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Abstract

Summary This study evaluates the effect of zoledronic acid
(ZOL) on the osseointegration of titanium implants in
rabbits with glucocorticoid (GC)-induced bone loss, and
our findings demonstrated that a single dose of ZOL is able
to reverse the detrimental effects of GCs on the osseointe-
gration of titanium implants.

Introduction The purpose of this study is to evaluate the
effect of ZOL on the osseointegration of titanium implants
in rabbits with GC-induced bone loss.

Methods Three groups of six NZW rabbits were treated for
18 weeks with saline (SALINE), GC (methylprednisolone,
0.35 mg/kg three times a week), or GC+ZOL (methylpred-
nisolone+single dose of ZOL, 0.1 mg/kg). The animals
received a titanium implant in the left tibia after 6 weeks
and were killed at the 18th week. Bone mineral density
(BMD) was measured with dual-energy X-ray absorptiom-
etry at baseline, eighth week (W8), and 18th week (W18)
after treatment to determine the change upon treatment
(ABMD). Histomorphometric and serum bone alkaline
phosphatase analysis (BAP) were also performed.

Results At W8, GC group had a significant reduction in
lumbar spine and tibia BMD compared with SALINE (p=
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0.003 and p=0.000), as also observed for GC+ZOL group
(»=0.014 and p=0.003) just 2 weeks after ZOL treatment. In
contrast, at W18, the GC+ZOL had an evident BMD rescue
with similar lumbar spine and tibia ABMD compared with
SALINE (0.043+0.006 vs. 0.055+£0.009 g/cm®, p=0.457
and 0.027+0.003 vs. 0.041+0.011 g/em?, p=0.232) and a
significantly higher ABMD compared with the GC (p=0.024
and p=0.001). Histomorphometry revealed that osseointe-
gration was significantly reduced in GC (tibia cortical
thickness and diameter, bone-implant contact, total and
peri-implant bone area) whereas GC+ZOL had these
parameters similar to SALINE (p>0.05). Likewise, ZOL
reversed the BAP alteration induced by GC.

Conclusions Our findings demonstrated that a single dose
of ZOL is able to reverse the detrimental effects of
glucocorticoids on the osseointegration of titanium
implants, suggesting that ZOL therapy may improve the
outcome of bone implants in patients with glucocorticoid-
induced osteoporosis.

Keywords Bone - Glucocorticoid - Osseointegration -
Titanium implants - Zoledronic acid

Introduction

Osseointegration is defined as “a direct structural and
functional connection between ordered living bone and
the surface of a load-carrying implant”, originally meant to
describe the biological fixation of titanium dental implants
[1]. The loosening of an implant due to failure of
osseointegration has been associated with biomaterial,
biomechanical, and biological factors [2, 3]. In addition,
conditions that interfere with bone metabolism, such as
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systemic disorders that adversely affect wound healing,
may decrease the potential for successful osseointegration
[4-6]. Systemic drugs, including those routinely used to
treat rheumatological conditions, may also influence the
osseointegration of titanium implants [7, 8].

Glucocorticoid (GC) therapy is an important treatment
for the symptoms of chronic inflammatory diseases [9]. The
general use of this drug has been connected to osteoporosis
in humans, since it initially increases bone resorption and
subsequently it mainly reduces bone formation and bone
turnover [10]. This condition is a known risk factor for
implant loosening, since it seems to affect the process of
implant osseointegration [11]. Experiments in ovariecto-
mized rats have demonstrated that osteoporosis causes a
delay in bone healing around implants [12, 13].

Recently, the bisphosphonate zoledronic acid (ZOL) has
been approved for the treatment of osteoporosis due to its
beneficial effect on bone mass [14, 15]. This drug has a
high affinity for hydroxyapatite and binds directly to
mineralized bone [16]. In canine models, zoledronic acid
enhances bone growth into porous implants [17] and
prevents periprosthetic bone loss, which is a direct cause
of aseptic loosening in total hip arthroplasty [18]. Similarly,
locally applied bisphosphonates have been shown to
improve implant fixation in osteopenic ovariectomized
animals [16]. However, no study has investigated the
efficacy of ZOL in promoting titanium implant osseointe-
gration in glucocorticoid-induced osteoporosis (GIO). We
therefore used a rabbit experimental model to evaluate
whether a single intravenous dose of ZOL could improve
the osseointegration of titanium implants under the osteo-
porotic conditions induced by GC therapy.

