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Effect of a local, one time, low-dose injection  
of zoledronic acid on titanium implant osseointegration 
in ovariectomized rats

Gao Ying, Lian Bo, Jiao Yanjun, Wu Lina, Wang Binquan

A b s t r a c t

Introduction: Local application of bisphosphonates has been proven to be 
safer than systemic administration to promote implant fixation. The objec-
tive of this study was to introduce such a simple, convenient and efficient 
method to enhance titanium (Ti) implant osseointegration in ovariecto-
mized (OVX) rats. 
Material and methods: Twenty female Sprague-Dawley rats sequentially 
underwent bilateral ovariectomy and tibia implantation, and injection of  
30 μg/implant zoledronic acid (ZOL) at the site of implantation was per-
formed. At the end of the study, the tibiae, mandibles, femurs and verte-
brae were harvested for dual energy X-ray absorptiometry, histology and 
micro-computed tomography examination. 
Results: Ovariectomized rats showed poor bone density, bone mass and tra-
becular microstructure. OVX + ZOL rats were characterized by significantly 
improved peri-implant bone area (1.72-fold), bone contact (2.30-fold), bone 
mineral density (1.57-fold) and bone mineral content (1.67-fold), as well as 
moderately increased bone volume to total volume ratio (1.34-fold), per-
centage osteointegration (1.54-fold), connectivity density (1.45-fold), and 
trabecular number (1.43-fold), but decreased trabecular separation (57.69%) 
when compared with the control levels (p < 0.05). No histological signs of 
jaw osteonecrosis were observed in the rats treated with ZOL, and there 
was no significant difference between the OVX group and OVX + ZOL group 
in the bone mass of the mandible, femur and 5th lumbar vertebra (p > 0.05). 
In addition, the overproduction of osteoporosis-induced advanced glyca-
tion end-products (AGEs) was completely prevented by local treatment with  
30 μg/implant ZOL.
Conclusions: A  local, one time, low-dose injection of ZOL at the site of im-
plantation is able to promote the osseointegration of Ti implants following 
postmenopausal osteoporosis, and this action may be partly mediated by in-
hibition of the osteoporosis-induced AGE overproduction in the bone marrow. 

Key words: bisphosphonate, osteoporosis, implant, advanced glycation end 
products.

Introduction

Titanium (Ti) is a widely used material in dental and orthopedic sur-
gery, and can be used as plates, screws, rods, as well as joint replacements 
[1]. With favorable biocompatibility, bioactivity and osteoconductivity, as 
well as excellent resilience and mechanical properties, Ti implants have 
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been shown to induce osteogenesis-related sig-
naling pathway, stimulate osteoblast proliferation 
and differentiation, and generate an osteogenic 
microenvironment both in vitro and in vivo [2]. 
Success of implantation is related to the patient’s 
overall general health, the bone quantity and den-
sity available at the site, and whether the patients 
are heavy smokers, or drug or alcohol abusers [3]. 

As one of the main risk factors for Ti implant fail-
ure, osteoporosis is increasingly becoming a ma-
jor and escalating health care problem due to the 
ageing of the world’s population [4, 5]. In the con-
dition of osteoporosis, wear particles shed from 
Ti implants may induce more pro-inflammatory 
cytokine release by macrophages and intensify 
the peri-implant osteolysis, which accumulates 
into accelerated bone loss and compromises new 
bone formation [6, 7]. Thus, it is desirable to de-
velop useful and simple methods to promote the 
osseointegration and mechanical stability of Ti 
implants, not only in normal people but also in the 
patients who are suffering from osteoporosis.

