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Fig. 6. Large bone grafted site at 2 weeks. (a) Grafted bone (GB) almost preserved its original shape. In the
interspace of the GB, fibrous connective tissue (CT) was observed. Magnification x 2.5. (b) High-
magnification image of (a). In the region close to the host bone (HB), blood vessels (BV) were found, and
new bone (NB) formation occurred from the host bone surface to the GB surface. Magnification x 25.

Fig. 7. Large bone grafted site at 4 weeks. (a) The center of grafted bone (GB) retained its original form. Fibrous
connective tissue (CT) was observed around GB. A large amount of new bone (NB) was formed from the host
bone surface to the GB surface. Magnification x 2.5. (b) High-magnification image of (a). Howship’s lacunae
with osteoclast-like cells (OC) were found at the surface of GB. Fibrous connective tissue and blood vessels (BV)
were observed around the GB. Magnification x 4o.

Fig. 8. Large bone grafted site at 8 weeks. (a) Newly formed bone (NB) was observed around the grafted bone
(GB). GB was covered by NB, and many osteocytes were observed. Magnification x 2.5. (b) High-
magnification image of (a). Osteoclast-like cells (OC) were observed on the surface of the GB. Around this
bone architecture, many blood vessels (BV) were observed. Magnification x 40.

with 850-1000 pum particles yielded favor-
able results than the 250-500 pm particles
in human periodontal defects (Fucini et al.
1993). Unmilled bone particle had more
osteoblast than milled and drilled bone
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(Springer et al. 2004). In another study,
application of 250-500 um particle p-trical-
cium phosphate particles exhibited more
advantages in terms of bone formation than
the r100-250pum-sized particles (Murai
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Fig. 9. Extracted image of bone-grafted site with
micro-computed tomography (micro-CT). Both
small bone (SB)- and large bone (LB)-grafted sites
were extracted with micro-CT (grafted site image at
4 weeks).

et al. 2006). These results agree with the
present study. However, the observations
about particle size varied. In a rabbit auto-
genous graft defect model, there was no
difference between the non-graft control,
collected debris and particles collected by a
manual bone crusher (Coradazzi et al.
2007). In addition, no significant difference
was detected between the control defect
and two sizes of B-tricalcium phosphate
particles, 500-1000 and 1000-2000 pum,
applied to a cynomolgus monkey mandible
defect model (Kuroki et al. 2008). In these
two studies, augmentation material was
applied to the defect model, which was
different from the chamber model in other
studies, and is considered not suitable for
confirming the augmentation potency.
Hence, it would appear that application of
large graft materials is preferable for bone
augmentation. However, Pallesen et al.
(2002) reported that o.5-2.0mm? particle
autogenous bone exhibited more newly
formed bone than romm?® in a rabbit
cranial defect model. Thus, excessively
large particles applied to a bone defect
might have lower augmentation ability.
The SB groups showed a considerable
reduction of bone volume in the upper
half of the chamber. The bone volumes of
the upper half were 50.2%, 45.1%, 25.8%
and 18.1% at 1, 2, 4 and 8 weeks, respec-
tively. For this reason, BH of SB decreased
at all experimental time points. Advanced
biodegradability of small-sized grafted bone
is considered to be responsible for these
results. In contrast, LB could maintain the
original shape of grafted bone in the upper
half of the chamber; thus, BH was pre-
served during the entire period. Although
the biodegradability of a bone substitute is

© 2009 John Wiley & Sons A/S
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Fig. 10. Micro-computed tomography analysis. (a) Total bone volume change. Comparison between two groups — Mann-Whitney test, **P <o0.01; comparison within
each group - non-parametric multiple comparison test,” P <0.05. Error bar indicates 95% confidence interval. (b) Bone height change. Comparison between two groups —
Mann-Whitney test, **P<o0.01; comparison within each group — non-parametric multiple comparison test, ¥ P<0.05. Error bar indicates 95% confidence interval. (c)
Distribution of bone structure. Notably, bone volume reduction of the upper half was observed in small bone (SB) models. In contrast, large bone (LB) models exhibited no

dramatic change.

thought to be very important, taking into
account the volumetric augmentation abil-
ity, morphological stability is essentially
required.

Clinically, autogenous bone is believed
to be the gold standard for bone augmenta-
tion. However, the augmentation ability
could differ with particle size. The present
study indicates that small autogenous bone
debris would be easily resorbed, having a
poor outcome for augmentation. Therefore,
to achieve sufficient bone augmentation,
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Effects of the combination with
a-tricalcium phosphate and
simvastatin on bone regeneration

Key words: a-TCP, BMP-2, bone formation, bone regeneration, simvastatin

Abstract

Background: Although local application of statins stimulates bone formation, high dose of

simvastatin induces inflammation.

Objective: A study was conducted to test the hypothesis that maximum bone regeneration
with less inflammation would be achieved by combining an optimal dose of simvastatin
with a-tricalcium phosphate («-TCP), which is an osteoconductive biomaterial capable of

releasing the drug gradually.

Material and methods: Bilateral 5-mm-diameter calvarial defects were created in adult

Wistar rats and filled with preparations of different doses of simvastatin (0, 0.01, 0.1, 0.25
and 0.5mg) combined with «-TCP particles or left empty. The animals were sacrificed at 2, 4
and 8 weeks and analyzed radiologically and histologically. Half of the animals of 4 and 8

weeks were labeled with fluorescence dyes and histomorphometrically analyzed.

Results: Simvastatin doses of 0.25 and 0.5 mg caused inflammation of the soft tissue at the
graft site whereas control and other doses did not. The micro-CT analysis revealed that the
a-TCP with 0.1 mg simvastatin (TCP-0.1) group yielded significantly higher bone volumes
than untreated control group at all three time points (249%, 227% and 266% at 2, 4 and 8
weeks, respectively). The percentage of defect closure, bone mineral content and bone
mineral density were also higher in the TCP-0.1 group than in the other groups.
Conclusion: When combined with a-TCP particles, 0.1 mg simvastatin is the optimal dose
for stimulation of the maximum bone regeneration in rat calvarial defects without inducing
inflammation and it could be applied as an effective bone graft material.

With the expanding application of dental
implant treatment to rehabilitate edentu-
lous and partially edentulous patients, the
demand for effective biomaterials for bone
augmentation is increasing because there
are disadvantages in autogenous bone graft-
ing, such as donor site morbidity and lim-
ited availability of harvestable bone. In
order to develop a bone graft with enhanced
osteogenic properties, alloplastic bone sub-
stitutes have been combined with mole-
cules, which enhance and/or induce new
bone formation. Among these molecules,

BMP-2 has especially shown its beneficial
effects on bone regeneration. However,
there are still some problems to be solved:
such as short shelf life, inefficient delivery
to target cells and high price {Einhorn 2003).

If pharmacological compounds can upre-
gulate the intrinsic growth factors to sti-
mulate bone growth, the strategy to
combine such compounds with an osteo-
conductive bone substitute would be
more cost-effective for bone regeneration.
Topically applied simvastatin, a choles-
terol-lowering drug, has been shown to

© 2009 The Authors. Journal compilation © 2009 John Wiley & Sons A/S
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stimulate BMP-2 and VEGF mRNA ex-
pression in osteoblasts and promote bone
growth over mouse calvaria (Mundy et al.
1999; Sugiyama et al. 2000; Garrett et al.
2001; Ohnaka et al. 2001; Thylin et al.
2002; Maeda et al. 2003; Ghosh-Choudh-
ury et al. 2007). Other studies have re-
ported that local application of statins
induced bone growth in intact mandible,
promoted bone regeneration in bone defects
and tooth extraction sockets, and hastened
fracture repair (Wong & Rabie 2003; Sato et
al. 2005; Stein et al. 2005; Wong & Rabie
20053, 2005b; Bradley et al. 2007; Garrett
et al. 2007; Ozec et al. 2007; Sugiyama
et al. 2007).

