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Figure 7. Osteogenic gene expression in the implants. Representative curves of mRNA
levels of OPN (A), OCN (B), VEGF (C), ALP (D), and COL I (E) in each group are
calculated by the 2::Ct formula. Experiment values are each expressed as the mean 4+ SD
(n=4). a' Statistically significant difference compared in the same group (p5 0.05). b:
Statistically significant difference compared to all other groups (p5 0.05). Gel electro-
phoresis (F) show different gene expression levels corresponding to the quantitative
analysis at different time points.

a peak level at 2 weeks; particularly, the VEGF gene in the RAD16+ HA
group indicated the higher expression at that time point (Figure 7(C)).
On the other hand, OPN gene expression increased during the period
(Figure 7(A)), and, like the OCN gene, it likely had not yet been
stimulated by 4 weeks, although the gene expression levels of the
RAD16+HA group ranged widely at 1 week (Figure 7(B)). Gel
electrophoresis (Figure 7(F)) represented different gene expression
levels corresponding to the quantitative analysis at different time points.
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DISCUSSION

Many studies have demonstrated the feasibility of osteogenesis using
atelocollagen as a reservoir for cell/tissue engineering in culture-based
studies and transplantations in animal subjects [27-36]. Recently, novel
hydrogels called self-assembling peptide matrices, have also been
developed for 3D osteoblast proliferation and differentiation, mostly in
in vitro studies [9,20,37-39]; however, fewer investigations have been
published with respect to in vivo transplantation of these matrices, which
we suspect might be the result of absorption of the self-assembling
peptides when produced in animal bodies. Therefore, the present study
describes the first use of a novel hydrogel, RAD16, for osteogenesis in an
animal model. RAD16 possesses unique features as a tissue engineering
material, where the peptide scaffold spontaneously self-assembles into
nanofibers with 10-20nm diameter. These nanofibers are highly
hydrated, trapping water at a total volume content of 99.5%. Such a
nanofiber scaffold preferably embeds cells in a 3D environment [40].

In the first part of this study, RAD16 containing two types of differently
cultured cells was compared with embedded atelocollagen in cells under
the same conditions. As demonstrated in a previous report [20], the
present study similarly demonstrated that RAD16 (RO group) likely
stimulated cell proliferation after incubation with the osteogenic
supplements at the early time point of 1 day, whereas the other
combinations showed a tendency to elevate cell proliferation gradually
up to 2 weeks. Since cell proliferation at day 1 was represented, the cell
numbers of all groups were increased up to approximately 10 times as
many as the initially prepared number; therefore, the cells might be
suggested at least viable in the given materials. Although it is well known
that doses of dexamethasone appropriate for osteogenesis in cell culture
are not suitable for cell proliferation, a RAD16 matrix cocultured in the
osteogenic medium (RO group) quickly accelerated the cell count but
turned inhibitory by week 2. This strong stimulatory effect of RAD16
might be due in part to an unknown synergy between dexamethasone and
the amino acid residual sequence environment of RAD16, with RGD
peptides providing a suitable biological promotion for cells to attach and
proliferate. Since the designated culture period in this study was only up
to 2 weeks, mineralized nodules were not detected in all samples by
staining technique (data not shown). However, RAD16, as well as
atelocollagen in the osteogenic medium (RO and AO groups), stimulated
ALP activity at 2 weeks (which was delayed a week relative to cell
proliferation) while the other combinations (RN and AN groups) showed
flat or declining activities during the same time (which was consistent
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with its transcriptional change in mRNA). Recent studies have demon-
strated a low capability of atelocollagen to elicit the osteogenic potential of
the bone marrow MSCs treated with a nonosteogenic medium both
in vitro [31] and in vivo [33-36], presenting no or less bone-related
molecular cascade and no bony tissue regeneration, respectively.
However, these studies also demonstrated osteogenesis when the cells
were treated with the osteogenic supplements. The gene expressions
examined in the present study resembled such expression profiles, except
for COL I in the atelocollagen groups (AO and AN groups) at 2 weeks.
On the other hand, RAD16 expressed the tested genes in excess in
treatment of osteogenesis (RO) at 2 weeks; furthermore, COL I, ALP, and
OPN genes were stimulated even in the normal medium without
dexamethasone during the experimental period in our model. Hamada
et al. [9] described ALP gene expression in the bone marrow MSCs hosted
by RAD16 only with dexamethasone treatment; no expression was
reported without dexamethasone. The difference between their experi-
mental design and ours was the passages of the subculture of the primary
MSCs after the cells were encapsulated in RAD16 following deiivation
from 6- or 7-week-old animals. Hence, cells cultured in the osteogenic
condition for a longer period might have affected osteogenic activation in
the 3D matrix.

