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Abstract

Purpose: To evaluate histologically and immunohistochemically the bone regeneration after
application of simvastatin on tibial bone defects in rats.

Methods: Sixty Wistar albino rats were divided into 3 groups as control (6 mm tibial bone
defect), defect + graft (allograft treatment), and defect + graft + simvastatin (10 mg/kg/day)
for 28 days.

Results: Histopathological examination revealed inflammation in control group (defect
group), congestion in blood vessels, and an increase in osteoclast cells. In defect + graft group,
osteoclastic activity was observed and osteocyte cells were continued to develop. In defect +
graft + simvastatin group, osteocytes and matrix formation were increased in the new bone
trabeculae. Osteopontin and osteonectin expression were positive in the osteclast cells in the
control group. Osteoblasts and some osteocytes showed a positive reaction of osteopontin
and osteopontin. In defect + graft + simvastatin group, osteonectin and osteopontin expression
were positive in osteoblast and osteocyte cells, and a positive expression in osteon formation
was also seen in new bone trabeculae.

Conclusion: The simvastatin application was thought to increase bone turnover by increasing
the osteoinductive effect with graft and significantly affect the formation of new bone.
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n Introduction

Bone defects constitute a difficult
problem. Different grafting materials have been
used to eliminate osseous defects. The aim of
using these materials are osteoconductive and
osteoinductive. Bone defect, which occurs due
to various reasons (such as trauma, infection
or other factors) leads to serious problems?.
For instance, cortical grafts provide a durable
and rigid structure but they have no ability
to increase osteogenesis? and as they lack of
vascularisation, necrotic bone cannot repair
itself. The primary advantage of cancellous
bone and bone marrow is that they are able
to significantly enhance osteogenesis. These
abilities depend on the fact that they have
viable cells that can transform into osteoblasts
as well as those that induce osteogenesis?.
The autograft is used as a bone graft due
to its osteoinductive and osteoconductive
properties. Allograft was also used as a bone
substitution because it prevented donor site
morbidity*.

Many studies have indicated that
statins act towards remodeling and formation
of bone tissue and are thus osteoinductive
substances. Mundy et al.> reported from the
studies on rodents that statins have anabolic
effects on bone by the stimulation of tissue
formation. Osteoblasts and marrow adipocytes
are originated from a common mesenchymal
progenitor and adipogenic agents are known
to suppress osteoblast differentiation®.

Simvastatin is a modification of
lovastatin serving as a rate-limiting enzyme
in cholesterol synthesis’. Simvastatin s
not well absorbed, and less than 5% of an
oral dose reaches the systemic circulation.
Concentrations of statins in bone marrow
have not been well establishedbut osteoblasts
and osteoclasts may be exposed to very low
concentrations of statins when taken orally?.
Simvastatin enhances alkaline phosphatase
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activity and mineralization, as well as increases
the expression of bone sialoprotein, osteocalcin
and type | collagen, and it was shown to have
anti-inflammatory effect by decreasing the
production of interleukin-6 and interleukin-8°.
Simvastatin  was reported to enhance
osteoblastic activity and inhibit osteoclastic
activity so, increase bone formation rate,
volume and strength?®.

Osteopontin  (OPN) secreted by
the osteoblasts, is one of the major non-
collagenous proteins®!. Studies concerning the
expression of mMRNA show a low expression of
OPN during the maturation of the rat calvarium
and the tibia in early bone formation. The
osteopontin secretion increases and reaches
its highest level in 14-day-old bone. OPN mRNA
decreases and remains low but detectable in
bone cells along the periosteal and endosteal
surfaces and in the spongiosa of the tibia in
young adult bone'?. Bone defect healing is
the process of bone formation. It has been
reported that spontaneous recovery of the
bone defect and bone regeneration ability
occurs but takes time under appropriate
physiological  environmental conditions.
New bone formation, the reduction of blood
flow in the region of the fracture band to
strengthen and harden the new bone is
reported to occur slowly due to lack of calcium
and phosphorus®??®. Healing process of bone
involves the chemotaxis of mesenchymal
cells, their proliferation and differentiation
into osteoblastic cells and the production and
mineralization of extra- cellular matrix (ECM)
by osteoblasts. It has been found that these
critical cellular events are tightly regulated by
appropriate signal molecules, such as growth
factors and cytokines.

