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Dose- and time-dependent
effects of recombinant
human bone morphogenetic
protein-2 on the osteogenic
and adipogenic potentials
of alveolar bone-derived
stromal cells
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ogenic and adipogenic potentials of alveolar bone-derived stromal cells. J Periodont
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Background and Objective: Recombinant human bone morphogenetic protein-2
(rhBMP-2) is a well-known growth factor that can induce robust bone formation,
and recent studies have shown that rhBMP-2-induced osteogenesis is closely
related to adipogenesis. The aim of the present study was to determine the dose-
and time-dependent effects of rhBMP-2 on the osteogenic and adipogenic differ-
entiation of human alveolar bone-derived stromal cells (hABCs) in vivo and in vitro.

Material and Methods: hABCs were isolated and cultured, and then transplanted
using a carrier treated either with or without thBMP-2 (100 pg/mL) into an
ectopic subcutaneous mouse model. Comprehensive histologic and histometric
analyses were performed after an 8-wk healing period. To further understand the
dose-dependent (0, 10, 50, 200, 500 and 1000 ng/mL) and time-dependent (0, 3, 5,
7 and 14 d) effects of rhBMP-2 on osteogenic and adipogenic differentiation,

in vitro osteogenic and adipogenic differentiation of hABCs were evaluated, and
the expression of related mRNAs, including those for alkaline phosphatase,
osteocalcin, bone sialoprotein, peroxisome-proliferator-activated receptor gamma-
2 and lipoprotein lipase, were assessed using quantitative RT-PCR.

Results: ThBMP-2 significantly promoted the osteogenic and adipogenic differen-
tiation of hABCs in vivo, and gradually increased both the osteogenic and adi-
pogenic potential in a dose- and time-dependent manner with minimal deviation
in vitro. The expression of osteogenesis- and adipogenesis-associated mRNAs were
concomitantly up-regulated by rhBMP-2.

Conclusion: The findings of the present study showed that rhBMP-2 significantly
enhanced the adipogenic as well as the osteogenic potential of hABCs in dose- and
time-dependent manner. The control of adipogenic differentiation of hABCs
should be considered when regenerating the alveolar bone using rhBMP-2.
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Bone morphogenetic proteins (BMPs)
are members of the transforming
growth factor-f superfamily and were
discovered as a result of the bone-
inductive activity concealed in the bone
matrix (1). One of these proteins,
recombinant human BMP-2 (rthBMP-
2), has been evaluated in various
studies of the augmentation of the
alveolar process and the placement of
dental implants (2-5). It has also been
demonstrated that dental implants
placed in bone induced by rhBMP-2
exhibited successful osseointegration
and respond as well to functional
loading as do dental implants placed in
native alveolar bone (6).

While thBMP-2 has yielded prom-
ising results regarding alveolar bone
reconstruction, the quality of newly
formed bone induced by rhBMP-2
appears to be poorer than native
alveolar bone, having a significantly
lower density and a larger area of
bone marrow formation (7-9). Fur-
thermore, bone voids, which are
diagnosed as seromas, are typically
observed both radiographically and
histologically in newly formed bone
induced by rhBMP-2 (4,6,9,10), and
the cyst-like bone formation contain-
ing bone voids are observed particu-
larly frequently when the high doses
of rhBMP-2 required for human bone
regeneration are applied (11). One
recent study has identified the pres-
ence of adipose tissue in these bone
voids (12), and further studies are
continuing to elucidate the mechanism
of the bone void formation. It appears
that these seromas gradually resolve,
becoming filled with bone, and thus
enable successful osseointegration and
functional loading of dental implants
(11). However, the quality of new
bone induced by rhBMP-2, with its
low bone density and abundant bone
voids, remains a matter of contro-
versy.

In our previous study (13), we
investigated the effects of rhBMP-2 on
human periodontal ligament stem cells
(hPDLSCs) to elucidate the mecha-
nism of the minimally beneficial
effect of rhBMP-2 on periodontal
tissue regeneration. Interestingly, we
observed significantly increased adipo-
genic differentiation of hPDLSCs that

was driven by treatment with rhBMP-
2, resulting in the formation of large
amounts of adipose tissue, in line with
the aforementioned studies. Conse-
quently, we were curious as to whether
rhBMP-2 would affect human alveolar
bone-derived stromal cells (hABCs) in
the same manner, and hypothesized
that rhBMP-2 would also enhance
adipogenic differentiation as well as
osteogenic differentiation of hABCs,
which are highly involved in the
regeneration of alveolar bone tissue as
a result of their innate potential for
osteogenic differentiation (14). An
understanding of the effects of
rhBMP-2 on hABCs might elucidate
the cellular mechanisms underlying
rhBMP-2-induced alveolar bone tissue
regeneration, and potentially suggest a
method for improving the quality of
that regenerated alveolar bone. To the
best of our knowledge, no studies on
the dose- and time-dependent effects of
rhBMP-2 on the adipogenic or osteo-
genic differentiation of hABCs have
been performed using an ectopic
transplantation model, a well-estab-
lished study model used to observe the
behavior of transplanted cells in the
absence of the innate healing factors
present in vivo (15,16). Therefore, the
aims of the present study were to
determine the dose- and time-depen-
dent effects of rhBMP-2 on hABCs in
terms of both the osteogenic potential
and adipogenic differentiation in vivo
and in vitro.