In our previous study, 1 mg simvastatin
combined with calcium sulfate caused sub-
stantial bone regeneration in rat calvarial
defects; however, considerable extent of
soft-tissue inflammation was also observed
at the site of application (Nyan et al. 2007).
Other studies also reported that high doses
of local simvastatin induced not only bone
growth but also inflammation (Thylin
et al. 2002; Stein et al. 2005). We hypothe-
sized that the beneficial effects of simvas-
tatin on bone regeneration with less
inflammation could be achieved by com-
bining an optimal dose of simvastatin with
a bone substitute, which can gradually
release the drug into the local bone envir-
onment. To test this hypothesis, we chose
a-tricalcium phosphate («-TCP) to com-
bine with simvastatin. Calcium phosphate
materials, such as hydroxyapatite and
TCP, have been widely used as bone sub-
stitutes in orthopedic and maxillofacial
surgery, as these materials show high bio-
compatibility and  osteoconductivity.
o-TCP has been shown to be a gradually
degradable osteoconductive material (Wilt-
fang et al. 2002; Kihara et al. 2006). The
purpose of this study was to evaluate bone
regeneration by different doses of simvas-
tatin in combination with o-TCP particles
in rat calvarial defects and to determine the
optimal dose of simvastatin for maximum
bone regeneration with less inflammation.

Material and methods

Preparation of «-TCP and simvastatin
combination

o-TCP particles with a diameter of s00-
700 um were obtained from Advance Co.,
Tokyo, Japan. Simvastatin (OHARA Phar-

Nyan et al . Bone regeneration by »-TCP and simvastatin combination

maceutical Co. Ltd, Koka, Shiga, Japan)
was dissolved in ethanol and the solution
was applied to the o-TCP particles by
dropping under sterile conditions. As the
o-TCP particles have numerous fine pores,
the solution was uniformly and quickly
distributed into the material. o-TCP parti-
cles containing the following doses of sim-
vastatin were prepared: 0.01, 0.1, 0.25 and
0.5 mg per 14 mg o-TCP particles.

Anesthesia and surgical procedures

This study was approved by the institu-
tional committee for animal experiments.
Sixty-nine Wistar adult rats (16 weeks old)
were used. The animals were anesthetized
with a combination of ketamine-xylazine
(40 and smg/kg). The dorsal part of the
cranium was shaved and prepared asepti-
cally for surgery. A 20-mm-long incision 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 s mm diameter were tre-
phined in the dorsal part of the parietal
bone lateral to the sagittal suture. A s mm
trephine bur was used to create the defects
under constant irrigation with sterile phy-
siologic solution to prevent overheating of
the bone edges. Care was taken during the
surgical procedure to prevent damage to
dura mater. In nine animals, both defects
were left untreated to serve as negative
control (Fig. 1a). In 45 animals, both de-
fects were filled with 14 mg of «-TCP or a-
TCP combined with o.01, 0.1, 0.25 or
0.5 mg simvastatin (Fig. 1b), designated as
TCP-o, TCP-0.01, TCP-0.1, TCP-0.25 or
TCP-o.5 group, respectively (n =g for each
group). In 15 animals, one defect was used
to test each of the above materials whereas
the other defect was left untreated to ob-
serve whether simvastatin from filled de-
fect influenced the healing of contralateral
unfilled defect (Fig. 1c). The periosteum

and subcutaneous tissues were sutured in
place using 4-o Vicryl polyglactin suture
(Ethicon Inc., NJ, USA) and the scalp with
4-0 silk (ELP Akiyma Co., Tokyo, Japan).

Animals were observed daily for any
appearance of clinical signs of inflamma-
tion, photographed and recorded. For bone
histomorphometrical analysis, 7 days and 1
day before sacrifice, calcein and tetracy-
cline were injected, respectively, in half of
the animals with particle-filled defects in
4-week and 8-week groups.

Tissue harvest and radiological analyses

Animals were sacrificed at 2, 4 and 8
weeks after the surgery. The skin was
dissected and the defect sites were removed
along with surrounding bone and soft tis-
sues. Then, X-ray imaging was performed
by a micro-CT scanner (InspeXio; Shi-
madzu Science East Corporation, Tokyo,
Japan) with a voxel size of 70pum/pixel.
Tri/3D-Bon software (RATOC System En-
gineering Co. Ltd, Tokyo, Japan) was used
to make a 3D reconstruction from the
obtained set of scans. Out of the entire
3D data set, a cylindrical region of interest
(ROI) with a diameter of 5 mm and a height
that covered the entire thickness of the
calvarial bone was selected for analysis.
ROI was placed where the original defect
was located as the margins were visually
recognizable. Mask work was performed to
binarize the o-TCP particles and new bone
in the ROI separately according to different
intensity values, as the former was more
dense and radio-opaque than the latter.
Then, the region of new bone was extracted
from the whole binarized ROI by the logic
operation work and the volume was mea-
sured. Percentage of defect closure was also
calculated according to micro-CT images.
After micro-CT analysis, bone mineral
content (BMC) and bone mineral density
(BMD) in the defect region of the 8-week
samples were measured by dual-energy

Fig. 1. Bilateral s mm diameter rat calvarial defect model. (a) Empty control defects, (b) particle-filled defects
filled with 14 mg of x-tricalcium phosphate particles, (c) unfilled defect contralateral to particle-filled defect to

assess the influence of particle-filled defect.
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X-ray absorptiometry for small animals
(DXA-DCS-600; Aloka Co. Ltd, Tokyo,
Japan). )

Histological evaluation

After the radiological analyses, the speci-
mens were fixed in 10% neutralized for-
malin for 1 week. The specimens from the
animals that had not received vital labeling
were decalcified in §% formic acid for
2 weeks and then embedded in paraffin.
Before the embedding procedure, an inci-
sion was made exactly through the middle
of the bone defects to ensure that the
microtome sections were made in the
area of interest. Coronal sections of about
5 um thickness were prepared, stained with
hematoxylin—-eosin and observed under an
optical microscope.

Measurement of mineral apposition rate
(MAR)

After harvesting and fixation procedures,
the specimens were dehydrated in graded
alcohol and embedded in the GMA/MMA
resin. Five-micrometer-thick sections were
cut coronally and unstained sections were
observed under a fluorescent microscope
for fluorochrome labeling. For MAR, inter-
label distance was measured and the value
was divided by the time interval between
administrations of two vital markers.
Then, the sections were stained with
0.1% toluidine blue for microscopic obser-
vation.

Statistical analysis

Data were first analyzed by one-way
ANOVA. When this analysis suggested
a significant difference between groups
(P<o.05), the data were further analyzed
by the Tukey post hoc multiple compar-
ison tests.

Results

Macroscopic observation

All animals recovered well after surgery.
No macroscopic infection of the wounds
was noted. Side effects such as paralysis,
convulsions, respiratory distress or signs of
pain were not observed. In all animals of
negative control, TCP-o, TCP-o.01 and
TCP-o.1 groups, the soft tissue wounds
healed uneventfully without showing clin-
ical signs of inflammation. Animals in
TCP-0.5 and TCP-0.25 groups revealed
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redness of the skin overlying the bone
defects at 3 and 5 days, respectively. Loca-
lized area of swelling became evident over
those areas from the following day in both
groups. The inflamed areas proceeded to
form ulceration and scabbing. The ulcers
and scabs became reduced in intensity
until 10 days. Generally, inflammation
and scab formation were less intense in
TCP-0.25 group and the soft tissue wounds
healed 2—3 days earlier than those of TCP-
0.5 group. At 2 weeks, the wounds showed
complete soft tissue healing with the dis-
appearance of swelling and/or scabbing.

Radiological observation

Control group

Scanty amount of new bone was formed in
some areas along the margin of bone defect
at 2 and 4 weeks (Fig. 2Ia and Ha). At 8
weeks, more new bone formation was ob-

served with the thin layer of bone extend-
ing towards the center. However, there was
no complete defect closure (Fig. 2I1la).

