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To effectively treat serious bone defects using bone-regenerative medicine, a small chemical compound
that potently induces bone formation must be developed. We previously reported on the osteogenic
effect of 4-(4-methoxyphenyl)pyrido[40,30:4,5]thieno[2,3-b]pyridine-2-carboxamide (TH), a helioxan-
thin-derivative, in vitro. Here, we report on TH's osteogenic effects ex vivo and in vivo. TH-induced new
bone formation in both calvarial and metatarsal organ cultures. A novel monitoring system of osteoblas-
tic differentiation using MC3T3-E1 cells revealed that TH was released from o~-TCP bone cement and this
release continued for more than one month. Lastly, the implantation of the o-TCP carrier containing TH
into defects in mouse skull resulted in increased new bone areas within the defects after 4 weeks. A TH-
containing scaffold may help establish a more efficient bone regeneration system.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

There are two distinct modes of osteogenesis. The first is intra-
membranous bone formation, during which mesenchymal cells
condense and directly differentiate into osteoblasts to deposit bone
matrix [1]. The second is endochondral bone formation, during
which a cartilage mold is first formed from mesenchymal conden-
sations, and then is replaced by bone and bone marrow. During
endochondral bone formation, undifferentiated mesenchymal cells
condense at a place where a future skeleton will form and roughly
assume the future configuration. Then, cells in the core differenti-
ate into chondrocytes. The chondrocytes in the middle stop prolif-
erating, start enlarging, and become hypertrophic. The
hypertrophic chondrocytes further differentiate, mature to miner-
alize their surrounding matrix, and undergo apoptosis. At the same
time, perichondrial cells adjacent to the mineralized hypertrophic
chondrocytes turn into osteoblasts to form a bone collar, which
is the precursor of cortical bone. The mineralized cartilaginous ma-
trix is invaded by vascular tissues and degraded by chondroclasts,
which are closely related or identical to osteoclasts. Osteoblasts
coming in with vascular tissues deposit bone matrix onto the de-
graded mineralized cartilaginous matrix to form the primary
spongiosa, the precursor of trabecular bone. During this process,
the hypertrophic chondrocytes play essential roles by inducing

* Corresponding author. Fax: +81 3 5841 1428.
E-mail address: tei@bioeng.t.u-tokyo.ac.jp (U.-i. Chung).
! These authors contributed equally to this work.

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.04.041

osteogenesis and angiogenesis in adjacent tissues [1,2]. The bones
of the limb, such as the femur, tibia, and metatarsus are formed
through endochondral bone formation, while calvarial and maxil-
lary bones are formed through intramembranous bone formation.

The treatment of serious bone defects, such as trauma, disease,
and developmental abnormalities, remains a great challenge, and
bone-regenerative medicine is expected to provide a novel treat-
ment for these defects [3]. The local transplantation of autologous
multipotent cells has been widely used for bone regeneration [3,4].
For sufficient and timely bone formation, however, the current sys-
tem requires the addition of exogenous signaling factors including
BMPs [5], Hedgehogs [6], Runx2 [7], transforming growth factors
(TGFs) 8], fibroblast growth factors (FGFs) [9], and vascular endo-
thelial growth factors (VEGFs) [10]. These factors were locally ap-
plied using direct protein delivery or viral gene delivery.

Direct protein delivery, however, generally suffers from protein
instability and inadequate post-translational modifications of the
recombinant protein [11]. For example, although BMPs have been
studied extensively for bone regeneration, a large amount of BMP
is required, and BMP-containing devices fail in a certain percentage
of cases, raising concerns over cost and safety [12-14]. As France-
schi et al. pointed out, this may be a consequence of its short bio-
logical half-life [15]. As for viral gene delivery, its clinical use is
severely limited due to the potential risk of immunogenic re-
sponses and difficulties in manipulation and mass production.