From the results of the cocultured RAD16, it was significant that
RAD16 incubated in the osteogenic medium induced the cells trapped
inside to express osteogenic signals. We then hypothesized that RAD16
might be modified to serve as an implant matrix for cell-based tissue
regeneration, assuming that the physiological issue of the rapid
shrinkage of the hydrogel, generally observed in vivo, could be overcome
with a Teflon pass-through socket accordingly provided to hold the
RAD16 composite. As far as the specimens were sampled dealt on
histology, they did not look so much minimized as had been expected to
be, whereas RAD16 nakedly delivered in vivo was hardly maintained in
its initial shape (data not shown). Recently, many studies have
demonstrated enhancement of osteogenic indication in atelocollagen
conjugated with porous HA or HA cement when such hydrogels were
implanted in bony defects or intramuscular regions [32,33,41].
Additionally, RAD16 mixtures with HA particles induced the cocultured
MSCs to be more osteogenic in vitro [37], on the other hand, the
cocultured cells were unable to be identified from endogenous cells once
implanted in our model because they had not been labeled; however,
orchestrated cells all together were stimulated in terms of osteogenesis
even postimplantation. In the present study, RAD16 was demonstrated
of feasibility as an extracellular matrix at least within the examined
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periods although a positive control such as atelocollagen was not
provided for the implant application. It must be taken into account in
our next study that RAD16, an implant carrier, be compared with widely
used substances such as atelocollagen.

In summary, our animal study supports the potential of RAD16 as an
osteogenic substrate, in which bone-related genes such as COL I, ALP,
and OPN with VEGF, which are often referred as early markers of
bone generation, were well-activated by 2 weeks postimplantation.
Localization of OPN mRNA was restricted to the hydrogel surface, and
cells aligned on the HA particles also had a weak but positive signal for
OPN mRNA. However, mineralized nodules were detected in neither
RAD16 alone nor RAD16 with HA particles within the study periods,
which were followed by less expression of OCN mRNA and its
unidentified localization. It has been suggested and noted that a local
source of calcium could be attributed to HA particles scattered in the
RAD16 matrix [37], therefore, the amount of HA provided in the hydrogel
might not have been enough to promote osteogenic differentiation of
MSCs in our study. Conversely, the study period of 4 weeks might have
been too short to bring about mineral apposition; nevertheless, positive
signs of osteogenesis were perceived in the RAD16-supported implants. In
view of these results, RAD16 might be thoroughly considered as a
candidate to be an attractive molecule for manufacturing biomaterials.

