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wax, and 15% plasticizing materials) were compounded in a tum-
bler mixer (Neo TecsK03P), and then mixed at room temperature
in a rotating drum tumbler mixer for 5 h.

2.1.2. Fabrication of Tetrabones

Injection molds were prepared to fabricate 1 mm sized tetra-
pods, and the o-TCP powders were molded using an injection
molding machine (J34AD, Japan Steel Works, Tokyo, Japan),
Molded products were then degreased and calcined. The detailed
parameters for the injection molding, degreasing, and calcination
processes are given in Table 1.

The degreased and calcined products were soaked in 0.2 M suc-
cinic acid for 24 h to form octacalcium phosphate (OCP), rinsed
twice with distilled water, dried under reduced pressure, and
sterilized by electron beam irradiation at 25 kGy to give the final
Tetrabone product.

B-TCP granules (Osferion®, size range 0.5-1.5 mm, porosity
75%; Olympus Biomaterial Corp., Tokyo, Japan) were used as the
control material.

2.2. Material properties of Tetrabones

2.2.1. X-ray diffraction analysis

X-ray diffraction analysis (XRD) was performed using an X-ray
diffractometer (Mini Flex 2, Rigaku, Japan) equipped with a Cuk,
radiation source at 20 mA, scanning from 20 =4 to 60 °C. All sam-
ples were crushed before analysis. The results were compared with
the International Center for Diffraction Data (ICDD) database.

2.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed on pure
o-TCP powders and the surface of injectionmolded products before
and after succinic acid treatment, using a JCM-5700 scanning
electron microscope (JEOL, Tokyo, Japan). Images were obtained
at 1.2 keV accelerating voltage and 20 mA current.

2.2.3. Mechanical testing

The rupture strength of single Tetrabones and single B-TCP
granules were measured with a rheometer (CR-500DX, Sun scien-
tific Co., Japan). A single particle of each artificial bone was placed
on the slab of the rheometer. The rod was loaded at 3 mm min™!
until the particle ruptured, and the rupture strength when each
specimen broke was measured (n =4). :

For elastic modulus evaluation Tetrabones and B-TCP granules
were embedded in cylindrical molds 5mm in diameter and
10 mm long, and each mold was placed on the slab of an Instron
universal testing machine (Instron-3365, Instron Corp., Norwood,
MA). Arod 5mm in diameter was loaded into the mold at
0.5 mm min~’, and the elastic modulus measured (n=4)

2.2.4. Analysis of size and connectivity of intergranular pores

Polymer beads used to simulate cells and blood vessels were
provided by the Sekisui Plastics Corporation (Osaka, Japan). The
beads were composed of cross-linked polymethyl methacrylate
and had diameters of 100, 300, 400, and 600 pm.

The end of a 2.5 mi syringe barrel was cut to create a cylindrical
tube and sealed with mesh. The plunger was pulled back and the
rubber cap removed. The barrel was filled with 0.5 ml of Tetra-
bones or B-TCP granules, overlaid with 1.5 ml of the beads, and
the plunger pushed back into the barrel. The end of the plunger
was loaded with a 500 g weight and the syringe was vibrated using
a vibrator for 2 min. The beads were collected as they exited the
syringe and their weight measured (n=3, Fig. 1). Additionally,
mercury porosimetry was performed using a Micromeritics Auto-
pore Il 9510 mercury porosimeter (Micromeritics Instrument
Corp., Norcross, GA) to compare the values of these methods.

Table 1
Detailed parameters of the Tetrabone fabrication process.
Injection molding Degreasing Calcination
Cylinder temperature Maximum temperature Maximum temperature
170-190°C 500°C 700 °C
Mold temperature Rate of temperature Rate of temperature
25~40 °C rise 87°Ch™! rise 87°Ch™!
Injection pressure Holding time 1 h Holding time 1 h
30-50 MPa
Injection velocity
03-05s
Screw revolution speed
1000 r.p.m.

2.2.5. Cell viability

MC3T3-E1 cells were cultured on Tetrabones or B-TCP granules
in standard medium (Dulbecco’s modified Eagle's medium
(DMEM) supplemented with 10vol.% fetal bovine serum (FBS),
50 U mi™ penicillin, and 50 mg mi™ streptomycin) at 37°C in a
5% CO, atmosphere. When the cells reached confluence the
medium was changed to osteogenic medium (standard medium
supplemented with 0.1 M dexamethasone, 50 mM p-glycero-
phosphate and 50 pug ml™" ascorbic acid). 7 days later the Tetra-
bones and B-TCP granules were stained with an alkaline
phosphatasestaining kit (Takara Bio, Tokyo, Japan). The numbers
of cells growing on the surface of the Tetrabones and p-TCP gran-
ules werecounted using a stereoscopic microscope.

2.3. In vivo experiments

2.3.1. Canine bone defect model

Seven healthy beagle dogs (10-12 kg body weight, 1-2 years of
age) were purchased from Nosan Corporation (Kanagawa, Japan).
General anesthesia was maintained with isoflurane, and fentanyl
hydrate was continuously administered during and after surgery.
The femoral medial condyle was exposed, and a tunnel defect
10 mm in diameter extending to the lateral cortex was created in
the bilateral femur using a power surgery drill (IMEX™ Veterinary
Inc., Longview, TX). After irrigation of the defect with sterile saline,
Tetrabonesor B-TCP granules were implanted into the defect (n =5
each), or, in the control group, nothing was implanted (n = 4). After
implantation the joint capsule, fascia lata, subcutaneous tissue, and
skin were sutured. An antibiotic (cefazolin, 20 mg kg™ subcutane-
ously twice daily) and an analgesic (buprenorpine, 15 pg kg™
intramuscularly twice daily) were administered for 3 days after
implantation. This study was conducted under the Guidelines of
the Animal Care Committee of the Graduate School of Agricultural
and Life Sciences, the University of Tokyo.

2.3.2. Biomechanical analysis

8 weeks after implantation the distal part of the femur was ex-
cised, and the surrounding tissue removed. The normal femur was
used as the positive control (n=5). The specimes was fixed with
bone cement with the longitudinal axis of the bone defect vertical
to the slab of a rheometer (CR-500DX, Sun Scientific Co., Japan),
and a rod 5 mm in diameter was preloaded on the surface of the de-
fect site at 1 N force. The specimen was loaded at 3 mm min~!, and
stopped when displacement reached a depth of 0.25 mm to avoid
destruction of the specimen. Force-displacement changes in the
bone defect were observed and the stiffness calculated from the
slope of the linear region of the resulting force-displacement curve.

2.3.3. Histological analysis
After the biomechanical analysis the bone around the implant
sites was trimmed and fixed with 10% neutralized formaldehyde
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Fig. 1. A novel method of evaluating the size and connectivity of intergranular
pores.

for 1week, then demineralized with Plank-Rychlo decalcifying
solution for 20 weeks. It was then embedded in paraffin, cut into
7 um thick longitudinal sections, and stained with Masson’s
Trichrome.

To evaluate the new bone tissue a picture of the entire specimen
was taken under a light microscope (Biozero, Keyence, Japan). The
ratios of new bone area and distribution were measured using Im-
age] software (National Institutes of Health, Bethesda, MD). To
evaluate the new bone area we measured only the new bone tissue
showing a calcified dense matrix which stained deep blue at high
magnification. To evaluate the distribution the extended margins
of the new bone tissue were measured, and the outer area of the
margins were defined as the distribution of new bone tissue.

2.4. Statistical analysis

All data are expressed as means and standard deviations. Statis-
tical analysis was performed using SPSS software (IBM, New York,
NY). One-way analysis of variance was performed to compare the
properties of Tetrabones and B-TCP granules, with Tukey’s post
hoc test applied for the biomechanical analysis in vivo. P values
of less than 0.05 were considered statistically significant.

