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FIGURE LEGENDS

Figure 1

A: Fibroblasts isolated from canine buccal mucosa (COFs). These cells show
spindle-shaped cytoplasm with elongated nuclei. Numerous cultured cells expressed
GFP signals under the fluorescence microscopic observation. B: Localization’of
GFP-positive COFs in GS-B/COFs complex before transplantation. GFP-positive COFs
(white arfows) are observed in the GS-B/COFs complex. GS-B (pink asterisks) shows

strong fluorescence. Bars: 50um in A and B.

Figure 2

A: Effects of thBMP-2 on ALP activity in COFs. The cells were cultured for 3days with
various concentrations of thBMP-2, and ALP activity was measured as described in
Materials and Methods. *p<0.05. B-G: Effects of rhBMP-2 on histochemical detection
of ALP in COFs. The cells were cultured for 6 days with various concentrations of
rhBMP-2, and they were processed for histochemical staining of ALP as described in
Materials and Methods. Concentrations of thBMP-2: B; 0 ng/ml (control), C; 1 ng/ml,

D; 50 ng/ml, E; 100 ng/ml, F; 250 ng/ml, G; 500 ng/ml.

Figure 3

Effects of rhBMP-2 on mRNA expression of Runx2 (A), OSteriX(B), and Osteocalcin
(OCN) (C) in COFs. The cells were cultured for 3 or 6 days with or without thBMP-2
(500 ng/ml), and mRNA expression was determined as described in Materials and

Methods. Relative expression level of each mRNA shown in Figure 3 was normalized
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to B-2-microglobulin rnRNA. *p<0.05, **p<0.01(n=3).

Figure 4

Soft x-ray féatures of the transplanted complexes. A: 1 week after transplantation of
control complex (GS-B/COFs). B: 1 ‘week after transplantation of GS-B/BMP-2/COFs.
C: 2 weeks after transplantation of control complex (GS-B/COFs). D: 2 weeks after

transplantation of GS-B/BMP-2/COFs. E: 2 weeks after transplantation of GS-B/BMP-2.

Figure 5

Histology of transplanted complexes. A-F and H are undecalcified sections and G is
decalcified paraffin section prepared as described in Materials and Methods. A:
Histology of transplanted control complex (GS-B/COFs) after 1 week of the
transplantation. Note that mineralized GS-B (brown to black) and non-mineralized GS-f
~ (pink) are observed, but no ALP-positive cells are observed. B: Histology of
transplanted GS-B/BMP-2/COFs complex after 1 week of thé transplantation. Note that
ALP-positive cells (blue) are observed around mineralized GS-B/bone (brown to black).
C, D: Histology of transplanted GS-B/BMP-2 complex after 2 weeks of the
transﬁlantation. ALP-positive cells (blue) are observed around mineralized bone (brown
to black). D is a higher magnification of C. E, F: Histology of transplanted
GS-B/BMP-2/COFs comp‘lex after 2 weeks of the transplantation. Note that Numerous
ALP-positive cells (blue) are observed around mineralized bone (brown to black). G:
Histology of decalcified section of the transplanted GS-B/BMP-2/COFs complex after 2
weeks of the transplantation. Numerous osteocytes are embedded in bone matricés.

Hematoxylin and eosin stain. H, I: Cartilage appeared in the transplants of GS-B/BMP-2
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complex (H) and GS-B/BMP-2/COFs complex (I) after 2 weeks of the transplantation.

Alcian blue stain. Bars: 100pm in A, B, C and E, 50 pm in E, 25umin D, F, G,Hand L.

