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Abstract
Objective The objective of the study is to evaluate bone repair in rats treated with different alendronate doses.
Matherials and methods Sixty female rats ovariectomizedwere randomly divided in three groups: group C (control group), groupA1
(ALN/1 mg/kg), and A2 (ALN/ 3 mg/kg). Each animal received subcutaneous applications of sodium alendronate at a dose corre-
spondent to group A1 or A2 three times a week, while the control group received 0.9% saline solution. After 4 weeks of application, a
critical defect was created in the calvaria of animals of all groups. The defect was filled by particulate autogenous bone. The applications
were maintained until euthanasia, which occurred 15 and 60 days after the surgical procedure. The pieces were sent for histological,
histomorphometric and immunohistochemical analysis. The data were submitted to statistical analysis with significance level of 0.05.
Results The descriptive histological analysis demonstrated an increase in bone neoformation in both groups treated with
alendronate when compared to the control group. The histomorphometric analysis showed an increase in the amount of
neoformed bone in A1 and A2 groups when compared to group C, both at 15 days (p = 0.0002) and at 60 days (p = 0.001). In
the immunohistochemical analysis, it was possible to observe a difference in immunolabeling just for Mmp2 at the time of
60 days in A1 (p = 0.001) and A2 (p = 0.023) when compared to the control group.
Conclusion Systemic delivery of alendronate, regardless of the dose, increased the amount of bone neoformation.
Clinical relevance Prescription of sodium alendronate at 1 mg/kg for improvement of bone neoformation in bone graft
procedures.
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Introduction

Bisphosphonates (BPs) are synthetic analogs of inorganic py-
rophosphate, which can reduce bone loss and increase bone
mineral density. This class of drugs is widely used for the

treatment of skeletal disorders such as multiple myeloma, a
malignant bone disease, as well as Paget’s disease, and osteo-
porosis [1]. Some studies have shown that BPs may improve
the capacity for physical exercise and bone repair [2–5], de-
pending on the dose and route of drug administration. BPs are
divided into nitrogen-containing and non-nitrogen-containing
compounds. Sodium alendronate is the most commonly pre-
scribed BP [6, 7], commonly used to treat osteoporosis, and
typically administered orally [8, 9].

The effect of BPs in bone formation may have conse-
quences on the proteins known to be involved in bone metab-
olism. Hence, studying them may provide new insight on the
mechanisms underlying bone regeneration stimulated by BPs.

The Wnt family comprises 19 glycoproteins that activate
signaling cascades of embryonic development and tissue re-
pair. These proteins regulate cellular growth, differentiation,
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function, and apoptosis. A signaling cascade in the canonical
pathway (Wnt/β-catenin) is directly related to bone biology,
since this pathway contributes to osteoblast proliferation and
survival [10]. Wnt3a specifically is involved in odonto-
blast generation and extracellular matrix (ECM) organi-
zation by increasing the proliferation of mesenchymal
cells. In addition, it is associated with osteoblastic dif-
ferentiation by promoting the formation of bone tissue
during bone regeneration [11, 12].

Matrix metalloproteinases (MMPs) constitute a group of
approximately 28 zinc-dependent enzymes (endopeptidases)
responsible for the degradation of the ECM and the basement
membrane [13]. Under physiological conditions, MMPs are
involved in tissue remodeling, regulation of transcription, ac-
tivation of zymogens, interaction with specific components of
the ECM, and the blockage of natural MMP inhibitors [14,
15]. MMP2 is a gelatinase associated with the lysis of type IV
collagen and elastin, and is involved in the differentiation of
hematopoietic mesenchymal cells in inflammatory ones, as
well as the regulation, migration, and proliferation of epithe-
lial cells [16, 17].

The aim of this study was to evaluate by histology,
histomorphometry, and immunostaining, bone repair in rats
treated with different doses of alendronate and its influence
on Wnt3a and MMP2.