3. Results
3.1. Fabrication of Tetrabones
Tetrabones of homogeneous shape and size (1 mm) were

fabricated by injection molding and succinic acid treatment. The
macromorphology of Tetrabones was visualized by SEM, which

~ 500pum

confirmed their uniform size and shape (Fig. 2A). In contrast,
B-TCP granules showed heterogeneous shapes and sizes (Fig. 2B).

3.2. Material properties of Tetrabones

3.2.1. X-ray diffraction analysis

XRD was performed to confirm OCP formation on Tetrabones by
succinic acid treatment. The XRD patterns of pure a-TCP powder
and the injectionmolded products before and after succinic acid
treatment are shown in Fig. 3. The XRD patterns of the injection- .
molded products before succinic acid treatment fitted the standard
peak of o-TCP well. After succinic acid treatment the main peak ob-
served at 26 =4.70° was assigned to OCP, while peaks at around
26 = 30° indicated mainly TCP and other calcium phosphate com-
plexes. These results indicate that some part of Tetrabones was
recrystallized into OCP and other calcium phosphates by succinic
acid treatment. The XRD of B-TCP granules showed pure -TCP
peaks.

3.2.2. Assessment of surface structure

SEM was also performed to observe the surface structure of Tet-
rabones. SEM of the injectionmolded products before succinic acid
treatment revealed globular particles similar to pure o-TCP pow-
der (Fig. 4A and B). After succinic acid treatment thin plate-like
crystals characteristic of OCP were observed on the surface of the
Tetrabones (Fig. 4C and Supplementary Fig. 1). These data suggest
that o-TCP on the surface of Tetrabones was recrystallized into
OCP, while the inner structure beneath the surface was mainly
TCP and other calcium phosphate complexes, which may support
the XRD data.

3.2.3. Mechanical testing

To assess the mechanical properties of Tetrabones and -TCP
granules the rupture strength of single granules and the elastic
modulus of aggregates were evaluated using a rheometer and a
universal testing machine, respectively.

The rupture strength of single Tetrabone particles was
345+042N and that of B-TCP granules was 1.20+042N
(Fig. 5A). The elastic modulus of aggregated particles was
65.15 + 7.98 MPa for the Tetrabones and 7.85 + 3.43 MPa for the
B-TCP granules (Fig. 5B). Both parameters were significantly higher
in the Tetrabone group than in the B-TCP granule group (P < 0.05).

3.2.4. Analysis of size and connectivity of intergranular pores

The weights of 100 pm diameter beads passing through the
Tetrabone packed or B-TCP granule packed syringes were
0.236 + 0.030 and 0.135 + 0.034 g, respectively (P< 0.05); for the
300 pm beads these weights were 0.214+0.014 and
0.010£0.002¢g (P<0.05); for the 400 pum beads they were
0.046 +0.011 and 0.021 £ 0.005 g (P < 0.05). However, the 600 pum
diameter beads did not pass through either material (Fig. 6A).

gy,
500pm

Fig. 2. Macromorphology (SEM image) of (A) Tetrabones and (B) B-TCP granules. Scale bar 500 pum.
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Fig. 3. XRD patterns of pure (A) o-TCP powder, injectionmolded products (B) before
and (C) after succinic acid treatment (Tetrabones), and (D) B-TCP granules. The
white arrowhead indicates a peak of o-TCP; the black arrowhead indicates a peak of
OCP.

Thus the connectivity of the 100-400 pm intergranular pores
was significantly higher in the Tetrabone group than in the g-TCP
granule group, suggesting that Tetrabones have intergranular
pores that may be more supportive of cell and vascular invasion
than conventional artificial bone materials.

Using mercury porosimetry there were no significant differ-
ences between these values for the 100-300, 300-400 and 400-
500 um beads (Fig. 6B).

3.2.5. Cell viability

To evaluate the effect of Tetrabones on cell viability the number
of cells attached to the surface of the artificial bone was counted
after 7days in culture. The number of attached cells was
17.40 +1.67 mm™2 in the Tetrabone group and 16.00 + 1.41 mm™
in the -TCP granule group (Fig. 7), which was not significantly dif-
ferent. These data suggest that Tetrabones and B-TCP granules
show comparable abilities to support viable attached cells.

3.3. In vivo experiments

3.3.1. Biomechanical analysis

The biomechanical properties of Tetrabones were evaluated
8 weeks after implantation in vivo, by measuring the stiffness of
a canine femoral defect filled with Tetrabones or 8-TCP granules.
The resulting force-displacement curves for each specimen are
shown in Fig. 8A. The stiffness was 27.99 +5.87 N mm™! for the
normal bone group, 21.59+243Nmm™' for the Tetrabone
implantation group, 2.91+2.15N mm™! for the B-TCP granule
implantation group, and 1.41 +1.91 N mm" for the control group
(Fig. 8B), respectively. The stiffness of the normal bone group
was significantly higher than the other groups, and the Tetrabone
implantation group was significantly higher (7.4-fold, P<0.05)
than those of the B-TCP granule implantation and control groups.
There was no significant difference between the B-TCP granule
implantation group and the control group.

3.3.2. Histological analysis

The implantation sites of the Tetrabone implanted and B-TCP
granule implanted femurs were analyzed histologically for evi-
dence of new bone growth. The surface of the Tetrabones was
found to be surrounded by new bone tissue, which was present
in most of the defect area (Fig. 9A). Moreover, most of the inter-

Fig. 4. SEM images of (A) pure raw o~TCP powder, injectionmolded products (B)
before succinic acid treatment and (C) after succinic acid treatment (Tetrabones).
Scale bar 10 pm.

granular pores were filled with new bone tissue and bone marrow
cells (Fig. 9D). In the B-TCP granule implantation group there was
abundant new bone tissue at the margins of the defect (Fig. 9B),
while most of the tissue in the central area was fibrous tissue
(Fig. 9E). In the control group a large dead space without any tissue
was observed in the central area (Fig. 9C), and at the marginal site
most of the tissue was fibrous tissue (Fig. 9F).

The ratios of new bone area in the bone defects were
16.23 +2.31% in the Tetrabone implantation group, 15.78 +3.11%
in the p-TCP granule implantation group and 6.97 £ 2.64% in the
control group, respectively. Those of the Tetrabone implantation
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Fig. 6. Analysis of the size and connectivity of intergranular pores using (A)
microbeads and (B) mercury porosimetry in the Tetrabone group and the B-TCP
granule group. *P < 0.05.

and the B-TCP granule implantation groups were significantly
higher than that of the control group (P< 0.05), and there was no
significant difference between those of the Tetrabones and §-TCP
granule implantation groups. The ratios of new bone distribution
in the bone defects were 89.68 + 7.34% in the Tetrabone implanta-
tion group, 60.87 + 12.39% in the B-TCP granule implantation group
and 44.98 + 12.09% in the control group, respectively. Those of the
Tetrabone implantation group and the B-TCP granule implantation
group were significantly higher than that of the control group
(P < 0.05), and that of the Tetrabone implantation group was signif-
icantly higher than that of the §-TCP granule implantation group
(P<0.05, Fig. 9G).

The Tetrabone implantation group showed a new bone area
comparable with that of the p-TCP granule implantation group,
and new bone tissue was homogeneously distributed in bone de-
fects in the Tetrabone implantation group, while it was heteroge-
neously distributed in the B-TCP granule implantation group.

4, Discussion

Calcium phosphate granules of various shapes and sizes have
been used widely in clinical practice [10-12]. However, they can
only be used for non-load-bearing sites due to their poor biome-
chanical strength [8,13]. The four-armed tetrapod structure was
designed by civil engineers to dissipate force and reduce displace-
ment by allowing a random distribution of tetrapods to mutually

interlock. We hypothesized that the same principle could be
applied to artificial bone graft materials and thus developed tetra-
pod-shaped Tetrabones. In the present study we have evaluated
their mechanical strength, their ability to retain their shape in bone
defects in vivo, and the formation of intergranular pores that allow
invasion by cells and blood vessels. Tetrabones showed greater
mechanical strength than g-TCP granules as both single units and
in aggregates, which can be attributed to both its composition
and shape. First, the o-TCP crystals on the Tetrabone surface
recrystallize as OCP after succinic acid treatment, which has high
mechanical strength [14]. Second, as described above, the load
force on accumulated Tetrabones was likely evenly dissipated
due to the mechanical stability imparted by their homogeneous
and symmetrical structure.

