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Influence of the association between
simvastatin and demineralized bovine
bone matrix on bone repair in rats

Abstract: Simvastatin, a drug used to lower blood cholesterol, has been
reported to have an anabolic effect on bone. The purpose of this study
was to evaluate the influence of simvastatin and demineralized bovine
bone matrix (DBBM) on the repair of rat calvarial defects. Defects of
5 mm were created in 64 rats, divided into four groups: no local treatment
(control); treatment with DBBM (DBBM); treatment with a combination
of simvastatin solution (2.2 mg/50 ul) and DBBM (DBBMSIM-1); and
treatment with simvastatin solution (0.5 mg/50 ul) and DBBM (DBBM-
SIM-2). Animals were sacrificed on postoperative day 30 or 60, after
which the calvariae were X-rayed and prepared for histomorphometric
evaluation. The data were submitted to statistical analysis (p < 0.05). X-
rays revealed that, on postoperative day 30, animals treated with a lower
dose of simvastatin presented the lowest bone density, whereas on post-
operative day 60 the use of simvastatin, regardless of the dose, resulted
in lower density than that observed in control and DBBM group samples.
Histomorphometric analysis revealed that, on postoperative day 30, both
DBBM and DBBMSIM-1 had a negative impact on bone formation. On
postoperative day 60, none of the combinations tested impaired bone re-
pair. These results showed that the association between DBBM and sim-
vastatin had a negative impact on bone repair.

Descriptors: Simvastatin; Bone Regeneration; Bone Matrix.

Introduction

Autotransplantation is the gold standard for the repair of large bone
defects. However, this technique has two major disadvantages: donor-
site morbidity and bone resorption. In the 1960s, Urist' reported that
demineralized bone implants in extraosseous sites induced local miner-
alization, a process in which mesenchymal cells differentiate and form
new bone. Since then, there have been various studies investigating alter-
natives to autotransplantation, including the use of demineralized bone
matrix for bone repair.

Statins are widely used to lower blood cholesterol levels. Some studies
have reported that statins can stimulate bone formation by stimulating
the production of bone morphogenetic protein-2.2

Statins target the liver and have reduced affinity for bone tissue; in
addition, orally administered statins are poorly distributed to bone.? The
doses required for statins to have an effect on bone are much higher than
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those required to reduce cholesterol levels and are
associated with unacceptable toxicity.®> The major
limitation to the clinical use of statins for bone re-
generation is the lack of an effective carrier for the
drug,* since the success of in vivo bone formation
depends on high local concentrations of statins.’
Various authors have investigated new methods and
carriers for the administration of statins:
¢ local delivery in methylcellulose gel;*”
e local delivery in polylactic acid/polyglycolic acid
copolymer;’
® local delivery in gelatin sponge;® and
e statins used in combination with calcium sul-
fate.>!

The results have often been encouraging.

The purpose of the present study was to evaluate
the influence of the association between simvastatin
and demineralized bovine bone matrix (DBBM) on
the repair of rat calvarial defects.

Material and Methods

A total of 64 adult male Wistar rats (Rattus nor-
vegicus) aged 90 days were used. In order to cre-
ate the defects, the animals were anesthetized with
13 mg/kg of xylazine (Anasedan-Vetbrands-Sespo,
Jacarei, SP, Brazil) and 33 mg/kg of ketamine (Do-
palen Vetbrands - Sespo, Jacarei, SP, Brazil). An in-
cision was made through the skin and periosteum,
and a trephine drill (Neodent, Curitiba, PR, Brazil)
was used to create two critical size defects (5 mm in
diameter),!! one in each parietal bone.

The simvastatin solution was prepared by mixing
simvastatin (lot no. 0707071512; Galena, Campi-
nas, SP, Brazil) and distilled water at a proportion of
2.2 mg/50 ul (solution 1¢) or of 0.5 mg/50 ul (solu-
tion 27) and centrifuging the mixture for 1 h. The
animals were divided into four groups:

e control, in which the defects were not filled;

e DBBM, in which the defects were filled with
10 mg of DBBM (GenOx Org Cortical Micro;
Baumer S.A., Mogi Mirim, SP, Brazil) and 56 ul
of distilled water;

e DBBMSIM-1, in which the defects were filled
with 10 mg of DBBM and 56 ul of simvastatin
solution 1 (Figure 1); and

e DBBMSIM-2, in which the defects were filled
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Figure 1 - Defects filled with demineralized bovine bone
matrix in combination with simvastatin solution 1.

with 10 mg of DBBM and 56 ul of simvastatin

solution 2.

