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Zoledronic acid enhances bone-implant osseointegration
more than alendronate and strontium ranelate
in ovariectomized rats
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Abstract
Summary This study was designed to compare the effects of
alendronate (ALN), strontium ranelate (SR), and zoledronic
acid (ZOL) on bone-implant osseointegration in ovariecto-
mized rats. Histological examination and biomechanical
tests show that ZOL, ALN, and SR enhance bone-implant
osseointegration; ALN and SR have similar effects, while
ZOL enhances bone-implant osseointegration more than
ALN and SR
Introduction This study aims to compare the effects of
ALN, SR, and ZOL on bone-implant osseointegration in
ovariectomized rats.
Methods Sixty female Sprague–Dawley rats were included
in this study. Of them, 48 rats were ovariectomized (OVX)
and assigned to four groups: OVX (OVX+Veh), ALN
(OVX+ALN), SR (OVX+SR), and ZOL (OVX+ZOL).
And another 12 rats were sham-operated as a control group
(Sham). Four weeks after ovariectomy, HA-coated titanium
implants were inserted into the tibias bilaterally in all rats.
Then the rats in groups ALN, SR, and ZOL were

systemically administrated with alendronate (7 mg/kg/week,
orally), strontium ranelate (500 mg/kg/day, orally), or a
single injection of zoledronic acid (0.1 mg/kg, iv), respec-
tively. Twelve weeks after implantation, all rats were sacri-
ficed to get the femurs and tibias. Histological examination
and biomechanical tests were used to evaluate bone-implant
osseointegration in all groups.
Results ALN, SR, and ZOL significantly increased distal fem-
oral BMD when compared with group OVX; ZOL increased
BMD significantly more than ALN and SR (P<0.05). Signif-
icant increase of bone-to-implant contact and peri-implant bone
fraction were observed in groups ALN, SR, and ZOL when
compared with group OVX (P<0.05). Groups ALN and SR
were inferior to groups ZOL and Sham (P<0.05) in bone-to-
implant contact and peri-implant bone fraction. Similar results
were found in biomechanical testing (max pushout force).
Conclusions In rats losing bone rapidly after ovariectomy,
systemic administration of ZOL, ALN, and SR causes better
bone-implant osseointegration when compared to OVX;
ALN and SR have similar positive effects on osseointegra-
tion, while ZOL, that was given in a dose with more positive
BMD effect than that of ALN or SR, causes better osseoin-
tegration than either ALN or SR.
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Introduction

Postmenopausal osteoporosis is a disease of abnormal bone
metabolism induced by estrogen deficiency and characterized
by low bone mass and microarchitectural deterioration [1].
Although same clinical studies suggest that osteoporosis is
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not a contraindication for implant placement [2, 3], animal
experiments have shown that bone-loss condition affects
osseointegration of implant [4, 5]. Anti-osteoporosis drugs
have been proved to promoting osseointegration and implant
fixation, including bisphosphonate agents [6–8], calcitonin [8],
estrogen [9], strontium ranelate [10], and parathyroid hormone
[11].

Alendronate and zoledronic acid are nitrogen-containing
bisphosphonate agents, that suppress farnesyl diphosphate
synthase, and subsequently inhibit bone resorption and bone
remodeling activity [12]. Alendronate is an excellent drug
which is used most widely clinically; nearly 20 years of
experiences have accumulated plenty of clinical evidences in
treating osteoporosis [13, 14]. A few preclinical studies have
been conducted to prove the effectiveness of alendronate on
bone-implant osseointegration and implant fixation after sur-
gery [6, 15]. Our previous study has also proved that systemic
administration of alendronate could enhance bone-implant
osseointegration in ovariectomized rats [16]. Zoledronic acid
is also an agent of bisphosphonate. With a single dose of
injection, it could significantly increase bone mineral density
and biomechanical properties of the bone [17, 18]. Clinical
studies have showed pronounced efficacy of yearly 5-mg
infusions of zoledronic acid in improving osteoporosis and
decreasing hip, vertebral, and nonvertebral fractures [19, 20].
Preclinical studies have also demonstrated the efficacy of
zoledronic acid on bone-implant osseointegration and implant
fixation in animal models of osteoporosis [7, 21]. Furthermore,
some clinical studies have also suggested potential benefits of
bisphosphonates (including alendronate and zoledronic acid)
treatment on implant initial fixation and long-term survival
after total arthroplasty of the knee or hip [22–24].

