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Introduction: Aging brings a number of health conditions that can compromise the healing process in
elderly individuals, significantly when it comes to bone tissue. The aim of the present study was to
analyze the effects of zoledronic acid (ZL) therapy on socket healing of aged male rats.
Materials and methods: Twenty-four Wistar male rats, 20 months old, underwent surgical procedures for
the extraction of the upper right incisor and were divided into two groups according to the treatment:
Control (C) e intravenous (IV) 0.9% saline, ZL e 0.035 mg/kg of IV zoledronic acid, both every 15 days. At
the fifth dose of both substances, tooth extractions were performed and the animals were euthanized
after 14 and 28 days.
Results: IV administration of ZL caused OPG-RANKL system imbalance, resulting in deficient bone for-
mation and remodeling and alteration of osteoclast morphology, as well as maintaining persistent
inflammation during the healing period.
Conclusions: IV administration of ZL delayed extracted dental socket healing of aged rats, but not enough
to cause osteonecrosis, raising a question about different responses to IV BP therapy considering animal
age.

© 2017 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

An increasing elderly population has brought to the scene a
number of age-associated health conditions, and among them are
those involving the musculoskeletal system (Adam et al., 2003). On
a physiological basis, senescence leads to bone cell disturbance, and
the rate of bone formation decreases due to a reduction in prolif-
eration and differentiation of multipotent stem cells, decrease of
osteoblast life-span and osteocyte death (Manolagas and Parfitt,
2010; Marie, 2014). In addition, organic components also undergo
deleterious alterations, and enzymatic crosslinks of type I collagen
fibrils are gradually replaced by non-enzymatic glycosylation or
oxidation induced by advanced glycation end products (AGEs),
which disturb matrix mineralization and impair biological and
mechanical properties of bone tissue (Allen et al., 2008).
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Along with the abovementioned unfavorable conditions, the
risk of osteoporosis and malignant disease increases (Chan et al.,
2016; Ostan et al., 2016), requiring specific drug therapy in order
to protect bone tissue from uncontrolled resorptive processes. For
this, particular preference to nitrogen-containing bisphosphonates
(n-BPs) is observed in comparison to new drugs, especially
considering their effectiveness and cost (Pazianas and Abrahamsen,
2016). Among this class of drug, zoledronic acid is the one of choice
for metastatic breast and prostate cancer (Turner et al., 2016). An
important related effect of its long-term use is the development of
osteonecrosis of the jaw (ONJ), mainly triggered by invasive oral
procedures or even with unfavorable oral conditions, such as
periodontal diseases odontogenic infections, and improperly
adapted prostheses (Marx, 2003; Ruggiero et al., 2009; Pelaz et al.,
2015).

Despite the current information available about senescence and
its consequent changes and demanding necessities, little is known
about the dynamics of bone healing under this condition. In order
to contribute to the understanding of the healing process, animal
models play an important role, revealing differences in osteogenic
Elsevier Ltd. All rights reserved.
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gene expression and in biological potential (Alleyene et al., 2016;
Ishijima et al., 2016).

The present study aimed to analyze bone repair of rats under a
possible combination of conditions such as age, intravenous zole-
dronic acid therapy and oral surgery.

2. Materials and methods

All experimental protocols involving animals performed in this
study were approved by the Ethical Committee for Animal Care of
the Araçatuba School of Dentsitry e FOA/UNESP (protocol 2015/
00209) and were performed in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC),
as well as of the Brazilian Society of Laboratory Animal Science
(COBEA).

2.1. Study design

Twenty-four albinus Wistar male rats, mean age of 20 months
and weight of 700 g, underwent surgical procedures for the
extraction of the upper right incisors, and were divided into two
groups according to the treatment: Control group (C) e IV admin-
istration of 0.9% saline solution, ZL group (ZL) e IV administration
of zoledronic acid (Novartis Pharma Stein AG, Stein, Swiss). Animals
of the C group received IV injections of 0.9% saline solution,
whereas those of the ZL group were treated with 0.035 mg/kg IV
zoledronic acid every 15 days (Hokugo et al., 2010) in the tail vein,
until the end of the experiment. After the fourth dose of both
substances, tooth extractions were performed. After 14 and 28 days
from dental extractions, all animals were euthanized for specimen
removal.