Material and methods

Animals

This study was approved by the Ethics and Research
Committee (ECUA Protocol 262). Sixty adult Wistar female
rats underwent a period of adaptation of 15 days, during which
they received commercial pet food (Nuvital, Columbus, PR,
Brazil) and water. During the experimental period, the envi-
ronmental conditions of light, temperature, and humidity were
controlled to maintain a 12-h photoperiod, with temperature of
18–22 °C and 65% humidity. All experimental phases of the
study are described in Fig. 1. Sixty days after ovariectomy, the
application of alendronate/physiological solution was initiat-
ed. The calvarial defects were performed 30 days after the
beginning of drug administration. The animals were randomly
divided into three groups: group C (control group), group A1
(ALN/1 mg/kg), and group A2 (ALN/ 3 mg/kg). Each animal
received subcutaneous applications of sodium alendronate at a
dose correspondent to group A1 or A2 three times a week,
while the control group received 0.9% saline solution. Finally,
the groups were subdivided for euthanasia at two different
times, 15 days and 60 days after administration of sodium
alendronate or saline.

As described by John et al., in 2004 [18], 40-day-old rats
were ovariectomized bilaterally using a ventro-dorsal

approach with an incision in the midline of all layers (skin,
subcutaneous, and linea alba) to access the ovary and with
ligature of the ovarian artery and uterine insertion (Fig. 2).
The muscular plane and skin were closed using absorbable
sutures.

To assess the effectiveness of ovariectomy, approximately
20% of the rats (n = 13) were evaluated for estradiol level.
Blood (1 ml) was collected via cardiac puncture at three dif-
ferent time points (15, 30, and 45 days) after ovariectomy and
analyzed for estradiol levels (Mouse/Rat Estradiol ELISA,
SE120084, Sigma Chemical Co., St. Louis, MO, USA).

Rats of mean age 90 days and weight 230–400 g were
randomly divided into three groups: group C, control; group
A1, alendronate 1 mg/kg; and group A2, alendroante 3 mg/kg.

Groups A1 and A2 received alendronate sodium subcuta-
neously three times per week on alternate days, at a dose of
1 mg/kg and 3 mg/kg, respectively. Group C received subcu-
taneous sodium chloride solution 0.9% during the same peri-
od. For all groups, these administrations were started 4 weeks
prior to surgery and maintained until euthanasia.

The animals were sedated for 1 min by inhalation with
oxygen and isoflurane (Cristália, Itapira, SP, Brazil) and then
anesthetized with ketamine 10% (Vetbrands, Paulínia, SP,
Brazil) combined with xylazine hydrochloride 2%
(Vetbrands, Paulínia, SP, Brazil) by intraperitoneal injection.
After anesthesia, trichotomy of the frontoparietal region of the
head was carried out with a razor blade, with subsequent vig-
orous asepsis using povidone iodine. Then, a U incision in the
mucoperiosteal anteroposterior area was made with a scalpel
(blade no. 15C) in the cranial vault, and with the aid of a Molt
elevator, flaps of total thickness were elevated to widely ex-
pose the cortical bone region.

A transosseous critical size defect of 5 mm in diameter, on
the median sagittal suture in the parietal bones, was performed
with a trephine (Neodent, Curitiba, PR, Brazil) and was well
irrigated with a sterile saline solution. The bone block was
carefully removed using Molt elevators to avoid rupture of
the meninges and exposure of the brain.

In all groups, the defects were filled with an autogenous
particulate bone (three beats were standardized to particulate
the bone in a pestle-type grinder [Kopp, Curitiba, PR, Brazil])
originating from the bone block removed from the calvaria of
the animal. After the defect was filled by the autogenous bone,
a collagenmembrane was used to cover the defect (GenDerm,
MogiMirim, SP, Brazil). The soft tissue was sutured using silk
yarn 4-0 (Ethicon, Johnson & Johnson, São José dos Campos,
SP, Brazil). In the postoperative period, the animals were kept
in cages with access to food and water. For analgesia, mor-
phine sulfate 3 mg/kg (União Química, Jabaquara, SP, Brazil)
was administered intramuscularly at the end of surgery. Pain
control maintenance was performed by administration of 20
drops of paracetamol (200 mg/kg) diluted in 400 ml of water
placed in a water cooler for 3 days.
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The groups were divided into two subgroups for sacrifice at
15 and 60 days after the surgical procedure. During the post-
operative period, four rats died. For euthanasia, rats were
placed in a gas chamber (CO2), for 10 min.