TCP-0 and TCP-0.01 groups

Newly formed bone and grafted o-TCP
particles could be easily differentiated as
they revealed different radiopacity. At 2
and 4 weeks, only a small area of new
bone was seen at the defect margins in both
groups (Figs 2Ib and ¢ and IIb and c). The
bone formation became more evident at
8 weeks at the defect margins and around
the TCP particles most of which appeared
to be reduced in size but still present in
the defect (Fig. 2IIIb and c).

TCP-0.1 group

At 2 weeks, the new bone was formed not
only at the margin of the defect but also in
between the o-TCP particles close to the

Fig. 2. Micro-CT images of bone defects at (I) 2 weeks, (II) 4 weeks and (III) 8 weeks. (a) Control, (b) TCP-o, (c)
TCP-o.01, (d) TCP-0.1, (¢) TCP-0.25, (f) TCP-0.5 groups. The images were trimmed to show the center of each

defect. TCP, tricalcium phosphate.
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Fig. 3. Bone volume in the defect at (a) 2 weeks (b) 4 weeks and (c) 8 weeks. Bone volume was measured in micro-CT images three-dimensionally. Bars and error bars
represent means and SEM, respectively. n=7 in each particle-filled group and n=6 in the control group at each time point. ANOVA 2 weeks (F; ,; =10.655,
P<o.0001), 4 weeks (F; ;5 =3.861, P=0.007), 8 weeks (F; ;;=14.437, P<o.0001).

dura mater (Fig. 2.1d). New bone continued
to form between the defect margin and the
o-TCP particles at 4 weeks. Bone had also

Table 1. Percentage of defect closure, bone mineral content (BMC) and bone mineral
density (BMD) of the defect at 8 weeks (n =7 for each particle-filled group and n =6 for
control group)

penetrated in between the particles at the Experimental  Defect closure BMC (mg) BMD (mg/cm?)
center of defect and resulted in almost a groups (%)

complete 3D closure of the defect (Fig. Control 41.67 + 10.78 21.35 + 0.89 66.05 + 1.99
2Ild). At 8 weeks, most defects from TCP-0 74.29 + 9.48 24.74 + 115 |, 74.97 + 351 |,
TEP-.v g adhievel somplets defust TCP-0.01 74.29 + 6.4 ¢ 2471 % 105 ]']' + . 7494 + 3.17 }-]‘
1 b eopinued. Isaen of e TCP-0.1 97.86 + 1.49 29.07 + 1.11 88.07 + 3.35
. - 4 TCP-0.25 82.14 + 555 |, 25.74 + 1.05 78.01 + 3.16

bone around the remaining o-TCP particles TCP-0.5 63.57 + 9.3 25.49 + 0.61 77.26 + 1.84

as well as in place of resorbed o-TCP R

particles at the center of defect. There ‘Pig.OS’

were only a few remaining o-TCP particles
demonstrating more diffused borders and
reduced in size (Fig. 2I1Id).

Values are shown as mean + SEM.
ANOVA percentage of defect closure (Fs 35 =5.724, P=0.001), BMC (Fs 35 =5.82, P=0.001), BMD
(Fs 35 =5.483, P=0.001).

TCP-0.25 and TCP-0.5 groups

At 2 weeks, only a scanty amount of new
bone was observed at the defect margins
(Fig. 2Ie and f). More bone formation be-
came evident at 4 and 8 weeks at the
margins without achieving complete defect
closure (Figs 2lle and f and 3IIle and f).

Radiographic bone volume, defect closure,
BMC and BMD

Figure 3 shows the mean bone volumes
measured in the micro-CT images at 2, 4
and 8 weeks. The TCP-o.1 group yielded
significantly higher bone volumes than

Fig. 4. Photomicrographs of the calvarial defects at 2 weeks representing (a) control, (b) TCP-o, (c) TCP-o0.01,
(d) TCP-0.1, (¢) TCP-0.25 and (f) TCP-0.5 groups. Arrows denote original defect margins. *Newly formed
bone; P the -TCP particle. (Hematoxylin and eosin stain, original magnification

untreated control group at all time points
(249%, 227% and 266% at.2, 4 and 8
weeks, respectively). At 2 and 8 weeks, the
TCP-o.1 group showed significantly higher

x 4). TCP, tricalcium
phosphate.

bone volume than all other groups.

Table 1 demonstrates the percentage of
defect closure, BMC and BMD, which were
all evaluated at 8 weeks. The percentage of

defect closure was significantly higher in
TCP-o.1 group than control and TCP-o.5
groups. Moreover, the BMC and BMD
values were also significantly higher in
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TCP-o.1 group than control, TCP-o and
TCP-o0.01 groups. TCP-0.25 group also
showed higher percentage of defect closure
and BMC than control group.
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Fig. 5. Photomicrographs of the calvarial defects at 4 weeks representing (a) control, (b) TCP-o, (c) TCP-0.01,
(d) TCP-o.1, (e) TCP-0.25 and (f) TCP-0.5 groups. Arrows denote original defect margins. *Newly formed
bone; P the a-TCP particle. (Hematoxylin and eosin stain, original magnification x 4).

=

i :

Fig. 6. Photomicrographs of the calvarial defects at 8 weeks representing (a) control, (b) TCP-o, (c) TCP-o0.01,
(d) TCP-o.1, (e) TCP-0.25 and (f) TCP-0.5 groups. Arrows denote original defect margins. *Newly formed
bone; P the o-TCP particle. (Hematoxylin and eosin stain, original magnification x 4). TCP, tricalcium

phosphate.

Histological observation

Control group

At 2 and 4 weeks, only a thin layer of new
bone was seen at the defect margins. The
central portion of defect was filled with
compressed fibrous connective tissue (Figs
4a and sa). More new bone was formed
towards the center in some defects at
8 weeks (Fig. 6a).

TCP-0 and TCP-0.01 groups

At 2 weeks, only a few areas of newly
formed bone were seen at the defect mar-
gins and between some adjacent a-TCP
particles in TCP-o group. Each particle
demonstrated many spaces inside it form-
ing a reticulate structure. Only a few in-
flammatory cells were noted generally in
the soft tissue (Fig. 4b and c). The areas of
new bone became increased at 4 weeks
(Fig. sb and c). Although new bone forma-
tion appeared to continue from the defect
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margins at 8 weeks, both groups still re-
vealed many remaining o-TCP particles
(Fig. 6b and c).

TCP-0.1 group

As early as 2 weeks, there were many areas
of new bone in between the o-TCP parti-
cles in the TCP-o.1 group, characterized by
irregular trabeculae of immature bone and
osteoid rimmed by osteoblasts. The new
bone seemed to be formed abundantly
especially near the dura mater surface all
over the defect area as well as from the
defect margins. Numerous blood vessels
were also associated with the newly formed
bone. Active osteoblasts lined around the
surface of the o-TCP particles and bone
matrix appeared to be deposited inside
some particles located near the bottom of
the defect. At the defect borders, bone had
bridged the gap between the defect border
and the inserted o-TCP particles. Only a
few inflammatory cells were observed in

the soft tissue covering the defect (Fig. 4d).
At 4 weeks, more advanced bone formation
was seen at the center of defects. Moreover,
bone matrix appeared to be deposited inside
all o-TCP particles in the defect (Fig. 5d).
At 8 weeks, most of the defects showed a
complete bridging of new bone across the
defect by continuous regeneration of bone
at the center. New bone was also observed
inside the remaining «-TCP particles.
Thus, the latter appeared to be partially
obliterated by bone (Fig. 6d).