CONCLUSION

We investigated a possible use of RAD16 as a biocompatible material
for bone formation. The RAD16 matrices used in this study showed
osteogenic differentiation of bone marrow derived from MSCs and
cocultured within the hydrogel, but no newly formed bone was
generated. Thus, continued investigation of RAD16 as a useful material
for tissue engineering is clearly warranted.
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Abstract: We have previously reported that healing of rat calvarial defects was enhanced by
application of alpha tricalcium phosphate (aTCP) combined with simvastatin, a cholesterol
synthesis inhibitor. The purpose of the present study was to investigate the cellular and
molecular mechanisms in this phenomenon. Rat calvarial defects were grafted with a TCP with
or without simvastatin or left untreated. Animals were sacrificed on 3, 7, 10, 14, and 21 days
postoperatively and histological 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 increased in simvastatin group from day 3 to day 10 (p < 0.01). New bone
formation was significantly increased in simvastatin group on day 14 and day 21 (p < 0.01).
BMP-2 expression was significantly 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
early stage of bone healing and that these steps were enhanced by TGF-f1 and BMP-2, which
were stimulated by simvastatin. © 2009 Wiley Periodicals, Inc. ] 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 stirulate 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

Correspondence to: M. Nyan (e-mail: myatnyan@ gmail.com)

Contract grant sponsors: Global Center of Excellence Program, International
Research Center for Molecular Science in Tooth and Bone Diseases. Tokyo Medical
and Dental University, Tokyo, Japan

© 2009 Wiley Periodicals, Inc.

186

bone healing; simvastatin; alpha tricalcium phosphate; BMP-2; TGF-f; bone

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 situ 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-«TCP 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 pum in diameter and porous structure (mean pore Size

.65




66

~5 pm, 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 «TCP 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. i

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
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I 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 too! 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 224" where AACs is the
result of SUbtl‘aCting [CTgene - CTGAPDHJ(unopemled calibrator)
from [CTgene - CTGAPDH](cxperimenlul 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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EARLY BONE HEALING BY SIMVASTATIN AND «TCP COMBINATION
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Figure 1. In vitro release pattern of simvastatin from «TCP. 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- oTCP 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 oTCP and bone edges. In some places,
the cells resembling active osteoblasts condensed and began
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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-2TCP 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-TCP combination
group so that the area between the «TCP particles became
filled with newly formed bone. Active osteoblasts lined on
this newly formed bone surface. The cells inside the «TCP
particles also differentiated into osteoblasts and secreted
bone matrix in this group [Figure 6(c)]. The cells recruited
between o«TCP 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 xTCP particles. New bone
deposition was observed in the middle of the «aTCP 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 «TCP 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-p,
BMP-2, and VEGEF. All groups showed increased expres-
sion of TGF-$1 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-xTCP combination groups. Arrow heads denote
migrating osteogenic cells. D, dura mater; T, xTCP 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-2TCP combination groups. Panel (a) and (d) show control
and simvastatin-xTCP 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.]
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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-2TCP combination groups near the bone edge. Armow 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-f1 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-
oTCP 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.”'*

W control
wTCP
W TCP+statin

Cells/sq.mm

day-3

day-7 day-10

Figure 5. Cell density in the defect region at the middle of the bone
defects of control, TCP and simvastatin-aTCP 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 (b) TCP and (c) simvastatin-xTCP 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.]

s
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Figure 7. Photomicrographs of the calvarial defects at day 21 representing middle of the bone
defects of (a) control (b) TCP and (c) simvastatin-xTCP 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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W control
uTCP
W TCP+statir

day-14

day-21

Figure 8. Comparison of new bone area between control, TCP, and
simvastatin->TCP 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 vitro experiment showed an initial
burst release of simvastatin from «TCP. 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-p) 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-«TCP 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

(a)

w

==control
-TCcP
==TCP+statin

-

Relative gene expression of BMP-2
~

day-7

day-10

day-14 day-21

=s=control
-TCP
== TCP+statir

Relative gene expression of TGF-[1 1
w

=s=control
“-TCP
=~TCP+statin

day-3

day-7

day-10 day-14 day-21

Figure 9. mRNA expression of (a) BMP-2, (b) TGF-$1 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.]
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group. This would contribute to increased differentiation of
recruited osteogenic cells to osteoblasts and subsequently
enhanced osteogenesis in the defect from day 14 to day 21.
It is speculated that released simvastatin from resorbing
o«TCP stimulated the BMP-2 expression of osteogenic cells
that were migrated from the dura mater and recruited
around and inside %TCP particles at day 3. At later time
points, auto- and paracrine upregulation of BMP-2 would
play a role in continuing osteoblast differentiation and
osteogenesis.