2.2. Surgical procedure

At the beginning of the surgical procedures the animals were
sedated with intraperitoneal administration of 1% ketamine
(0.20 ml/kg) and 2% xylazine (0.30 ml/kg) (Francotar, Virbac Ltda.,
S~ao Paulo, Brazil). The animals were positioned in supine position
to facilitate oral cavity access. Antisepsis of the oral mucosa was
performed with topical 1% polyvinylpyrrolidone aqueous solution
before tooth extraction. Animals first had their gingiva detached
using specific retractors, and the teeth were dislocated from the
alveolus with an adapted dental forceps. Then the sockets were
washed with sterile 0.9% saline solution, and the blood clot for-
mation was observed. No suture was performed. All animals were
medicated with subcutaneous injection of 0.075 mg/kg of tramadol
every 24 h for 3 days. After 14 and 28 days, all animals (n ¼ 6, per
group and periods) were euthanized and the maxillae were
removed and immediately immersed in 10% buffered formalin.

2.3. Histological procedures and morphometric analysis

The specimens were fixed up to 48 h before being washed in tap
water for 24 h. After, they were immersed in 4% EDTA solution for a
period of 20e30 days for demineralization. When demineralization
was achieved, the maxillae were divided and only the right side,
containing the alveolus, underwent histotechnical procedures to be
stained with hematoxylin and eosin (HE) and Goldner trichrome
(GT). For microscopic analysis, inflammatory infiltrate, bone for-
mation, maturing and remodeling, bone viability and the presence
of microbial biofilm were observed. For quantitative analysis, 10
fields of each third part of the alveolus (cervical, medium, and
apical) were registered, a total of 30 fields in 40�magnification, for
the quantification of mononuclear and polymorphonuclear leuko-
cytes of each field.
2.4. Immunohistochemistry

For the analysis of the proteins related to bone formation,
maturing and remodeling, 3 mm sections of each specimen were
deparafinized in xylene and rehydrated in a graded series of
ethanol to distilled water and immersed in 0.01 M citrate-buffer at
pH 6.0 to be heated in a steamer for 30 min. Histological slices were
treated with proteinase K for 30 min at room temperature.
Endogenous peroxidase was blocked with 2% peroxide hydrogen
for 10 min and washed with PBS (phosphate buffer solution). After
this period, primary polyclonal antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA, EUA) anti-Runx2 and anti-RANKL, anti-OPG,
anti-TRAP and anti-OC were incubated overnight at 4� C and
washed for 30 min, three times. The slices were incubated with
biotinylated secondary antibody for 30 min, washed in PBS and
incubated with streptavidin-peroxidase conjugate (LSAB, Dakocy-
tomation, Carpinteria, CA, USA) for 30 min. Then, the reaction was
stained with 3,30-diaminobenzidine tetra hydrochloride (Sigma
Aldrich, St Louis, MO, USA) and counterstained with Harris hema-
toxylin. For negative control, primary antibody was omitted. La-
beling levels for each antibody were determined by semi-
quantitative analysis, considering the scores from “�” to “þþþ”

(� ¼ absent, þ ¼ mild, þþ ¼ moderate, and þþþ ¼ intense) per-
formed by two evaluations in a double-blind system (Luvizuto
et al., 2010).

2.5. Statistical assessment

Data obtained from histomorphometric assessment were orga-
nized in a Table (Excel, Microsoft Office Excel, Redmond, WA, USA),
and analyzed in relation to their normal distribution using Shapiro-
Wilkes and Equal Variance tests, followed by 2-way ANOVA (Group
and Period) and by Tukey test, in order to detect differences be-
tween the groups (SigmaPlot 12.0, San Jose, CA, USA). Significance
level of 5% was adopted for the analysis.

3. Results

3.1. Gross examination

Extracted sockets of the C group healed uneventfully, and at day
28, they were totally covered by the mucosa. On the other hand, 2
out of 7 animals of the ZL group still presented an open wound at
day 28; however, no bone exposure was observed (Fig. 1).