The bone blocks were removed from the cranial defect
regions following euthanasia. The margin of safety was ap-
proximately 6 mm from the region of the bone defect.
Removal was performed using a 702 drill (Beavers Dental,
Morrisburg, ON, Canada) mounted on a straight handpiece
at 22,000 rpm, and blocks were packed into jars containing
formalin 10% (Vetec Química Fina, Duke of Caias, RJ,
Brazil).

Histological and histomorphometric analysis

Following decalcification in 7% EDTA solution for 60 days,
the samples were hemi-sectioned through the center, parallel
to the middle of the defect, processed, and embedded in par-
affin. Serial longitudinal sections of 3 μm from the center of
the original surgical defect were prepared. Samples were
stained by hematoxylin and eosin for light microscopy.

Two histological sections were analyzed from each animal,
representing the center of the original surgical defect.
Qualitative histological analysis was performed by a single

operator, and the images were analyzed with an optical micro-
scope (021/3 Quimis, Diadema, SP, Brazil). The following
parameters were evaluated: closure of bone defect, character-
istics of the connective tissue, presence of osteoid matrix, and
progression of the type of repair present in the surgically cre-
ated defect.

The stained sections were imaged serially using a digital
camera attached to a microscope (Olympus BX41, Melville,
NY, USA) with ×40 magnification. Next, images were
grouped using Microsoft Powerpoint® (Microsoft
Corporation, WA, USA) to form a single continuous image,
encompassing the two edges of the defect. ImageJ software
(National Institutes of Health, Bethesda, MD, USA) was used
to evaluate the following histomorphometric measures:

1. Histological area of the defect (HA): the total area of the
surgically created defect. This measurement was made
from edge to edge of the original defect, including the
variation of thickness in each calvaria (Fig. 3a).

2. Area of osteoid matrix (AO): the grafted bone particles
and osteoid matrix areas were measured (Fig. 3b).

Percentage (%): percent of bone, neoformed bone, and os-
teoid matrix within the histological defect, calculated by a rule
of three between the histological area of the defect and the area
of osteoid matrix.

Immunohistochemical analysis

For the detection of proteins, immunohistochemistry using
streptavidin-biotin immunoperoxidase was performed in
3-μm serial histological sections of the paraffin-embedded
specimens (Sigma Chemical Co., St. Louis, MO, USA). The
histological sections in the slides were dewaxed in two baths
of xylene: (1) submerged for 30 min at 60 °C and (2) im-
mersed for 20 min at room temperature (15 °C). The dewaxed
sections were dried using filter paper, rehydrated, andFig. 2 Exposure of the rat ovary for ligature
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submerged for 10 min in a solution of ammonium hydroxide
(10%) diluted in ethanol (95%) to remove formolic pigments.

For antigen retrieval and disruption of the cross-linking of
proteins caused by formalin, the slides were incubated in a
solution of trypsin (1%, pH 6.8) at 37 °C for 45 min. After
washing in distilled water, endogenous peroxidase was
blocked using a solution of 3% hydrogen peroxide. To prevent
significant changes in pH, the slides underwent rapid incuba-
tion in phosphate-buffered solution (PBS) (0.05 M, pH 7.4).
Next, the sections were incubated overnight with MMP2 (ma-
trix metalloproteinase 2, Santa Cruz Biotechnology Inc.,
Dallas, TX, USA) and Wnt3a (Santa Cruz Biotechnology
Inc., Dallas, TX, USA) primary antibodies at 4 °C in a humid-
ified chamber at the manufacturer-recommended dilution in
PBS with 1% bovine serum albumin containing 0.1% sodium
azide (Biotest Inc., São Paulo, SP, Brazil). As a negative con-
trol, some slides were incubated for 10 min with rabbit IgG
polyclonal antibody instead of primary antibody. An LSAB
kit (DAKO number KO, 690, Denmark) was used for second-
ary antibody incubation and tertiary complex formation
(streptoavidin-biotin peroxidase) in a humidified chamber
for 30 min at room temperature, according to the manufac-
turer’s instructions. Next, slides were incubated in 300 mg of
the chromogen diaminobenzidine (3,3-diaminobenzidine,
Sigma Chemical Co., St. Louis, MO, USA) in 100 ml of
PBS and activated with 600 μl of H2O2 6% at room temper-
ature for 3 min in a dark chamber. After incubation, the slides
were washed in running water and counterstained with
Mayer’s hematoxylin for 10 min. Finally, slides were
dehydrated using an ascending ethanol gradient (50%, 70%,
90%, and absolute), followed by diaphanized in xylol, and
mounted using Permount (Fisher Scientific, Fair Lawn, NJ,
USA) for analysis under a light microscope.