Maeda et al reported that statins augment vascular endo-
thelial growth factor (VEGF) in osteoblastic cells in vitro.??
In this animal study, VEGF was upregulated from day 7 to
day 21 although the expression was not statistically differ-
ent from control and TCP groups. Histologically, all groups
revealed similar patterns of angiogenesis in the defect
region.

Certain conditions must be considered when selecting an
appropriate carrier or delivery system for drugs : (1) the
ability of the system to deliver the drug at the appropriate
time and in the proper dose, (2) the presence of a substra-
tum that will enhance cell recruitment and attachment and
will potentiate chemotaxis, (3) the presence of a void space
to allow for cell migration and to promote angiogenesis,
and (4) the ability of the delivery system to biodegrade
without generating an immune or inflammatory response
and without producing toxic waste products that would in-
hibit the repair process.’> Alpha TCP used in this study ful-
fils all these requirements as a proper drug delivery system.
It could release simvastatin sufficiently at the early time
point when there is increased cellular proliferation and
recruitment, thus augmenting the proliferation and recruit-
ment of osteoprogenitor cells during this phase. Histologi-
cal findings show that «TCP particles provided spaces into
which osteogenic cells migrated and recruited. The par-
ticles also maintained spaces between them so that migrat-
ing osteogenic cells could be recruited- and consequently
differentiated and formed new bone whereas in control
defects, middle of the bone defect was occupied by the
connective tissue. Moreover, gradual dissolution of «TCP
allowed a smooth exchange with newly formed bone with-
out causing inflammatory response.

Although real-time PCR analysis indicated enhanced up-
regulation of BMP-2 and TGF-f1 mRNA expressions in
simvastatin-«TCP combination group, it is not clear in
which particular cell types these gene expressions were up-
regulated. Further studies using in-situ hybridization to
detect the location of mRNAs would provide more infor-
mation regarding the possible stimulatory effects of simva-
statin on various cells in the bone defect. In addition,
experiments to explore changes in the expression of other
important genes such as FGF-2 and PDGF, which are also
known to support cellular migration and proliferation, are
also necessary for better understanding of the multiple
effects of simvastatin in the molecular pathways that are
involved in bone healing process.

In conclusion, within the limitation of this study, simva-
statin combined with alpha tricalcium phosphate induced
bone regeneration in rat calvarial defects by augmenting
osteogenic cell proliferation, migration, recruitment and
differentiation in the early phase of bone healing which
were associated with increased expression of BMP-2 and
TGF-f1.
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Bone augmentation ability of
autogenous bone graft particles with
different sizes: a histological and
micro-computed tomography study
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Abstract

Objectives: The purpose of this study was to investigate the augmentation process and
ability of autogenous bone graft particles of two different sizes in a vertical augmentation

chamber.

Material and methods: The cranial bones of 24 rabbits were used. Two polytetra-
fluoroethylene chambers were filled with harvested bone from tibia with small bone (SB;
150-400 um) and large bone (LB; 1.0-2.0 mm) of the same weight. Animals were sacrificed
after 1, 2, 4 and 8 weeks. The samples were analyzed by micro-computed tomography
(micro-CT) for quantitative analysis, and embedded in polyester resin as non-decalcified
specimens for histological analysis. Total bone volume (TBV), bone height (BH) and
distribution of bone structure were calculated by micro-CT.

Results: Micro-CT evaluation and histology revealed a significant difference between the
investigated specimens. TBV and BH of SB decreased to about 50% of the initial situation,
and there was a statistically significant difference between 1 and 8 weeks. In contrast, TBV
and BH of LB were almost retained at all experimental time points. Significant differences in

TBV and BH were also observed between LB and SB at 8 weeks. Bone volume of SB
decreased predominantly in the upper half of the chamber at 4 and 8 weeks. In the
histological observations, SB showed favorable new bone formation and rapid bone
resorption in a time-dependent manner during the entire experimental period. However,
LB exhibited favorable morphological stability and continued new bone formation.
Conclusion: SB follows a smooth osteogenic process, whereas it is not effective in volume
augmentation. LB is superior to SB in augmentation ability.