Thus, there is a clear need to develop small chemical com-
pounds that directly or indirectly induce bone formation. If we
are able to identify such small compounds, we may be able to
broaden the sources of cells for transplantation and thereby
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establish a more efficient bone regeneration system. There are a
limited number of reports on such anabolic agents that effectively
increase bone formation. Statins [ 16], TAK-778 [17], and isoflavone
derivatives [ 18,19] were reported to stimulate osteogenic differen-
tiation, but their osteogenic activity was shown only in specific cell
types including osteoblastic cells and stem cells.

By screening the small compound library of Takeda Chemical
Industries, TH was found to induce alkaline phosphatase (ALP)
activity in MC3T3-E1 cells. In a previous report, we confirmed that
TH-induced osteoblastic differentiation in vitro [20]. The present
study was designed to investigate TH's osteogenic effect in near-
in vivo and in vivo settings.

2. Materials and methods
2.1. Reagents

4-(4-Methoxyphenyl)pyrido[40,30:4,5]thieno[2,3-b]pyridine-2-
carboxamide (TH) was synthesized and provided by Takeda Chem-
ical Industries (Osaka, Japan).

2.2. Cell culture

The MC3T3-E1 cells were obtained from the Riken Cell Bank
(Tsukuba, Japan). The MC3T3-E1 cells were maintained in 10%
FBS/aMEM.

2.3. Metatarsal organ culture

All animal experiments were performed according to the proto-
col approved by the Animal Care and Use Committee of the Univer-
sity of Tokyo. Embryonic metatarsals were dissected and cultured
as described previously [21]. The second, third, and fourth metatar-
sals from each embryonic (E15.5) hindlimb were dissected under
sterile conditions. Each metatarsal was cultured in 1 mL of MEM
(Invitrogen) supplemented with 50 pg/ml ascorbic acid, 1 mM
B-glycerophosphate, and 0.25% fetal bovine serum in the presence
or absence of TH. These metatarsals were cultured at 37 °C in a
humidified 5% CO, incubator for 7 days. Von Kossa staining was
performed as described previously [22].

2.4. Calvarial organ culture

Four-day-old mice were euthanized by CO, inhalation. Calvar-
iae were excised, and cut along the sagittal suture. Each half was
placed on a stainless steel grid in a 24-well tissue culture plate
containing high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich), 10% fetal bovine serum (FBS, Sigma-Al-
drich), and 1% penicillin/streptomycin (Sigma-Aldrich) (10% FBS/
DMEM). Each calvaria was cultured in the presence or absence of
TH. Calvariae remained in culture for 1 day before treatment.
Two weeks after treatment, Calvariae were fixed in 10% neutral-
buffered formalin solution for 12 h and decalcified with 10% EDTA
for 48 h. Tissue samples were then processed, paraffin-embedded,
sectioned, and stained with H&E [22],

2.5. Osteogenic induction by TH-containing o-TCP carrier in vitro

To investigate the release profile of TH from the o~-TCP carrier, a
carrier with or without TH was placed into a culture insert and left
in the MC3T3-E1 culture. Cells were seeded in 12-well plates and
maintained in o-MEM containing 10% FBS and 1% penicillin/strep-
tomycin (10% FBS/o-MEM) for 24 h before stimulation, The culture
medium was changed to DMEM containing 10% FBS and 1% penicil-
lin/streptomycin at the onset of stimulation and changed every
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3 days during the experiment. The carriers were transferred to a
new plate on the 10th day, and the cultured plate was fixed for
ALP staining. This transfer was repeated four times to estimate
the profile of TH’s release period. ALP staining was performed as
described previously [22]; the incubation time was 15-45 min.
Images were taken by a light-field microscope (Axioskop 2, Carl
Zeiss) and processed by image analysis soft ware (Axiovision, Carl
Zeiss). For Quantification, 5 microscopic sites were chosen from
each well. ALP positive area was determined by Image] (Rasband,
W.S., Image], U.S. National Institutes of Health, Bethesda, Mary-
land, USA, http://rsb.info.nih.gov/ij/, 1997-2009.) and expressed
as average value of the experimental group.