F iguré 6

Localization of ALP-positive cells and GFP—positiVé cells in the éctopically formed
bones at 2 weeks after transplantation of GS-B/BMP-2/COFs complex. GFP-positive
cells were monitored before staining both ALP and von Kossa. Blue cells in A and C
are ALP-positive cells, and mineralized bone js shown in brown. Pictures of B and D
were taken by fluorescence microscope. Green cells in B and D are GFP-positive cells.
Red arrows indicate the’ cells showing both positive for ALP andr GFP, and yellow
arrows indicate the cells showing GFP-positive but ALP-negative. Pink asterisks

indicate the rests of GS-P. Bars indicate 20pm.
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Abstraét

Wekhén’fe prevmusly 're‘ported that healing of rat calvarial defeéts was enhanced by

appllcatlon of alpha tricalcium phosphate («TCP) combined with sxmvastatm, a cholesterol
synthesis_inhibitor. ‘The purpose of the present study was to mvestlgate the cellular and
molecular mechamsms in this phenomenon. Rat calvarial defects were grafted with « TCP with
or mthout sxmvastatm oor left untreated. Animals were sacrificed on 3 7, 10, 14, and 21 days
postoperatlvelv and’ hlstologlcal changes in the defect region were assessed. Gene expression
patterns were examined by RT-PCR. Proliferation and migration of osteoprogenitor cells from
~ the dura mater were mcreased in snmvastatm group from day 3 to day 10.(p < 0.01). New bone
formatlon was sxgmf cantly mcreased in simvastatin group on day 14 and day 21 (p < 0.01).
BMP-2 expression was sngmf’ cantly higher in simvastatin group on day 3 and day 14 (p < 0.05)
and ‘maintained until day 21. Increased upregulation of TGF-B1 was. also observed in the
simvastatin group on day 7 (p < 0.05) which was maintained until day 14. These findings
suggest that the proliferation and recruitment of osteoprogenitor cells were critical steps in
g early stage of bone healing and that these steps were enhanced by TGF-p1 and BMP-2, which
were stimulated by simvastatin. © 2009 Wiley Periodicals, Inc. J] Biomed Mater Res Part B: Appl

Biomater 93B: 65-73, 2010

Keywords:
formation

INTRODUCTION

For regeneration of defective or lost bone tissue, various
techniques for tissue engineering have been introduced. In
situ bone regeneration therapy is one of them in which
osteoconductive scaffolds combined with bioactive mole-
cules are applied to stimulate the local host cells to upregu-
late osteoblastic differentiation and subsequent - bone
formation. Bone morphogenetic proteins (BMPs) are prom-
ising candidates for this approach of tissue engineering;
however, there are still some problems to be solved for
clinical application. Simvastatin is one of the most com-
monly prescribed cholesterol lowering drugs, which has
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been shown to stimulate expression of BMP-2 in vitro and
promote bone formation in vivo.> Recently, many research
works have been emphasized on the local application  of
statins for in sifu bone regeneration and repair.’”'® We
have also reported in our previous study that optimal dose
of simvastatin combined with alpha tricalcium phosphate
(«TCP) stimulated bone regeneration in the calvarial osteot-
omy defects in rats.'”” The objective of the present study
was to investigate the molecular and cellular mechanisms

“in the early stage of bone healing by the application of

simvastatin-oTCP combination in the rat calvarial defects.

MATERIALS AND METHODS
Sample Preparation and Measurement of
In Vitro Drug Release

oTCP particles (Advance Co., Tokyo, Japan) having 500-
700 um in diameter and porous structure (mean pore size
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~5 upm, mean porosity ~27%) were used. The samples
were prepared according to the methods previously
described.!” Simvastatin (OHARA Pharmaceutical Co. Ltd.,
Koka, Shiga, Japan) was dissolved in ethanol and the solu-
tion was applied to the «TCP particles by dropping under
sterile conditions. Ethanol was dried out completely in a
laminar flow hood. Each sample was composed of 0.1 mg
simvastatin combined with 14 mg oTCP particles. This
dose was determined as the optimal dose for combining
with «TCP to stimulate bone regeneration in the previous
study. The loading efficacy was determined by dividing the
retained amount of simvastatin by the initial loaded simva-
statin concentration multiplied by 100%.