In addition to its high mechanical strength, OCP is known to
have excellent biocompatibility, osteoconductivity, and biodegrad-
ability [15-171. Our in vitro experiments with MC3T3-E1 cells un-
der osteogenic culture conditions revealed that cells attached to
OCP-coated Tetrabones had comparable viability to those attached
to B-TCP granules. In a previous study OCP was shown to facilitate
the differentiation of osteogenic cells into osteoblastic cells,
although the mechanism by which this occurs remains unknown
[18]. These characteristics likely contributed to the good osteocon-
ductivity displayed by Tetrabones.

The size and connectivity of intergranular pores are important
factors for bone regeneration because they facilitate vascular and
tissue in growth [19,20]. In addition, Tamai et al. have reported
that pore interconnectivity is a primary determinant of osteocon-
ductivity [21]. We hypothesized that their homogeneous shape
and size would allow accumulated Tetrabones to create more
effective intergranular pores than B-TCP granules for cell and
vascular invasion. We tested this hypothesis by devising a novel
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method using microbeads to assess the intergranular pores sizes in
Tetrabones and B-TCP granules. Mercury porosimetry is a typical
method to evaluate pore sizes from 0.1 to 1000 pm and has been
widely used to evaluate the porous structure of various calcium
phosphate materials [21,22]. However, this method is not suitable
for porosity evaluation when the pore connection has a inlet that
narrows or a pathway with an hourglass or ink bottle form
[23,24]. If an inlet or a pathway is smaller than the diameter of a
cell, although there is sufficient space beyond the inlet, the space
may be accessible to mercury but inaccessible to cells and blood
vessels, thus creating a “dead space” within the tissue. Mercury
porosimetry may overestimate the intergranular pores by includ-
ing these dead spaces. To address this problem we used a novel
method to evaluate the size and connectivity of the intergranular
pores using microbeads passing through Tetrabones or B-TCP gran-
ules to simulate passage of cells and blood vessels through the
pores. We could evaluate the connectivity of the intergranular
pores excluding those pores smaller than a certain size by this no-
vel method. In this study, although the mercury porosimetry re-
sults indicated no significant differences between two groups,
the results of the novel method using microbeads indicated higher
intergranular pore connectivity in the Tetrabone group. These re-
sults using the novel method agreed with the histological findings,
which showed homogeneously distributed new bone tissue in the
Tetrabone implantation group and heterogeneously distributed
new bone tissue in the p-TCP granule implantation group. These
data suggest that this novel method using microbeads may be

more appropriate to evaluate the size and connectivity of inter-
granular pores than mercury porosimetry. This is a simple method
using microbeads and a syringe and is effective in evaluating the
connectivity of intergranular pores, although this cannot measure
the total porosity of the materials.

B-TCP granules, having a heterogeneous size and shape, showed
fewer effective intergranular pores than did Tetrabones. It is possi-
ble that smaller -TCP granules were situated between larger gran-
ules, thus obstructing the connection of intergranular pores. It is
also known that granules with a homogeneous shape are less
pro-inflammatory and facilitate faster bone in growth than gran-
ules having a heterogeneous shape [25].

Several studies have examined the pore size of calcium phos-
phate implants, and have reported that a pore size of about 100~
1000 pm is adequate for bone regeneration [26-29], with a mini-
mum pore size of 50 pm being recommended [30]. In the present
study the accumulated Tetrabones were porous to 100, 300, and
400 but not 600 pm beads, suggesting that the intergranular pore
size is less than 600 pm. Kuhne et al. reported that larger pore sizes
led to higher osteoconductivity [26]. However, larger pore sizes
also reduce the mechanical strength of the implant [31], suggesting
that, on balance, a larger pore size is not necessarily a desirable
property. There is a granular material called JAX™ (Smith and
Nephew Orthopaedics Ltd.) similar to Tetrabone. JAX™ is 4 mm
in diameter and made of -TCP, and has a six-armed structure to
provide 55% intergranular porosity ranging from 40 to 3000 pm.
It has been reported that JAX™ has good osteoconductivity, and
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has also been used as a drug delivery system in combination with
osteogenic cells and anosteoinductive factor in previous studies
[32,33]. However, it is limited to use for non-load-bearing defects
because of its fragility [34]. In this study Tetrabone showed high
mechanical strength in vitro and in vivo, suggesting potential
application for load-bearing defects. Further study is needed to
compare Tetrabones and JAX™ by investigating the mechanical
properties, granule sizes (1 and 4 mm), number of arms (four or
six), intergranular pore sizes and connections (under 600 and un-
der 3000 pm).

B-TCP granules have been shown to have excellent osteocontuc-
tivity due to their superior biocompatibility and biodegradability
in vivo [35,36]. In this study the 3-TCP granule implantation group
showed abundant new bone tissue in bone defects, as in previous
studies. However, the new bone tissue was heterogeneously dis-
tributed. These phenomena may result from this particular bone
defect model and a short observation period. In this study the
observation period may not have been long enough to fully regen-
erate new bone tissue in the B-TCP granules implantation group.
However, over a longer period some B-TCP granules might biode-
grade in vivo before bone formation, and they may also lose their
osteoconductive function and mechanical strength [37]. Actually,
in the B-TCP granule implantation group there was less new bone
tissue in the central area of the defect, with more fibrous tissue.
The Tetrabone implantation group showed homogeneously distrib-
uted new bone tissue with less fibrous tissue, although the new
bone area was comparable in both groups. This may indicate that
Tetrabones have more connected intergranular pores. The larger
connected intergranular pores of Tetrabones provide an effective
scaffold, and facilitate more new bone tissue in the central area
of the defects.

Several groups have performed biomechanical analyzes of the
implantation site of artificial bones using bending or compression
tests [38,39]. These methods are destructive and thus do not allow
further evaluation of the sample. In this study we used a non-
destructive method to assess biomechanical strength, which al-
lowed subsequent histological analysis to be performed on the
same samples. A similar method has been used to evaluate spine
stiffness [40,41]. In an earlier preliminary study using cadaver
samples we confirmed that elastic deformation was exhibited at
0.25 mm displacement without structural destruction. Therefore,
we measured the stiffness up to 0.25 mm displacement. Although
this method measures only stiffness, it still provides useful infor-
mation to help explain the mechanical properties of the implant
site.

In this study we used conventional B-TCP granules, having a
heterogeneous size and shape, as the control. However, these
two materials are not only different in size and shape, but also in
surface structure and biodegradability due to their chemical com-
positions and different packing densities and surface areas when
they form aggregates. Since these factors may influence the bone
healing process in vivo further study should be performed taking
these factors into consideration.

5. Conclusions

We succeeded in fabricating uniform 1 mm sized tetrapod
shaped granular artificial bone coated with OCP, which we named
Tetrabones. Tetrabones has a higher mechanical strength than con-
ventional B-TCP granules in vitro, and, when forming aggregates,
formed intergranular pores of an appropriate size and connectivity
for cell and vascular invasion. Tetrabone implantation provided
proper biomechanical properties to stabilize a bone defect and in-
duce homogeneously distributed new bone tissue in vivo due to
their proper intergranular pore connection after 2 months implan-

tation. We conclude that Tetrabones have appropriate biomechan-
ical properties and osteoconductive potential and may be a good
bone graft material for bone reconstruction comparable with con-
ventional granular artificial bone.
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ABSTRACT. Artificial bone implants are often incorporated with osteoinductive factors to facilitate early bone regeneration, Calcium phos-
phate, the main component in artificial bone implants, strongly binds these factors, and in a few cases, the incorporated proteins are not
released from the implant under conditions of physiological pH, thereby leading to reduction in their ostecinductivity. In this study, we
coated tailor-made bone implants with trehalose to facilitate the refease of basic fibroblast growth factor (bFGF). In an in virro study,
mouse osteoblastic cells were separately cultured for 48 hr in a medium with a untreated implant (T-), trehalose-coated implant (T+),
bFGF-incorporated implant (FT-), and bFGF-incorporated implant with trehalose coating (FT+). In the FT+ group, cell viability was
significantly higher than that in the other groups (P<0.05). Scanning clectron microscopy (SEM) and X-ray diffraction (XRD) revealed
that trehalose effectively covered the susface of the artificial bone implant without affecting the crystallinity or the mechanical strength
of the artificial bone implant. These results suggest that coating artificial bone implants with trehalose could limit the binding of bFGF

to calcium phosphate.
KEY worbs: artificial bone implant, bFGF, in vitro, trehalose.