Data were expressed as means + standard deviation. Statistical
significance was evaluated using ANOVA and Student’s t-test for
comparison. p<0.05 was interpreted to denote statistical
significance.

To explore the retention of osteogenic induction stimulated by
TH-containing carriers, MC3T3-E1 cells were stimulated tran-
siently by TH. The cells were prepared and maintained as described
above during the experiment. After the first 10-day culture, the
carriers were removed. The plate was fixed on the 10th, 20th or
30th day thereafter, and retention of osteogenic induction was
monitored by ALP staining.

2.6. Treatment of mouse calvarial critical-sized defect by TH-containing
o-TCP carriers

TH (1 mg or 0.1 mg/site) was manually mixed with calcium
phosphate cement (Biopex-R; Mitsubishi Pharma Co., Osaka, Ja-
pan). For solidification, 233 pL of the solution was mixed with
1.0 g of the powder, and placed in a mold to make a tablet measur-
ing 4 mm in diameter and 1 mm in thickness. Mice were anesthe-
tized with ketamine/xylazine (80 and 5 mg/kg) solution through
intraperitoneal injection. A round craniotomy defect (4 mm in
diameter) was manually created as described before [23]. A solid-
ified carrier was placed to cover the defects. Four weeks after
implantation, the mice were euthanized and the calvariae were
fixed in 10% neutral-buffered formalin solution, then processed
into paraffin blocks as described previously [22]. For histological
analysis, consecutive specimens were obtained, and the specimens
at the centers of the defects were stained with H&E.

3. Results

3.1. Osteogenic induction by TH in metatarsal and calvarial organ
cultures

To examine the osteogenic effect of TH in a near-in vivo setting,
we used a metatarsal organ culture as an example of endochondral
bone formation and calvarial organ culture as an example of intra-
membranous bone formation. Metatarsal organ culture was per-
formed in the presence of TH at 107° M for 7 days. Histological
analysis using Von Kossa staining revealed that TH enhanced bone
collar formation (Fig. 1A).

Calvarial organ culture was performed in the presence of TH at
10~ M for 14 days. Histological analysis using H&E staining re-
vealed that TH also enhanced the ossification of cortical bone
and increased the number of osteoblast-like cells (Fig. 1B). We
measured bone width near the suture of calvaria as an anatomic
landmark (Fig. 1B). This quantitative analysis revealed that bone
width in the TH-group was larger than that of the control group
(Fig. 1C). These data suggest that TH has an osteogenic effect on
both endochondral bone formation and intramembranous bone
formation in a near-in vivo setting.
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Fig. 1. Osteogenic induction of metatarsal and calvarial organ cultures by TH. We treated metatarsal organ culture with TH at 10~% M and then cultured them for 7 days. (A)
Von Kossa staining of metatarsal organ cultures. BC = bone collar. We also treated calvarial organ cultures with TH at 107®M and then cultured them for 14 days. (B)
Hematoxylin and eosin (H&E) staining of calvarial organ cultures. Arrows show the positions of osteoblast-like cells (Ob). The sutures of calvaria are indicated by arrowheads.
(C) Quantitative analysis of (B). Bone width was determined by histomorphometric analyses near the suture (*p < 0.05). Representative images are shown (n = 5); bar, 200 pm.

3.2. Osteogenic induction by a-TCP carrier containing TH in MC3T3-E1
cells

To prepare for the investigation of the osteogenic effect of TH
in vivo, we used o-TCP bone cement as a carrier (o-TCP carrier),
which is commercially available and already used in clinical set-
tings. To evaluate the release of TH from the o~TCP carrier,
MC3T3-E1 cells were cultured with the o-TCP carrier containing
1 mg TH (TH-1) or no TH (TH-0) for 10 days (Fig. 2A). The osteo-
blastic differentiation of MC3T3-E1 cells was monitored by ALP