3.2. Histological analysis

Control Group e At day 14, the dental socket was filled by pri-
mary bone trabecullae presenting innumerous osteocytes, lined by
active osteoblasts and by bone lining cells. In the medium region of
the alveolus, mature bone trabecullae could be seen, presenting a
mixture of irregular matrix surrounded by organized matrix,
associated with osteoclasts. Among the trabecullae there was
highly cellular loose connective tissue, infiltrated by mononuclear
leukocytes in a diffuse distribution. Focal blood clots were also
detected in medium and apical regions. At day 28, mature and
remodeling bone was noted, exhibiting lamellar constitution and
presenting bone lining cells on its surface. Reversal lines and bone
multinucleated units (BMUs) were observed. Mononuclear leuko-
cytes were also seen in the fibrous connective tissue and medullar
tissue (Fig. 2).

ZL Group e After 14 days, bone trabecullae under a maturating
process were observed, showing evident osteoclastic activity.
Different from the C group, bone maturing was diffuse, and not
restricted to the central region of the sockets. In the cervical



Fig. 1. Clinical aspect of the healing sockets at day 14 of Control (A) and ZL (B), and at day 28, Control (C) and ZL (D) groups.
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region, intense focal infiltration by neutrophils (polymorphous)
was noted. Surrounding the trabecullae there was highly vascu-
larized loose connective tissue also presenting mononuclear
leukocytes. Blood clots were seen distributed all over the sockets.
At day 28, mature bone trabecullae were seen among immature
ones, associated to osteoclastic activity. Osteoclasts could be seen
in the entire socket, usually located inside Howship lacunas;
however, most of them were distant from bone surface, pre-
senting a round shape and not associated to the BMUs. Highly
vascularized loose connective tissue was surrounding bone tra-
becullae, along with focal blood clots distributed in the entire
socket (Fig. 3).

3.3. Immunohistochemistry

Runx-2 e Intense immunolabeling was observed in osteo-
blasts and eventual cells of granulation tissue considering the
entire socket of the C group. ZL showed moderate labeling also in
the osteoblasts, especially in the medium and apical regions,
where new bone formation was more evident. At day 28, the C
group presented moderate immunolabeling, detected in osteo-
blasts associated to remodeling trabecullae, whereas ZL showed
Fig. 2. A) At day 14, focal blood clot (BC) among newly formed bone trabecullae (**) und
trabecullae (TB) were detected, covered by lining cells (arrows); C) In ZL, extensive blood clot
bone trabecullae (**) and intense osteoclastic activity (red arrows) were detected (A, C ¼ H
mild to moderate labeling in osteoblasts and connective tissue
cells.

OC e Moderate labeling of the C group at day 14 was observed
predominantly in the areas of mature bone matrix, and also in
osteoblast cytoplasm related to active orthogenesis, while the ZL
group presented mild immunolabeling. At day 28, moderate
immunolabeling was maintained in the C group, more evident in
mature trabecullae, osteoblasts, and osteocytes, whereas ZL pre-
sented moderately, especially in apical and medium regions,
eventually in osteoblasts and osteocytes.

OPG e Intense labeling was noted in the C group at day 14,
predominantly in the osteocytes of newly formed trabecullae. In
the ZL group, it was moderate, predominantly in apical and me-
dium regions in osteocytes and granulation tissue cells. At day 28,
intense immunolabeling was maintained in the C group, in con-
nective cells, osteoblasts, and osteocytes. Meanwhile, the ZL group
showed mild labeling, eventually in osteocytes.

RANKLe At days 14 and 28, intense labeling was observed in the
C group, predominantly in osteocytes and osteoblasts, as well as in
the ZL group.

Immunolabeling is presented in Fig. 4. Predominant scores of
each protein are presented in Table 1.
er the remodeling process was observed in C group; B) At day 28, remodeling bone
s (BC) among newly formed bone trabecullae (**) could be seen; D) At day 28, maturing
E; B, D ¼ Goldner Trichrome; bar ¼ 150 mm).



Fig. 3. (AeH) 14 days e Intense Runx-2 osteoblasts immunolabeling (arrows) in C and ZL groups. OC labeling in bone matrix (OC) and osteoblasts (arrows). Marked osteocytes (OST)
with OPG and RANKL labeling. (A0eH0) e 28 days eModerate Runx-2 labeling in osteoblasts (arrows). Intense OPG immunolabeling in osteocytes (OST) and osteoblasts (arrows) of C
group, while mild in ZL group. Intense RANKL osteocytes (OST) and leukocytes (LC) labeling (bar ¼ 100 mm).

Fig. 4. TRAP e Elongated and irregular TRAPþ cells were observed, located on bone surface in C group at days 14 and 28. ZL group presented round and large cells, most of them
unattached to the bone surface, especially at day 28 (bar ¼ 100 mm).