TCP-0.25 and TCP-0.5 groups

At 2 weeks, only a few areas of new bone
were seen at the defect margins. There
were many inflammatory cells and fibro-
blasts in the soft tissue covering the defect
and also in between some a-TCP particles,
which were located close to the soft tissue.
Some inflammatory cells infiltrated inside
the o-TCP particles. Many collagen fibers
filled the space in between the o-TCP
particles. The inflammatory cell infiltra-
tion was more prominent and extensive in
TCP-o0.5 group (Fig. 4e and f). At 4 weeks,
the inflammatory cells were markedly re-
duced and more new bone was formed at
the margin as well as in some areas at the
center of the defect in TCP-o0.25 group (Fig.
se). In TCP-o.5 group, however, the
amount of new bone did not increase
showing many o-TCP particles, which
were still invaded by fibroblasts and some
inflammatory cells (Fig. sf). At 8 weeks, a
considerable amount of bone was formed in
the TCP-0.25 group, but there was no
complete bridging of the defect with some
remaining particles at the center (Fig. 6e).
More bone was formed in TCP-o.5 group at
this time point compared with that of
4 weeks; however, the areas of remaining
o-TCP particles still predominated the
defect (Fig. 6f).

MAR

MAR values were shown in Fig. 7. Con-
sistent with the higher bone volume in
TCP-o.1 group, the MAR in this group
was significantly higher than those of all
other groups at 4 weeks. At 8 weeks,
however, there was no statistically signifi-
cant difference between TCP-o.1 and TCP-
0.25 groups whereas other groups (TCP-o,
TCP-o0.01 and TCP-o0.5) still showed sig-
nificantly lower MARs than that of TCP-
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Fig. 7. Mineral apposition rates at (a} 4 weeks and (b} 8 weeks. Bars and error bars represent means and SEM,
respectively. n=4 for each group at each time point. (F, ; =6.978, P=0.002).

o.1 group. Relatively higher apposition rate
in the TCP-0.25 group at 8 weeks was in
line with the increasing bone volume in
this group at 8 weeks. In all groups, MARs
decreased at 8 weeks compared with those
at 4 weeks {Fig. 7a and b).

.Discussion

Bone regeneration requires three essential
components: firstly, signaling molecule;
secondly, scaffold which acts as osteocon-
ductive surface to support osteoblastic bone
formation; and thirdly, cells responsible for
bone formation. Our strategy is in situ
tissue regeneration approach in which
new tissue formation is induced by specific
scaffolds with extemal stimuli that are
used to stimulate body’s own cells and
promote local tissue repair. We applied
different doses of simvastatin combined
with osteoconductive «-TCP particles in
rat calvarial defects and showed that
o.1mg simvastatin induced maximum
bone regeneration.

Simvastatin is one of the commonly
prescribed cholesterol lowering drugs and
it has been shown to upregulate BMP-2 and
VEGF gene expression in osteoblasts
(Mundy et al. 1999; Sugiyama et al. 2000;
Garrett et al. 2001; Ohnaka et al. 20071;
Maeda et al. 2001, 2003; Ghosh-Choudhury
et al. 2007). Administration of statins
either systemically or locally has been
shown to promote bone growth and/or
regeneration (Skoglund et al. 2002; Thylin
et al. 2002; Wong & Rabie 2003; Knoch
etal. 2005; Sato et al. 2005; Stein et al. 2005;
Wong & Rabie 20052, 2005b; Bradley et al.

2007; Garrett et al. 2007; Nyan et al. 2007;
Ozec et al. 2007; Sugiyama et al. 2007).
Simvastatin was chosen as the statin to be
tested in our study because in vitro studies
have shown it to be one of the most potent
statins in stimulating bone growth (Garrett
et al. 2001} and other in vivo studies have
confirmed its bone-promotive effect.

Although anti-inflammatory effects of
statins have been reported (Weitz-Schmidt
2002}, high-dose simvastatin induces in-
flammation around the site of local appli-
cation. It has been shown that local
simvastatin application at 2.2 mg causes
inflammation and scabbing of the skin
overlying the murine calvaria (Thylin
et al. 2002). Stein et al. (2005} applied
simvastatin in methyl cellulose gel in a
polylactic acid membrane locally on rat
mandible at different doses and found that
by lowering the simvastatin dose, the signs
of inflammation can be reduced and they
concluded that o.5 mg simvastatin is the
optimal dose for single local application. In
our previous study, 1 mg simvastatin com-
bined with calcium sulfate caused substan-
tial bone regeneration in rat calvarial
defects; however, with a considerable soft-
tissue inflammation and scabbing of the
skin overlying the calvaria {(Nyan et al.
20067). Thus, the local effects of simvasta-
tin would be dose- and carrier-dependent.
We speculate that a carrier degrading ra-
pidly during the early phase of bone healing
would not be desirable for bone regenera-
tion with simvastatin.

Calcium phosphate materials have been
shown to be osteoconductive and highly
biocompatible (LeGeros 2002) and these
materials have been successfully applied
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as carriers for antibiotics and growth factors
such as BMPs (Downes et al. 1991; Gui-
cheux et al. 1998; Blom et al. 2000; Laf-
fargue

et al. 2000; Yan et al. 2004; Ginebra et al.
2006; Saito et al. 2006). Among the differ-
ent calcium phosphate materials, we used
o-TCP particles in this study because pre-
vious studies have confirmed the role of
o-TCP particles as bone-rebuilding mate-
rial by gradual biodegradation and forma-
tion of bone around them (Wiltfang et al.
2002; Kihara et al. 2006). «-TCP is also
reported to be able to induce efficient
growth of bone cells, and the production
of an environment that stimulates osteo-
genesis in vitro (Mayr-Wohlfart et al. 2001;
Ehara et al. 2003).

We used rat bilateral calvarial defect
model to test our hypothesis, as it is a
convenient model for the study of bone-
regenerative materials because of its lack of
fixation requirements. Experimental mod-
els with very young animals are considered
unsatisfactory to evaluate osteopromotive
materials. The animals used in this study
were at adult stage (16 weeks); therefore,
increased bone regeneration attributed to
growth is not expected.

In our experiment, maximum bone re-
generation was consistently observed in the
defects applied with the combination of
0.1 mg simvastatin and «-TCP. It is likely
to be a result of maximum stimulation of
osteoblasts by locally released simvastatin
to promote production of BMP-2 and
VEGE. In the histological sections of the
2-week samples, many active ostecblasts
were observed bordering around the surface
of «-TCP particles and depositing bone
matrix actively. Osteoblasts originate
from osteoprogenitor cells in the bone
marrow stroma termed BMSCs or me-
senchymal stem cells, and in vitro studies
have shown that simvastatin promotes
osteoblastic differentiation in the human
BMSCs and enhances the mineralization of
the matrix by the osteoblasts (Song et al.
2003; Baek et al. 2005). We also observed
significantly increased MARs in this group
suggesting the increased activity of indivi-
dual osteoblasts.

Stein et al. {2005} demonstrated that
0.I mg simvastatin clearly showed only a
minimal inflammation in terms of swelling
and infiltrated area, but little bone growth
than the control. The results of our study
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are consistent with their observation except
the finding that 0.1 mg simvastatin induced
the significantly highest bone formation in
our study. This difference may be due to
the experimental model and simvastatin
carrier. They applied simvastatin on the
periosteum of intact mandible whereas we
applied it in the bone defect. As simvastatin
carrier, they used methyl cellulose gel
whereas we used o-TCP particles that
might be expected releasing the drug effi-
ciently in the bone defect.

Studies on release of proteins from cal-
cium phosphate materials reported a bipha-
sic manner of release; an initial rapid
release followed by a gradual long-lasting
one {(Downes et al. 1991; Guicheux et al.
1998; Blom et al. 2000; Laffargue et al.
2000; Ziegler et al. 2002). It is also likely
that a burst initial dose of adsorbed simvas-
tatin was released by «-TCP in early phase
of healing in our experiment. Such a release
of simvastatin may be advantageous in
TCP-o.1 group for providing an optimal
dose of the drug that could stimulate local
responding cells to express BMP-2 without
eliciting an inflammatory reaction. Bone
regeneration was apparent in this group
since the earliest observation period of 2
weeks. Furthermore, significantly higher
values of bone volume at later time points
in TCP-o.1 group suggested a maximum
stimulation of the local cells by simvasta-
tin. Possibly, sustained release of simvas-
tatin from the gradually degrading «-TCP
particles might have provided continued

exposure of local osteoblasts to simvastatin

resulting in the upregulation of BMP-2 and
subsequent stimulation of migrated me-
senchymal cells to osteoblastic differentia-
tion. Interestingly, the regenerated bone at
8 weeks seemed to be self-limited by re-
modeling so that the normal contour of
bone surface was achieved.