Oral implant therapy is now widely
accepted as it provides a satisfactory es-
thetic and functional outcome (Ferrigno
et al. 2002; Boronat-Lopez et al. 2009).
To achieve these results, edentulous jaws
should have adequate bone volume, which
enables the placement of implants in an
ideal position. In many cases, implant
placement was restricted by bone resorp-
tion after teeth extraction, or the position
of the mandibular canal and maxillary
sinus. Therefore, bone augmentation is

195

frequently planned in association with im-
plant therapy (Lustmann & Lewinstein
1995; Chiapasco et al. 2004; Fugazzotto
& Vlassis 2007; Himmerle et al. 2008).
Currently, autogenous bone, allogeneic
borie, xenogeneic bone and synthetic bone
are being used as bone grafting materials
(Moy et al. 1993; Yildirim et al. 2000;
Rodriguez et al. 2003; Scabbia & Trombelli
2004; Turunen et al. 2004; Kihara et al.
2006). Among them, autogenous bone is
widely regarded as the gold standard {Boyne

© 2009 John Wiley & Sons A/S



& James 1980; Moy et al. 1993). However,
autogenous bone grafts have several disad-
vantages, including morbidity of the donor
site, limited amount of harvestable bone
and ongoing volume reduction during the
healing period. Especially, many research-
ers have demonstrated resorption of the
grafted autogenous bone after surgery.
Clinically, reduction of the buccal tissue
volume was observed after autogenous
block bone grafting in long-term follow-
up studies (Widmark et al. 1997; Jemt &
Lekholm 2003). The authors described this
phenomenon as the result of grafted bone
resorption. Moreover, autogenous bone
grafted for maxillary sinus augmentation
was reduced 6 months after surgery
(Johansson et al. 2001).

The particle size of autogenous bone,
which is considered to be one of the im-
portant factors that determine the augmen-
tation ability, was studied in some articles
(Zaner & Yukna 1984; Fucini et al. 1993;
Springer et al. 2004; Murai et al. 2006;
Coradazzi et al. 2007; Kuroki et al. 2008;
Walsh et al. 2008). However, the conclu-
sions of these investigations varied.

The purpose of this study was to inves-
tigate the augmentation process of autoge-
nous bone graft particles of two different
sizes in a vertical augmentation chamber
and evaluate their augmentation ability.

Material and methods

Experimental protocols were approved by
the Institutional Committee of Animal
Care and Use at Tokyo Medical and Den-
tal University. Japanese male white rabbits
of weight {3.2-3.8 kg] and size were used
(n=24).

Surgical procedures

Animals were anesthetized preoperatively
with an intramuscular injection of keta-
mine (5omg/kg Ketalar, Sankyo, Tokyo,
Japan) and thiopental sodium (25 mg/kg
Rabonal, Tanabe, Tokyo, Japan). The sur-
gical area was shaved and disinfected. In
addition, 1.8 ml of a local anesthetic {2%
xylocaine/epinephrine 1 : 80,000, Dentsply
Sankin, Tokyo, Japan) was injected into
the surgical sites before the start of surgery.
Autogenous bone particles of two sizes
were harvested from the tibia. The large
particle bone (LB}, which was cuboidal in