Material and methods
Animal protocol

The Animal Ethics Committee of COBEA (Brazilian
College of Experimental Animals) approved all experimen-
tal procedures in accordance with the guidelines set by
UFAW (The Universities Federation for Animals Welfare).
Eighteen male New Zealand adult rabbits 16 weeks old
weighing 2.670+0.067 kg [19] were divided into three
groups of six rabbits each. All groups were treated for
18 weeks: the control group (SALINE) received saline
(0.3 ml, SC) three times per week, the GC received
methylprednisolone (0.35 mg/kg, SC) three times a week
[20, 21], and the GC+ZOL group received GC with the
same treatment schedule along with a single dose of ZOL
(0.1 mg/kg, IV) at sixth week [22]. The animals were kept
in individual cages with food and water ad libitum and were
weighed weekly for drug administration. Blood was
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collected from ear vein at entry and at 18th week (W18)
for biochemical analysis.

Endosseous implant model

Surgery was performed at sixth week. The animals were
anesthetized intramuscularly with a mixture of xylazine
(5 mg/kg) and ketamine (50 mg/kg). After trichotomy, the
skin was cleansed and an incision of approximately 2 cm
was made, exposing the bone by blunt dissection. A
unicortical implant bed was prepared and a screw-type
pure titanium implant [23] with rough surface (porosity of
1-2 um), 8.5 mm in length, and 3.75 mm in diameter
(Conexao Sistema de Protese Ltd., porous implant treated
with acid twice through electrochemical deposition) was
placed until the screw thread was completely introduced
perpendicularly into the bone cortex. Soft tissues were
replaced and sutured. A single dose of enrofloxacin was
administrated at the time of the surgery, and analgesic oral
drugs (dipyrone) were given for the first 3 days of the
postoperative period.

Densitometric evaluation by dual-energy X-ray
absorptiometry

Bone density was measured by dual-energy X-ray absorpti-
ometry with a densitometer (QDR 2000 Hologic, Waltham,
MA, USA) in high-resolution mode, using the “small
animals” software supplied by the equipment manufacturer.
The technique was standardized by positioning the anesthe-
tized rabbits so that the lumbar spine (vertebrae L4-L5) and
the proximal portion of the non-operated (right) tibia could
be analyzed, and the region of interest was defined as the
same where the implant was inserted but in the contralateral
tibia. The first assessment was performed on the first day of
the experiment, the second at the eighth week (2 weeks after
the implant surgery), and the third at end of the treatment
(18th week). Results are expressed as mean+SE of BMD
variation (ABMD).

Bone alkaline phosphatase analysis

Bone alkaline phosphatase (BAP) was measured using a
commercially available enzyme immunoassay (Quidel
Corporation, San Diego, CA, USA). This assay utilizes a
monoclonal anti-BAP antibody coated on a microtiter plate
to capture BAP in the samples. The enzyme activity of the
captured BAP is detected with a pNPP substrate.

Analysis of bone parameters

After the animals were killed (18th week), the left tibia
(implanted) and right tibia (non-operated) were removed and
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fixed in 4% neutral buffered formalin for 14 days. The
specimens were prepared for non-decalcified histology [24].
Briefly, pieces were washed in running water for 24 h,
dehydrated in an ascending series of ethanol (40% to 100%),
and subsequently embedded in methyl metacrylate blocks.
Sections (80 um) were obtained and stained with toluidine
blue. Bone cortical thickness, tibia size (diameter), ratio of
bone to implant contact, total bone area of tibia section, and
peri-implant bone density were analyzed by light microsco-
py. Images were captured and digitized with Image Pro Plus
6 (Media Cybernetics, Bethesda, MD, USA).

The cortical thickness (micrometer) was determined
as the mean of multiple measurements of the non-
operated right tibia performed at each 30 um of tibia
perimeter (Fig. 1b, red line). To evaluate tibia size, the
mean of three diameter measurements of the non-operated
tibia (centimeter) using magnifying lens was determined
(Fig. 1d, arrow).