The release of simvastatin was measured using a UV-
Visible spectrophotometer, Nanodrop, ND-1000 (NanoDrop
Technologies, Wilmington). The spectrometer was cali-
brated using 6 standards of simvastatin solution at 37°C.
The absorbance was measured at 238 nm and working
curve for calculation of simvastatin concentrations was
established from the absorbance values. The samples were
placed in 500 uL of 0.1M tris buffer solution (pH 7.4), and
positioned in an Taitec Personal 11 Shaker (Taitec Corp.,
Tokyo, Japan) set at 100 rpm and 37°C. The amount of
drug released into the tris buffer was measured 24 hr after
the initial immersion, then every day for 14 days. The cu-
mulative concentration was calculated using the previously
determined working curve.

Animal Procedures

The animal experiment protocol was approved by the insti-
tutional committee for animal experiments. Bilateral parie-
tal bone defects were created according to the method
previously reported. Male Wistar rats (16 weeks old) were
anesthetized with a combination of ketamine-xylazine (40
and 5 mg/kg). The dorsal part of the cranium was shaved
and prepared aseptically for surgery. A 20-mm long inci-
sion in the scalp along the sagittal suture was made, and
the skin, subcutaneous tissue and periosteum were reflected,
exposing the parietal bones. Two full-thickness bone
defects of 5 mm diameter were trephined in the dorsal part
- of the parietal bone lateral to the sagittal suture. A 5-mm
trephine bur was used to create the defects under constant
irrigation with sterile physiologic solution to prevent over-
heating of the bone edges. Care was taken during the surgi-
cal procedure to prevent damage to dura mater. In TCP
group, each defect was filled with 14 mg of «TCP (30 rats)
and in simvastatin group, with 14 mg of simvastatin-«TCP
combination (30 rats). In 30 animals, both defects were left
unfilled to serve as control group.

Histological Observation

For histological observations, three rats from each group
were sacrificed at 3, 7, 10, 14, and 21 days after surgery.
The specimens were fixed in 10% neutralized formalin for

1 week, decalcified in EDTA for 4 weeks, and then embed-
ded in paraffin. Coronal sections of about 5 um thickness
were cut, stained with haematoxylin-eosin and observed
under an optical microscope (Biozero, Keyence, Tokyo,
Japan). The image analysis was performed by using a com-
puter-based image analyzing software (Image J, NIH) to
measure the cell density and to quantify the newly formed
bone area within the defect. The cell counter tool in the
Image J software was applied to count the number of osteo-
progenitor-like cells by clicking on the image of each cell-
manually after these cells were visually determined accord-
ing to their morphology. The cell counter tool marked the
counted cells so that repeated counting was avoided. The
bone fill percentage (%) was calculated from the values of
total defect area and area of newly formed bone.

Real-Time PCR Analysis

For gene expression analysis, three rats from each group
were sacrificed at 3, 7, 10, 14, and 21 days after surgery.
Two bone samples incorporating the individual defect
region were obtained from parietal bones of each rat. Total
RNA was extracted from the bone samples by using Trizol
Reagent (Invitrogen, Carlsbad, CA). Complementary DNAs
(cDNAs) were synthesized using a commercial kit (Super-
script III First-Strand Synthesis Supermix, Invitrogen)
according to the manufacturer’s recommendations. Oligo-
nucleotide primers were designed for amplification of
messenger RNA (mRNA) encoding the following genes:
ratGAPDH (forward: 5'-AACTCCCATTCTTCCACCTT-3,
reverse: 3’ AGGGCCTCTCTCTTGCTCT-5"), ratBMP-2 (for-
ward: 5-AAGGCACCCTTTGTATGTGG-3/, reverse: 3'-
CATGCCTTAGGGATTTTGGA-5), ratTGF-betal (for-
ward: 5-CAACAATTCCTGGCGTTACC-3, reverse: 3'-
TGGGACTGATCCCATTGATT-5') and ratVEGF (forward:
5-TTGAGACCCTGGTGGACATC-3/, reverse: 3'-CTCCT-
ATGTGCTGGCTTTGG-5).