© 2009 John Wiley & Sons A/S

Kon et al . Augmentation ability of different-sized autogenous bone

shape (about 1 mm thickness and width
with 2 mm length, standardized by sieves),
was harvested with bone forceps. The small
particle bone (SB), which was bone debris
(150-400um diameter, average 250um),
was harvested by a 3.2-mm-diameter tre-
phine-bone-mill system (K-System, Den-
taK, Paris, France). Parietal bone was
chosen as the augmentation model site.
Skin incision and subperiosteal dissection
were carried out sagittally between the
parietal and the frontal bone, and the peri-
osteurn was raised. Polytetrafluoroethy-
lene chambers (hollow cylinders with
s.omm inner diameter and 3.0 mm height
having an outer brim) were fixed with
stainless-steel screws (FKG Dentaire,
Chaux-de-Fonds, Switzerland) to the par-
ietal bone on the right and left sides. Bone
of the same weight {60 mg) was grafted into
each chamber with peripheral blood. The
skin flaps were sutured with 3-o0 silk.
During the observation period, all rabbits
were given water and a standard rabbit feed
ad libitum. Rabbits were sacrificed at 1
week (n=6), 2 weeks {n=6}, 4 weeks
{(n=6) and 8 weeks {n=6) with a lethal
dose of thiopental sodium. The entire cra-
nial bone was removed and fixed for 10
days in neutral 16% formalin.

Micro-computed tomography (micro-CT)
analysis

Following the fixation period, grafted
regions of specimens were quantified
via micro-CT analysis {SMX-9oCT, Shi-
madzu, Kyoto, Japan). Total bone volume
(TBV) and bone height {BH) were calcu-
lated. TBV was acquired by the radiopaque
voxels {cube 60 um on one side) observed in
the chamber. BH was evaluated from the
distance between the basal host bone and
the highest point of the bone fragment in
the chamber and was measured in the
center 3.0 mm diameter part of the cham-
ber in each animal. The bone volume
distribution in the upper and lower halves
was also described as a percentile.

Histological processing

To obtain non-decalcified sections, cranial
bone {n=24) was dehydrated in ascending
grades of ethanol, following fixation, and
then embedded in polyester resin (Rigolac-
70F, Rigolac-2004, Nisshin EM Co.,
Tokyo, Japan). These sections were cut
(Exakt, Mesmer, Ost Einbeck, Germany)
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in the sagittal direction and ground to a
thickness of about 30oum. The sections
were finally stained with 0.1% toluidine
blue. Histological observation was per-
formed under a light microscope.

Statistical analysis

To evaluate the influence of particle size
on TBV and BH, intergroup data at each
time point were statistically compared
using the Kruskal-Wallis test and non-
parametric multiple comparisons by Dun-
net T3. Particle comparison within the
same time point was analyzed using the
Mann-Whitney test. P-values lt;0.05 were
considered statistically significant. All sta-
tistical analyses were performed using a
commercial computer program (SPSS
11.5, SPSS Inc., Chicago, IL, USA).

Results

Histology

SB-grafted sites

1 week. SB densely occupied almost the
entire augmentation chamber and blood
cells filled the inter-SB space. SB, which
stained strongly with toluidine blue, re-
tained its original chip-like shape. No os-
teoclast- or osteoblast-like cells were
observed at this stage {Fig. 1a and b).

2 weeks. SB occupied nearly entire the
chamber as in the first week, and the height
of SB did not change (Fig. 2a). At the lower
part of the chamber, numerous multinuc-
lear giant cells were observed on the surface
of SB, newly formed bone was partially
observed on the surface of grafted bone
and large amounts of fibrous connective
tissue were observed in the interspace of
the graft. Especially, in the region close to
host bone, new blood vessels had formed.
However, at the upper part of the chamber,
there was no new bone formation; instead,
part of the SB had undergone resorption by
multi nuclear giant cells (Fig. 2c).

4 weeks. Bone area that exhibited con-
stricted bone trabeculae occupied about
half or more of the height of the chamber.
Grafted SB had resorbed mostly in the
upper part (Fig. 3a). Loose fibrous connec-
tive tissue was observed in the upper half of
the chamber, and some fibrous connective
tissue ran in a direction parallel to the bone
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Fig. 1. Small bone grafted site at 1 week. (a) Grafted bone (GB) was observed over the entire augmentation
chamber. GB retained its original chip-like shape. However, no newly formed bone was observed. Magnifica-
tion x 2.5. (b) High-magnification image of (a). GB was strongly stained with toluidine blue. The inter-

particular space was occupied by blood cells. Magnification x s50.