Tailor-made bone implants fabricated from o-tricalcium
phosphate (a-TCP; [Ca;(PO.)}) by using inkjet 3D biofab-
rication technology showed excellent osteoconductivity in
dogs with bone defects [4, 10]. These implants were
designed 1o match the shape of the bone defect. In addition,
the internal structures of the implants, such as cylindrical
holes, were freely designed to improve the osseointegration.
However, these tailor-made implants had only osteoconduc-
tivity, and not osteoinductivity. Osteoconductive bone
implants require substantial amount of time to stabilize,
thereby causing slow bone regeneration. Therefore, various
studies are being conducted to increase the regenerative
capability of implants by incorporating various osteoinduc-
tive factors in these implants {8, 9, 21].

Osteoinductive molecules such as bone morphogenetic
protein (BMP) and basic fibroblast growth factor (bFGF)
can induce differentiation and proliferation of osteoblastic
cells [2, 13, 34, 35). However, these molecules need appro-
priate carriers to maintain their biological activity because
of the short half-life of the molecules in vivo. Drug delivery
systems (DDSs) used as casriers of osteoinductive mole-
cules should incorporate and store drug molecules and
release them during a suitable phase without inactivating the
molecules, Calcium phosphaies are among the DDSs used
as carriers for osteoinductive molecules because of the self-
setting ability, injectability, and biodegradability of calcium
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phosphates {7, 8]. Furthermore, calcium phosphate has a
greater affinity for the incorporated protein than that shown
by most other materials that are used as carriers [30]. In
some cases, caleium phosphate may show very high affinity
for the incorporated proteins, thereby preventing the release
of the proteins [20]. At times, the incorporated proteins may
not be released from the calcium phosphate under condi-
tions of physiological pH, leading to a reduction in their
function [19]. These findings suggest that bFGF incorpo-
rated into tailor-made bone implants made of a-TCP may
not be released at an appropriate time to induce bone regen-
eration,

Trehalose is a non-reducing disaccharide found in a wide
variety of living organisms such as fungi, plants, and ani-
mals. Although the mechanism underlying the cell-protec-
tive function of trehalose remains unclear, trehalose can
protect the cells from a variety of environmental stresses
such as desiccation, dehydration, freczing, and oxidation 3,
6, 26]. Because of these protective effects of trehalose in
living systems, it is widely used in food, cosmetics, and
drugs. We hypothesized that coating of the artificial bones
with frehalose may prevent strong incorporation of bFGF in
a-TCP.

One concern related to trehalose coating of artificial bone
implants is that the coating may reduce the mechanical
strength of the artificial bone. This concern is attributable to
the fact that tailor-made implants appeared more fragile
after being soaked in water, If trehalose solution is used to
coat artificial bones, they may become fragile, which in tumn
may decrease the value of artificial bone implants in clinical
practice. Furthermore, the detailed structures and mechani-
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cal strength of trehalose-coated and non-trehalose-coated
artificial implants are yet to be clucidated.

In this study, we conducted an in vitre study to confirm
whether trehalose can prevent strong binding of bFGF by
the artificial bone and allow its release from the implant at
an appropriate time.

We also analyzed the microstructure, quality. and
mechanical strength of the artificial bone and the resultant
changes after trehalose coating.

MATERIALS AND METHODS

Preparation of implants: Implant fabrication. The artifi-
cial bone was fabricated according to the procedure
deseribed in previous reports [4, 10]. In brief, tailor-made
implants for each experiment were designed on the basis of
3D images of the defect cavity by using the Mimics program
(Materialise, Leuven, Belgium) and fabricated using a 3D
inkjet printer (Z406 3D color printer; Z-corporation, Burl-
ington, MA, U.S.A.). A liguid binder was injected from the
inkjet head into a powder layer 0.1-mm in thickness to
mould the powder into the desired shape. The use of liquid
binder resulted in hardening of the powder material on the
flat surface, and a solid figure was formed. The powder
used was a-TCP (Biopex: Mitsubishi Materials, Tokyo,
Japan) with a mean particle diameter of 10 gm. The liquid
binder was a mixture of 3% sodium chondroitin sulfate
(Scikagaku, Tokyo, Japan), 12% disodium succinaic
(Wako, Tokyo, Japan), and 83% distilled water (Otsuka
Pharmaceuticals, Tokyo, Japan). Each hardened sheet was
piled repeatedly, and artificial bone of the desired shape was
produced (Fig. 1).

Trehalose coating. Trehalose was purchased from
Hayashibara Corporation (Okayama, Japan). For trchalose
coating, the fabricated implants were immersed overnight in
5% trehalose solution at room temperature. Then, the
implants were washed with distilled water and autoclaved at
121°C for 30 min. Finally, the implants were dried under air
pressure.

bFGF incorporation. bFGF was purchased from Kaken
Pharmaceuticals (Tokyo, Japan) and diluted using deionized

Fig. 1. Fabricated tailor-made implants for cell
profiferation test (left), 3-point bending test
(middle), and compression strength test {right).
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water in | ug/yd solution. Immediately before the experi-
ment. the bFGF solution was dropped onto the implants with
or without trehalose coating by using a micropipette: then,
the implants were dried for 10 min at room temperature.

Effect of bBFGF incorporation in the artificial bone on in
vitro cell proliferation: Disk-shaped artificial bone implants
(diameter, 4 mm; height, 2 mm) were prepared for investi-
gating cell protiferation. The implants were divided into the
following 4 groups (3 implants in each group): implants
without trehalose-coating (T-), implants with trehalose
coating (T+), bFGF-incorporated implants (FT-), and
bFGF-incorporated implants with trehalose coating (FT+).

Mouse osteoblastic cells (MC3T3-E1) were used for this
study. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibeo, Grand Island, NY,
U.S.A.) supplemented with 10% fetal bovine scrum (FBS:
Gibeo), 200 mg/m/ penicillin (Gibeo), and 200 mg/m/ strep-
tomyein (Gibeo) at 37°C in a humidified atmosphere of 5%
COs. These cells were seeded in a 96-well plate at a density
of 5.000 celis/well and incubated for 24 hr. The implants of
all types were placed in the cell insert, The celis of ali
groups were incubated for 48 hr, and then, the number of
viable cells was measured by using a Cell Counting Kit-8
solution (Dojindo, Kumamoto, Japan).

Scanning electron microscopy (SEM): SEM was used to
observe the structure and superficial morphology of the tre-
halose-coated implants and non-trehalose-coated implants.
The implants were lyophilized and observed using SEM
(JCM-5700; JEOL.. Tokvo, Japan) at an accelerating voltage
of 1.2kV.

X-ray diffraction (XRD) for qualitative analysis: An X-
ray diffractometer (Miniflex II; Rigaku, Tokyo, Japan) was
used to assess the crystallinity of the trehalose-coated
implants and non-trehalose-coated implants. The X-ray
source was Cu Ka radiation, and XRD was performed at 30
kV and 15 mA with a scanning speed of 2%/min. The dif-
fraction patterns were indexed according to the structural
data in the International Centre for Diffraction Data (ICDD)
Powder Diffraction File.

Mechanical strength: Strength test was performed using
INSTRON universal testing machine (Instron-3363; Instron
Corporation. Norwood, MA, U.S.A.) with a load cell of 5
kN and load speed of 1.0 mm/min.