Strontium ranelate is another drug to treat osteoporosis. A
lot of clinical studies have demonstrated its efficacy in increas-
ing BMD and decreasing vertebral and hip fractures [25–28].
At present, there are still controversies on the mechanism of
strontium ranelate in treating osteoporosis. Some authors attri-
bute the main effect of strontium ranelate to the incorporation
of strontium into the bone [29]. However, more authors hold
that it has a dual action in preventing osteoporosis: it can
stimulate bone formation through enhancing preosteoblastic
cells replication and increasing collagen and noncollagenic
proteins synthesis by mature osteoblast-enriched cells in vitro
[30, 31]. Meanwhile, it can also inhibit bone resorption due to
direct and/or matrix-mediated inhibition of osteoclast activity
[31]. Some animal experiments have also proved the efficacy
of strontium ranelate on bone-implant osseointegration and
implant fixation [10, 32].

It seems that alendronate, zoledronic acid, and strontium
ranelate enhance bone-implant osseointegration in osteopo-
rotic bone, but concerns still exist on which one is more
effective. ZOL is an intrinsically more potent agent than
ALN in inhibiting bone resorption [33], meaning that less of

it is needed to achieve the same effect as ALN. In customary
dose, zoledronic acid might be stronger than alendronate in
promoting bone-implant osseointegration. While strontium
ranelate may have dual activities (increasing bone formation
and decreasing bone resorption) to prevent osteoporosis, it
should be more effective than alendronate to enhance bone-
implant osseointegration. However, there is still no direct
comparative study on these three drugs. Our current study
was designed to compare the effects of these three drugs on
bone-implant osseointegration in bone loss rats.

Methods

Animals

Sixty 3-month-old female Sprague–Dawley rats (obtained
from Medical Experimental Animal Center of Guangdong
Province, weighing 229.4±11.5 g) were used in this study.
Animals were housed and acclimatized at a standard labo-
ratory diet and tap water, under climate-controlled condi-
tions (25 °C, 55 % humidity, 12-h light/12-h darkness). This
study was approved by the Animal Care Committee of Sun
Yat-Sen University (NO. IACUC-2010-1001) and was in
compliance with the guiding principles in the Guide for
the Care and Use of Laboratory Animals [34].

Implants

The implants, which were the same to our previous study
[35], were supplied by Engineering Research Center in
Biomaterials of Sichuan University. It was a cylinder titani-
um rod with 1 mm in diameter and 10 mm in length and was
plasma-sprayed with hydroxyapatite (HA, 100 μm in thick-
ness) under a Metco MN Plasma System and an AR-2000
Thermal Spray Robot (Metco, USA).

Surgical procedure

After 7 days of acclimatization, 48 rats were underwent
bilateral ovariectomization (OVX), and the surgical proce-
dure was reported in our previous study [35]. Another 12
rats underwent sham operation as a control group (Sham).

Four weeks after ovariectomization, HA-coated titanium
implants were inserted into proximal tibiae bilaterally, and
the surgical procedure was also reported in our published
paper [35]. Briefly, under general anesthesia by 10 % chloral
hydrate, an incision to expose the knee was made, and a
channel (about 1.5 mm in diameter) was created by an
electric drill (1 mm in diameter) from the intercondylar
eminence to the medullary canal. The channel was about
15 mm in depth, and the implant was then inserted into this
channel.
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Treatment

After implantation, the ovariectomized rats were randomly
assigned into four groups (12 rats in each group): OVX,
ALN, SR, and ZOL. One week after implantation, the rats in
group ALN were administrated with alendronate sodium
7 mg/kg/week orally; the rats in group SR were adminis-
trated with strontium ranelate 500 mg/kg/day orally; while
the rats in group ZOL received a single dose of zoledronic
acid (0.1 mg/kg, iv). The rats in group Sham did not receive
any drug treatments. The observation time was 12 weeks.
Twelve weeks after implantation, all rats were sacrificed to
get the femurs and tibias.