Fig. 2. Small bone grafted site at 2 weeks. (a) Grafted bone (GB) occupied the the entire chamber same as the 1-
week model. The GB height was almost preserved. Magnification x 2.5. (b) High-magnification image of (a).
New bone formation was observed from the region close to the host bone surface toward the GB. Blood vessels
(BV) were also observed. Magnification x 100. (c) In the lower part of the chamber, near the host bone, newly
formed bone (NB) was observed on the GB surface. In the upper part of the chamber, there was no new bone
formation; instead, a part of GB underwent resorption by a multinuclear giant cell. Magnification x r1o0.

area. At higher magnification, grafted SB
was mostly resorbed and replaced by newly
formed bone. Mature blood vessels were
observed in the interspace of the bone
structure, and many fat cells were observed
around the host bone (Fig. 3b).

8 weeks. The height of bone area was
about a quarter of the chamber and the
number of trabeculae had reduced when
compared with the 4-week specimens.
Loose fibrous connective tissue was ob-
served in the upper region of the chamber.
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A large number of fat cells were observed
over the entire chamber (Fig. 4a). Grafted
bone was almost completely replaced by
new bone that was surrounded by blood
vessels and fat cells. Osteoclast-like cells
were observed in the resorption lacunae
within newly formed bone (Fig. 4b).

LB-graft sites
1 week. LB occupied a large part of the

chamber. LB stained less with toluidine
blue and resorption lacuna were not de-
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tected on the surface of grafted bone at this
time point (Fig. sa). In the interspace of
grafted bone, very loose fibrous connective
tissue and a few blood vessels were ob-
served (Fig. sb).

2 weeks. LB preserved its original block-
like shape and low stainability. The height
and space of the bone structure was main-
tained. The interspace of the grafted bone
was filled with fibrous connective tissue
(Fig. 6a). A few osteoclast-like cells were
observed on the grafted bone. In the vici-
nity of the host bone, moderately mature
blood vessels were found, and new bone
had formed from the host bone surface
toward the grafted bone (Fig. 6b).

4 weeks. LB was positioned at a higher
level in the chamber and it retained its
original form and low stainability (Fig.
7a). However, new bone formation was
observed from the host bone surface to
the grafted bone surface and Howship’s
lacunae with many osteoclast-like cells
were found on the surface of the grafted
bone in the upper part of the chamber (Fig.
7b). Fibrous connective tissue and blood
vessels were observed around the grafted
bone, and fat cells were detected around the
host bone surface.

8 weeks. LB was only modestly integrated
with newly formed bone that had high
stainability, and the graft stained slightly
stronger than at 4 weeks. Many osteocyte-
like cells were observed on the grafted bone
and a few osteoclast-like cells were also
detected in the resorption lacunae (Fig. 8a).
Around this bone architecture, numerous
blood vessels were observed (Fig. 8b). There
were many fat cells over the entire chamber,
especially, near the host bone surface.

Micro-CT analysis

Radiological quantitative analysis was per-
formed by micro-CT (Fig. 9)

Intergroup comparisons. TBV showed sig-
nificant differences for 1 week/8 weeks in
the SB group (P=0.026), and 2/4 weeks
in the LB group (P=o0.025). BH showed
significant differences for 1 week/4 weeks
(P<o.001), 1 week/8 weeks (P<o0.001), 2/4
weeks (P<o0.001) and 2/8 weeks (P <0.001)
in the SB group. No other significant dif-
ferences were found (Fig. 10a and b).
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Fig. 3. Small bone grafted site at 4 weeks. (a) Newly formed bone (NB) occupied about half or more the height
of the chamber. NB constricted bone trabeculae. Magnification x 2.5. (b) High-magnification image of (a).
NB was observed around the grafted bone (GB). Mature blood vessels (BV) and fat cells (FC) were also observed
in the interspace of the bone structure. Magnification x s5o.