The aim of this study was to investigate
application of graft with simvastatin treatment
on created tibial bone defects of rats using
histopathological and immunohistochemical
methods.
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n Methods

This study was approved by the Ethics
Committee for Animal Experimentation of the
Faculty of Medicine at Dicle University,Turkey.

Sixty male Wistar albino rats weighting
260-290 g were used in this study. Wistar
Albino rats were maintained under 22+1°C
and 12 h light/dark cycles with ad libitum
access to standard pelleted food and water.
All rats at the end of experiment were healthy
and no difference in food/water consumption
and body weight gain between experimental
and control rats were observed. Every single
surgical methodology and the consequent care
and healing of the animals utilized as a part of
this investigation were in strict understanding
with the National Institutes of Health (NIH
Publications No. 85-23, revised 1985) rules for
animal care.

Tibial bone defect model

Sedation and surgical procedure

The animals were anesthetized by
intraperitoneal injection 5 mg/kg of Ketamine
(Ketalar®, Eczacibasi, Turkey) and xylazine HCL
(Rompun®, Bayer, Turkey). The skin was shaved
and scrubbed with an antiseptic solution (1%
iodine). After exposing the right proximal tibia
ofeachanimal, astandardized 6. 0 mm diameter
non-critical bone defect was created by using
a motorized drill under irrigation with saline
solution®'°. The material used in our study
was Biograft® HT (IFGL Bio Ceramics) which
contains 40% [-Tri Calcium Phosphate with
60% porous biphasic synthetic Hydroxyapatite.
This material is an alloplast with granule size of
350-500 um with osteoconductive properties.
So, alloplastic material (Biograft—-HT") was
placed in defect area in group 2 and group 3.

Three groups (20 rats per group) were
arranged as below:

1. Control group (Defect group): Tibial
bone defect was created on the first day of
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study and rats were kept immobile for 28 days .

2. Defect + graft group: Six mm tibial
bone defect with allograft treatment was
applied on the first day of study and rats were
kept immobile for 28 days .

3. Defect + graft + simvastatin group:
Alloplastic bone graft was placed in the tibial
bone defect on the first day of study and
simvastatin treatment was applied. All rats
were kept immobile for 28 days. Simvastatin
(Wako Pure Chemical Industries, Osaka, Japan)
was diluted by physiological saline solution
and administrated orally using a gastric tube.
The dose of simvastatin was 10 mg/kg per day
starting from the first day of study to the end.

At the end of the study, animals were
sacrified by decapitation. The skin, as well as
all of the soft tissues surrounding the tibia
bone were removed. The samples were fixed
with 10% neutral buffered formalin solution
and decalcified with 5% EDTA (Ethylene diamin
tetra acetic acid). After rinsing with tap water,
the samples were dehydrated in increasing
concentrations of ethanol and embedded in
paraffin. Tissue sections of 4-6 um thickness
were prepared in the transverse plane and
stained using Hematoxylin-eosin for light
microscopy examination.