Bone mineral density

The BMD of the distal femur was determined by Dual
Energy X-ray Absorptiometry (DXA, GE LUNAR-
Prodigy), with the regional high resolution and small-
animal scan mode. And the measurement precision of this
DXA technique was ±2.0 %. The region of interest to be
examined was at the metaphysis of the femur (0.5 mm×
0.5 mm), which was 0.5 mm close to the epiphyseal plate.

Histological examination

The right tibia of each rat was taken to perform histological
examination. The method was similar to our previous study
[35]. First, the proximal 1/2 of the tibiae with implants were
fixed in 4 % paraformaldehyde for 24 h and dehydrated with
increasing concentrations of alcohol (70, 95, and 100 %,
2 days each concentrate). Then the specimens were embed-
ded in methyl methacrylate without decalcification. Trans-
verse cutting of 70-μm sections were performed at the
proximal 1/2 of the implant (at metaphysis of the tibia) by
using a SP1600 microtome (Leica Microsystems, Wetzlar,
Germany); three sections were cut in each tibia. Histomor-
phometric analysis was performed with a semiautomated
digitizing image analyzer system, consisting of an OLYM-
PUS BX51 microscope, a computer-coupled QImaging
Retiga EXi Camera and BioQuant Osteo 2009 software.
Bone-to-implant contact was calculated as a length percent-
age of the direct bone-implant interface to total implant
surface; and peri-implant bone fraction was defined as the
area percentage of the bone within a circle of 100 μm
around the implant.

This histological examination was finished at The Center
for New Drug Function Research, School of Life Science
and Biopharmacology in Guangdong Pharmaceutical Uni-
versity. The tester of these two parameters was an engineer
in this laboratory, and we did not tell him the information of
grouping and treatment. Three sections from each implant
were evaluated.

Biomechanical testing

The left tibia of each rat was taken to perform biomechan-
ical testing, which has been also described in our previous
experiment [35]. In brief, a quadrate mold with a specially
designed cavity was made by polymethyl methacrylate. A
rongeur was used to remove the bone at the proximal and
distal of the tibia, so as to expose the proximal 2 mm and the
distal surface of the implant, and then the tibia was placed in
the cavity with the exposed implant upward. Then poly-
methyl methacrylate was used again to fix the tibia. The
quadrate molds with tibiae were then fixed on a commercial
material testing system (MTS 858 bionix II machine, MTS
System Inc., Minneapolis, MN, USA). Compression loads
were applied vertically to the proximal end of the implant at
a speed of 5 mm/min, and the force and displacement data
were recorded at 100 Hz. Maximum pushout force was
calculated.

The biomechanical test was performed at the Orthopedic
Research Center of the First Affiliated Hospital of Sun Yat-
sen University. An engineer in this center helped us to finish
the biomechanical test; he did not know the grouping infor-
mation and treatment of the specimen. Each specimen was
chosen randomly to the test machine.

Statistical analysis

All results were recorded as mean±SD, and statistical
analyses were performed using the statistics package
SPSS 11.0 (SPSS, Chicago, IL, USA). One-way ANOVA
was conducted to evaluate the difference among groups,
and LSD method was applied for multiple comparisons.
All statistical analysis was considered significant when
P<0.05.

Results

Two rats died in groups OVX and ALN in 1 week after
implantation, and these two rats were excluded in statistical
analysis. One tibia in group ALN was lost during histolog-
ical examination. Biomechanical test failed in one tibia in
group ZOL, and these data were invalid. Thus, these two
rats were also excluded in statistical analysis.