activity. ALP activity was increased in the culture with TH-1
but not in the culture with TH-0 (Fig. 2B and C). To analyze
the retentivity of the TH-induced osteogenic effect in MC3T3-
E1 cells, the TH-1 and TH-0 carriers were removed from the
culture at 10days after treatment and cells continued to be
cultured for 10, 20, and 30 days. The cells stimulated with TH-
1 sustained ALP activity for up to 30 days (Fig. 2B). These data
suggest that TH can be released from o-TCP bone cement and
that TH's osteogenic effect may be sustained for as long as
30 days.
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Fig. 2. Retentivity of osteogenesis induced by TH in vitro. The release of TH from 9-TCP carrier and the retentivity of osteogenic induction were assessed. MC3T3-E1 cells were
transiently treated with TH-0 or TH-1 for only 10 days to induce osteogenesis. The culture was continued for up to 30 days without TH-0 or TH-1 to evaluate retentivity
(upper panel). ALP staining at each time point is shown (lower panel). Bold line, stimulation period; arrowheads, observation time points. Representative images are shown
(n=3); bar, 400 pm. (C) Quantification of ALP activity. Average with standard deviation is expressed. Statistical significance to TH-0 is expressed in asterisks; p < 0.05.

3.3. Temporal release profile of TH from «-TCP carrier

To examine the temporal release profile of TH from the o-TCP
carrier, we established an in vitro monitoring system for its release
(Fig. 3A). In this system, MC3T3-E1 cells were cultured for 10 days
with an o-TCP carrier containing TH. The carrier was transferred
into newly prepared MC3T3-E1 cells every 10 days, and the osteo-
genic induction by TH was monitored by ALP activity. o-TCP carri-
ers containing 0.1 mg TH (TH-0.1) and 1 mg TH (TH-1) increased
ALP activity at 10 days, while that containing no TH (TH-0) did
not. The osteogenic induction by the TH-0.1 carrier and that by
the TH-1 carrier were observed for up to 40 days (Fig. 3B and C).
These data suggest that TH is gradually released from the o-TCP
carrier, and that the release continued for more than one month.

3.4. Osteogenic induction by o-TCP carrier containing TH in mouse
calvarial critical-sized defect

To investigate TH’s bone-regenerative effect in vivo, we used a
mouse calvarial critical-sized defect as a bone defect model. A
round craniotomy defect (4 mm in diameter) was created in mouse
calvarial bone, and then TH-1 and TH-0 carriers were implanted
into the defect site [23]. Four weeks after implantation, cortical
bone formation was accessed by H&E staining. Because substantial
spontaneous bone regeneration occurred at 8 weeks, but not at
4 weeks, we chose to evaluate the induction of bone formation

18

within 4 weeks after surgery [24]. All 5 defects implanted with
TH-1 carrier showed bone tissues that substantially covered the
defect site (Fig. 4A and D), marrow cavity formation (Fig. 4B and
E), and enriched fibrous tissue adjacent to the carrier surface
(Fig. 4C and F), whereas none of these were observed in the 5 de-
fects of the TH-0 carrier group. These data suggest that TH is able
to regenerate bone as quickly as 4 weeks in vivo.

3.5. The molecular targets of TH

In a previous study, we confirmed that TH upregulated the
mRNA expression of BMPs [20]. To identify molecular targets of
TH, we performed microarray analysis, which confirmed that TH
upregulated SMAD signaling (Supplementary Fig. 1).

4. Discussion

The present study had three major findings. First, TH has an
osteogenic effect on both endochondral bone formation and intra-
membranous bone formation in a near-in vivo setting. Second, TH
is gradually released from the o-TCP carrier, and the release con-
tinues for more than one month. Third, TH is able to regenerate
bone as quickly as 4 weeks in vivo.

TH has an osteogenic effect on both endochondral bone forma-
tion and intramembranous bone formation in a near-in vivo setting.
Statins, drugs widely used to lower serum cholesterol], also