Osseointegration was observed by direct bone (toluidine
blue-stained) deposition on the implant surface (in black)
without any other detectable tissue interposed, as judged
via light microscopy. The total bone area of tibia section
was evaluated through a software device which determines
the bone tissue stained with toluidin blue (BT) present in
the total area of tibia+implant (TA, square micrometer;
Fig. 2a) and expressed as percent of bone area=BT/TA x
100, [25]. Osseointegration was also evaluated by point-
counting technique [26]. Briefly, the bone density (i.e., the
proportion of mineralized bone in a 500-pm-wide zone

Fig. 1 a Effect of saline
(SALINE), glucocorticoid (GC), a 160 -

lateral to the implant (yellow rectangle)) was obtained
bilaterally in the cortical passage of the implants and
expressed as percentage of mineralized bone (Fig. 2b).
Additionally, the ratio of bone to implant contact was
calculated by the measurement of total perimeter of the
implant (TPI) and the measurement of all osseointegrated
spaces around the implant (OSI; red line in Fig. 2c)
obtained manually and expressed as percent bone to
implant contact (%=0SI/TPIx100).

Statistical analysis

Results are expressed as mean+SE. The results were
analyzed by repeated measured ANOVA and compared
with a student Newman Keul’s test. Non-parametric data
were analyzed by the Mann—Whitney test. The chosen level
of significance was 0.05.

Results
General outcomes

The final mean body weight gain was comparable in the
three groups (SALINE, 0.925+0.190 kg; GC, 0.550+
0.080 kg; GC+ZOL, 1.000£0.120 kg; p=0.067). No
adverse gastrointestinal effects (vomiting or diarrhea) or
surgical complications (mortality, infection, or wound
dehiscence) were observed.

and GC plus zoledronic acid _ 1404
treatment (GC+ ZOL) on tibia =
cortical thickness (micrometer) : 1201 * #
at 18th week (W18). Results are 2 100+
expressed as mean=+SE. % 80 -
*p<0.05 comparison with saline £ 60+
group (SALINE). #p<0.05 g 40l
comparison with GC+ZOL. 5
b Non-operated tibia stained © 201
with toluidine blue. The red line 0
indicates tibia thickness mea- SALINE Ge GC+ZOL
surement (original magnification
x10). ¢ Effect of SALINE, GC, c
and GC+ZOL on tibia size 0.9-
(diameter, micrometer) at 18th
week (W18). Results are . 0,851 T *
expressed as mean+SE. g 081 T I
*p<0.05 comparison with g 0,75 1
SALINE. d Photomicrographs '°E3 074
of the non-operated tibia with g 0654
arrow indicating the diameters o
measurement (original 2 089
magnification x4) 0,55 ~
05 SALINE GC GC+ZOL
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d % SALINE GC GC+Z0L
Total bone area  33.16£1.29 24.40+1.51**  30.4411.42
Peri-implant bone 46.05£3.52 32.96+0.86** 38.57+2.16
density
Bone to implant  42.40+4.38 25 98+2.35 *#  38.95t4.24

contact

Fig. 2 a Histomorphometric appearance of a titanium implant
perpendicularly inserted in the left tibia of a SALINE-injected rabbit
(original magnification x4). b Histomorphometric appearance of the
peri-implant bone density (the proportion of mineralized bone in a
500-um-wide zone lateral to the implant (yellow rectangle). ct
connective tissue, mb mineralized bone. ¢ Bone to implant contact
measurement (red line) of the left tibia (original magnification x40). d

BMD variation

Initial lumbar spine and tibia mean BMD values were
comparable in experimental groups (SALINE, 0.268+
0.008 and 0.371+0.012 g/cm?; GC, 0.268+0.011
and 0.376+0.008 g/cmz; GC+ZOL, 0.291+0.006 and
0.369+0.009 g/cm?; p=0.113 and p=0.845). As expected,
during the course of the experiment, the SALINE group
showed an increase in lumbar ABMD values (0.033+
0.007 g/cm?) at W8 and (0.055+0.009 g/cm?) at W18
(Fig. 3a). Similar results were registered in the tibia, with
a ABMD (0.033+0.011 g/cm?®) at W8 and (0.041%
0.011 g/cm?®) at W18 (Fig. 3b). In contrast, compared
with SALINE, GC treatment caused a significant reduc-
tion in ABMD lumbar spine at W8 (—0.008+0.008 g/cm?,
»=0.003) that was maintained until W18 (—0.004+
0.012 g/cmz, p=0.003; Fig. 3a). Likewise, tibia ABMD
values compared with SALINE were reduced (—0.019+
0.006 g/cm?, p=0.000) at W8 and (—0.018+0.010 g/cm?,
p=0.002) at W18 (Fig. 3b).