M.A. Matsumoto et al. / Journal of Cranio-Maxillo-Facial Surgery 45 (2017) 781e787784



Table 1
Mean scores assigned for immunohistochemistry markers.

RUNX-2 OC OPG RANKL

14 days
Control þþþ þþ þþþ þþþ
ZL þþ þ þþ þþþ

28 days
Control þþ þþ þþþ þþþ
ZL þ þþ þ þþþ
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3.4. Morphometric analysis

3.4.1. TRAPþ cells (osteoclasts)
In a general analysis, osteoclasts presenting distinct morphol-

ogies were observed comparing the groups. In the C group, they
were predominantly thin and elongated, adhered to bone surface in
the Howship lacunae. In the ZL group, it was noted that some of
themwere similar to the C group, butmost were large and rounded,
and not adhered to bone surface (Fig. 5). Considering this situation,
osteoclasts were quantified in their totality (total osteoclasts) and
distinctly, adhered and non-adhered. In the comparison of the
groups, ZL presented a significant increase in comparison to the C
group (p < 0.001). Considering the periods, a significantly higher
mean number of osteoclasts was detected at day 28 (p ¼ 0.049),
whereas specifically in the C group, no significant differences were
identified between the periods (p ¼ 0.789). However, significant
differences were identified in the ZL group when comparing the
Fig. 5. Statistical analysis for unattached osteoclasts (TRAPþ cells).

Fig. 6. Statistical results for mononuclear (A) and polymorphonucle
periods (p ¼ 0.015). Analyzing non-adhered osteoclasts, a signifi-
cant difference was detected between the groups (p < 0.001) and
periods (p < 0.001). Tukey post-test indicated a significant differ-
ence when comparing the groups (p < 0.05), with a mean number
of 8.8 for the C group, and 80.9 for ZL. Specific analysis inside the C
group for the different periods did not detect a significant differ-
ence between days 14 and 28 (p ¼ 0.687). However, in the specific
analysis of the ZL group, a significant increase at day 28 was
identified (p < 0.001), as shown in Fig. 5.

3.5. Mononuclear leukocytes

In the comparison of the two groups from the analysis of
mononuclear leukocytes quantification, a significant statistical
difference was detected only at the 14-days period (p < 0.001). In
the comparison of the periods 14 and 28 days, a significant differ-
ence was observed (p ¼ 0.036). The control group presented the
highest mean of mononuclear leukocytes (281.5) in comparison to
ZL (228.1), being statistically significant (p < 0.05) in the compar-
ison of the day 14 (meane C: 370.6 and ZL: 204.4). Specific analysis
of the C group detected a significant difference comparing the pe-
riods (p < 0.001). In the analysis of ZL, no significant differences
were detected in the comparison of the periods (p ¼ 0.257),
observing a mean increase of the leukocytes at day 28 (mean 251.8)
in comparison to day 14 (mean 204.4), as shown in Fig. 6A.

3.6. Polymorphonuclear leukocytes

In the comparison of the groups, a significant difference was
detected only at day 14 (p ¼ 0.007), with an increase in the C group
(Control: 173.8; ZL group: 104.0). No significant differences were
observed at day 28 (p ¼ 0.162). In a specific analysis of the C group,
significant reduction (p < 0.001) was observed at day 14 (173.8)
when compared to day 28 (60.6). In the analysis of the ZL group, no
differences were detected when comparing the periods (p¼ 0.650),
as shown in Fig. 6B.

4. Discussion

Although the results revealed a delayed process on socket
healing of aged rats, intravenous therapy of zoledronic acid did not
significantly impair it in order to evolve to ONJ.

Among the various experimental studies about the effects of n-
BPs on the oral cavity, the preference for rodents is evident (Barba-
ar (B) leukocytes considering the analyzed periods and groups.
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Recreo et al., 2014). In the present study, 20-month-old rats were
used because musculoskeletal development is finished (Quinn,
2005), corresponding to a human being around 50 years old
(Andreollo et al., 2012), while 4 weeks is the mean age in most of
the experimental models. Since these are short-lived animals, a few
weeks can make difference in terms of metabolism (Sengupta,
2013).