Real-time PCR quantification was performed with SYBR
green PCR master-mix (Applied Biosystems) on an Applied
Biosystems 7300 Real Time PCR System (ABI, Foster City,
CA). Expression levels were determined using the relative
threshold cycle (Ct) method as described by the manufac-
turer of the detection system. Expression levels were stated in
terms of fold increase or decrease relative to un-operated nor-
mal rats of the same age. This was calculated for each gene
by evaluating the expression 2”247, where AACT is the
result of subtracting [Crgene — CrGaPDH](unoperated calibrator)
from [CTgene - CTGAPDH](experjmental group)+

Statistical Analysis

Data were firstly analyzed by one-way ANOVA. When this
analysis suggested a significant difference between groups
(p < 0.05), the data were further analyzed by Tukey post
hoc multiple comparison tests.
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lative release of si

days

Figure 1. In vitro release pattern of simvastatin from oTCP. Values
were shown as mean = SD, n = 5.

RESULTS

In Vitro Release Behavior of Simvastatin From
Alpha-Tricalcium Phosphate

The observed drug loading efficacy of «TCP for simvasta-
tin was 93.4 * 5.8%. Approximately 25% of adsorbed sim-
vastatin was released after 24 hr. This initial burst release
was followed by the gradual and stable release of the drug
that was maintained until 2 weeks (Figure 1).

Histological Features

At day 3 after surgery, a significant thickening of dura
mater was observed in simvastatin- «TCP combination
group at the bone edges as well as in the middle of the
defect. Round or cuboidal cells resembling undifferentiated
mesenchymal cells and some osteoprogenitor-like cells
migrated from dura mater to the area between the oTCP
particles and dura mater. Some of these cells were also

observed in the pores ‘at the periphery of the particles

which were located adjacent to the dura mater surface
[Figure 2(c)]. On the other hand, control group showed the
proliferation and migration of bone marrow mesenchymal
cells from the bone edges and osteogenic cells from the
periosteum over the bone edges. The middle of the defect
was filled with connective tissue. Both control group and
TCP group showed less extent of dura mater thickening
and cell migration than simvastatin-TCP combination
group [Figure 2(a,b)].

At day 7, cell density became increased associated with
formation of blood vessels in all groups. The cellular migra-
tion became more extensive in simvastatin-«TCP combina-
tion group at the center of the defect as well as near the
bone edges. These cells took the morphology of proliferating
preosteoblasts ‘and recruited between «TCP particles and in
the space between «TCP and bone edges. In some places,
the cells resembling active osteoblasts condensed and began

Journal of Biomedical Materials Research Part B: Applied Biomaterials

to lay down bone matrix [Figure 3(c,d)]. In the control
group, the cellular proliferation was seen only at the bone
edges whereas TCP group showed cell migration from dura
mater at the middle of defect [Figure 3(a,b)].

At day 10, the osteogenic cells recruited between the
TCP particles resembling preosteoblasts continued prolifer-
ation and migrating around the periphery of TCP particles.
Some of these cells became differentiated into osteoblasts
and began to lay down bone matrix in the simvastatin-
oTCP combination group [Figure 4(c,d)]. Cell migration
continued into the inner portion of TCP particles in both
TCP and simvastatin-«TCP combination groups while
many blood vessels were formed around the TCP particles
[Figure 4(b,c)]. In the control group, the recruited cells at
the bone edges differentiated into osteoblasts and began to
form new bone [Figure 4(a)]. Cellular migration and prolif-
eration were significantly higher in simvastatin-«TCP com-
bination group at day 3 to day 10 (p < 0.01) (Figure 5).

At day 14, osteoblast differentiation and bone formation
became extensive in the simvastatin-oTCP combination
group so that the area between the oTCP particles became
filled with newly formed bone. Active osteoblasts lined on
this newly formed bone surface. The cells inside the oTCP
particles also differentiated into osteoblasts and secreted
bone matrix in this group [Figure 6(c)]. The cells recruited
between oTCP particles in «TCP group also began to dif-
ferentiate and synthesize bone matrix [Figure 6(b)]. In the
control group, osteoblasts continued to form thin layer of
new bone toward the center of the defect [Figure 6(a)].