Bisphosphonates (BPs) are stable analogs of  
endogenous pyrophosphates that can inhibit 
bone loss, increase bone mass and diminish frac-
ture risk associated with osteoporosis [8]. Since 
three decades ago, these drugs have been widely 
prescribed for clinical treatment of osteoporosis, 
Paget’s disease, multiple myeloma, hypercalce-
mia of malignancy, and a  variety of other skele-
tal abnormalities [9, 10]. Numerous studies have 
confirmed the clinical efficacy of systemic BP 
treatment in the success of implantation [11]. 
As first-line drugs for bone diseases associated 
with excessive bone resorption, BPs can reduce 
osteoclast-mediated bone resorption by affecting 
osteoclast recruitment, differentiation and resorp-
tion activity, improve osteoblast-mediated bone 
formation by inducing osteoblast proliferation, 
differentiation and osteogenesis activity, and pro-
mote peri-implant new bone formation by inhibit-
ing the action of macrophages on bone and their 
products-related osteolysis both in vitro and in vivo 
[12]. However, despite their extraordinary potency, 
osteonecrosis of the jaw (ONJ), atrial fibrillation, 
bone and joint pain, and other undesirable effects 
associated with long-term high-dose exposure to 
BPs have brought increased controversy over the 
broad clinical practice of these drugs [10]. Recent-
ly, local application, directly acting on peri-implant 
osteoclasts and osteoblasts, has been proven to 
be safer and more useful [13–15].

The main objective of this study was to intro-
duce a  simple, safe and efficient local BP treat-
ment method in osteoporotic bone. Using an ova-
riectomized (OVX) animal model, we investigated 
the potential effect of a local, one time, low-dose 
treatment of zoledronic acid (ZOL) on the osse-

ointegration of Ti implants inserted in the tibiae, 
and assessed whether this local treatment is able 
to affect other bones such as the mandible, femur 
and vertebra. This method is simple, convenient, 
easy to implement compared with other coating 
methods, and does not require special equipment. 

Material and methods

Animals

The animal experiment was approved by the 
Animal Care Committee of Shanxi Medical Univer-
sity. Twenty female Sprague-Dawley rats weighing 
190–210 g were bred individually in cages, staying 
in identical environments and receiving standard 
rodent diets. After a 10-day acclimatization peri-
od, all rats underwent bilateral ovariectomy, as 
reported previously [16]. Three months later, they 
were randomly assigned to two groups of ten rats 
each for bilateral tibia implantation. Briefly, an in-
cision was made to expose the proximal tibia me-
taphysis, and a pilot hole was drilled through the 
intercondylar eminence into the medullary canal. 
Then, a volume of 30 μl of either ZOL (1 mg/ml)  
(Novartis Pharma AG, Switzerland) or saline was 
slowly injected into the channel. Thirty seconds 
later, a custom-made Ti implant, measuring 1 mm 
in diameter and 10 mm in length, was inserted 
into the channel (Figure 1). Finally, the incision 
was closed. After the implantation, we further 
removed the right mandibular first molar and 
resected some gingivae at the extraction site to 
increase the likelihood of developing ONJ (Fig- 
ure 1) [17, 18]. Another 3 months later, the rats 
were sacrificed and their tibiae along with the 
mandibles, femurs and vertebrae were harvest-
ed for dual energy X-ray absorptiometry (DXA), 
histology and micro-computed tomography (mi-
cro-CT) examination, as well as measurement of 
advanced glycation end-products (AGEs).

Dual energy X-ray absorptiometry 

Samples were uniformly immersed in water, 
placed in identical positions, and scanned by DXA 
(Lunar PIXImus, GE Medical Systems, WI, USA) 
with small animal computer software. We defined 
the peri-implant zone of the tibia [14], as well as 
the mandible, femur and 5th lumbar vertebra (L5), 
as the regions of interest (ROI). Following scan-
ning, the values of bone mineral content (BMC), 
bone mineral density (BMD) and bone area were 
calculated.

Histology

Tibiae were fixed in 10% neutral buffered for-
malin for 3 days, and demineralized in 10% eth-
ylene-diamine-tetraacetic acid (EDTA) for 4 weeks. 
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Then, the samples were trimmed, and Ti implants 
were pulled out. Tibiae without implants were em-
bedded in paraffin. Finally, sections of 4 μm thick-
ness were cut using a  LEICA 2500E microtome 
(LEICA, Germany). The section at approximately  
3.0 mm below the growth plate was selected as the 
one of interest, and stained with hematoxylin-eo-
sin. Histomorphometry was performed to quan-
tify the percentages of bone area (BA) and bone 
contact (BC) for each sample using a semi-auto-
mated digitizing image analyzer system, consist-
ing of a  Nikon ECLIPSE E600 stereomicroscope, 
a  computer-coupled Nikon DXM1200 digital ca-
mera and NIS-Elements F 2.20 image software.  
BA was defined as the area percentage of the new-
ly formed bone within a circle of 0.1 mm around 
the Ti implant to the whole area as described ear-
lier [13], while BC was set as the length percent-
age of the direct bone-implant interface to total 
implant surface. Similarly, the mandibles, femurs 
and vertebrae were fixed, demineralized, embed-
ded and stained with hematoxylin-eosin, and mi-
croscopic examinations were performed.