Immunohistochemical staining

Antigen retrieval was done in
microwave (Bosch®, 700 watt) for 3min x90°C.
They were subjected to a heating process in
a microwave oven at 700 watts in a citrate
buffer (pH 6) solution for proteolysis. Sections
were washed in 3x5 min PBS and incubated
with hydrogen peroxide [K-40677109 ,64271
Hydrogen peroxide (H,O,) Dortmudt+Germany,
MERCK] (3ml %30 Hydrogen peroxide (H,O,)
+ 27ml methanol) for 20 min. Sections were
washed in 3x5 min PBS min and blocked with
Ultra V Block (lot: PHL150128, Thermo Fischer,
Fremont, CA, USA) for 8 min. After draining,
primary antibodies were directly applied to
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sections distinctly Osteonectin (SPARC), Catalog
#:33-5500, 1:100, Thermo Fischer, Fremont,
CA, USA, Osteopontin monoclonal antibody
1:100, (MA5-17180), Thermo Fischer, Fremont,
CA, USA. Sections were incubated and left
overnight at 4°C. Sections were washed in 3x5
min PBS and then incubated with Biotinylated
Secondary Antibody (lot: PHL150128, Thermo
Fischer, Fremont, CA, USA) for 14 min. After
washing with PBS, Streptavidin Peroxidase
(lot: PHL150128, Thermo Fischer, Fremont,
CA, USA) was applied to sections for 15 min.
Sections were washed in 3x5 min PBS and
DAB (lot: HD36221, Thermo Fischer, Fremont,
CA, USA) were applied to sections up to 10
min. Slides showing reaction was stopped in
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PBS. Counter staining was done with Harris’s
Haematoxylin for 45 sec, dehydrated through
ascending alcohol and cleared in xylene.
Product Number: HHS32 SIGMA, Hematoxylin
Solution, Harris Modified, Sigma-Aldrich,
3050 Spruce Street, Saint Louis, MO 63103,
USA. Slides were mounted with Entellan® (lot:
107961, Sigma-Aldrich, St. Louis, MO, United
States) and examined under light microscope
(Zeiss, Germany).

All morphological changes in
osteoblast, osteocyte and osteoclast cells,
inflammation, congestion in blood vessels,
new bone formation were detaily noted. The
intensity of these changes were graded from 0
to 4 (Fig. 1).

Figure 1 - Histogram showing statistical analysis of histological parameters in all groups. The quantification
of all parameters: 0: no change, 1: too week, 2: week, 3: middle, 4: strong. (Scoring was determined by
examining histological parameters in 15 different regions within the microscope field).

Statistical analysis

Statistics and analyzes were performed
using the SPSS 22.0 for Windows computer

package program. In the analysis of the data,
Kruskall-Wallis and Mann-Whitney U non-
parametric statistical tests were used in the
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intergroup comparisons depending on the
variables and the results were given as the
mean t standard deviation and mean rank.
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And, the results were considered statistically
significant for p=0 with Kruskal-Wallis test and
p < 0.05 with Mann-Whitney U test (Table 1).

Table 1 - Comparison of all groups with Kruskal-Wallis and Mann-Whitney U test. Data are expressed
as the mean * standard deviation and mean rank (*p=0 with Kruskal-Wallis test, **p<0.05 with
Mann-Whitney U test, * and ** statistically significant result).

Mean Kruskal-  Mann-Whitney U
Parameter Groups n Mean1SD Rank Wallis Test comparisons for
value groups (p<0,05)
(1) Control (Defect) 20 1.55#0.68  17.08 27.270 *%(2) **%(3)
Osteoblast () pefect+Graft 20 2.25+0.71  30.12 *p=0 (1) **(3)
€ells  13) Defect+Graftssimvastatin_ 20 3.0060.56  44.30 *%(1) *¥(2)
Osteocyte (1) Control (Defect) 20 0.5510.51 10.50 49.069 **(2) *¥*(3)
cells (2) Defect+Graft 20 2.45#0.51  33.65 *p=0 *%(1) **(3)
(3) Defect+Graft+Simvastatin 20  3.30+0.47 47.35 **(1) **(2)
Inflamation (1) Control (Defect) 20 3.15+0.67 46.20 41.998 **(2) *¥*(3)
(2) Defect+Graft 20 2.30#0.65  33.45 *p=0 *%(1) *%(3)
(3) Defect+Graft+Simvastatin 20  0.70+0.65 11.85 **(1) **(2)
Congestion (1) Control (Defect) 20 3.05%0.60 41.45 39.218 **(3)
inblood  (7) pefect+Graft 20 2.90+0.78  38.80 *p=0 *%(3)
VeSSels 2) Defect+Graft+Simvastatin_ 20 0.90£0.64  11.25 **(1) (2)
New bone (1) Control (Defect) 20 0.75+0.44 12.38 48.717 **(2) (3)
formation  (7) pefect+Graft 20 1.90+0.64  29.45 *p=0 **(1) (3)
(3) Defect+Graft+Simvastatin 20  3.45#0.51 49.68 **(1) (2)
Osteoclast (1) Control (Defect) 20 3.40+0.50 50.50 44.499 **(2) (3)
cells (2) Defect+Graft 20 1.35+0.48  22.98 *p=0 *(1)
(3) Defect+Graft+Simvastatin 20  1.05#0.60 18.02 *(1)
[ | Results