A single dose of ZOL given intravenously at the moment
of the surgery promoted a complete rescue of BMD loss at
the final evaluation (W18) in the GC+ZOL group. The
ABMD values of lumbar spine and tibia recorded in the
GC+ZOL group were similar to those of the SALINE
group (0.043+0.006 vs. 0.055+0.009, p=0.457 and 0.027+
0.003 vs. 0.041+0.011, p=0.232) and significantly higher
than those of the GC group (0.043+£0.006 vs. —0.004=+
0.012, p=0.024 and 0.027+0.003 vs. —0.018+0.010,
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Effect of saline (SALINE), glucocorticoid (GC), and GC plus
zoledronic acid treatment (GC+ ZOL) on the percentage of total bone
area, peri-implant bone density, and bone to implant contact at 18th
week (W18). Results are expressed as mean+SE. *p<0.05 compar-
ison with SALINE. “p<0.05 comparison with GC+ZOL. Data of bone
to implant contact was analyzed by Mann—Whitney test

p=0.001; Fig. 3a and b). Data of ABMD in lumbar spine
and tibia of GC+ZOL group recorded in W8 (only 2 weeks
after ZOL treatment) did not differ from those obtained in
GC group at the same time (Fig. 3a and b)

BAP analysis

Data showed that in adult rabbits during final growth period
GC induces a more relevant reduction in ABAP (final—
initial) compared with SALINE (—=60.77+8.89 vs. —39.78+
2.86 U/L, p=0.05). The addition of ZOL to GC treatment
resulted in a significantly lower ABAP compared with GC
(—34.71+4.06 vs. —60.77+8.89 U/L, p=0.03), and compa-
rable values to SALINE group (—34.71+4.069 vs. —39.78+
2.86 U/L, p=0.34).

Histomorphometric analysis

A significant improvement in tibial cortical thickness at
W18 was observed in the GC+ZOL group compared with
the GC group (122.00+1.87 vs. 98.81+£2.28 um,
p=0.001) although the values were lower than those of
the SALINE group (122.00+£1.87 vs. 133.08+2.36 pum,
p=0.003; Fig. la). GC treatment promoted reduction of
tibia diameter when compared with SALINE group
(0.750£0.045 vs. 0.805+0.031 cm, p=0.032; Fig. Ic).
The addition of ZOL to GC treatment partially reversed
tibia diameter (0.777+0.049 cm); however, this data did
not achieve significance (p=0.381; Fig. 1c).
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Fig. 3 a Lumbar BMD variation (A BMD=tfinal BMD—initial
BMD). White columns represent BMD variation at eighth week
(W8); hatched columns represent BMD variation at 18th week (W18).
b Tibial BMD variation (A BMD=final BMD—initial BMD). White
columns represent BMD variation at W8; hatched columns represent
BMD variation at W18. Results are expressed as mean+SE. *p<0.05
comparison with SALINE. “»p<0.05 by comparison with: glucocorti-
coid plus zoledronic acid group (GC+ ZOL)

Figure 2d summarizes data of osseointegration measure-
ments. The percent of total bone area of tibia section was
reduced in the GC group compared with the SALINE group
(»=0.012). The GC+ZOL group demonstrated a complete
reversion of this loss and had values comparable to those of
the SALINE group (p=0.187) and higher values than those
of the GC group (p=0.015). The percentage of peri-implant
bone density was significantly lower in GC group com-
pared with SALINE and GC+ZOL groups (p=0.006 and
p=0.05, respectively). Reinforcing this finding, the percent
bone-implant contact was significantly lower in the GC
group than in the SALINE group (p=0.008), whereas, a
single injection of ZOL resulted in values comparable to
SALINE group (p=0.584), and a considerable increase in
this parameter compared with the GC group (p=0.023;
Fig. 2d).

Discussion

The experiments described in this paper demonstrate that a
single intravenous dose of zoledronic acid is able to reverse
the deleterious effects of GC treatment on bone and
titanium implant osseointegration.