Micro-computed tomography

Proximal tibiae were positioned in a  custom 
jig with water, and monitored craniocaudally by 
a micro-CT 80 scanner (Scanco Medical, Bassers-
dorf, Switzerland), at 70 kV, 114 mA and 700 ms 
integration time [19]. 18 mm of tibia was scanned 
from the proximal epiphysis to 1 mm below the 
Ti implant, including approximately 1200 images 
with a  resolution of 2048 × 2048 pixels and an 
isotropic voxel size of 10 μm. Then, the binary im-
ages were reconstructed to 3D images for further 
qualitative and quantitative evaluations (σ = 1.2, 
support = 1, threshold for bone = 205, and thresh-
old for Ti implants = 700). The volume of interest 
(VOI) was set as the 100 slices from 3.0 mm below 
the growth plate and limited in a  ring from im-
plant axis with a radius of 1.0 mm [19]. The fol-

lowing parameters were assessed: bone volume 
to total volume ratio (BV/TV), percentage oste-
ointegration (%OI), connectivity density (Conn.D), 
trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp) and trabecular number (Tb.N). 

Measurement of advanced glycation  
end-products

Immunohistochemical staining (SABC detec-
tion system) was performed to evaluate the accu-
mulation of AGEs in the bone marrow of the tibi-
ae. In brief, bone sections of 4 μm thickness were 
deparaffinized with xylene and rehydrated with 
ethanol. Then, sodium citrate buffer was used for 
heat-mediated antigen retrieval, and 5% bovine 
serum albumin (BSA) was added for blocking at 
37°C for 20 min. Sections were incubated with 
primary antibody at 4°C overnight. In this study, 
polyclonal rabbit anti-carboxymethyllysine  (CML) 
antibody (1 : 150, Abcam) was used as the pri-
mary antibody, which showed stronger immuno-
reactivity in the bone marrow [20]. Staining was 
performed using DAB kits, and the sections were 
counterstained with hematoxylin.

Statistical analysis

Data are expressed as mean ± standard error 
(SE), and SPSS 12.0 (SPSS Inc., Chicago, IL, USA) 
was used for statistical analysis. Comparison be-
tween the OVX group and OVX + ZOL group was 
performed using the t test, and p < 0.05 was con-
sidered as indicating statistical significance.

Results 

DXA analysis

As expected, OVX induced poor peri-implant 
BMD (0.266 ±0.031 g/cm2) and BMC (0.102 
±0.023 g) at the end of the study, while both pa-
rameters were significantly increased in the rats 

Figure 1. A – Scanning electron micrograph of titanium (Ti) implant. B – Radiograph of Ti implant in tibia. C – Ra-
diographs of mandibles with and without the right mandibular first molar
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locally treated with 30 μg/implant ZOL (0.417 
±0.026 g/cm2 and 0.170 ±0.015 g, respectively, p < 
0.05; Table I). To assess the possible risks of local 
injection of ZOL, we further measured the BMD 
and BMC values of the mandible, femur and L5. 
However, there was no significant difference be-
tween the OVX group (mandible, 0.210 ±0.016 g/
cm2 and 0.575 ±0.027 g; femur, 0.201 ±0.013 g/
cm2 and 0.388 ±0.019 g; L5, 0.226 ±0.025 g/cm2 
and 0.109 ±0.020 g) and OVX + ZOL group (man-
dible, 0.225 ±0.019 g/cm2 and 0.602 ±0.033 g; fe-
mur, 0.204 ±0.010 g/cm2 and 0.394 ±0.017 g; L5, 
0.231 ±0.016 g/cm2 and 0.115 ±0.014 g; p > 0.05); 
30 μg/implant ZOL did not change the skeletal 
mineralization of these bones.