At day 21, in simvastatin group, osteogenic cell migra-
tion and recruitment continued at many places eventually
invading into the middle of the «TCP particles. New bone
deposition was observed in the middle of the «TCP par-
ticles which were almost completely surrounded by the
regenerated bone. Some parts of this new bone in contact
with «TCP particles become mature and formed marrow
spaces.. New bone extensively replaced the oTCP particles
which were located close to dura mater [Figure 7(c)]. In
oTCP group, new bone was formed in the spaces between
some particles but not as extensively as simvastatin group
[Figure 7(b)]. In control group, osteoblasts lining along the
newly formed bone surface became flattened and the center
of the defect was filled with connective tissue [Figure
7(a)]. The percentage of new bone area was significantly
higher in simvastatin-TCP combination group at day 14
and day 21 (p < 0.01) (Figure 8). '

Gene Expression Profiles

Gene expression experiments were conducted to investigate
whether increased cellular proliferation and recruitment and
augmented bone regeneration could be linked to TGF-§,
BMP-2, and VEGF. All groups showed increased expres-
sion of TGF-f1 and BMP-2 from day 3 to 21. In simvasta-
tin group, BMP-2 was upregulated since day 3 at a higher
level than other groups (p < 0.05). All groups showed sim-
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Figure 2. Photomicrographs of the calvarial defects at day 3 representing middle of the bone

_defects of (a) control (b) TCP and (c) simvastatin-oTCP combination groups. Arrow heads denote

migrating osteogenic cells. D, dura mater; T, «TCP particles; C, connective tissue. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 3. Photomicrographs of the calvarial defects at day 7 representing middle of the bone
defects of (b) TCP and (c) simvastatin-oTCP combination groups. Panel (a) and (d) show control
and simvastatin-2TCP combination groups near the bone edge. Arrow heads denote proliferating
pre-osteoblasts. D, dura mater; T, «TCP particles; B, old bone. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Journal of Biomedical Materials Research Part B: Applied Biomaterials



EARLY BONE HEALING BY SIMVASTATIN AND oTCP COMBINATION 69

Figure 4. Photomicrographs of the calvarial defects at day 10 representing middle of the bone
defects of (b) TCP and (c) simvastatin-2TCP combination groups. Panel (a) and (d) show control and
simvastatin-xTCP combination groups near the bone edge. Arrow heads denote osteogenic cells
migrating into «TCP particle. D, dura mater; T, «TCP particles; B, old bone; N, newly formed bone.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ilar levels of BMP-2 mRNA expression at day 7 and day
10. The expression became higher again in simvastatin
group at day 14 (p < 0.05) and maintained high expression
until day 21.

All groups revealed slight increase in TGF-fi1 expres-
sion at day 3. Then, from day 7 till day 21, the expression
became increased in all groups. TGF-f1 expression was
dramatically upregulated in simvastatin group at day 7 (p
< 0.05) and maintained at higher levels until day 14. In
contrast, VEGF mRNA expressions in all groups were
increased at day 3 and day 7 compared with baseline
(normal unoperated rats). At day 10 and 14, simvastatin
group showed higher expressions of VEGF while expres-
sion levels in other groups tended to decrease toward the
baseline level. However, the differences were not statisti-
cally significant. At day 21, all groups showed similar
expression level (Figure 9).

DISCUSSION

Molecular and cellular mechanisms in the early healing of
rat calvarial defects after local application of simvastatin-
o«TCP combination were examined in this study.