Implants with a diameter of 7 mm and height of 17 mm
were prepared to evaluate the maximum compression load
strength. Each implant was soaked overnight in 5% treha-
lose solution (n=8) or 0.9% saline (n=8), washed with dis-
tilled water, and autoctaved at 121°C for 30 min. Implants
that were not subjected to these treatments were used as con-
trols {n=8).

Maximum compression load strength was calculated
using the following formula:

. . 4N
Maximum compression load strength =

2

(N: toad; r: diameter of the implant)
Another implant with a diameter of 4 mm and height of 3
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mm was used to evaluate 3-point bending strength. The
maximum 3-point bending load strength was calculated
using the following formula:

30x3N

2rk?

(N: load: r: diameter of the implant; h: height of the
implant)

Statistical analysis: For the data on cell proliferation and
mechanical strength, one-way analysis of variance was per-
formed followed by Tukey's test. A P value less than 0.05
was considered statistically significant.

Maximum bending load strength =

RESULTS

Cell profiferation in vitro: Figure 2 shows the cell growth
rate for each group. The cell growth rates in the T-. T+, and
FT- groups were not significantly different, while that in the
FT+ group was significantly higher than those in the other
groups (FP<0.05).
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Fig. 2. Cell growth rate in each group. Trehalose-coated

basic fibroblast growth factor (bFGF)-incorporated

implants (FT+) show significantly higher cell proliferation
rate than those observed in the other groups. T- non-
treated implants, T+ trehalose-coated implants, FT-:
bFGF-incorporated implants; FT+ bFGF-incorporated
implants with trehalose coating.

SEM: Figure 3 shows SEM images of T+ and T-
implants. SEM images of T- implants showed microporous
structures (Fig. 2A). The trehalose crystal was typically
spindle-shaped due to the presence of hydroxyapatite
[Cay{ POL)(OH),] crystals of various sizes. SEM images of
T+ implants showed that trehalose crystals covered the sur-
face, and the crystallinity of hydroxyapatite was not com-
pletely altered by the trehalose treatment (Fig. 2B).

XRD patern: The XRD patterns of the T+ or T— implants
are shown in Fig. 4. In the T group, the detected diffraction
peaks coincided with the corresponding peaks for hydroxya-
patite and «~TCP in all specimens. Additional peaks were
detected because of other caleium phosphate components.
No differences were detected between the diffraction pat-
terns of T+ and T— implants.

Mechanical strength: The results of the mechanical
strength test are shown in Table 1.

The bending strength and compression strength of the
implants treated with saline were significantly lower than
the corresponding values for T+ implants and controls
(P<0.05). No significant differences were detected between
the controls and the T+ implants with regard to bending
strength and compression strength.

DISCUSSION

Various types of bone implants incorporated with bone
growth factors have been reported [14. 311, Although cal-
cium phosphate is a good DDS, its capability to release
growth factors may be poorer than that observed in other
artificial bone materials [20]. Generally, the growth factor
release rate of the DDS depends on the crystallinity of cal-
cium phosphate, sinter temperature, Ca** ion affinity, and
pH of the environment surrounding the bone implants [19,
27.32. 36}. Dong et al. reported that BMPs bind to the -OH,
-NH,, and -COQ- groups of hydroxyapatite, and that the
Coulomb forces involved in these interactions and hydrogen
bonding may aftect the release of BMPs from the implant

Fig. 3‘. Scanning electron microscopy (SEM) images of the T- and T+ implants. The surface of the T- implant is
microporous and shows spindle-shaped crystals (A). The surface of the T+ implant is covered with trehalose crystals

(white arrows), and the structure of the spindle-shaped crystal is maintained (B). T-: non-treated; T+: trehalose-
coated.
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Fig. 4. X-ray diffraction patterns. X-ray diffraction pattemns of the T- implants show typical pattemns of hydroxyapatite
and o-TCP. No difference is observed in the X-ray diffraction patterns of the T- and T+ implants. T-: non-treated;

T+: trehalose-coated.

Table |.  Maximum bending and compression load strengths of each implant {unit: MPa)
Bending strength Compression strength
Control 6,72 1.68 1280 1.28
Implants treated with trehalose 6.74 £1.55 13.79+1.53
Implants treated with saline 549+0.89¢ 9.10 % | 48

Strength of the saline-treated implant was significantly lower than that of the trehalose-

treated and control implants (*: P<0.05).

[5]. However, the binding affinity of bFGF o calcium phos-
phate has not yet been clarified. Onuma et al. reported that
the binding affinity of bFGF to calcium phosphate depends
on the pH and presence of NaCl [25]. However, little infor-
mation is available on the release of bFGF from calcium
phosphate implants. The release of bFGF from calcium
phosphate crystals is difficult under conditions of physio-
logical pH [19, 24].

In this study, we performed just cell proliferation test, but
not other biologic function of bFGF such like Alkaline
phosphatase activity and calcification test, because an our
previous examination demonstrated the osteogenesis in
canine skull (the data not shown). We hypothesized that
bFGF may not be released from the calcium phosphate
implants at an appropriate time. In fact, no significant
increase was observed in the cell growth rate in the FT-
implants compared to that in the implants without incorpo-
ration of bFGF (T+ and T— implants). The viability of the
cells cultured with FT+ implants was significantly higher
than that of the cells cultured with the FT- implants. These
results suggest that trehalose inhibited the binding of bFGF
to calcium phosphate, thercby enabling increased bFGF
release. No difference was observed in the viability of the

cells cultured with the T~ and T+ implants, which suggests
that trehalose did not affect osteoblastic cell proliferation.
Various mechanisms underlying trehalose activity have
been suggesied, such as stabilization of the cell membrane
through hydrogen bonding, vitrification, and switching-off
capability [22, 29, 33]. SEM and XRD revealed that treha-
lose effectively covered the surface of the implant without
changing its crystallinity and basic characteristics, probably
by inhibiting the binding of bFGF te calcium phosphate.
Although we used only a-TCP powder to make the
implant, XRD revealed peaks of hydroxyapatite and a-TCP.
A considerable change in calcium phosphate crystallinity
was caused by the sinter temperature and pressure, chemical
responses, and environmental hydrogen ion concentrations
because of electrolytic instability. Calcium phosphates are
a stable form of hydroxyapatite [28]. In this experiment, e-
TCP was dissolved in the binding solution during the fabri-
cation process of the implants. a-TCP may release Ca** and
PO jons into the binding solution, and then, the solution
may become supersaturated with apatite, thereby leading to
the formation of spindle-shaped crystals of hydroxyapatite
[t1, 12, 23]. This phenomenon may explain the significant
presence of hydroxyapatite peaks in the XRD patterns.
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When bFGF is released from calcium phosphate, bFGF
may undergo degradation and its bioactivity may decrease
[36]. In this study, the bFGF released from the trehalose-
coated implants significantly stimulated the proliferation of
osteoblastic cells, raising the following 2 hypotheses. First,
trehalose may prevent the degradation of the released bFGF
by binding to the bFGF protein and preserving its structurc
[16]. Le Nihouannen ef ol reported that trehalose could sta-
bilize the bioactivity of proteins bound to calcium phosphate
[15]. Second, biodegradation may not decrease the bioac-
tivity of bBFGF. bFGF incorporated into the calcium phos.
phate implant retained substantial bioactivity [1, 18].

One of the problems associated with calcium phosphate
implants is that they become fragile when soaked with the
body fluids or blood, and this fragility may be attributable to
the dissolution of Ca?* ions into the surrounding solution
[17]. In this study, the bending and compression strengths
of the implants soaked with 0.9% saline were significantly
lower than the corresponding values for the controls, while
the mechanical strength of the implants coated with treha-
lose did not decrease. This finding suggests that trehalose
inhibited the dissolution of Ca®* ions from the implant.