Histology evaluation

Histomorphometric analysis revealed that the 
normal skeletal features were destroyed in OVX 
rats, with lower BA (21.34 ±6.19%) and BC (21.56 
±4.32%). The route of local injection of 30 μg/im-
plant ZOL effectively promoted the osseointegra-
tion and peri-implant new bone formation of Ti 
implants inserted in the tibiae of OVX rats. In the 
OVX + ZOL group, the values of BC were increased 
up to 2.30 times the control levels (49.52 ±5.11%), 
and the values of BA were up to 1.72 times the 
control levels (36.60 ±5.72%, p < 0.05; Figure 2). 
Three months after implantation, no clinical or 
histological signs of ONJ were observed in the rats 
locally treated with ZOL. All rats showed intact 
overlying mucosa, and no exposed bone appeared 
in the posterior mandibular region. Moreover, 
there was no significant difference between the 
OVX group and OVX + ZOL group in the bone mass 
of the mandible, femur and L5 (Figure 2). 

Micro-computed tomography evaluation

The high-resolution 3D images obtained from 
micro-CT clearly confirmed the results of histo-
logical analysis. Three months after implantation, 
local injection of 30 μg/implant ZOL exhibited 
a significant effect in promoting the peri-implant 
3D bone volume (Figure 3). The OVX rats had low-

er values of BV/TV (22.61 ±2.46%), %OI (26.01 
±3.23%), Conn.D (24.34 ±3.42 mm–3), and Tb.N 
(2.93 ±0.20 mm–1), with little bone apposition 
around the Ti implants. OVX + ZOL rats were char-
acterized by moderately increased BV/TV (1.34-
fold), %OI (1.54-fold), Conn.D (1.45-fold), and Tb.N 
(1.43-fold), but decreased Tb.Sp (57.69%) when 
compared with the control levels. However, by 
contrast, no significant difference was found in 
the trabecular thickness between the two groups  
(p > 0.05; Figure 4).

Immunohistochemical detection  
of advanced glycation end-products 

Figure 5 shows the immunohistological stain-
ing of the proximal tibia from different groups. 
The AGE CML was seen brown in the bone marrow. 
In contrast, the accumulation of AGEs was signifi-
cantly inversely correlated with the new bone for-
mation around the Ti implants. OVX induced not 
only bone loss but also more AGE expression in 
vivo, while local treatment of 30 μg/implant ZOL 
evidently promoted peri-implant new bone forma-
tion and resulted in the downregulation of AGEs 
in the bone marrow. Our results indicated that the 
beneficial effects of ZOL local treatment on Ti im-
plant osseointegration in OVX rats may be partly 
mediated by inhibition of the osteoporosis-in-
duced AGE overproduction in the bone marrow.

Discussion 

One of the mainstays of prevention and treat-
ment of bone diseases associated with excessive 
bone resorption such as osteoporosis has been 
systemic use of BPs. However, oral or intravenous 
administration of high doses of BPs over long pe-
riods may impair the normal skeletal mineraliza-
tion and induce osteomalacia, osteonecrosis of 
the jaw (ONJ) and femoral stress fractures [10], 
although these risks seem to be very low. In our 
previous studies, the method of immobilization 
of BPs onto hydroxyapatite (HA)-coated implants 
has been proven to be efficient to improve im-
plant fixation in OVX rats, but the HA coating pro-