Our novel approach of evaluating the osseointegration of
implants in animals with established GIO is distinct from
that of previous studies that have focused on the
osteoporosis-preventing effects of biphosphonate [27]. Our
design has the advantage to reproduce the clinical con-
ditions observed in rheumatologic patients more accurately.
GIO is observed in as many as 30-50% of patients
receiving chronic glucocorticoid therapy [28], one third of
whom will develop fractures [29]. Moreover, most previous
animal protocols have used supra-therapeutic doses of
glucocorticoid precluding a definitive conclusion about
their clinical relevance [30]. The dose used herein was the
one commonly used for patients with rheumatoid arthritis
and related conditions. The efficacy of this dose in inducing
bone abnormalities was demonstrated in previous reports
using rabbits [20, 21].

Notably, GC is the most common cause of secondary
osteoporosis. The frequency of GC use is relatively high,
reaching 0.5% of the general population and 1.75% of
women aged 55 or older [31-34]. Interestingly, GIO has
same distinct features with postmenopausal osteoporosis,
including the mechanism underlying bone loss and the
occurrence of fractures at higher BMD levels [35, 36]. The
risk of fracture is greatly increased in patients undergoing
this therapy, with an odds ratio of 6.2 for vertebral fracture
in the women with RA compared with age-matched women
from a population-based group [37].

The present study design using the histological criteria of
osseointegration is therefore the first to specifically evaluate
the effect of zoledronic acid treatment on implants in
animals with glucocorticoid-compromised bone, given that
preceding reports used estrogen-deficient animal models
[16, 27, 38]. In fact, histomorphometry of GIO bone has
distinct characteristics, with a dominant decrease in
cancellous bone and reduced bone turnover [39] supported
by our finding of a more relevant ABAP in GC group
compared with SALINE.

We have confirmed and extended the prior observation
that GC also induces cortical thinning [11] and demonstrat-
ed that GIO animals have a reduced percentage of bone
tissue around the implant and significantly less bone-
implant contact than normal animals, which may ultimately
affect implant osseointegration [40]. The relevance of the
histological observation of direct bone contact is empha-
sized by the recent review which suggests that this
phenomenon is not the result of a valuable biological tissue
response but instead the lack of a negative tissue response
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[41]. Consistent with this finding, it is known that local
reactions affecting bone-surface contact are a common
feature of aseptic implant loosening [42].

Zoledronic acid is a potent bisphosphonate that sup-
presses bone turnover and increases bone mineral density
with a consequent reduction in vertebral and non-vertebral
fractures [43]. A recent multicentric study demonstrated
that ZOL is as effective as risedronate for the prevention
and treatment of bone loss in patients undergoing GC
treatment [44]. Moreover, it was also reported that ZOL has
additional beneficial effects on bone mineralization by
promoting osteoblast differentiation and protein synthesis
[45—47] and by enhancing osteoblastogenesis [48]. Our
data of ZOL reversion of BAP alteration induced by GC
supports the bone formation activity of zoledronic acid and
its use in this condition. Reinforcing this finding, the
reduced ponderal growth in animals treated with GC is
probably not due solely to the catabolic effect in muscle
[49, 50], but also to a direct effect in bone mass [30] that
was improved by ZOL.

The lack of this effect in 2 weeks (WS) is an expected
result since in this short period zoledronic acid may not
completely reverse the bone loss promoted by GC treatment.
In fact, the reduction of serum alkaline phosphatase after a
single-dose zoledronate in healthy dogs was not observed
from baseline on days 21 and 28 [51]. The same data was
described for humans with no reduction in serum alkaline
phosphatase in the 14-day postinfusion [52].

On the other hand, our study demonstrates that a single
infusion of zoledronic acid in GIO animals seems to be
very effective in W18, a beneficial effect also described in
the literature using local implant application of zoledronic
acid in ovariectomized rats [16, 38]. Since zoledronic acid
is a well-established therapeutic agent for the treatment of
osteoporosis, successful bone implants would be expected
without the need of local ZOL application in many patients
currently receiving ZOL therapy.

In summary, a single dose of zoledronic acid reverts
glucocorticoid-induced bone loss and supports the stable
integration of the host bone and implant in our animal
model. These promising results suggest that a therapeutic
strategy including ZOL treatment may improve the out-
come of bone implants in patients with glucocorticoid-
induced osteoporosis.
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