Immunohistochemical images were captured using a digi-
tal camera (SDC-310, Samsung, South Korea) attached to a

light microscope (Zeiss, São Paulo, SP, Brazil) with a ×100
magnification. Each image was saved at 600 dpi resolution,
producing a virtual image of 117 × 80 cm.

Qualitative assessment was performed by a single observer,
after reviewing all slides within a group. The quantitative
evaluation (score for formation/no formation of bone tissue)
was given as follows: B−^ for 0–5%, B+^ for 10–25%, B++^
for 25–50%, B+++^ for 50–75%, and B++++^ for > 75%.

Statistical analysis

Statistical evaluation was performed by analysis of frequency
and specific tests using SPSS version 21.0 (SPSS Inc.,
Chicago, IL, USA), with a confidence interval (CI) of 95%.
For comparison of groups’ parametric variables, one-way
ANOVA and Tukey’s test were employed. For comparison
among groups of ordinal variables, the Mann–Whitney test
(two groups) and Kruskall–Wallis test (more than two groups)
were used.

Results

Analysis of ovariectomy effectiveness

The estradiol level in a non-ovariectomized rat was measured
at 34 pg/ml.Median levels of estradiol were 20.7 pg/ml (20.0–
35.4) at 15 days, 20 pg/ml (20.0–62.8) at 30 days, and 20.7 pg/
ml (20.0–50.4) at 45 days after ovariectomy. No statistically
significant difference was observed among groups C, A1, and
A2 (p > 0.05). It might therefore be concluded that, after the
initial phase following ovariectomy, there is no difference in
estradiol level over time, despite potential hormonal compen-
sation by the adrenal gland. Therefore, 15 days after

Fig. 3 a Delimitation of the total
area of the surgical defect, circled
in yellow. b Delimitation of bone
grafted particle areas and osteoid
matrix, circled in black
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ovariectomy, the level of estradiol in rats was considered suf-
ficiently low. A detailed description of the results obtained is
in Fig. 4.

Histological analysis

In all groups and at all experimental time points, complete
bone closure of the defect was observed. In the 15-day control
group, highly vascularized dense connective tissue was ob-
served, with chronic inflammation interspersed by viable par-
ticulate bone and with osteoblasts within the fragments. In the
60-day control group, dense fibrous connective tissue was
interspersed by bone graft particles.

In the 15-day A1 group, dense connective tissue with little
inflammatory infiltrate was observed. A greater amount of
viable bone tissue was observed in comparison to control,
with the presence of osteoblasts. In the 60-day A1 group,
dense connective tissue permeated by viable bone particles
and mineral osteoid matrix was observed.

In the 15-day A2 group, dense connective tissue with little
inflammatory infiltrate was found. A greater amount of viable
bone tissue was found compared to that in the control and A1
groups, with a significant number of osteoblasts. In the 60-day
A2 group, dense connective tissue permeated by viable bone
particles and mineral osteoid matrix was observed.

It is possible to observe all the histological evaluation in
Fig. 5.