Histopathologic examinations

In the histopathologic examinations
findings were as follows for each group:

1. Control group (Defect group):
Intensive infiltration, obstruction of blood
vessels, increase in osteoclasts and necrotic
changes were observed in the defect area.
Degeneration of osteoblast cells and picnotic
changes in osteocyte cell nuclei were also

observed (Fig. 1a).

2. Defect + graft group: Reduction of
inflammation, obstruction of arteries, increased
osteblastic activity, osteoinductive effect,
progression of osteocyte development and
increased collagen fibers in connective tissue
were our histopathological findings (Fig. 1b).

3. Defects + graft + simvastatin group:
We found an increase in osteoinductive effect
in osteoblasts, maturation of lacunar osteocyte
cells,anincreasein osteogenic matrix formation
and a decrease in osteoclastic activity (Fig. 1c).
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Figure 1a - Haematoxylin-eosin staining (Control

roup). Intensive infiltration in the defect area,
congestion in vessels (yellow arrow), increase
in osteoclasts (red arrow) and necrotic changes,
degeneration of osteoblast cells and picnotic
changes in osteocyte cell nuclei (green arrow).
Scale bar =50 um.

Figure 1b - Haematoxylin-eosin staining (Defect +
graft group). Decrease of inflammation in the defect
area and congestion in the vessels (yellow arrow),
an increase in osteoblastic activity, osteoinductive
effect and osteocyte (red arrow) development.
Increased connective tissue collagen fibers. Scale
bar =50 um.
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Figure 1c - Haematoxylin-eosin staining (Defect
+ graft + simvastatin group). An increase in
osteoinductive effect in osteoblasts (blue arrow),
osteogenic matrix formation (red arrow) and
osteogenic matrix with a decrease in osteoclastic
activity. Scale bar = 50 um.

Immunohistochemical examinations

1. Control group (Defect group):
Osteonectin  expression was positive in
osteoclast cells and some inflammatory cells in
the defect area. Positive osteopontin reaction
was observed in fibroblast and collagen fibers
around congested blood vessels (Fig. 2a).
Positive osteopontin expression was observed
in osteoclast cells and inflammatory cells in
the defect area while negative osteopontin
expression was observed in osteoblast cells
(Fig. 3a).

2. Defect + graft group: In the defect
area, increase in connective tissue fibers
and fibroblast cells were seen in histological
sections. Osteonectin expression was positive
in osteoclast and osteoblast cells (Fig. 2b).
An increase in connective tissue fibers and
cellular structures within the defect area
were observed, while osteoclast cells were
decreased. And, osteopontin expression
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was positively seen in sections. Positive
osteopontin expression was observed in
osteoblast cells with increased inductive effect
in osteoblast cells at the periphery of the tibial
bone trabecula (Fig. 3b).