Table I. The BMD, BMC and area measured by DXA 

Parameter OVX group OVX + ZOL group

Peri- 
implant

Mandible Femur L5 Peri- 
implant

Mandible Femur L5 

BMD [g/cm2] 0.266 
±0.031

0.210 
±0.016

0.201 
±0.013

0.226 
±0.025

0.417 
±0.026*

0.225 
±0.019

0.204 
±0.010

0.231 
±0.016

BMC [g] 0.102 
±0.023

0.575 
±0.027

0.388 
±0.019

0.109 
±0.020

0.170 
±0.015*

0.602 
±0.033

0.394 
±0.017

0.115 
±0.014

Area [cm2] 0.379 
±0.041

2.770 
±0.024

1.885 
±0.014

0.475 
±0.028

0.413 
±0.029

2.741 
±0.032

1.907 
±0.018

0.488 
±0.035

Bone mineral density (BMD), bone mineral content (BMC), and area are shown. Data are presented as mean ± SE, and comparison between 
OVX group and OVX + ZOL group was performed using t test. *p < 0.05 when compared to OVX group.
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Figure 2. A  – Representative light micrograph of 
the implant-bone interface from ovariectomized 
(OVX) rats (original magnification 10×). B – Repre-
sentative light micrograph of the implant-bone in-
terface from OVX rats treated with zoledronic acid 
(ZOL) (original magnification 10×). C – Effects of lo-
cal ZOL treatment on the bone area (BA) and bone 
contact (BC) values. Data are expressed as mean 
± SE, and comparison was determined with t test.  
*p < 0.05 comparison with OVX group. D – Repre-
sentative light micrograph of the 5th lumbar verte-
bra (original magnification 10×). E – Representative 
light micrograph of the mandible (original magnifi-
cation 10×). F – Representative light micrograph of 
the femur (original magnification 10×)
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cedure by plasma spraying was complicated and 
time-consuming [13, 14]. Thus, the present study 
was designed to evaluate the efficiency of another 
local BP treatment method, which appears to be 
simple, convenient, and easy to implement. A lo-
cal, one time, low-dose injection of BPs at the site 
of implantation was performed, which allows for 
sustained release of BPs from natural HA into the 
bone marrow and has been proven to be a useful 
modality to reduce the risk of implant loosening 
in skeletally mature animals [21–23]. The novel-
ty of our study lies in introducing such a simple 
approach in OVX rats, an extensively used animal 
model for postmenopausal osteoporosis that is 
the most common indication for BP administra-
tion and a  more challenging pathological condi-
tion for implantation success when compared 
with normal bone. 

At 3 months after implantation, injection of 
30 μg/implant ZOL at the site of implantation 
significantly normalized the high rate of bone 
turnover around the Ti implants and enhanced 
the bone-to-implant contact and peri-implant 
new bone formation. Specifically, no clear unde-
sirable effects have yet emerged. There are three 
possible explanations for the efficiency and safety 
associated with local BP treatment in this study. 
First, the poor bioavailability of BPs was signifi-
cantly improved. The BPs have a high affinity for 
natural HA, which is the major component of 
normal bone and therefore represents an ideal 
carrier for drugs [24]. BPs could be cleared very 
rapidly within 24 h from the circulation [25]; how-
ever, their skeletal half-life is extremely long, up 
to several years [26]. Second, the dosage of ZOL 
was 30 μg/implant, which was effective in this 
study but may be variable in other animal mod-

els, depending on the study design, the implant 
size, the channel size, the drug concentration, 
the surgical technique, and so on. Such a dosage 
was much lower when compared to those used 
for the treatment of osteoporosis. Our route re-
sulted in more BPs retained by the skeleton and 
a lower proportion entering the circulation. A third 
possibility is that, when we injected ZOL into the 
channel drilled in the medullary canal, this drug 
selectively concentrated on the peri-implant sites, 
and directly targeted osteoclasts and osteoblasts 
in the bone marrow. Distribution of BPs depends 
on the rate of bone turnover; these drugs always 
bind selectively to resorption surfaces and have 
targeting effects [26]. In our animal model, OVX 
induced a  larger contact region exposed to ZOL, 
and the activity of osteoclasts was much stronger 
than in normal bone [16]. Collectively, our local BP 
treatment method by virtue of natural HA as the 
carrier appears to be effective, safe, and easy to 
perform. 