Histomorphometric analysis

The results of the histomorphometric analysis at 15 and
60 days are shown in Table 1. In the 15-day control group,
the percentage of neoformed bone and osteoid matrix in the
histological defect was 20.66 ± 7.51 mm2. In contrast, in the
60-day group, the percentage was 15.09 ± 6.51 mm2. In the
15-day and 60-day A1 groups, the percentage was 50.60 ±

12.26 mm2 and 35.02 ± 10.76 mm2, respectively. Finally, in
the A2 group, the percentagewas 35.69 ± 9.15mm2 at 15 days
and 33.93 ± 9.83 mm2 at 60 days.

Immunohistochemical analysis—Wnt3a

Control group: At 15 days, non-marked bone trabeculae (par-
ticles of autogenous bone graft) were observed, and Wnt3a
was present only in the matrix of connective tissue. In the
60-day group, Wnt3a was observed only in areas at the edge
of the bone, lines of osteoblasts peripheral to the trabecular
bone, and in a few areas of connective tissue.

A1 group: At 15 days, Wnt3a-positive staining was ob-
served in osteoblasts peripheral to the trabecular bone and in
darker areas of trabeculae, but not in the matrix of connective
tissue. At 60 days, staining was similar to the 15-day A1
group, with immunopositivity of osteoblasts found only in
the bone trabeculae.

Group A2: At 15 and 60 days, the results were similar to
those of the A1 group. However, marked areas of connective
tissue and more intense bone trabeculae were observed, with
peripheral areas marked by osteoblasts.

The results of immunostaining of Wnt3a at 15 and 60 days
are shown in Fig. 6, and the quantitative analysis results are
shown in Table 2. No difference in immunostaining was ob-
served between the groups at 15 days (p = 0.3) and at 60 days
for Wnt3a (p = 0.11).

Mmp2

Control group: After 15 days, MMP2 was observed only pe-
ripherally in the bone trabeculae. In contrast, at 60 days, great-
er immunostaining was observed more internally in the tra-
beculae as well as peripherally, with few areas stained in the
conjunctive matrix.
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A1 group: In the 15-day group, a pattern of immunostaining
was observed peripherally in the bone trabeculae (particles of
autogenous bone graft). At 60 days, this was maintained, al-
though increased expression was observed in the 15-day group.

A2 group: At both 15 and 60 days, immunostaining for
MMP2 was observed peripherally in the bone trabeculae and
matrix conjunctiva.

The results of MMP2 immunostaining at 15 and 60 days
are shown in Fig. 7. Note the immunostaining peripheral to the
autogenous bone, with greater expression in the A1 and A2
groups compared with the control group.

In the quantitative immunohistochemical analysis
(Table 3), no difference in immunostaining was observed be-
tween the groups at 15 days for MMP2 (p = 0.11).

However, a difference was observed at 60 days (p = 0.002).
Greater immunostaining was apparent for groups A1
(p < 0.001) and A2 (p = 0.02) compared with the control
group.

Discussion

Sodium alendronate is a nitrogen-containing BP with a high
affinity for hydroxyapatite crystals in the bone. It is capable of
inhibiting bone resorption, thus directly influencing bone re-
sorption and formation (bone turnover) processes. However,
the molecular mechanism by which BP inhibits bone resorp-
tion remains unclear [19, 20]. Physicochemical effects such as

Fig. 5 a Group C—15 days. b
Group C—60 days. c Group
B1—15 days. d Group B2—
15 days. e Group B2—60 days.
Dense connective tissue (c).
Particulate bone (arrows). (HE
original magnification in ×40)

Table 1 Values of the histological area of the defect, area of osteoid matrix, and percentage of neoformed bone between different groups and
experimental times (15 and 60 days)

C (average + SD) Al (average + SD) A2 (average + SD) p value

HA AO % HA AO % HA AO % %

15 days (n = 23) 0.52 + 010 0.10 + 0.04 20.66 ± 7.51 0.43 + 0.18 0.22 + 0.14 50.60 + 12.26 0.59 + 0.20 0.19 + 0.03 35.69 ± 9.15 0.0002*

60 days (n = 27) 0.28 ± 0.11 0.08 ± 0.07 15.09 ± 6.51 0.41 ± 0.20 0.14 ± 0.10 35.02 ± 10.76 0.45 ± 0.16 0.16 ± 0.08 33.93 + 9.83 0.001**

