased by OVX, especially at the
fourth-week time point; this induction was attenuated by
ZOL (Figure 9).

Discussion

It has been shown that in OVX rats, the trabecular bone of
the femoral neck and mandible becomes thinner, while the
morphology of the bone cortex shows limited change,
including the cortex of the femur and mandible.39

Figure 8. IHC staining for the p65 component of the NF-jB complex in the mandible. Positive cells are mainly osteoclasts (a). The number of positive osteoclasts and

the average staining intensity of individual osteoclasts are both higher in the OVX group than in the Sham and ZOL groups at both time points (a); quantitation of

average staining intensity, which is mainly contributed by osteoclasts, of five randomly selected areas per animal shows similar results (b). (Data are presented as

mean�SD. **** indicate a P< 0.0001, respectively, when compared with the Sham group; #### indicate a P< 0.0001, respectively, when compared with the OVX

group.). (A color version of this figure is available in the online journal.)
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However, this topographic discrepancy has been consid-
ered to be temporary after OVX.40 To avoid this potential
problem of temporality, we studied the effect of a single low
dose of ZOL in an OVXmodel at 4 and 12weeks post ovary
removal. We observed that ZOL at only 20 mg/kg could
counteract the OVX-caused bone loss in the alveolar fossa
of the mandible, which was already evident at the fourth-
week time point. The mandibular morphology showed that
the ZOL treatment increased the cancellous bone density
and the trabecular structure connections in the OVX rats to
the levels seen in the sham-operated animals. These obser-
vations are in line with the report from Porras et al. that
ZOL can reverse the osteoporosis-caused bone resorption
and bone damage 41 and dovetail with the observations of
Soares et al. that ZOL can promote the corticalization and
trabecular thickening of the mandibular alveolar bone in
rats.42 The effects of ZOL seem to be long lasting, since
the effects are still evident 12weeks post ZOL administra-
tion. This indirectly supports the opinion that bisphospho-
nates have a very strong adhesion to bone, with a half-life of
several years,43 and thus its administration can be discon-
tinued after several years of treatments while still maintain-
ing the anti-fracture effects.44

At the cellular level, the mechanism behind the effects of
ZOL includes enhancing apoptosis of osteoclasts, thus
decreasing their number, and inhibiting apoptosis of

osteoblasts, thus increasing their number; both of which
collectively result in increased bone growth. Other
researchers also consider that bisphosphonates can
enhance the replication of osteoblasts and sustain their sur-
vival.24,45 High bone turnover level, which can be reflected
by the high levels of CTX-1 and PINP according to the
IFCC,46 is a typical feature of postmenopausal women.46

We show herein that OVX rats manifest similar increases
in the serum levels of CTX-1 and PINP, indicating that the
post OVX life in the rat nicely resembles the postmenopaus-
al environment. We have also observed that ZOL attenuates
the OVX-caused increase in the CTX-1 and PINP levels,
which dovetails with the reports that ZOL can reduce the
levels of PINP and CTX-I,47 thus further suggesting that the
anti-decomposition effect of ZOL may lead to the decrease
in bone turnover rate.48 Therefore, our observations suggest
that the IFCC recommendation of using CTX-1 and PINP
levels for bone safety of ZOL application49 may be used for
stomatology as well.

At the molecular level, OVX induces RANKL, the total
protein level of p65, and the phosphorylation of p65 and
IjB-a mainly in the osteoclasts of the mandible, which pre-
sumably enhance differentiation of osteoclasts and in turn
the loss of bone mass.50–52 The counteraction of ZOL on
OVX-caused bone mass loss may be mechanistically attrib-
uted, in part, to its inhibition of the OVX-caused activation

Figure 9. WB assay of RANKL and certain NF-jB components in the mandibular tissue. (a) OVX induces RANKL as well as the total protein and the phosphorylated

form of not only p65 but also IjB-a four weeks post OVX, while ZOL prevents these effects of OVX. These changes are still discerned but much less evident at the later

time point. (b) Quantitation of the band intensity shows that these differences, after correction with the signal of b-Actin included for the protein loading control, are still

statistically significant. Data are presented as mean�SD. *, ** and *** indicate a P< 0.05, 0.01 and 0.001, respectively, when compared with the Sham group; ## and

### indicate a P<0.01 and 0.001, respectively, when compared with the OVX group.
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of the RANKL-NF-jB signalling pathway that leads to
enhanced differentiation of osteoclasts.24,28,34 It cannot be
excluded that the increase in the number of apoptotic osteo-
blasts in the OVX group and the decrease in the number of
apoptotic osteoblasts in the ZOL group also involve the
same molecular mechanism. However, this hypothetical
thinking remains to be further determined, as osteoblasts
are much smaller in size and it is difficult to quantify their
IHC staining intensity.

In summation, in this study we observed that OVX
caused bone mass loss in the mandible, especially at an
earlier period post OVX. These effects involved an increase
in apoptotic osteoblasts and decrease in apoptotic osteo-
clasts at the cellular level. At the molecular level, activation
of RANKL-NF-jB signalling in the osteoclasts may occur to
enhance their differentiation, leading to the enhancement
of bone resorption. Treatment with a single low dose of
ZOL can counteract the OVX-caused loss of bone mass,
which may be elicited via counteracting the abovemen-
tioned cellular and molecular effects of OVX.
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