Notably, the degradation and disappear-
ance of o-TCP particles was the most
evident in TCP-o0.1 in which bone forma-
tion was the most prominent. In this parti-
cular group, it is likely that bone
remodeling together with bone formation
was remarkably enhanced. As a result, o-
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Abstract: The cholesterol-bearing pullulan (CHP)-nanogels are able to trap hydrophobic
drugs or proteins inside the nanogels, which is potential in application to drug delivery system
and tissue engineering. On the other hand, prostaglandin E1 (PGE1) plays important roles in
wound healing and PGE1 ointment has been clinically used to treat chronic skin ulcers and
wounds. The purpose of this study is to evaluate effects of CHP nanogels in combination with
prostaglandin E1 on wound healing in full thickness skin defect model. A square skin defect
a1x1 em?) of full thickness was created on the dorsal of Wistar rats. The wound was treated
with CHP nanogels without PGE1 (CHP group) or CHP nanogels containing with PGE1
(CHP/PGE]1 group) or PGE1 ointment (PGE1 ointment group). In both CHP/PGE1 and PGE1
ointment groups, ~6 pg of PGE1 was applied to each wound. In the control group, the wound
was untreated. The wound was evaluated in measuring wound area and histologically. In CHP/
PGE1 group, the rate of wound size reduction was significantly higher than the ones of other
groups. Histologically, CHP/PGE1 promoted neoepithelialization, neovascularization, and
wound closure compared to the other treatments. These results suggest that CHP in
combination with PGE1 can promote wound healing, which confirms the efficiency of CHP
nanogels-based drug delivery system. © 2009 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl

Biomater 91B: 55-60, 2009

Keywords:
wound healing

INTRODUCTION

Wound healing in the skin is a complex biological process
in which numerous types of cells, cytokines, growth fac-
tors, proteases, and extracellular matrix components play
roles. Enhanced epidermal healing in a moist wound envi-
ronment was demonstrated by Winter in 1962." Further-
more, Vogt et al. reported that a moist or wet healing
environment resulted in less necrosis and faster and better
quality of healing in the formation of newly regenerated
epidermis.” Thus, a moist environment is known to acceler-
ate wound re-epithelialization. The ideal wound dressing is
biocompatible, protecting the wound from bacterial infec-
tion, preventing excessive fluid loss and maintaining a
moist healing environment.’ Currently, various materials,
such as gelatin, collagen, polyurethane, and polyethylene
are clinically used for wound dressing. Although these
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© 2009 Wiley Periodicals, Inc.
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wound dressing materials are effective, a wound dressing
material, which promotes wound healing more effectively,
is strongly required because tremendous number of patients
suffer from unhealed wounds, which accompany infection
in most cases.

Cholesterol-bearing pullulan (CHP) form nanometer-
sized hydrogel (nanogel) by self-assembly in water.* The
CHP nanogels have multihydrophobic domains consisting
of several cholesteryl groups in pullulan.’ Therefore, CHP
nanogels can trap hydrophobic drugs and proteins inside
the nanogels and the complex has been applied as drug car-
riers.®® In our previous reports, PGE2 was trapped in CHP
nanogels and injected on to the calvarias of mice, which
enhanced local bone formation without any visible side
effect.’ In the case of semi dilute condition of CHP nano-
gels, physically cross-linked hydrogel is obtained.'® Using
this property, we developed paste (hydrogel) type CHP-
nanogels/PGE1 complex.

The biological functions of prostaglandins (PGs) have
been widely studied. Prostaglandin E1 (PGEI) is a metabo-
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Figure 1. Self-assembly of CHP nanogel and crosslinking based
nanogel spheres. (A) Chemical structure of CHP. (B) Formation of
nanogel by self-assembly of CHP. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Self-assembly

lite of the polyunsaturated dihomogamma-linoleic acid.
PGEI exerts vasodilation and anti-platelet aggregation and
it also promotes proliferation of both keratinocytes and
fibroblasts.'" Thus, it has been clinically used to treat burn
wounds and various vascular disorders, especially arterial
occlusive ischemia. It has been reported that topical appli-
cation of PGE! ointment to chronic skin ulcers is effec-
tive.'>"* We speculated that CHP nanogels would be useful
as PGEI carrier for wound treatment. The purpose of this
study was to evaluate the effects of CHP nanogels contain-
ing prostaglandin El in vivo full thickness skin defect
model.

MATERIALS AND METHODS

Pullulan was substituted with 1.1 cholesterol moieties per
100 anhydrous glucoside units (Figure 1). Cholesterol-bear-
ing pullulan (CHP) was synthesized as previously
reported.*

Preparation of CHP Nanogels Containing PGE1

First, CHP nanogels suspension in PBS (pH 7.5, 40 mg/
mL) was prepared. PGE1 (Wako Pure Chemical Industries,
Ltd. Osaka, Japan) was added directly to the CHP nanogels
suspension and mixed by stirring in the dark at room tem-
perature overnight. The final concentration of CHP/PGEI
was 30 pug/mL. The CHP nanogels/PGEl complex was
obtained as paste and it was stored at 4 C.

Experimental Animals

Forty male Wistar rats (7-weeks old; Sankyo Labo Service
Corporation; Tokyo, Japan) were used. Each rat was indi-
vidually kept in a separate cage to avoid an additional
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wound by the other rats. They were given free access to
food and water. The Committee of Animal Experiments
of Tokyo Medical and Dental University approved this
experiment.

Experimental Model

The rats weighing ~260 g were anesthetized with an intra-
muscular injection of ketamine (2 mg/kg body weight) and
xylazine (0.25 mg/kg body weight) before the surgery. The
dorsal skin was shaved with electric clippers and disinfected
with 70% ethanol. A full-thickness square surgical wound,
1 X 1 cm?® in size, was prepared on the dorsal skin of each
rat. The animals were divided into four groups: the first
group was untreated (control group), the second group was
applied with CHP nanogels only (CHP group), the third
group was applied with CHP nanogels containing PGEI
(CHP/PGE! group), the fourth group was applied with
PGE1 ointment (Ono Pharmaceutical Co. Ltd., Osaka,
Japan) (PGEl ointment group). In both CHP/PGEI! and
PGEI ointment groups, 6 pg of PGEl was approximately
applied to each wound. Then, all wounds including the ones
in the control group were covered with polyurethane film
(Cathereep ", Nichiban Co. Ltd., Tokyo, Japan), over which
sterile gauze was layered, and all layers were fixed with
elastic adhesive bandage (Elastpore", Nichiban Co. Ltd.,
Tokyo, Japan) and sutures. This wound coverage was sche-
matically presented in Figure 2. The above applications to
the wounds were performed at the time of wound creation.
For the following wound reduction measurement and histo-
logical evaluation, the dressing material of each rat was not
removed until the time point of observation. However,
exceptionally, for taking time-sequential photographic
images from one animal of each group, the dressing mate-
rial was temporally removed and immediately returned back
after taking a photo. It is likely that this procedure did not

bandage

gauze

CATHEREEP*

wound

gauze

d

CATHEREEPR

/ bandage

wound

Figure 2. Schematic figure of wound dressing layers in this
study.
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affect wound healing extensively because the damage of the
wound bed was not visually observed during this procedure.

During the experiment, animals were kept in separate
cages. The wound together with a ruler was photographed
to measure the wound area on day 0, 5, 7, 10, and 14 days
after the surgery. In the wound reduction measurements,
the photographs were firstly taken and the measurements in
the unlabelled photographs were performed. The wound
area was measured with an image analysis software (Scion
Image). Wound size reduction was calculated by the fol-
lowing numerical formulas:

Wound size reduction (%) = (the original wound area
— the wound area on day 5, 7, 10, and 14 day after the
surgery) X 100/the original wound area.