In conclusion, trehalose coating of tailor-made implants
could limit the binding of bFGF to calcium phosphate, facil-

itating the release of bFGF 1o induce the proliferation of

osteogenic cells. Trehalose coating also prevented the
decrease in mechanical strength of the implant, probably by
suppressing of the dissolution of Ca®* ions from the
implants.
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Bone mass is regulated by osteoblast-mediated bone formation and osteoclast-mediated bone resorption.
We previously reported that harmine, a B-carboline alkaloid, inhibits osteoclast differentiation and bone
resorption in vitro and in vivo. In this study, we investigated the effects of harmine on osteoblast prolif-
eration, differentiation and mineralization. Harmine promoted alkaline phosphatase (ALP) activity in

KeyWQTdS-' MC3T3-E1 cells without affecting their proliferation. Harmine also increased the mRNA expressions of
gaé'mg;e . the osteoblast marker genes ALP and Osteocalcin. Furthermore, the mineralization of MC3T3-E1 cells
steoDlas

was enhanced by treatment with harmine. Harmine also induced osteoblast differentiation in primary
calvarial osteoblasts and mesenchymal stem cell line C3H10T1/2 cells. Structure-activity relationship
studies using harmine-related p-carboline alkaloids revealed that the C3-C4 double bond and 7-hydroxy
or 7-methoxy group of harmine were important for its osteogenic activity. The bone morphogenetic pro-
tein (BMP) antagonist noggin and its receptor kinase inhibitors dorsomorphin and LDN-193189 attenu-
ated harmine-promoted ALP activity. In addition, harmine increased the mRNA expressions of Bmp-2,
Bmp-4, Bmp-6, Bmp-7 and its target gene Id1. Harmine also enhanced the mRNA expressions of Runx2
and Osterix, which are key transcription factors in osteoblast differentiation. Furthermore, BMP-respon-
sive and Runx2-responsive reporters were activated by harmine treatment. Taken together, these results
indicate that harmine enhances osteoblast differentiation probably by inducing the expressions of BMPs
and activating BMP and Runx2 pathways. Our findings suggest that harmine has bone anabolic effects
and may be useful for the treatment of bone-decreasing diseases and bone regeneration as a lead
compound.

Bone morphogenetic protein
Natural small molecule

© 2011 Elsevier Inc. All rights reserved.

1. Introduction osteoblastogenesis and bone formation are insufficient for effective

treatment of these diseases. In addition, the development of oste-

Bone mass is controlled by continuous bone remodeling
through osteoblastic bone formation and osteoclastic bone resorp-
tion. Abnormalities in bone remodeling can produce a variety of
bone-decreasing disorders such as osteoporosis, hypercalcemia,
rheumatoid arthritis, tumor metastasis into bone, periodontitis
and Paget’s disease [1]. Although some anti-resorptive drugs
including bisphosphonates and selective estrogen receptor modu-
lators are available, anabolic drugs that aggressively promote
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ogenic agents is desired for bone regeneration therapy.
Osteoblasts are derived from mesenchymal stem cells, which
can also differentiate into chondrocytes, adipocytes and myoblasts
[2]. Alkaline phosphatase (ALP) and bone matrix proteins such as
osteocalcin are produced by osteoblasts, and are related to the
induction of osteoblastic mineralization. Bone morphogenetic pro-
teins (BMPs) are the most potent inducer cytokines of osteoblasto-
genesis [3]. Through binding to type I and type II serine/threonine
kinase receptors, BMPs activate the transcription factor Smad,
which translocates into the nucleus and modulates the expression
of many target genes [4,5]. Runt-related transcription factor 2
(Runx2) and Osterix are known to be essential transcription factors
for osteoblast differentiation. Gene knockout mice for Runx2 and
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Osterix exhibit a complete defect in bone formation [6~9]. BMPs
were also reported to activate these transcription factors for osteo-
blast differentiation [10]. Thus, BMPs have been developed as bone
anabolic agents and approved for clinical use [11]. However, these
agents have some inadequacies, including limited use for local
applications, high costs and difficulty in delivery [12]. Therefore,
smail molecules that stimulate the production or signaling path-
ways of BMPs may be useful to resolve these problems.

Harmine is a naturally occurring B-carboline alkaloid compound
found in various plants including Peganum harmala (Syrian Rue) and
Passiflora incarnata (Passionflower) [13]. It was reported to have di-
verse pharmacological actions such as inhibition of monoamine oxi-
dase (MAO), improvement of insulin sensitivity and a vasorelaxant
effect [14-16]. Recently, we demonstrated that harmine prevented
bone loss in vitro and in vivo by suppressing osteoclastogenesis [17].
In the present study, we found that harmine promotes osteoblast
differentiation and mineralization via BMP signaling pathways
accompanied by upregulation of Runx2 and Osterix.

2. Materials and methods
2.1. Reagents

Harmine, harmol, harmane, harmaline, harmalol, recombinant
human BMP-2, recombinant human noggin, dorsomorphin,
LDN-193189 and Alizarin red S were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). Fast blue BB salt, naphthol
AS-MX phosphate, Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) were purchased from Sigma Chemi-
cals Co. (St. Louis, MO). o-MEM was purchased from Invitrogen
(Carlsbad, CA). Reporter plasmids encoding 12xGCCG-Luc and
6xX0SE2-Luc were generous gifts from Dr. T. Katagiri (Saitama
Medical School) and Dr. G. Karsenty (Columbia University), respec-
tively. All other reagents were obtained from Sigma Chemical Co.
or Wako Pure Chemical Industries Ltd.

2.2. Animals

Four- to six-week-old ddY mice were purchased from SLC Inc.
(Shizuoka, Japan). The experimental procedures and housing con-
ditions for the animals were approved by the Animal Experiment
Committee of Chubu University. All animals were cared for and
treated humanely in accordance with the Guidelines for Experi-
ments using Animals of Chubu University.

2.3. Cell cultures

MC3T3-E1 cells, an osteoblastic cell line from neonatal mouse
calvaria, and C3H10T1/2 cells, mesenchymal stem cell-like fibro-
blasts, were obtained from the RIKEN Cell Bank (Tsukuba, Japan).
MC3T3-E1 and C3H10T1/2 cells were cultured in o-MEM and
DMEM supplemented with 10% FBS, respectively. Primary calvarial
osteoblasts were obtained from the calvariae of neonatal ddY mice
and maintained in o~-MEM containing 10% FBS as described previ-
ously {18]. :

2.4. Osteoblast differentiation

The cells were seeded in 96-well plates (5 x 103 cells/well) and
cultured for 2 days. After reaching confluency, the cells were fur-
ther incubated with samples for 7 days. Ascorbic acid (50 pg/ml)
and B-glycerophosphate (10 mM) were supplemented in the cul-
tures of C3H10T1/2 cells and primary osteoblasts. Cytotoxicity
was determined using a Cell-Counting Kit 8 (Dojindo, Kumamoto,
Japan) according to the manufacturer’s protocol. For proliferation

assays, the cells were seeded in 96-well plates (2 x 10° cells/well)
and cultured with compounds for 2 days. The relative cell numbers
were determined by the MTT assay.

2.5. ALP activity assay and staining

After culture, the cells were fixed with ice-cold 100% methanol.
For measurement of the ALP activity, the fixed cells were incubated
in ALP substrate buffer (100 mM Tris~-HCl pH 8.5, 2 mM MgCl,,
6.6 mM 4-nitrophenyl phosphate) for 30-120 min. The absorbance
at 410 nm was measured as the ALP activity using a microplate
reader. For ALP staining, the fixed cells were incubated in ALP
staining buffer (100 mM Tris-HC! pH 8.5, 2 mM Mg(l2, 1% N,N-
dimethylformamide, 0.01% naphthol AS-MX phosphate and 0.06%
fast blue BB salt.