C = control; A1 = alendronate 1 mg/kg; A2 = alendronate 3 mg/kg

AH histological area (mm2 ), AO area of osteoid matrix (mm2 )

*C and A1 p < 0.01; C and A2 p < 0.05; A1 and A2 p < 0.05 (15 days)

**C and A1 p < 0.01; C and A2 p < 0.01; A1 and A2 p > 0.05 (60 days)—one-way ANOVA and Tukey test
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bone adsorption, cellular effects, cell apoptosis, and mediation
of the inhibitory activity of BPs by osteoblasts have been
studied to investigate this mechanism. Because of its ability
to inhibit osteoclasts, sodium alendronate is widely used to
treat patients with bone diseases, including osteoporosis.

With the purpose of developing a model of menopause,
ovariectomy in sample rats was carried out to reduce the levels

of progesterone and estradiol. According to Riggs and Melton
in 1992 [21], an important cause of osteoporosis is the lower-
ing of these hormones, and the ovariectomized adult female
rat model, thus reliably, simulates postmenopausal osteoporo-
sis. Following ovariectomy in rats, Sun et al. in 2001 [22]
observed an increase in bone turnover caused by bone
loss, followed by a deficit in bone mass in some regions
of the skeleton. In addition, increased serum alkaline phos-
phatase and porosity of trabecular bone were observed, as
well as changes in the microarchitecture of cancellous
bone, characteristic of postmenopausal osteoporosis.
Another advantage of this postmenopausal osteoporosis
animal model is that, as in humans, rats have a cancellous
bone that undergoes remodeling throughout life, even
though linear growth has stopped [23]. Following ovariec-
tomy, estradiol levels were found in our study to be suf-
ficiently reduced as soon as 15 days later. This observa-
tion allowed for a shorter experimental period without
affecting the results, given the effectiveness of ovariecto-
my 15 days after the procedure.

Postmenopausal osteoporosis is a disease characterized by
increased bone resorption compared with bone neoformation,
thus increasing the rate of bone turnover. This disease leads to
an increased susceptibility to fractures due to a reduced bone
mineral density. Thus, pharmacological treatment in women
with postmenopausal osteoporosis aims to reduce the risk of
fracture by increasing the bone mass [22]. The majority of
patients with osteoporosis receive sodium alendronate. Kim
et al. [4] showed that higher doses of this medication, when
applied systemically, might contribute to decreased bone re-
sorption, thus ensuring greater control over the process of
bone remodeling. Bone et al. in 2004 [2], in a clinical study
of women diagnosed with osteoporosis, found that treatment
with 10 mg of sodium alendronate per day resulted in an
increase in mineral bone density among various bone types.
An important aspect of treatment with sodium alendronate is

Fig. 6 Wnt3a immunoexpression in groups at 15 and 60 days (original
×100 magnification). C = control; B1 = BP 1 mg/kg; B2 = BP 3 mg/kg;
b = edge of the surgical defect; r = particle of autogenous bone graft.
Asterisks indicate matrix of connective tissue

Table 2 Quantitative Wnt3a immunostaining in the groups at 15 and
60 days

Wnt3a

15 days 60 days

Group
C

Group
Al

Group
A2

Group
C

Group
Al

Group
A2

n n n n n n

1 1 1 3 4 1

+ 5 4 2 6 1 5

++ 2 4 3 0 3 3

+++ 0 2 2 0 2 1

++++ o o 0 0 0 0

Total 8 11 8 9 10 10
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the determination of the minimum dose required to accelerate
bone repair without causing systemic toxicity. For the treat-
ment of osteoporosis, the standard dose of the drug is 70 mg
per week (1 mg/kg). Given the more accelerated metabolism
of rats, we used the human dose (1 mg/kg) but administered it
three times per week in one of the groups. In the other group,
the dose was tripled (3 mg/kg), and was maintained at three
times per week until euthanasia [23, 24]. We have shown that

alendronate accelerated the process of bone repair when ap-
plied systemically, which could be detected both at 15 and
60 days, and regardless of the dose. When the minor dose
was used, greater initial bone formation was observed com-
pared with the 3 mg/kg dose. Nevertheless, after 60 days, the
amount of newly formed bone was similar between A1 and
A2 groups. Hence, the dose of sodium alendronate does not
need to be increased in order to obtain increased bone repair in
long term.