After 30 or 60 days, the animals were sacrificed,
and the calvariae were removed and fixed. After
radiographic examination, right and left defects
were separated, and left-side samples were sent for
decalcification. Right-side samples were embed-
ded in methyl methacrylate resin, cut into sections,
and mounted on slides for microscopic examination
(data not shown).

The samples were X-rayed using dental X-ray
equipment (Spectro 70X; Dabi Atlante, Sao Paulo,
SP, Brazil) with a digital sensor (Trophy RVG, Ko-
dak Dental Systems, Rochester, NY, USA), under
the following conditions: 8 mA; 70 KVp; focus-ob-
ject distance of 30 cm; exposure time of 0.1 s. The
radiographic density (gray levels) of the region of in-
terest (circular area = 15,380 pixels) was calculated
using the Image] 1.31p software (National Institutes
of Health, Bethesda, MD, USA). For statistical anal-
ysis, we considered the mean density of the two de-
fects for each animal.

Left-side samples were decalcified with 5% tri-
chloroacetic acid. Semiserial sections of 5-7 um were
cut and stained with hematoxylin and eosin (H&E).
For histomorphometric analysis, the images of four
sections were digitized (Axiophot 2 Carl Zeiss, Got-
tingen, Niedersachsen, Germany) at a magnification
of x25. The Adobe Photoshop software (Adobe Sys-
tems Incorporated, San Jose, CA, USA) was used to
select areas of newly formed bone, including osteo-
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cyte lacunae. Subsequently, image binarization was
performed, and the area was calculated using the
Image] 1.31p software.

In order to evaluate the effect of the differ-
ent types of treatment at each time point (30 or
60 days), the densitometric data were submitted
to analysis of variance (ANOVA) and Tukey’s test,
whereas the histomorphometric data were submit-
ted to the Kruskal-Wallis test, followed by Dunn’s
post-test. In order to evaluate the effect of time, the
Student’s t-test or the Mann-Whitney test was used.
The level of significance was set at 5% for all tests.
The analyses were performed with GraphPad Prism
4.0 (GraphPad Softwares Inc., San Diego, CA, USA)
and Bioestat 2.0 (Sociedade Civil Mamiraud, Belém,
PA, Brazil).

The present study was approved by the Animal
Research Ethics Committee of the University of
Taubaté, Brazil (protocol no. 0016/07).

Results

After the surgical procedure, 6 rats from group
DBBMSIM-1 presented scabbing — which persisted
for 30 days — at the incision site. Only 1 animal from
group DBBMSIM-2 presented scabbing, observed
14 days after surgery. The lesion was approximate-
ly half the size of that seen in animals from group
DBBMSIM-1 and had disappeared on postoperative
day 30. Also in group DBBMSIM-2, 1 animal died
from anesthesia-related complications and was not
replaced.

X-ray densitometry

The ANOVA revealed a significant difference be-
tween the radiographic density values of the samples
collected on postoperative day 30 (F = 3.395, df = 3,
p = 0.0316) and those of the samples collected on
postoperative day 60 (F = 8.574, df = 3, p = 0.0004).
Figures 2 and 3 illustrate the differences revealed by
Tukey’s test.

The Student’s t-test, used to analyze the effects
of time on radiographic density according to the
type of treatment, revealed no significant differences
between the two time points in group DBBMSIM-1
(Figure 4). In the remaining groups, significantly
greater radiographic density was observed in ani-
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Figure 2 - Means and standard deviations of radiographic
density values on postoperative day 30. * indicates signifi-
cant difference (Tukey's test).

Gray level
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Groups

Figure 3 - Means and standard deviations of radiographic
density values on postoperative day 60. * indicates signifi-
cant difference (Tukey's test).
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Figure 4 - Means and standard deviations of radiographic
density values on postoperative days 30 and 60. *t = 5.024,
df = 14, p = 0.0002; **t+ = 5.348, df = 14, p = 0.0007;
¥t =4.249,df = 13, p = 0.0009.
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Figure 5 - Means and standard errors of new bone forma-
tion values on postoperative day 30. * indicates significant
difference (Dunn’s post-test).
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Figure 6 - Means and standard errors of new bone forma-
tion values on postoperative day 60. * indicates significant
difference (Dunn’s post-test).
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Figure 7 - Means and standard errors of new bone forma-
tion values on postoperative days 30 and 60. * + = 5.36,
df = 10.29, p = 0.0003; ** t = 3.3311, df = 8.86,
p = 0.0103.
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mals sacrificed on postoperative day 60.