3. Defect + graft + simvastatin group:
New bone trabeculae in the graft area had
begun to take shape. Osteonectin expression
was positive in connective tissue fibers and
fibroblast cells in this area. Both osteonectin
expression was observed in osteoblast and
osteocyte cells in new bone trabeculae. And,
osteonectin expression was positive in osteon
structures. Osteonectin expression levels and
osteoclast cells decreased together. (Fig. 2c). In
the graft area, positive osteopontin expression
was seen in osteoblast and osteocyte cells of
new bone trabeculae, osteopontin expression
was significant in osteoclast cells and osteon
structures (Fig. 3c).

Figure 2a - Osteonectin immunostaining (Control

group). Positive expression of osteonectin in
osteoclast cells and some inflammatory cells within
the defect area (yellow arrow). Scale bar = 50 um.
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Figure 2b - Osteonectin immunostaining (Defect
+ graft group). An increase in connective tissue
fibers and fibroblast cells and positive osteonectin
expression in the region of the graft in the
defect area (yellow arrow), positive osteonectin
expression in osteoclast cells and some osteoblast
cells (red arrow). Scale bar = 50 um.

Figure 2c - Osteonectin immunostaining (Defect
+ graft + simvastatin group). Positive osteonectin
expression of connective tissue fibers and fibroblast
cells due to fusion in the new bone trabecula
together with the graft (yelow arrow). An increase
in osteonectin expression in osteoblasts and
osteocyte cells (red arrow) in new bone trabeculae,
whereas osteonectin expression in osteon
structures, A decrease in osteonectin expression
levels with decreased osteoclast cells (black arrow).
Scale bar =50 um.
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Figure 3a - Osteopontin immunostaining (Control
group). Osteopontin expression in osteoclast
cells and inflammatory cells in the defect area
(vellow arrow), negative osteopontin expression in
osteoblast cells (red arrow). Scale bar = 50 um.

Figure 3b - Osteopontin immunostaining (Defect
+ graft group). An increase in connective tissue
fibers (red arrow) and cellular structures within the
defect area, a decrease in osteoclast cells, positive
osteopontin expression in osteoblast cells (yellow
arrow). Scale bar = 50 um.
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Figure 3c - Osteopontin immunostaining (Defect
+ graft + simvastatin group). In the graft area, in
new bone trabeculae (yellow arrow), positive
osteopontin expression in osteoblast and osteocyte
cells (red arrow). Scale bar = 50 um.

Statistical results

The results of comparison of the
parameters (osteoblast, osteocyte and
osteoclast cells, inflammation, congestion
in blood vessels, new bone formation) in all
groups are shown in Table 1. When comparing
the groups with these two statistical tests,
significant results were obtained between the
groups in all parameters. In parallel with the
histological and immunohistochemical results
of our study, it was also seen that simvastatin
application increased new bone formation and
decreased the level of inflammation among
all groups (*p=0 with Kruskal-Wallis test , **p
< 0.05 with Mann-Whitney U test) (Table 1).
In addition, it was also seen that simvastatin
application increased osteoblastic activity in
all groups (*p=0 with Kruskal-Wallis test , **p
< 0.05 with Mann-Whitney U test) (Table 1).

] Discussion

In segmental fractures, the longitudinal
blood circulation of the fragments that are
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in between is compromised due to the loss
of connections at proximal and distal points
and the severe soft tissue trauma added to
that adversely influences circulation, thereby
increasing the risk of inadequate fracture
healing®®. Different sites are used to evaluate
the bone healing of defects created in rats,
such as tibia'’, calvaria®® and jaws'’. The tibial
proximal epiphysis has a medial face that is
suitable for inducing bone defects, as it has a
wide and slightly convex surface that is devoid
of muscle insertion. It has been shown by
some researchers that experimental osseous
defect repair caused different bone reactions
due to biomaterial in rat tibial bone and used
for the evaluation of bone healing. Bone grafts
are often required to provide support, fill
gaps and improve biological repair in skeletal
damagen,ls,zo_

Different bone graft materials have
been used for bone regeneration, closure of
osteotomyopenings,andalveolaraugmentation
in oral and maxillofacial surgeons?*?2. Natural
coral-derived grafts and synthetic bone graft
materials are used in alveolar crest elevation,
intra-bone defects, material loss fractures,
facial bone defects, orthognathic surgery, and
maxillary sinus ground?%,