In order to understand the mechanisms related to bone forma-
tion and the use of sodium alendronate, immunostaining for
Wnt3a and Mmp2 was performed. Wnt3a is a member of the
Wnt protein family, responsible for some functions in bone for-
mation and osteoblastogenesis. In an in vitro study, Wnt3a was
shown to stimulate osteoblastogenesis and adipogenesis [11, 25,
26]. Furthermore, Wnt3a promotes cell proliferation and regu-
lates the generation of connective tissue in the initial stage of
osteogenic differentiation [27]. Although Wnt3a is related to
bone formation and resorption, there was no difference in ex-
pression observed by immunostaining among groups C, A1, and
A2. However, when the groups were assessed qualitatively, dif-
ferences among control and case groups were detected, with
greater immunostaining for Wnt3a in osteoblasts of bone trabec-
ulae observed in the latter. MMP2, also known as gelatinase, is
involved in various processes in the ECM, both physiological
and pathological. Nyman et al. in 2011 [28] showed that MMP2
contributes to bone density and trabecular bone architecture, thus
potentially affecting biomechanical bone properties. At 15 days
after administration of alendronate, no difference in
immunoexpression of MMP2 was detected. At 60 days, howev-
er, increased expression of MMP2 was observed in the A1 and
A2 groups compared with the control group.

Proteolytic processing is required for the activation of
MMP2; in a previous study by De Simone et al. in 2013 [29],
the expression of MMP2 was shown to be increased in a rat
model of induced arthritis. At an initial time point of 7 days, a

Fig. 7 MMP2 immunoexpression (brownish color) in different groups at
15 and 60 days (original ×100 magnification). C = control; B1 = BP
1 mg/kg; B2 = BP 3 mg/kg; b = edge of the surgical defect; r = particle
of autogenous bone graft. Asterisks indicate matrix of connective tissue

Table 3 Quantitative MMP2 immunostaining in the groups at 15 and
60 days

Mmp2

15 days 60 days

Group
C

Group
Al

Group
A2

Group
C

Group
Al

Group
A2

n n n n n n

0 0 0 3 0 1

+ 2 0 1 6 1 4

++ 5 5 4 0 6 2

+++ 1 6 2 0 3 2

++++ 0 0 1 0 0 1

Total 8 11 8 9 10 10
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statistically significant decrease in expression of MMP2 was
observed. However, after 60 days, increased immunopositivity
for MMP2 was detected. Interestingly, the same effect was not
observed for IL-4, IL-6, or TNF-α. This evidence is consistent
with the findings of this study, especially with respect to the
samples examined after 60 days of treatment. This late increase
in the MMP2 expression suggests proteolytic activity after the
initial period of bone formation, possiblymediated by treatment
with sodium alendronate. In a study byHashimoto et al. in 2007
[30], alendronate was found to inhibit ovarian cancer cell mi-
gration. In another study by the same group in 2005 [31], im-
munodeficient animals with ovarian cancer treated with sodium
alendronate showed decreased invasion of the tumor stroma by
inhibiting MMP2 activity. This antitumor effect may have re-
sulted from the inhibition of cancer cell migration and proteo-
lytic activity. Taken together, this evidence suggests that the
increased expression of MMP2 at 60 days is the result of in-
creased proteolytic activity, which occurs after initial exposure
to alendronate.

In conclusion, animals treated with sodium alendronate
showed greater bone neoformation when compared to the con-
trol group. Although both 1 mg/kg and 3 mg/kg doses increased
long-term bone repair, the use of higher doses for this purpose
was shown to be unnecessary and could lead to systemic impli-
cations. Finally, MMP2 appears to be associated with increased
bone neoformation when sodium alendronate was administered.
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