Bone mineral density

The BMD of groups ZOL, ALN, and SR significantly
increased when compared with that of group OVX (P<
0.05), and mean increases of percentage were 22.8, 11.4,
and 12.4 %, respectively. ZOL increased BMD significantly
more than ALN and SR (P<0.05). The results of BMD were
showed in Table 1.
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Histological examination

Significant increase of bone-to-implant contact was ob-
served in groups ALN, SR, and ZOL when compared with
group OVX (1.6-fold, 1.7-fold, and 2.1-fold of OVX, re-
spectively). The bone-to-implant contact rate of group SR
was higher than that of ALN, but there was no significant
difference (P>0.05). The bone-to-implant contact of groups
ALN and SR were significantly inferior to that of groups
ZOL and Sham (P<0.05). Similar results were found in
peri-implant bone fraction (Table 1 and Fig. 1).

Biomechanical testing

The maximum pushout force of groups ALN, SR, and ZOL
was increased by16.7, 23.3, and 59.4 % when compared
with group OVX, respectively (P<0.05). The maximum
pushout force of group ZOLs and Sham was significantly
higher than that of groups ALN and SR; no significant
difference was found between groups ALN and SR
(Table 1).

Discussion

In this study, we confirmed the results of previous studies
that zoledronic acid, alendronate, and strontium ranelate
caused better bone-implant osseointegration in ovariecto-
mized rats (Fig. 1). As it showed, the bone-to-implant con-
tact of groups ALN, SR, and ZOL were 1.6-fold, 1.7-fold,
and 2.1-fold of OVX. Similar results were observed in
biomechanical testing, as the max pushout force of groups
ALN, SR, and ZOL was greater by16.7, 23.3, and 59.4 %,
respectively, when compared with that of group OVX.

Many animal experiments have been conducted to eval-
uate the effect of systemic administration of alendronate [6,
8, 15, 16], zoledronic acid [7, 21, 36], and strontium ranelate
[10, 32] on bone-implant osseointegration in bone loss in
animals. In a recent study [16], we established osteoporosis
in rat models by ovariectomy, and implants were inserted
into the proximal tibias, and then the rats were treated with
alendronate orally every week for 12 weeks; histomorph-
ometry results showed that alendronate improved bone-
implant osseointegration rate of hydroxyapatite implants

Table 1 BMD, histological examination, and biomechanical test results (mean±SD)

Number BMD (g/cm2) Bone-to-implant contact (%) Peri-implant bone fraction (%) Max pushout force (N)

OVX 11 0.193±0.026 37.6±6.73 23.2±7.46 226.9±36.28

Sham 12 0.225±0.019* 75.4±7.26* 72.9±7.27* 302.3±63.14*

ALN 10 0.215±0.012* 61.7±7.43*a 49.9±9.77*a 264.9±39.54*a

SR 12 0.217±0.013* 65.8±9.00*a 46.6±13.5*a 279.9±24.68*

ZOL 11 0.237±0.013*b,c 81.0±9.32*b,c 68.9±7.63*b,c 361.6±51.88*b,c

F 10.177 52.27 53.33 14.68

P <0.01 <0.01 <0.01 <0.01

*P<0.05 (versus OVX)
a Versus Sham
bVersus ALN
cVersus SR

Fig. 1 Histological
examination showed that ALN,
SR, and ZOL stimulated
bone-implant osseointegration;
ALN and SR have similar
effect in promoting
osseointegration; ZOL
enhances osseointegration
more than ALN and SR.
(Scale bar=200 μm)
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when compared with OVX control group. In another study
[35], we also confirmed the efficacy of alendronate on bone-
implant osseointegration in ovariectomized rats. Similar
results were also reported by other researchers [6, 8, 15].
Except for alendronate, studies have also demonstrated the
efficacy of strontium ranelate in enhancing bone-implant
osseointegration. In the study of Maïmoun et al. [10], they
inserted titanium implants into the proximal tibias of rats
and then treated the animals with strontium ranelate orally
5 days a week (625 mg/kg/day). Eight weeks after implan-
tation, micro-CT and biomechanical testing indicated that
strontium ranelate significantly improved bone-to-implant
contact, pullout strength, and bone microarchitecture around
the implant. Similarly, Li et al. [32] also found that systemic
treatment with strontium ranelate could dose-dependently
improve HA-coated screw fixation in OVX rats and facili-
tate the stability of the implant in the osteoporotic bone.
However, in a recent study, Linderbäck et al. [37] reported
no significant improvements of pullout force, and the micro-
architecture of the cancellous bone was observed around the
implants after treatment with strontium ranelate. Zoledronic
acid is another bisphosphonate agent to treat osteoporosis.
Recently, it becomes to be a considerable interest in inves-
tigations looking to improve implant osseointegration. In a
study of Carvas et al. [21], glucocorticoid-induced osteopo-
rosis models were made, and implants were inserted into the
tibias, and then the rats received a single-dose injection of
zoledronic acid (0.1 mg/kg, iv). They demonstrated that a
single dose of zoledronic acid could reverse the detrimental
effects of glucocorticoids on the bone-implant osseointegra-
tion of titanium implants. Similar results were also reported
by Yildiz et al. [36]; in their experiment, rabbits were
ovariectomized to induce bone-loss models and then treated
with a single injection of zoledronic acid. As a result,
histomorphometric, resonance frequency, and radiodensito-
metric analyses showed significant improvement in osseoin-
tegration of implants in the zoledronic acid-treated group
when compared with OVX control group. Thus, it can be
seen that our experiment and other studies demonstrated that
alendronate, strontium ranelate, and zoledronic acid im-
proved bone-implant osseointegration in ovariectomized
rats.