In a comparison with a previous study performed by our
research group (Curra et al., 2016), the same methodology was
adopted using young rats presenting at three months old, in which
ONJ onset was clinically and histologically detected comprising 40%
and 60%, respectively. Intense inflammatory responsewas installed,
with suppuration and bone exposure, as well as bone sequestrum.
Since our results could not confirm the diagnosis of ONJ, senes-
cencemay have been the differential parameter. Gross evaluation of
the C group evidenced no bone exposure and complete healing
after 28 days. At days 14 and 28, 4 out of 7, and 2 out of 7 rats of the
ZL group presented an open wound, respectively. Despite the fact
that soft tissue was not completely healed in these animals, no
bone exposure was observed.

Although a lack of significant difference between the C and ZL
groups was detected considering the quantity of both poly-
morphous and mononuclear leukocytes, and the analyzed periods,
the C group presented a significant decrease from day 14 to 28.
However, ZL maintained the same mean value of both types of
leukocytes, indicating a continued inflammatory process at the late
period. This may have influenced the OPG-RANKL ratio imbalance,
which presented predominant RANKL immunolabeling in relation
to OPG in the ZL group in both periods, becoming more evident at
day 28, when OPG immunolabeling turned mild. Much controversy
exists about this question in the literature. While some in vitro
studies using hMSC-derived osteoblast cells treated with n-BPs
have demonstrated increased expression of OPG and decreased
levels of RANKL-inducible genes (Ohe et al., 2012), others have
revealed increased expression of RANK and RANKL genes,
TNFRSF11A and TNFSF11, respectively, and a decrease in OPG gene,
TNFSF11B, by RT and RT-PCR (Nakagawa et al., 2015).

Interestingly, osteoclasts drew attention because of their prev-
alence and morphology. Morphometric assessment revealed a
prevalence of these cells in the ZL group in both periods, contrary to
what is expected when using n-BP. However, it is important to
emphasize that, aside from the increased number of osteoclasts
under ZL action, they presented a distinct morphology and location
from those of the group. In the ZL group they were larger, pre-
senting innumerous nuclei, along with a round-shape morphology,
and were non-adhered to bone surface. Although some questions
still remain about the actual mechanism of action of n-BPs, this
evidence is in agreement with the investigations that point out
their action on osteoclast cytoskeleton. Rogers et al. (2011) sum-
marized the main studies about the molecular mechanisms of n-
BPs action on bone resorption, revealing that the internalization of
the drug by the osteoclasts strongly inhibits farnesyl pyrophos-
phate synthase (FPP), responsible for the mevalonate pathway
which synthesizes isoprenoid lipids, directly involved in the oste-
oclast cytoskeletal organization and the formation of ruffled border.
Thus, one can conclude that the highest number of these cells in the
ZL group is probably explained by their incapacity of organizing
their ruffle border, and consequently stabilization on bone surface
to resorb bone matrix, making necessary the activation of more
pre-osteoclasts and explaining intense RANKL immunolabeling in
this group, especially at day 28.

Although not numerically confirmed, some deficiency might
have happened regarding new bone formation by the analysis of
Runx-2 labeling, which remained less intense in comparison to the
C group. In addition, OC labeling was differently marked when
comparing the groups. While it was observed throughout the
sockets in the C group, in ZL it was noted mainly in the periphery,
confirming a delayedmaturation of the newly formed bone. Clinical
aspects of the overlying mucosa, which was not completely healed
at day 28 in some animals, could also attest delayed repair of ZL
extracted sockets.

Relevant information on bone senescence has been reported on
a physiological basis (Marie, 2014); nonetheless, little is available
when it comes to bone repair (Alleyene et al., 2016; Ishijima et al.,
2016). Interestingly, evidence of age-related resistance of rats to
parasites has been reported, revealing a better immune system
response of adult rats in comparison to young ones (Pascutti et al.,
2003). If this is applicable to a condition at high risk of infection, it
may be taken as a hint for further investigations in this field.

5. Conclusions

From the study results, it can be concluded that IV administra-
tion of ZL delayed socket bone repair of aged rats, causing OPG-
RANKL system imbalance, resulting in deficient bone forming and
remodeling, alteration of osteoclasts morphology, as well as
maintaining continued inflammation during the healing period.
However, ONJ onset could not be attested, since classic clinical and
histological aspects were not observed. Nonetheless, the present
experimental model raises a question about different responses to
IV BP considering animal age.
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