Histology

The animals were sacrificed under chloroform anesthesia at
1 and 2 weeks after the surgery. The wounds and their sur-
rounding tissue were excised and then fixed in 10% neu-
tralized-formalin solution. The specimens were dehydrated
in ethanol, embedded in paraffin wax and sectioned. The
sections were stained with hematoxylin and eosin. For
wound re-epithelialization measurement, the photographs
were first taken and the measurements in the unlabelled
photographs were performed. Percentage of wound re-epi-
thelialization was determined by histomorphometrical anal-
ysis. The length of newly generated epithelium across the
surface of the wound was determined as the sum of the
new epidermis growing from the right and left margins of
the wound. This length was expressed as a percentage of
initial entire wound length.

Rate of re-epithelialization (%) = (the original wound
length — the length of unepithelialized tissues on day 7
and 14 after the surgery) X 100/the original wound length.

Statistical Analyses

All data were presented as the mean * standard error of
mean (SEM). Differences between the groups were exam-
ined with Tukey for a multiple comparison test. A value of
p < 0.05 was considered to be statistically significant.

RESULTS

The images of the wounds of all groups at 0, 7, and
14 days were presented in Figure 3. We measured the
wound area at 0, 5, 7, 10, and 14 days and calculated
wound size reduction. Figure 4 shows the wound size
reduction of all groups at 5, 7, 10, and 14 days. Obviously,
wound size reduction of CHP/PGE1 group was superior to
the ones of other three groups at every time point. Further-
more, wound size reduction of the CHP group was higher
than that of the control groups at all four time points. Inter-
estingly, wound size reduction of CHP group was higher
than that of the PGEI ointment group at 5 and 14 days.

Journal of Biomedical Materials Research Part B: Applied Biomaterials

212

57

ope 7 days 14 days
Control .
PGEI
omntment

Figure 3. Photographic result of wounds covered with CHP, CHP/
PGE1, and PGE1 ointment compared with untreated (control). Black
line: 10 mm. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 5 shows the rate of wound re-epithelialization of
all groups at 7 and 14 days. At 7 days, the rate of re-epi-
thelialization of CHP/PGE1 group was higher than those of
other three groups. At 14 days, the rate of re-epithelializa-
tion of CHP/PGE1 group was significantly higher than
those of the control and PGEI ointment groups. At 14 days
in CHP group re-epithelialization was more prominent than
those of the control and PGEI ointment groups.

To evaluate the quality of the regenerated tissues, we
performed hematoxylin-eosin (H-E) staining of the histo-
logical sections. Figure 6 shows the histological images of
the wound tissues of all groups at 7 days. In the control
group [Figure 6(A)], approximately one-third of the wound
was covered with epithelium; however, the other wound
surface was covered by necrotic tissue under which numer-
ous neutrophils and macrophages were observed. The gran-
ulation tissue, which included numerous inflammatory
cells, was evident in the dermis, and a scab was formed
over the wound. In the CHP group [Figure 6(B)], epithe-
lium covered approximately a half of the wound and
numerous inflammatory cells were similarly observed in
dermis, where more capillaries were observed compared to
the control group. In the CHP/PGEI group [Figure 6(C)],
the neoepithelium from the edge of the wound was much
longer than that of the other groups. In the dermis, there
were fewer neutrophils and more capillaries than the con-
trol and PGEl ointment groups. In the PGEI ointment
group [Figure 6(D)], approximately two-fifth of the wound
was covered with new epithelium and numerous inflamma-
tory cells were seen in the dermis.

Figure 7 shows the histological images of the wound tis-
sues of all groups at 14 days. In the control group [Figure
7(A)], the wound was not completely covered with epithe-
lium and inflammatory cells still existed in the center of
the wound. In the CHP group [Figure 7(B)], the wound
was almost completely covered with epithelium and there
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Figure 4. The rate of wound size reduction was calculated at (A) 5 days, (B) 7 days, (C) 10 days,
and (D) 14 days. Data are presented as mean = SEM. ¥p < 0.01, *p < 0.05.

were a few inflammatory cells in the dermis. In the CHP/
PGE!l group [Figure 7(C)], skin defect was completely
regenerated and covered with new mature epithelium.
Inflammatory cells were almost absent. In this group, the
epidermal rete pegs were well developed and mature cotla-
gen was also present in the dermis. The skin appendage
was regenerated. In the PGEl ointment group [Figure
7(D)], the wound was not completely covered with epithe-
lium and inflammatory cells were still seen in the dermis.

DISCUSSION

The ideal wound dressing should have the following prop-
erties; providing a moisturized wound-healing environment,
being removable without additional trauma to the wound,

protecting the wound from bacterial infection, controlling .

permeability of oxygen and carbon dioxide, being biocom-
patible, absorbing wound exudates, and finally promoting
tissue reconstruction processes.'* As wound dressing mate-
rials synthetic materials, such as polyurethane,'s“l7 poly-
viny! alcohol, '®
polyhydroxyethylmethacrylate,' °
well as biological materials such as bovine collagen,
chitin,®* and alginateZS_27 have been investigated. Com-
pared with these materials, the uniqueness of CHP nanogels
is to trap hydrophobic molecules including proteins and
nucleic acids. Therefore, this material has been used as
polymeric nanocarriers in cancer chemotherapy for protein

and copolymers,20 as
21-23

delivery and for artificial vaccine.®® We speculate that the
character of CHP nanogels would also be ideal as a drug-
carrier to stimulate wound healing. Interestingly, in this
study CHP nanogels application alone accelerated the
wound size reduction and epithelialization compared with
not only untreatment (control) but also PGEl ointment
treatment, suggesting that CHP nanogels are effective for
wound healing.

There would be several reasons for the favorable effects
of CHP nanogels in wound healing. Qur previous studies
have demonstrated high biocompatibility of CHP nanogels,’
which is one of the required properties for wound dressing.
Since CHP nanogels contain more than 90% of water,” the
water in the gels would be exchanged for wound exudates
and keep the wound in wet condition continuously. Wound
exudates, which are produced in the process of wound heal-
ing, keep the wound in a moist environment and smoothen
the migration of the epidermal cells. Moreover, wound exu-
dates contain various growth factors, such as epidermal
growth factor, basic fibroblast growth factor, and platelet-
derived growth factor, which favorably stimulate wound
healing. Thus, it is likely that CHP nanogels trap wound
exudates together with various growth factors, which will
gradually release from the gels, and that the gels also keep
the wound in the moist environment.

PGE! stimulates the proliferation and cytokine produc-
tion of epidermal keratinocytes and dermal fibroblasts and
it also dilates blood vessels improving peripheral circula-
tion.!' Thus, it has been expected that when PGEl is

Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Figure 5. The rate of wound re-epithilialization was calculated at (A) 7 days and (B) 14 days. Data
are presented as mean + SEM. *p < 0.01, *p < 0.05.

applied to the wound, PGE1 will directly act on keratino-
cytes, fibroblasts, and blood vessel cells consequently pro-
moting wound healing. PGE1 ointment has been clinically
used to treat skin ulcers and wounds; however, two time
applications per day are recommended in the clinical use.
In this study, when CHP/PGEl was applied once to the
wound after the wound preparation, the wound was com-
pletely covered with new epithelium and inflammatory cells
were very few at 14 days. The healing of the wound was
extremely well in CHP/PGE! group compared with the
other groups including PGEI ointment group. The pharma-
codynamic characteristics of PGEI are its poor stability and

very brief half-life of about 30 s because PGEI is promptly
oxidized and inactivated.”® It is likely that CHP nanogels
could trap PGEI inside and protect PGE!l from oxidation
and gradually release PGEI for a prolonged period.

This study is the first report of the CHP nanogels applica-
tion for wound healing. The present experimental results sug-
gest that CHP nanogels in combination with PGEI can
promote wound healing, which confirms the efficiency of
CHP nanogels-based drug delivery system. Using CHP nano-
gels as PGEI carrier in the near future, we will be able to
decrease the application frequency of PGEI to the wounds,
which is beneficial to both patients and nursing staff.