Currently, few studies have been performed to compare
the effect of alendronate, strontium ranelate, and zoledronic
acid on bone-implant osseointegration. Our results indicated
that alendronate was comparable to strontium ranelate in
promoting bone-implant osseointegration in ovariectomized
rats (Fig. 1), which was different from our initial specula-
tion. No significant differences were observed between
groups ALN and SR in bone-to-implant contact, peri-
implant bone fraction, and max pushout force. Some studies
have been designed to compare the effect of alendronate and
strontium ranelate on bone-implant osseointegration. In the

study of Maïmoun et al. [10], titanium rods were implanted
into the proximal tibias of 6-month-old female rats, and then
animals were treated with alendronate or strontium ranelate.
Their results showed that both alendronate and strontium
ranelate induced a similar pullout force, but only strontium
ranelate significantly improved bone formation and the in-
trinsic bone material quality around the implant. However,
in the study of Linderbäck et al. [37], they found no signif-
icant improvements of pullout force in strontium ranelate-
treated rats, but animals treated with alendronate showed a
doubled pullout force. They concluded that strontium rane-
late was weaker than alendronate in enhancing bone-implant
osseointegration and implant fixation. Nevertheless, no os-
teoporosis models were created in their experiments, and
more studies are needed to compare their effect in bone loss
or osteoporosis condition. We are the first to compare the
effects of alendronate and strontium ranelate on bone-
implant osseointegration in bone-loss animals (ovariecto-
mized rats) and found no significant differences between
them.

Alendronate is a bisphosphonate agent, which mainly
inhibits bone resorption and bone turnover rate and subse-
quently results in an increase in bone formation and bone
mineral density [38, 39]; while strontium ranelate is consid-
ered to be a dual-acting agent (although controversies are
still existed) with both anti-resorptive and anabolic benefits
on the skeleton [40]. However, our present study failed to
show significant difference in increasing bone-implant
osseointegration between them. The pharmacological prop-
erties of strontium ranelate may be of great help for us to
understand it [31]. Although strontium ranelate inhibits
bone resorption [41], the inhibitory effect is relatively low,
which is close to those of salmon calcitonin [31]. It has been
proved that the inhibitory effects of alendronate are signif-
icantly stronger than salmon calcitonin [42]. Furthermore,
postmenopausal osteoporosis is a disease characterized by a
significant increase in bone resorption due to estrogen defi-
ciency; with a stronger activity of anti-resorption than stron-
tium ranelate, alendronate could compensate for its insufficient
ability in promoting bone formation. And this may be the
causes why strontium ranelate was comparable to alendronate
in enhancing bone-implant osseointegration.