Histomorphometric analysis

Due to technical difficulties during decalci-
fication and slide preparation, one sample col-
lected from group DBBM on postoperative day 30
was not used. The Kruskal-Wallis test revealed a
significant difference between the types of treat-
ment, both on postoperative day 30 (H = 13.592;
df = 3; p = 0.0035) and on postoperative day 60
(H = 16.828; df = 3; p = 0.0008). Dunn’s post-test
revealed that, on postoperative day 30, both DBBM
and DBBMSIM-1 had a negative influence on new
bone formation (Figure 5). On postoperative day 60,
the two different doses of simvastatin had a negative
influence on bone repair (Figure 6).

The effect of time on bone repair was significant
only in animals from the control group and in those
from group DBBM, the highest density values being
observed on postoperative day 60 (Figure 7).

Descriptive histology

On postoperative day 30, the examination of
control samples revealed an area of new bone at the
edges of the defects. The newly formed bone pre-
sented plump osteocytes arranged in a disorganized
manner and was covered by flattened osteoblasts.
Small bone islands were seen in the center of the
defect, which was filled with loose connective tis-
sue and mild chronic inflammatory infiltrate. The
histological features of group DBBM samples were
similar to those of control samples; however, there
was less new bone at the edges and in the center
of the defect. The connective tissue was thicker in
some samples and presented moderate chronic in-
flammatory infiltrate. DBBM had been completely
reabsorbed in all but 1 of the animals from group
DBBM. Group DBBMSIM-1 samples presented few
areas of new bone formation, limited to the edges of
the defect and composed of highly immature tissue
surrounded by plump osteoblasts (Figure 8), as well
as regions of old bone resorption. The connective
tissue that filled the defect was highly vascularized,
thicker than that observed in groups control and
DBBM, and presented moderate or severe chronic
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Figure 8 - Microscopic appearance of a sample from an
animal from group DBBMSIM-1 that was sacrificed on post-
operative day 30. Very immature bone tissue, with plump
osteocytes and osteoblasts (H&E; x400).

inflammation. An area of necrosis was observed in
1 animal, and remnants of DBBM were seen amid
connective tissue in 50% of group DBBMSIM-1 ani-
mals. Group DBBMSIM-2 samples presented few
areas of new bone formation, with highly imma-
ture tissue. However, there was no resorption of old
bone. Remnants of DBBM amid the connective tis-
sue that filled the defect were observed in 1 animal.
No areas of necrosis were observed.

On postoperative day 60, the newly formed
bone at the edges of the defect in control samples
was thicker and more mature, containing osteocytes
that were smaller and more regularly arranged than
those observed on postoperative day 30. In a large
number of samples, we observed islands of newly
formed bone in the center of the defect. In some
samples, linear closure of the defect was nearly com-
plete. Areas of mild inflammation were still present.
The histological features of group DBBM samples
were similar to those of control samples. DBBM-
SIM-1 samples once again presented little new bone
formation (Figure 9). The connective tissue was
slightly thicker and more vascularized than that
observed in groups control and DBBM, presenting
mild or moderate inflammation. No bone formation
was observed in the center of the defect in any of
the animals from group DBBMSIM-1. Osteoblasts
and osteocytes were plumper in group DBBMSIM-1
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Figure 9 - Microscopic appearance of a sample from an
animal from group DBBMSIM-1 that was sacrificed on post-
operative day 60. Small amount of bone formation at the
edges of the defect (H&E; x200).

samples than in the samples from the remaining
groups, and remnants of DBBM were seen in 3
animals. Group DBBMSIM-2 samples once again
presented little bone formation. The connective tis-
sue that filled the defect was thin, presenting mild
chronic inflammatory infiltrate. Neither remnants
of DBBM nor necrosis was observed in any of the
animals from group DBBMSIM-2.

Discussion

A critical size defect can be defined as the small-
est size of an intraosseous wound — in a particular
bone and species of animal — that will not heal spon-

taneously during the lifetime of the animal'?

or over
the duration of the study.'”> A 5-mm rat calvarial de-
fect is considered a critical size defect."! Our analy-
sis of cross-sectional area revealed that none of the
samples from the control group presented complete
bone regeneration, which allowed us to analyze the
osteogenic potential of the treatments tested.