Figure 6. Histological examination of wound tissue stained with he-
matoxylin and eosin at 7 days: (A) control group; (B) CHP group; (C)
CHP/PGE1 group; (D) PGE1 ointment group. Black line: 1 mm.
[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

Figure 7. Histological examination of wound tissue stained with he-
matoxylin and eosin at 14 days: (A) control group; (B) CHP group;
(C) CHP/PGE1 group; (D) PGE1 ointment group. Black line: 1 mm.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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CONCLUSION

CHP-nanogels are effective for the controlled release of
PGEIl and create a moist environment. CHP nanogels in
combination with PGEl can promote wound healing. The
clinical application of CHP/PGEI to full-thickness dermal
defect would be promising.

The authors greatly appreciate Dr. M. Suzuki, a technician of

our laboratory, for assistance and proper technical advises.
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Current approaches to the development of regenerative therapies
have been influenced by our understanding of embryonic devel-
opment, stem cell biology, and tissue engineering technology. The
ultimate goal of regenerative therapy is to develop fully function-
ing bioengineered organs which work in cooperation with sur-
rounding tissues to replace organs that were lost or damaged as a
result of disease, injury, or aging. Here, we report a successful fully
functioning tooth replacement in an adult mouse achieved through
the transplantation of bioengineered tooth germ into the alveolar
bone in the lost tooth region. We propose this technology as a
model for future organ replacement therapies. The bioengineered
tooth, which was erupted and occluded, had the correct tooth
structure, hardness of mineralized tissues for mastication, and
response to noxious stimulations such as mechanical stress and
pain in cooperation with other oral and maxillofacial tissues. This
study represents a substantial advance and emphasizes the po-
tential for bioengineered organ replacement in future regenera-
tive therapies.

regenerative therapy | transplantation

he current approaches being used to develop future regen-

erative therapies are influenced by our understanding of
embryonic development, stem cell biology, and tissue engineer-
ing technology (1-4). One of the more attractive concepts under
consideration in regenerative therapy is stem cell transplantation
of enriched or purified tissue-derived stem cells (5), or in vitro
manipulated embryonic stem (ES) and induced pluripotent stem
(iPS) cells (6, 7). This therapy has the potential to restore the
partial loss of organ function by replacing hematopoietic stem
cells in hematopoietic malignancies (8), neural stem cells in
Parkinson’s disease (9), mesenchymal stem cells in myocardial
infarction (10), and hepatic stem cells in cases of hepatic
insufficiency (11).

The ultimate goal of regenerative therapy is to develop fully
functioning bioengineered organs that can replace lost or dam-
aged organs following disease, injury, or aging (4, 12-14). The
feasibility of this concept has essentially been demonstrated by
successful organ transplantations for various injuries and dis-
eases (15). It is expected that bioengineering technology will be
developed for the reconstruction of fully functional organs in
vitro through the precise arrangement of several different cell
species. However, these technologies have not yet achieved
3-dimensional reconstructions of fully functioning organs. To
achieve the functional replacement of lost or damaged tissues
and organs, the development of 3-dimensional bioengineered
tissues comprising a single cell type is now being attempted using
biodegradative materials (3), appropriate cell aggregation (16),
or uniform cell sheets (17). These are now clinically applied for
corneal dysfunction (18), myocardial infarction (19), and hepatic
insufficiency (20) using oral mucosal epithelial cells, myocardial
cells, and liver cells, respectively, with favorable clinical results.

www.pnas.org/cgi/doi/10.1073/pnas.0902944106

A concept has also now been proposed to develop a bioengi-
neered organ by reproducing the developmental processes dur-
ing organogenesis (13, 21, 22). Almost all organs arise from their
respective germs through reciprocal interactions between the
epithelium and mesenchyme in the developing embryo (23-25).
Therefore, it is predicted that a functional bioengineered organ
could be produced by reconstituting organ germs between
epithelial and mesenchymal cells in vitro, although the existence
of organ-inductive stem cells in the adult body has not been fully
elucidated yet with the exception of hair follicles (26) and the
mammary gland (27). Tooth replacement regenerative therapy,
which is also induced by typical reciprocal epithelial, and mes-
enchymal interactions (25, 28), is thought to be a feasible model
system to evaluate the future clinical application of bioengi-
neered organ replacement (13, 21). The strategy.to develop a
bioengineered third tooth after the loss of deciduous and
permanent teeth is to properly reproduce the processes which
occur during embryonic development through the reconstitution
of a bioengineered tooth germ in vitro (21). We have recently
developed a method for creating 3-dimensional bioengineered
organ germ, which can be used as an ectodermal organ such as
the tooth or whisker follicle (29). Our analyses have provided an
effective method for reconstituting this organ germ and raised
the possibility of tooth replacement with integrated blood vessels
and nerve fibers in an adult oral environment (29). However, it
remains to be determined whether a bioengineered tooth can
achieve full functionality, including sufficient masticatory per-
formance, biomechanical cooperation with tissues in the oral
and maxillofacial regions, and proper responsiveness via sensory
receptors to noxious stimulations in the maxillofacial region.
There are currently no published reports describing successful
replacement with a fully functional bioengineered organ.

In our current study, we describe a fully functioning tooth
replacement achieved by transplantation of a bioengineered
tooth germ into the alveolar bone of a lost tooth region in an
adult mouse. We propose this as a model for future organ
replacement therapy. The bioengineered tooth, which was
erupted and reached occlusion in the oral environment, had the
correct tooth structure, hardness of mineralized tissues for
mastication, and responsiveness to experimental orthodontic
treatment and noxious stimulation in cooperation with tissues in
the oral and maxillofacial regions. Our results thus demonstrate
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the potential of bioengineered organ replacement for use in
future regenerative therapies.

Results

Eruption and Occlusion of a Bioengineered Tooth. We first investi-
gated whether a bioengineered molar tooth germ, which was
reconstituted from embryonic day 14.5 (ED14.5) molar tooth
germ-derived epithelial and mesenchymal cells by our previously
developed organ germ method, could erupt and reach occlusion
with an opposing tooth in the mouse adult oral environment
(Fig. 14). After 5-7 days in an organ culture, a single bioengi-
neered molar tooth germ, which had developed at the early bell
stage of a natural tooth germ and was with a mean length of
534.4 = 45.6 um (Fig. 1B), was then transplanted with the correct
orientation into a properly-sized bony hole in the upper first
molar region of the alveolar bone in an 8-week-old adult murine
lost tooth transplantation model. In this model, the upper first
molar had been extracted, and the resulting wounds had been
allowed to heal for 3 weeks (Fig. 14 and Fig. S1.4). The cusp tip
of the bioengineered tooth was exposed into the oral cavity at
36.7 £ 5.5 days after transplantation at a frequency of 34/60
(56.6%) (Fig. 1C Center and Fig. S1 B-D Center). In current
transplantation model, the non-erupted explants also occurred
at low frequency and were due to the microsurgery for the
transplantation, such as transplantation with the reverse direc-
tion or the falling off the explants. The vertical dimension of the
tooth crown continually increased and the bioengineered tooth
finally reached the plane of occlusion with the opposing lower
first molar at 49.2 = 5.5 days after transplantation (Fig. 1C Right,
and Fig. S1 B-D Right and E). During the course of eruption and
occlusion, the alveolar bone at the bony hole gradually healed in
the areas around the bioengineered tooth and the regenerated
tooth had sufficient periodontal space between itself and the
alveolar bone (Fig. 1D and Fig. S1D). The bioengineered tooth