Simvastatin exerts anti-inflammatory
effects, induces angiogenesis and promotes
endothelial cell growth. It also regulates
bone regeneration by promoting osteoblast
function and inhibiting osteoclast cell function.
A number of studies have demonstrated
the potential for statins to increase bone
regeneration®?®. Skoglund et al.*® reported
that simvastatin induced the activation of the
cells involved in the fracture repair process
and thus increased bone callus size. In this
study, osteoclastic activity was observed in
the graft treated group and osteocyte cells
were seem to be developed. In the simvastatin
group, osteoplastic activity was increased
and osteocytes and matrix formation with
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new bone trabeculae and inflammation and
congestion in blood vessels were decreased.

Osteonectin is secreted by osteoblast
cells during bone formation. Osteopontin is
expressed in bone and is thought to control the
growth of mineral crystals?’. Osteopontin (OPN)
is a non-collagenous matrix protein. OPN is
known to play a role in cell adhesion, migration,
survival, and bone remodeling?®*. Research in
animal models indicates that OPN deficiency
alters the functionality of multiple cell types,
resulting in delayed early vascularization,
altered matrix organization, and late bone
remodeling®. In our study, osteopontin and
osteonectin expression were positive in some
inflammatory cells in osteoclast cells in defect
regionOsteoblasts and some osteocytes in
the graft group showed a positive reaction of
osteonectin and osteopontin (Figs. 2b and 3b).
Osteonectin and osteopontin expression were
positive expression in osteoblast osteocytes
and bone trabeculae in simvastatin group (Figs.
2c and 3¢).

Clinical studies have shown that
simvastatin administration reduces the risk
of fractures and osteoporosis in patients3..
Many investigators have used simvastatin by
administering different doses. The regeneration
of the calvarial bone, which was injected with
simvastatin into the tissue at a dose of 1,5,10
mg/kg/day for 5 days, was studied®. Another
investigator made subcutaneous injections of
up to 50 mg/kg/day at higher doses to measure
the possible effect of simvastatin on implant
osseointegration in rabbits*’2. Kheirallah et
al.®® reported that increased bone formation
and resorption at high doses of simvastatin,
while simvastatin at low dose reduces bone
formation and increases bone resorption.
Simvastatin loaded into calcium sulfate cement
has shown to increase bone regeneration in a
rat calvarial defect at eight weeks compared
to non-simvastatin treated rats, despite the
induction of a robust inflammatory response®.
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In our study, rapid development of
new bone trabeculae on the 28th day of the
defect region was observed and also increase
in osteoblastic and osteoclastic activities were
accelerated by graft material and simvastatin
application. Additionally, it provided support
for the repair of bone tissue. In osteoblasts
with fusion of graft in bone trabecula, matrix
development and new bone trabeculae have
emerged by increasing osteogenic effect
in inductive and osteocyte cells. Positive
osteopontin expression in osteoblast and
osteocyte cells, decrease in osteoclast cells
and prominence in osteon structures were
observed in new bone trabeculae in graft area
suggesting us that cell adhesion and bone
remodeling are present.

Despite the results, there are a few
limitations in clinical contribution. Graft
materials used to prevent damage to the
bones caused by defect in patients induce
osteoblastic activity in bone repair and
stimulate osteocyte and bone trabecular
development. Simvastatin administration is
thought to reduce antioxidative inflammation,
accelerate osteoinductive effect with graft,
increase bone repair and significantly affect
new bone formation. While graft application
has a stimulating and curative effect on bone
tissue and dental implant compliance, the
use of simvastatin is thought to induce graft
application by accelerating bone development.

[} Conclusion

It was thought that simvastatin repaired
the defect area and caused a decrease in
inflammation due to osteoblastic activity and
increased matrix release due to increase of
lamellar bone structures in rats.
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