Fig. 4. Small bone grafted site at 8 weeks. (a) Accelerated bone resorption was observed in the 8-week model. A
large number of fat cells were observed over the entire chamber. Magnification x 2.5. (b) High-magnification
image of (a). Mature blood vessels (BV) were observed around the newly formed bone (NB). Grafted bone (GB)
was almost completely replaced by new bone. An osteoclast-like cell (OC) was observed in the NB.
Magnification x 100. FC, fat cell.

Fig. 5. Large bone grafted site at 1 week. (a) Grafted bone (GB) was observed over the entire chamber. Bone
resorption was not observed around the surface of GB at this time point. Magnification x 2.5. (b) High-
magnification image of (a). In the interspace of the GB, there was very loose fibrous connective tissue (CT), and
a few blood vessels (BV) were also observed. Magnification x 25.

SB vs. LB

TBV and BH showed notable significant
differences at 4 weeks (TBV: P=o0.004,
BH: P=o0.002) and 8 weeks (TBV:
P=0.006, BH: P=0.004). At 1 week and
2 weeks, there was no significant differ-

tion of the upper half was prominent in the
4- and 8-weeks of SB groups (Fig. 1oc).

Discussion

ence (Fig. 10a and b).

Distribution of bone structure
LB groups exhibited no remarkable
changes. In contrast, bone volume reduc-
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Autogenous bone has long been considered
the most excellent material for bone aug-
mentation (Boyne & James 1980; Moy
et al. 1993). However, it was recently
reported that autogenous bone grafts
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showed continuous volume reduction dur-
ing the healing and follow-up periods. Dur-
ing maxillary sinus augmentation, the
volume of autogenous grafts was reduced
to 49.5% of the initial volume after
6 months (Johansson et al. 2001). In
addition, it was demonstrated that the
surgically augmented height with an auto-
genous block graft decreased to 60% after
10 months (Widmark et al. 1997).

The particle size of graft material has
been regarded as one of the major factors
that determine the ability of augmentation,
and it has been studied by many research-
ers. However, these studies have reported
variable conclusions so far. The aim of this
study was to investigate the augmentation
process and the ability of autogenous bone
graft particles of two different sizes.

In the present study, TBV of the SB group
decreased in a time-dependent manner; it
decreased to 51.3% of the initial volume.
Histological analysis showed that the
grafted bone in the lower half had resorbed
by multinuclear giant cells at 2 weeks, and
was partially replaced by newly formed
bone at 4 weeks. A great deal of newly
formed bone had resorbed at 8 weeks.
Thus, SB groups were considered to follow
the remodeling process. In the upper part of
the chamber, strongly stained SB observed
at 2 weeks had resorbed by 4 weeks. This
resorption caused volume reduction be-
tween 2 and 4 weeks. On the other hand,
TBV of the LB group exhibited a volume
increase at 4 weeks, and it was almost
maintained at 8 weeks. Histologically, LB
almost preserved its shape at 2 weeks and
new bone formation was observed from the
host bone to the LB surface at 4 weeks. The
formation and resorption of bone was ob-
served at 8 weeks. In addition, in the 4-
week LB group, the original grafted bone of
the upper half had the same low stainabil-
ity, although numerous osteoclast-like
cells were observed on the surface of the
grafted bone. A greater part of the original
grafted bone was maintained in the LB-
grafted site at 8 weeks; meanwhile, the
original grafted bone almost disappeared in
the SB groups. This behavior of bone re-
modeling was thought to cause the differ-
ence in TBV between LB and SB.

The larger particle size of the grafting
material was more beneficial than the
small ‘size bone grafts in augmentation.
Demineralized freeze-dried bone allografts
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