13476 | www.pnas.org/cgi/doi/10.1073/pnas.0902944106
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Fig. 1. Eruption and occlusion of a bioengineered
tooth. (A) Schematic representation of the transplan-
tation technology used for the generation of reconsti-
tuted tooth germ. (B) Phase contrast image of bioengi-
neered tooth germ on day 5 of an organ culture. (Scale
bar, 200 um.) (C) Oral photographs of a bioengineered
tooth during eruption and occlusion processes, includ-
ing before eruption (Left), immediately after eruption
(Center), and full occlusion (Right). (Scale bar, 200 um.)
(D) Histological analysis of the bioengineered tooth
during the eruption and occlusion processes, including
before eruption (Left), immediately after eruption
(Center), and full occlusion (Right). (Scale bar, 100 um.)
(E) Oral photograph of a bioengineered tooth recon-
stituted using a combination of epithelial cells from
normal mice and mesenchymal cells from GFP-trans-
genic mice (GFP bioengineered tooth). A merged im-
age is shown. (Scale bar, 200 um.) (F) Asectional image
of a GFP bioengineered tooth. Fluorescent and DIC
images are merged. (Scale bar, 100 um.) (G) Oral pho-
tographs showing occlusion of normal (Upper) and
bioengineered (Lower) teeth. (Scale bar, 200 um.) (H)
MicroCT images of the occlusion of normal (Left) and
bioengineered (Right) teeth. External (Left) and cross
section (Right) images are shown. The bioengineered
tooth is indicated by the arrowhead.

also formed a correct structure comprising enamel, ameloblast,
dentin, odontoblast, dental pulp, alveolar bone, and blood
vessels (Fig. 1D). It is known that mice have a considerable
amount of cellular cementum that increases in thickness both on
the sides of the roots and in the interradicular area and forms
around the apex of the molar roots (30). The fully occluded
bioengineered tooth was also observed to have a large amount
of cellular cementum that was equivalent to a normal murine
molar tooth (Fig. 1D and Fig. S14). The root of the bioengi-
neered tooth was also observed to be surrounded by sufficient
periodontal ligaments (PDL) (Fig. 1D). Observations of the
bioengineered tooth morphology revealed that the crown had
plural cusp structure. The lengths and crown widths of the
erupted bioengineered teeth were 1,474.4 = 115.1 and 690.7 =
177.7 pm, respectively. However, the bioengineered tooth was
smaller than the other normal teeth, since at present we cannot
regulate the crown width, cusp position, and tooth patterning
including anterior/posterior and buccal/lingual structures using
in vitro cell manipulation techniques.

We also transplanted green fluorescence protein (GFP)-
labeled bioengineered tooth germ, which was reconstituted by
normal epithelial cells and the mesenchymal cells from GFP-
transgenic mice into non-transgenic mice as described above
(29). A GFP-labeled bioengineered tooth was produced and
could be observed in the bony hole in the alveolar bone of adult
mice (Fig. 1E and Fig. S1F). GFP-positive mesenchymal cells
were also detectable both in the odontoblasts and in the dental
pulp and PDL, which differentiate from the dental papilla and
dental follicle cells, respectively (Fig. 1F). Green fluorescence
was also observed in the dentinal tubules of the GFP-positive
odontoblasts in the regenerated tooth (Fig. 1F Lower).

We next investigated the gene expression profiles of colony-
stimulating factor 1 (CsfI) and parathyroid hormone receptor
(Pthrl), which are thought to regulate osteoclastogenesis during
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Fig. 2. Assessment of the hardness of the bioengineered tooth. Knoop

microhardness values of the enamel (Left) and dentin (Right) of the bioengi-
neered tooth at 11-weeks post transplantation were compared with those of
normal teeth from 3- and 9-week-old mice. Error bars show the standard
deviation (n = 3). P <0.001 (*) and <0.0001 (**) was regarded as statistically
significant (t test).

tooth eruption (31). Those genes were detectable in the eruption
pathway and at the boundary surface between the dental follicle
of the bioengineered tooth and osseous tissues, as is seen in
normal teeth (Fig. S2). These observations suggest that the
eruption of the bioengineered tooth germ faithfully reproduced
the molecular mechanisms involved in the normal tooth eruption
process.

We next analyzed the occlusion established between the
bioengineered tooth and the opposing lower teeth. We often
observed that the bioengineered tooth moved physiologically
before achieving the occlusion during the transplantation ex-
periments. The regenerated tooth achieved normal occlusion in
harmony with other teeth in the recipient animal and had
opposing cuspal contacts that maintained the proper occlusal
vertical dimensions between the opposing arches (Fig. 1 G and
H, and Fig. S1 B-E). Following the achievement of occlusion at
49.2 = 5.5 days after transplantation, there was no excessive
increase in the tooth length or perforation of the maxillary sinus
by the erupted bioengineered tooth at up to 120 days after
transplantation. These results indicated that the bioengineered
tooth moved in response to mechanical stress and achieved
functional occlusion with the opposing natural tooth.

Masticatory Potential of the Bioengineered Tooth. The masticatory
potential of a bioengineered tooth is essential for achieving
proper tooth function (32). We thus performed a Knoop hard-
ness test, which is a test for mechanical hardness and is used in
particular for very brittle materials or thin sheets. This was an
important parameter for evaluating masticatory functions in our
bioengineered tooth, including both the dentin and the enamel
components. The Knoop hardness of both the enamel and dentin
of normal teeth in 3-week-old and 9-week-old mice significantly
increases in according to the postnatal period (Fig. 2). These
values for enamel and dentin in the normal teeth of 9-week-old
adult mice were measured at 447.7 + 88.9 and 88.4 = 10.2 Knoop
hardness number (KHN), respectively (Fig. 2). The same mea-
surements in the bioengineered tooth were 461.1 + 83.2 and
81.4 = 7.53 KHN, respectively (Fig. 2). These findings indicated
that the hardness of the bioengineered tooth is in the normal
range.

Bioengineered Tooth Response to Mechanical Stress. It has been
postulated that regeneration of a fully functional tooth could be
achieved by fulfilling critical functions in an adult oral environ-
ment such as the cooperation of the bioengineered tooth with the
oral and maxillofacial regions through the PDL (31, 33). Histo-
chemical analysis of the PDL of our bioengineered tooth (Fig.
1D) showed a positive connection between this tooth and the
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Fig.3. Experimental tooth movement. (A) Horizontal sections of the root of
anormal tooth (Upper) and a bioengineered tooth (Lower) were analyzed by
hematoxylin-eosin staining (HE) at days 0 (Left), 6 (Center), and 17 (Right) of
experimental orthodontic treatment. (Scale bar, 100 um.) (B) Sections of a
normal and bioengineered tooth were analyzed by TRAP staining and in situ
hybridization of Ocn atday 6 of the orthodontic treatment. TRAP-positive cells
(arrow) and Ocn mRNA-positive cells (arrowhead) are indicated. (Scale bar,
100 um.) (C) The root of the bioengineered tooth was analyzed for bone
formation. The image in the box in Left is shown at higher magnification in
Right. Tetracycline (arrowhead) and calcein (arrow) labeling was detectable
on the tension side. (Scale bar, 50 um.)

alveolar bone, and suggesting that this tooth may be responsive
to mechanical stress. It has been demonstrated previously that
alveolar bone remodeling is induced via the response of the PDL
to mechanical stress such as the treatment of orthodontic
movements (31, 33). These same studies have further demon-
strated that the localization of osteoclasts for bone resorption
and osteoblasts for bone formation can be observed in the area
of compression and on the tension side, respectively (31, 33).
Thus, we analyzed the movement of our bioengineered tooth and
also the osteoclast and osteoblast localization for remodeling in
the alveolar bone by inducing orthodontic movements experi-
mentally.

When the bioengineered tooth was moved buccally for 17 days
with a mechanical force in an experimental tooth movement
model, it performed as well as a normal tooth (Fig. 34 and Fig.
S3). Histochemical analysis additionally revealed morphological
changes in the PDL in both the sides containing lingual tension
and buccal compression following 6 days of treatment (Fig. 34
and Fig. S3). Osteoblast-like cells, which have a cuboidal
shape and rounded nuclei, and osteoclast-like cells, which are
multinucleated giant cells, were observed on the surface of the
alveolar bone within the tension and compression sides, respec-
tively (Fig. 34 and Fig. S3). During experimental tooth move-
ment, tartrate-resistant acid phosphatase (TRAP)-positive
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