Our present study also revealed that zoledronic acid en-
hanced bone-implant osseointegration more than alendronate
and strontium ranelate in ovariectomized rats (Fig. 1). The
bone-to-implant contact of group ZOL was 1.3-fold and 1.2-
fold that of groups ALN and SR, respectively (P<0.05).
Currently, no study was reported to compare zoledronic acid
with other drugs in enhancing bone-implant osseointegration,
so we are the first to perform similar experiment. Some studies
have been conducted to compare the anti-osteoporosis effect
of zoledronic acid with alendronate, and this may be of
assistance for us to understand why zoledronic acid appeared
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stronger than alendronate and strontium ranelate in promoting
bone-implant osseointegration. Of these studies, most of them
conclude that zoledronic acid was superior to alendronate in
the prevention of osteoporosis. In a study of Gasser et al. [17],
they treated the female Wistar rats with a single dose of
zoledronic acid (0.8, 4, 20, 100, or 500 μg/kg) or alendronate
(200 μg/kg) prior to bilateral ovariectomy. Their results
showed a tenfold higher potency of zoledronic acid than
alendronate in preventing ovariectomy-induced bone loss.
Hadji et al. [43] compared the effect of a once-yearly intrave-
nous dose of zoledronic acid with a once-weekly oral dose of
alendronate in postmenopausal women. In their study, serum
levels of N-telopeptide of collagen type I (NTx) and procolla-
gen 1 C-terminal extension peptide (P1NP) were assessed.
Twelve months after treatment, zoledronic acid exhibited a
greater and faster reduction of serum bone turnover marks
(NTx and P1NP) than alendronate. Saag et al. [44] also
reported that zoledronic acid reduced bone resorption markers
(urine NTx and serum β-C-telopeptide of type I collagen, β-
CTX)more rapidly than alendronate in postmenopausal wom-
en with low bone mineral density. Studies have demonstrated
that zoledronic acid is the most potent bisphosphonate agent
to inhibit bone resorption [33], meaning that less of it is
needed to achieve the same effect as ALN. It has been dem-
onstrated that ZOL fully blocks bone loss in OVX rats is
about 0.008 mg/kg/month [17], while ALN is
0.120 mg/kg/month [45]. Thus, ZOL is 15 times more potent
than ALN in blocking OVX-induced bone loss in rats. In the
current study, a regular dose of 0.1 mg/kg of ZOL and
84 mg/kg of alendronate were given in 12 weeks. Because
alendronate was administrated orally, the absorption rate was
about 1 %, so the absorbed ALN was 0.84 mg/kg, which was
8.4 times than ZOL. Since ALN is 15 times less potent than
ZOL, but only 8.4 times of ZOL was used, it would be
predicted that ALN was less effective than ZOL. In a word,
more pronounced anti-resorption potent may contribute zole-
dronic acid to be more efficient in enhancing bone-implant
osseointegration than alendronate and strontium ranelate in
our study.

It should make clear that, in our current study, bone-loss
models were induced by ovariectomization, which lead to a
rapid loss of bone. But this circumstance rarely occurs in
humans, even in postmenopausal women. And this might
influence the effects of these drugs on osseointegration. The
implants were inserted to the rats 4 weeks after ovariectom-
ization. At this time, the rats were barely in a state of bone
loss, which was most likely not very osteopenic. In this
study, the doses of alendronate, zoledronic acid, and stron-
tium ranelate administrated to the rats were 7 mg/kg/week,
0.1 mg/kg, and 500 mg/kg/day, respectively. Under this
condition, we found that zoledronic acid appeared to have
the strongest effects on bone-implant osseointegration, but it
is still unclear whether increasing the dose of one drug (e.g.,

ALN) would affect the results of this experiment. And this
study was an animal experiment, which might be different
from human conditions. Although alendronate and zole-
dronic acid have been used clinically to improve initial
fixation and long-term survival of an implant [22–24], it is
still questioned by some authors [46].

In summary, in ovariectomized rat, systemic administration
of ZOL, ALN, and SR enhances bone-implant osseointegra-
tion. Orally administration of ALN (7 mg/kg/week) and SR
(500 mg/kg/day) have similar effect in promoting bone-
implant osseointegration, while a single-dose injection of
ZOL (0.1 mg/kg) might enhance bone-implant osseointegra-
tion more than oral administration of ALN(7 mg/kg/week)
and SR (500 mg/kg/day) in ovariectomized rats.
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