2.6. Real-time reverse transcription-polymerase chain reaction (RT-
PCR) analysis

MC3T3-E1 cells were cultured with or without harmine for 4
and 7 days. Total RNA was isolated using ISOGEN (Nippon Gene,
Toyama, Japan) and ¢cDNA was synthesized using a ReverTra Ace
gqPCR RT kit (Toyobo, Osaka, Japan), according to the manufac-
turer’s instructions. Real-time PCR was performed with FastStart
SYBR Green Master (Roche Diagnostics, Mannheim, Germany) in
an ABI Prism 7500 Sequence Detection System (Applied Biosys-
tems, Foster City, CA) in triplicate. The primer sequences are avail-
able upon request. The relative expression levels of target genes
against the endogenous reference glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) were calculated using the delta cycle
threshold (Ct) method.

2.7. Osteocalcin enzyme immunoassay (EIA)

MC3T3-E1 cells were cultured with ascorbic acid (50 pg/ml)
and B-glycerophosphate (10 mM) for 14 days. The Osteocalcin con-
centrations in the culture media were measured using an osteocal-
cin EIA kit (Biomedical Technologies Inc., Stoughton, MA).

2.8. Mineralization assay

MC3T3-E1 cells were cultured under the same conditions used
for the osteocalcin EIA assay. Mineralization of the extracellular
matrix was determined by Alizarin red S staining and von Kossa
staining, which detect calcium. After cell fixation, 1% Alizarin red
S solution was added and incubated for 30-60 min at room tem-
perature. In other wells, the cultured cells were incubated with
5% silver nitrate under UV light for 1h, followed by 5% sodium
thiosulfate for 5 min.

2.9. Reporter gene assays

MC3T3-E1 cells were seeded onto 48-well plates and allowed to
reach approximately 80% confluency. The cells were then transfec-
ted with 0.1 pg of reporter plasmids containing BMP-responsive
elements (12XGCCG-Luc) [19] or Runx2-responsive elements
(6x0SE2-Luc) [20] and 0.01 ug of control reporter plasmids
encoding TK-Renilla luciferase (Promega, Madison, WI) using
Lipofectamine LTX (Invitrogen) according to the manufacturer’s
instructions. After 8 h, the cells were cultured with or without har-
mine for 60 h. After the culture, the cells were lysed in Passive Lysis
Buffer (Promega). Dual luciferase assays were performed using a
Dual Luciferase Reporter Assay System (Promega) and a Glomax
96 Microplate Luminometer (Promega). All measurements were
carried out on triplicate samples.
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2.10. Statistical analysis

All data are expressed as the mean + SD. Statistical analyses of
the significance of differences among values were carried out by
one-way ANOVA with a post hoc Dunnett’s test or Student’s t-test.
Values of P<0.05 were considered to indicate statistical
significance.

3. Results and discussion
3.1. Effects of harmine on osteoblast differentiation in MC3T3-E1 cells

To evaluate the effects of harmine on osteoblast differentiation,
staining for ALP was performed as an early-differentiation marker
of osteoblasts using MC3T3-E1 cells, a preosteoblastic cell line de-
rived from newborn mouse calvaria. The results showed that har-
mine dose-dependently enhanced the intensity of ALP staining
(Fig. 1A). Harmine also increased the mRNA expression of Alp
(Fig. 1B). Next, the mRNA expression of Osteocalcin was measured
as a late-stage marker of osteoblast differentiation. Treatment with
harmine significantly increased the expression of Osteocalcin com-
pared with control cells (Fig. 1B). The effects of harmine on osteo-
calcin protein production were determined by an EIA. Osteocalcin
in the culture media was elevated after treatment with harmine
(Fig. 1C), indicating that harmine enhanced osteocalcin protein
production. To determine osteoblastic mineralization, MC3T3-E1
cells were cultured with harmine in the presence of ascorbic acid
and B-glycerophosphate for 14 days. Harmine dramatically in-
creased the mineralized area visualized by Alizarin red S staining

for calcium (Fig. 1D). Similar results were obtained after von Kossa
staining (Fig. 1E). In addition, a proliferation assay was performed
to clarify whether the osteogenic effects of harmine were depen-
dent on cell proliferation. However, harmine did not affect the total
cell number (data not shown). These findings indicate that harmine
promotes the early and late stages of osteoblast differentiation.

3.2. Effects of harmine on osteoblast differentiation in primary
calvarial osteoblasts and mesenchymal stem cell line C3H10T1/2 cells

We confirmed the effects of harmine on osteoblast differentia-
tion using primary calvarial osteoblasts. Harmine significantly en-
hanced the ALP activity (Fig. 2A) and promoted the mineralization
(Fig. 2B) in primary calvarial osteoblasts. To determine whether
harmine acts on more primitive cells, we investigated its effects
on the ALP activity in mouse mesenchymal stem cell line
C3H10T1/2 cells. As shown in Fig. 2C, harmine also significantly
enhanced the ALP activity in C3H10T1/2 cells. These findings sug-
gest that harmine stimulates the differentiation of both osteoblast-
committed cell and mesenchymal stem cells into osteoblasts.

3.3. Structure-activity relationships of p-carboline alkaloids with the
ALP activity

Harmine is a member of the p-carboline alkaloids possessing a
common tricyclic pyrido[3,4-b] indole structure. To assess the cor-
relation between the chemical structure and the activity of har-
mine, the effects of its derivatives (Fig. 3A) on ALP activity were
compared with the effects of harmine. Harmine dose-dependently
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Fig. 1. Effects of harmine on osteoblast differentiation in MC3T3-E1 cells. (A and B) MC3T3-E1 cells were cultured with or without harmine for 7 days (A) or the indicated
numbers of days (B) after the cells reached confluency. After the culture, the cells were stained for ALP (A) and the relative expressions of Alp and Osteocalcin mRNAs were
determined by real-time RT-PCR (B). (C-E) MC3T3-E1 cells were cultured with or without harmine in the presence of 50 pg/ml ascorbic acid and 10 mM B-glycerophosphate
for 14 days after the cells reached confluency. The concentrations of osteocalcin in the culture media were measured using an osteocalcin EIA kit (C). Osteoblastic
mineralization was determined by Alizarin red S staining (D) and von Kossa staining (E). The photographs are representative of more than three independent experiments.
The data represent the means + SD of more than three cultures. *P < 0.05 vs. the control cells.
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(C) were cultured with or without harmine in the presence of 50 pg/ml ascorbic acid and 10 mM B-glycerophosphate for 14 or 7 days, respectively. After the culture, the cells
were fixed and the ALP activity was measured (A and C). Osteoblastic mineralization was determined by Alizarin red S staining (B). The photographs are representative of
more than three independent experiments. The data represent the means + SD of more than three cultures. *P < 0.05 vs. the control cells.
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Fig. 3. Effects of p-carboline alkaloids on the ALP activity in MC3T3-E1 cells. (A) Chemical structures of the p-carboline alkaloids. (B) MC3T3-E1 cells were cultured with or
without BMP-2 (5-50 ng/ml) or g-carboline alkaloids (1-30 pM) for 7 days. After the culture, the cells were fixed and the ALP activity was measured. The data represent the

means + SD of more than three cultures. *P < 0.05 vs. the control cells.

promoted the ALP activity in MC3T3-E1 cells in a similar manner to
BMP-2, as a positive control. Harmol, with a methoxy group substi-
tuted into the hydroxyl group at position 7, also enhanced the ALP
activity at an approximately equal concentration to harmine
(Fig. 3B). Weaker promotion of the ALP activity compared with har-
mine was observed after treatment with harmane, which does not
have a substituted group at position 7 (Fig. 3B). Harmaline and
harmalol, which have a single bond between C3 and C4, had no ef-
fects on the ALP activity at concentrations of up to 30 uM (Fig. 3B).
These results for the structure-activity relationships of harmine
derivatives on osteoblast differentiation revealed that a double
bond between C3 and C4 in the B-carboline structure may be
essential for its osteogenic activity. The importance of a methoxy
or hydroxy group at position 7 is also suggested by a comparison
of the effective concentrations for the ALP activity.