The BP used in this study was ZOL, which has 
been evaluated most extensively in vivo and in vi-
tro. As was presented in these studies, ZOL has 
the greatest antiresorptive activity and is the 
most potent inhibitor of farnesyl pyrophosphate 
synthase activity [27]; ZOL is the only BP approved 
for the treatment of skeletal-related events in 
bone-metastatic prostate cancer across the USA 
and Europe [28]. Intravenous ZOL-related ONJ has 
been reported more commonly than other popu-
lar BPs [29, 30]. Thus, in this study we chose ZOL, 
which may represent a  “best case scenario” for 
its efficiency and a  “worst case scenario” for its 
risk. In our animal model, ZOL was slowly released 
from natural HA into the bone marrow, which in 
turn induced sustained and powerful suppres-

A B

 OVX OVX + ZOL

Figure 3. Representative 3D micro-CT images of the proximal tibia with titanium implants 3 months after implan-
tation
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Figure 4. Effects of local zoledronic acid (ZOL) treatment on the microstructure parameters around titanium im-
plants inserted in the tibiae of ovariectomized (OVX) rats. Data are expressed as mean ± SE, and comparison was 
determined with the t test. *p < 0.05 comparison with OVX group

BV/TV – bone volume/tissue volume, Conn.D – connectivity density, %OI – osseointegration, Tb.N – trabecular number,  
Tb.Th – trabecular thickness, Tb.Sp – trabecular separation.

sion of bone destruction, even though given at 
a very low dose. Bilateral ovariectomy (surgically 
induced menopause) was believed to account for 
the bolstered action of intra-osseous ZOL [25], and 
could unmask more bone marrow cells responsive 
to ZOL, as described earlier [16]. On one hand, 
ZOL reduced bone marrow calcium, downregulat-
ed adhesion molecules on stromal cells, limited 
migration of inflammatory cells and secretion of 
pro-inflammatory cytokines, and impeded osteo-
clast-mediated bone loss [23, 31]. On the other 

hand, this drug also directly promoted bone mar-
row stromal cell proliferation and osteogenic dif-
ferentiation, upregulated osteoblast maturation 
and osteoprotegerin production in the vicinity of 
Ti implants, and inhibited osteoblast and osteo-
cyte apoptosis in vivo [24, 32, 33]. 

In our animal model, the osteoporosis-induced 
AGE overproduction in vivo was completely pre-
vented by local treatment of 30 μg/implant ZOL. 
Gangoiti et al. investigated the action of BPs and 
AGEs on two osteoblast-like cell lines and found 
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A B

 OVX OVX + ZOL

Figure 5. Effects of local zoledronic acid (ZOL) treatment on the advanced glycation end products (AGEs) expressed 
in the bone marrow of the proximal tibia (original magnification 40×)

that BPs could reverse the deleterious actions of 
AGEs on osteoblastic cells in culture [34]. Yamagi-
shi et al. further demonstrated that BPs not only 
inhibited AGE-induced oxidative stress generation 
but also prevented AGE-induced nuclear factor-kB 
activation [35]. In the present study, ZOL sup-
pressed the accumulation of AGEs, affected bone 
collagen maturity and cross-linking, and in turn 
ameliorated bone remodeling around Ti implants 
in OVX rats. The possibility that blockage of the 
AGE signaling pathway through inhibition of pro-
tein farnesylation is involved in the action of ZOL 
has been suggested [36]. Interestingly, Tang et al. 
recently found that high doses of BPs increased 
the accumulation of AGEs in the cortical shaft, 
but at doses equivalent to those used for osteo-
porosis treatment there was no such effect [37]. 
Caution should be exercised when explaining 
these results. They involved oral application of 
BPs for one year to normal dogs, but not local, 
one time treatment of a  very low dose of ZOL 
to osteoporotic animals; they focused on the 
AGE accumulation in the cortical bone, not in the 
bone marrow. 

Our study had several limitations. The data 
were obtained from OVX rats, not from humans; 
the intramedullary Ti implants were unloaded; 
the BP investigated here was only ZOL. Additional 
studies are needed to obtain further insight into 
the benefits and the risks of BP therapy, which is 
important for the extensive clinical use of these 
drugs.

In conclusion, a local, one time, low-dose injec-
tion of ZOL at the site of implantation successful-
ly promoted the osseointegration of Ti implants 
following postmenopausal osteoporosis, and this 
action may be partly mediated by inhibition of the 
osteoporosis-induced AGE overproduction in the 
bone marrow. These findings hold great promise 
for the in vivo local use of BPs, especially at the 
site of post menopausal osteoporosis, and sug-

gest that AGEs may be novel therapeutic targets 
for postmenopausal osteoporotic patients sched-
uled for implantation. 
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