We found increased proliferation and migration of the
osteogenic cells mainly from dura mater and also from
bone edges in simvastatin group at the initial stage of heal-
ing (day 3, 7, and 10). During bone healing, the mesenchy-
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mal stem cells play an important role providing the
osteogenic cells. The potential sources of stem cells are the
bone marrow, the granulation tissue, the periosteum, the
endosteum, and the surrounding soft tissues.'®'® The dura
mater is a component of the meninges, a group of fibrous
connective tissues which function to protect both the brain
and spinal cord.® Many studies have demonstrated that the
initial patterning and subsequent regeneration of the cranial
vault .is regulated by secreted cytokines and donated pre-
cursor cells from the dura mater.?'~*
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Figure 5. Cell density in the defect region at the middle of the bone
defects of control, TCP and simvastatin-xTCP combination groups
at day 3, 7, and 10. Values were shown as mean = SD, n = 6. "p <
0.01 compared with control and TCP groups at corresponding time
point. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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Figure 6. Photomicrographs of the calvarial defects at day 14 representing middle of the bone
defects of (a) control (o) TCP and (c) simvastatin-«TCP combination groups. D, dura mater; T, xTCP
particles; N, newly formed bone. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 7. Photomicrographs of the calvarial defects at day 21 representing middle of the bone
defects of (@) control (b) TCP and (c) simvastatin->TCP combination groups. Arrow heads denote
proliferating osteogenic cells. T, xTCP particles; N, newly formed bone. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Figure 8. Comparison of new bone area between control, TCP, and
simvastatin-2TCP combination groups at day 14 and day 21. Values
were shown as mean *+ SD, n = 6. *p < 0.01 compared with other
groups at the same time point. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

The results of our in vifro experiment showed an initial
burst release of simvastatin from oTCP. A similar pattern
of release is expected in the bone defect and the released
simvastatin would induce the dura mater for cytokine
secretion and precursor cells stimulation at the initial phase
of bone healing. This appears to be a critical step in the
early stage of bone healing providing osteogenic cells
which were recruited in the spaces between oTCP particles
and between the particles and the dura mater by day 10.

Real-time PCR analysis revealed significantly aug-
mented upregulation of BMP-2 at day 3 in simvastatin-
oTCP combination group. It has been reported that BMP-2
stimulates chemotatic migration of mesenchymal progenitor
cells and stromal osteoblasts.”>*® Upregulation of BMP-2
at day 3 would be attributed to the initial migration and
recruitment of osteogenic cells from dura mater in simvasta-
tin-TCP combination group. Transforming growth factor
beta (TGF-f) is involved in fracture repair and it is pro-
duced by degranulated platelets after initial injury and also
by osteoblasts and chondrocytes at later stages, which
enhances the proliferation of these cells as well as that of
mesenchymal cells and preosteoblasts.”” TGF-f also appears
to stimulate osteoblast proliferation, which presumably
increases the pool of committed osteoblast precursors.”®** In
addition, it has been shown to have strong osteoblast chemo-
tatic effect.’® In our experiment, TGF-f1 expression was
highly upregulated in simvastatin-«TCP combination group
at day 7, reaching peak at day 10 and maintained the high
expressions until day 14. Histologically, extensive prolifera-
tion and migration of osteogenic cells were observed at day
7 and day 10, and continued, albeit to a less extent, at day
14 and day 21. These data suggest that TGF-f1 would play
a role in early proliferation of osteogenic cells and continued
proliferation and migration of osteoblasts in simvastatin-
oTCP combination group.

At day 14, extensive differentiation of recruited cells to
osteoblasts and active formation of new bone were evident
in the simvastatin-oTCP combination group. Although pre-
existing osteoblasts may be involved in the bone repair to
some extent, the differentiation of pluripotential mesenchy-
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mal stem cells into osteoblasts and chondral cells is
regarded as a critical step in the bone healing.*! Expression
of BMP-2 was upregulated significantly at day 14 and its
expression was maintained until day 21 in simvastatin
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Figure 9. mRNA expression of (a) BMP-2, (b) TGF-f1 and (c) VEGF
genes at different time points. Values were shown as mean = SD, n
= 6. *p < 0.05 compared with other groups at the same time point.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]