3.4. Involvement of BMP signaling pathways in the effects of harmine
on osteoblast differentiation

To clarify the possible participation of BMP signaling pathways
in the effects of harmine on osteoblast differentiation, MC3T3-E1
cells were cultured with harmine in the presence of BMP inhibi-
tors, and the ALP activity was measured, The BMP antagonist nog-
gin and type I BMP receptor kinase inhibitors dorsomorphin and
LDN-193289 almost completely abolished the harmine-promoted
ALP activity (Fig. 4A). These findings indicate that the osteogenic
actions of harmine are mediated by BMP signaling pathways. Some
osteogenic agents including statins and flavonoids were reported
to promote osteoblast differentiation via the induction of BMP
expression [12]. Therefore, the mRNA expressions of Bmp-2,

Bmp-4, Bmp-6 and Bmp-7 were evaluated. The results revealed that
harmine increased the expressions of Bmp-2, Bmp-4, Bmp-6 and
Bmp-7 mRNAs at day 7. The Bmp-7 mRNA expression was elevated
as early as at day 4 in response to harmine (Fig. 4B). Next, to elu-
cidate the effects of harmine on BMP signaling, we measured the
mRNA expression of inhibitor of DNA-binding 1 (Id1), which is
known to be a target gene of BMPs [4]. The mRNA expression of
Id1 was higher in harmine-treated cells than in control cells
(Fig. 4B). These findings indicate that harmine promotes the
expressions of BMPs and activates downstream signaling pathways
of BMPs. Runx2 and Osterix are crucial transcription factors for
osteoblast differentiation and were reported to be induced by
BMPs [10]. Treatment with harmine also promoted the expressions
of Runx2 and Osterix mRNAs (Fig. 4B). To confirm the possible
involvement of BMP- and Runx2-dependent signaling in the
effects of harmine, luciferase assays were performed using a
BMP-responsive reporter (12xGCCG-Luc), which has Smad-binding
motifs, and a Runx2-responsive reporter (6x0SE2-Luc), which has
Runx2-binding motifs. Both reporters were significantly activated
in response to harmine (Fig. 4C). Thus, harmine may promote
osteoblast differentiation through the induction of BMPs, and
subsequent activation of BMP-Smad and Runx2 signaling
pathways.

p-Carboline alkaloids were reported to have many pharmaco-
logical actions, including inhibition of MAO-A, inhibition of
cyclin-dependent kinases (CDKs), binding to serotonin receptor
2A (5-HT2A), binding to the imidazoline I, receptor and binding
to the benzodiazepine-binding site on the GABA, receptor [14].
However, authentic MAO inhibitors (tranylcypromine, clorgyline
and pargyline) and a CDK inhibitor (roscovitine) did not enhance
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Fig. 4. Effects of harmine on BMP-related signaling pathways. (A) MC3T3-E1 cells were cultured with the BMP inhibitors noggin (Nog; 100 ng/ml), dorsomorphin (Dor;
0.5 pM) or LDN-193189 (LDN; 0.2 M) in the presence of harmine (10 pM) for 7 days. After the culture, the cells were fixed and the ALP activity was measured. The data
represent the means £ SD of three or more determinations. *P < 0.05 vs. the harmine-treated cells without an inhibitor. (B) MC3T3-E1 cells were cultured with or without
harmine (10 pM) for the indicated numbers of days after the cells reached confluency. The relative mRNA expressions of Bmp-2, Bmp-4, Bmp-6, Bmp-7, Id1, Runx2 and Osterix
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means + SD of triplicate determinations. *P < 0.05 vs. the control cells.

the ALP activity in MC3T3-E1 cells in the present study (data not
shown). In addition, none of the agonists or antagonists against
5-HT2A (TCB2 and Ketanserin), I, receptor (clonidine, 2-BFI and
BU 224) or GABA, receptor (THIP and bicuculline) had any effects
on osteoblast differentiation (data not shown). These findings indi-
cate that the osteogenic effects of harmine may not be related to
these target molecules.

In summary, we have found novel osteogenic actions of har-
mine in addition to the suppression of osteoclastogenesis de-
scribed in our recent report [17]. Harmine promotes osteoblast
differentiation and mineralization accompanied by increases in
ALP and osteocalcin expression via the induction of BMPs and
Runx2. We previously showed that harmine suppressed ovariec-
tomy-induced bone loss in mice; however, the osteogenic potency
of harmine might have contributed to the suppression of bone loss.
Although further studies are required to clarify the in vivo actions
and mechanisms, harmine may become a superior drug candidate

for the treatment of bone-decreasing diseases, since it is expected
to not only enhance bone formation but also suppress bone
resorption.
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Evaluation of the implant type tissue-engineered cartilage by scanning
acoustic microscopy
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The tissue-engineered cartilages after implantation were nonuniform tissues which were mingling with biodegradable
polymers, regeneration cartilage and others. It is a hard task to evaluate the biodegradation of polymers or the maturation of
regenerated tissues in the transplants by the conventional examination. Otherwise, scanning acoustic microscopy (SAM)
system specially developed to measure the tissue acoustic properties at a microscopic level. In this study, we examined
acoustic properties of the tissue-engineered cartilage using SAM, and discuss the usefulness of this devise in the field of tissue
engineering. We administered chondrocytes/atelocollagen mixture into the scaffolds of various polymers, and transplanted
the constructs in the subcutaneous areas of nude mice for 2 months. We harvested them and examined the sound speed and
the attenuation in the section of each construct by the SAM. As the results, images mapping the sound speed exhibited
homogenous patterns mainly colored in blue, in all the tissue-engineered cartilage constructs. Contrarily, the images of the
attenuation by SAM showed the variation of color ranged between blue and red. The low attenuation area colored in red,
which meant hard materials, were corresponding to the polymer remnant in the toluidine blue images. The localizations of
blue were almost similar with the metachromatic areas in the histology. In conclusion, the SAM is regarded as a useful tool to
provide the information on acoustic properties and their localizations in the transplants that consist of heterogeneous tissues
with various components.

© 2011, The Society for Biotechnology, Japan. All rights reserved.
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The autologous chondrocyte transplantation (ACT) has already
been available for clinical use. However, the present applications are
confined to the treatment for focal cartilage defects {1-4). To broaden
the clinical application of the cartilage regenerative medicine, many
researchers have made efforts to develop an implant-type tissue-
engineered cartilage with firmness and 3-D structure (5-10), and
attempted to apply the porous biodegradable polymer scaffolds
(11-22). The materials of the biodegradable polymers included PLLA
(22-25) and others, each of which showed different biocompatibility
and biodegradability. In the experiments of previous studies, although
some of the tissue-engineered cartilage constructs using the porous
biodegradable polymer scaffolds had been originally block-shaped, they
became edging off and shrunk during the in vivo transplantation. This
kind of deformity may be caused by the imbalance between degradation
of the porous scaffolds and tissue maturation of the tissue-engineered
cartilage. The deformity of the transplants directly affects clinical

* Correspondence author. Tel.: +81 3 3815 5411x37386; fax: + 81 3 5800 9891.
E-mail address: pochi-tky@umin.net (K. Hoshi).

outcome or patient satisfaction in the clinical situation. Therefore, the
biodegradation of polymer scaffolds should be synchronized with the
cartilage regeneration in the implant-type tissue-engineered cartilage
(26).

To establish such ideal biodegradable scaffold, we need to evaluate
the biodegradation of scaffolds in the body, and should know the
alteration of the mechanical properties of polymers. However, we
principally conducted histological or biochemical examinations to
detect the remaining of polymers in the body, and the information on
mechanical properties could not be taken from these methods. The
detailed analyses on the mechanical properties of the polymer
scaffolds in the tissue-engineered constructs transplanted in the
body are hard tasks by conventional measurement, such as an
indentation device. In the case of the tissue-engineered cartilage using
the biodegradable scaffold, the constructs were the hybrid of artificial
polymers and regenerative tissues, and were heterogeneous in
contents. Although we had usually measured the mechanical
properties of tissue-engineered cartilage by the indentation device,
only those of the whole constructs, but not of the polymer scaffolds,
could be obtained.
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