In the present study, X-ray densitometry and
histomorphometric analysis were complementary
because densitometry was used to evaluate calcified
tissue and histomorphometric analysis was used to
evaluate decalcified tissue. Although radiographic
analysis has certain advantages, such as low cost
and rapid results, the accuracy of the method when
employed in rat calvarial defect models has been re-



ported to be low."* Therefore, radiographic analysis
should not be used as the only method of evalua-
tion (i.e., without histological analysis, considered
the gold standard). Our results confirmed this. On
postoperative day 30, radiographic and histological
analyses revealed opposite results for group DBBM-
SIM-2. On postoperative day 60, when bone forma-
tion was more evident, the two analyses revealed no
conflicting results.

Although DBBM has osteoconductive’ and
osteoinductive properties, osteoinductivity var-
ies according to the commercial preparation.'® We
were unable to confirm the beneficial properties of
DBBM.'>! Carneiro et al.'® also investigated the
beneficial effects of DBBM and reported no signifi-
cant differences between the treatment group and
the control group. In the present study, DBBM de-
layed bone matrix formation in the first 30 days,
exacerbating the inflammatory process. A more in-
tense initial inflammation might be related to fac-
tors such as incomplete decalcification of the graft,
residual lipids or immunopathological features of
the recipient.'® In the present study, the association
between inflammation and DBBM resorption in the
first 30 days might have affected the osteoconduc-
tivity of DBBM. On postoperative day 60, when
DBBM was no longer present, no significant dif-
ferences were observed between groups DBBM and
control.

Various authors have investigated local delivery
of statins to increase bone formation and reported
that statins have a local anabolic effect.>*!° Others,
however, have found no beneficial effects.”'>2° The
ideal doses and carriers have yet to be determined,
and the issue remains controversial. Low doses have
no impact on bone repair, whereas high doses can
stimulate inflammation. High local concentrations
of statins can be cytotoxic due to a drastic reduction
in the production of cholesterol, a substance that is
important to the integrity of cell membranes.*

In the present study, the use of high local doses
of simvastatin caused an intense inflammatory reac-
tion, accompanied by tissue necrosis and scabbing.
Soft tissue inflammation was also reported by Thy-
lin et al.,® who used 2.2 mg of the drug in methylcel-
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lulose gel in rat calvaria; by Nyan et al.,” who used
1 mg of the drug in calcium sulfate in rat calvaria;
and by Stein et al.,” who used doses of 0.5, 1.0, 1.5,
and 2.2 mg of the drug in rat mandible. In the study
conducted by Stein et al.,” the 0.5-mg dose present-
ed the best cost-benefit ratio, promoting significant
bone formation and reduced inflammation. Sato et
al.,*" however, used 2 mg of simvastatin in calcium
sulfate in rat alveolar bone after incisor extraction
and reported no adverse effects. The speed at which
the carrier releases the drug also plays a role in the
local concentration and effectiveness of simvastatin.
Stein et al.” used 0.1 mg of simvastatin in methylcel-
lulose gel and reported no stimulation of bone for-
mation, whereas Nyan et al.'’ used the same amount
of simvastatin in combination with alpha-tricalcium
phosphate and reported significant new bone for-
mation, greater than that obtained using 0.25 and
0.5 mg of the drug.

In the present study, DBBM might not have been
an effective carrier of the aqueous solution of sim-
vastatin, since the drug delayed DBBM resorption,
prolonging the inflammation process. The effects of
the association between DBBM and a higher dose
of simvastatin were already evident on postopera-
tive day 30, when decreased bone formation was
observed in group DBBMSIM-1, whereas the ef-
fects of the association between DBBM and a lower
dose of simvastatin (group DBBMSIM-2) were only
evident on postoperative day 60. Despite the evi-
dent reduction in inflammation in the DBBMSIM-2
group, the two doses used delayed bone repair. In
a study conducted by Ma et al.,?® local delivery of
0.1, 0.9, or 1.7 mg of simvastatin to tibia implants
in combination with beta-tricalcium phosphate also
had a negative effect on bone repair. Further stud-
ies aiming at determining optimal doses and routes
of administration of statins are required in order to
evaluate more accurately the use of these drugs for
bone repair.

Conclusion

The results of the present study showed that the
association between DBBM and simvastatin had a
negative impact on bone repair, and that none of the
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treatments tested improved bone regeneration.
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