Material and methods

Isolation of hABCs from bone chips
acquired during minimally irrigated
implant osteotomy

hABCs were obtained from the alve-
olar bone of 10 donors (29-63 years
of age) during dental implant surgery,
in accordance with a protocol
approved by the Institutional Review
Board of Yonsei University. Immedi-
ately prior to surgery, patients per-
formed a 2-min oral rinse using
chlorhexidine (Hexamedine, Bukwang,
Seoul, Korea) to minimize the proba-
bility of bacterial contamination (17).
Sequential ~ osteotomies per-
formed using a lancet drill, a 2-mm-

were

diameter twist drill and consecutively
larger drills to the final size, according
to the implant manufacturer’s
instructions. After drilling with a
2-mm-diameter twist drill, the drill
speed was reduced to 50-200 rpm
(KaVo Intrasurg 300 Plus system;
Kavo, Lake Zurich, IL, USA), and
cooling saline irrigation was mini-
mized thereafter, in accordance with a
previous report (18). The bone parti-
cles released during drilling were cap-
tured in the drill flutes. The bone
chips thus obtained were placed in a
50-mL tube and immersed in 20 mL
of o-minimal essential —medium
(t-MEM) containing 15% fetal bovine
serum (FBS), 100 U/mL of penicillin,
100 pg/mL  of streptomycin  and
amphotericin B (all from Gibco,
Invitrogen, Grand Island, NY, USA).
The hABCs were then immediately
isolated using a sequential digestion
method with 2 mg/mL of collagenase
(Wako Pure Chemicals, Osaka, Japan)
and 1 mg/mL of dispase (Gibco,
Invitrogen). Single-cell suspensions
were obtained by passing the digested
tissues through a strainer with a
70-um pore size (Falcon; Becton
Dickinson Labware, Franklin Lakes,
NJ, USA), and the cells (5 x 10°) were
seeded onto T75 cell-culture dishes
containing o-MEM  supplemented
with 15% FBS (Gibco, Invitrogen),
100 um L-ascorbic acid 2-phosphate
(Sigma-Aldrich, St Louis, MO, USA),
2 mMm L-glutamine, 100 U/mL of pen-
icillin and 100 pg/mL of streptomycin
(Gibco, Invitrogen), and incubated at
37°C in a 5% CO, atmosphere. Sin-
gle-cell colonies were observed after
3-7 d and PO passages of hABCs were
cultured.

hABC transplantation using a carrier,
either pretreated or not pretreated
with rhBMP-2, into an ectopic
subcutaneous transplantation model

The cell carrier used for ectopic
transplantation was 80 mg of hydroxy-
apatite/tricalcium phosphate ceramic
powder [macroporous biphasic cal-
cium phosphate (MBCP); Biomatlan-
te, Vigneux, France] (19). hABCs
(6 x 10° cells per carrier, P5) were
precultured for 1.5h on a carrier



before transplantation at 37°C in a 5%
CO, atmosphere. The rhBMP-2
expressed in Escherichia coli was pro-
duced at the Research Institute of Co-
wellmedi, Pusan, Korea, as described
previously (20,21). The carrier was ei-
ther pretreated or not pretreated with
rhBMP-2 (100 pL of 0.05 mg/mL per
carrier) at 4°C overnight before cell
seeding to observe the effect of rhBMP-2
on hABCs, in an extension of a previous
report studying the effect of rhBMP-2
on hPDLSCs (13). The carriers with
hABCs were transplanted into a
subcutaneous ectopic transplantation
immunodeficient mouse model, as
described previously (15,16). Animal
selection, management and surgical
procedures followed a protocol that was
approved by the Animal Care and Use
Committee, Yonsei Medical Center,
Seoul, Korea. The animals were treated
under one of the following four experi-
mental conditions:

1 MBCP  carrier only (control,
rhBMP-27/hABC™ group).
2 MBCP carrier pretreated with

rthBMP-2 (thBMP-2" /hABC™ group).

3 hABCs seeded onto an otherwise
untreated MBCP carrier (thBMP-
27/hABC™ group).

4 hABCs seeded onto an rhBMP-2-
pretreated MBCP carrier (rhBMP-
27 /hABC™ group).

Each group included five nude mice,

each with four ectopic transplantations.

The animals were allowed to heal for

8 wk, after which they were killed and

tissue analysis was performed. The

specimens were fixed with 4% formalin,
decalcified with buffered 5% EDTA

(pH 7.2-7.4) and then embedded in

5 um. The sections were deparaffinized,
stained with hematoxylin and eosin and
Masson’s trichrome, and then observed
with the aid of a light microscope (BX-
50; Olympus Optical, Tokyo, Japan).
Histometric analysis of the new bone
and of adipose tissue formation was
conducted with the aid of computer-
assisted  histometric measurements,
which were made using an automated
image-analysis system (Image-Pro Plus;
Media Cybernetics, Silver Spring,
MD, USA), as described previously
(13,22,23).

Dose- and time-dependent rhBMP-2-
induced osteogenic and adipogenic
differentiation

While in vivo studies have been com-
pelling, in order to better understand
certain causal relationships among
rhBMP-2 and hABCs, the in vitro effects
of different doses of rhBMP-2 on oste-
ogenic and adipogenic differentiation
were assessed. The cells (1 x 10°, P5)
were seeded into six-well culture dishes
and then cultured until they reached a
subconfluent stage. They were then
treated with rhBMP-2 at 0, 10, 50, 200,
500 and 1000 ng/mL for an induction
period of either 4 wk (osteogenic dif-
ferentiation) or 2 wk (adipogenic dif-
ferentiation). The dosages
determined based on the previous report
to compare the dose-dependent effect of
rhBMP-2 on hABCs with hPDLSCs
(13). The osteogenic and adipogenic
culture media described below were
refreshed twice a week in order to
maintain a constant concentration of
rhBMP-2. Osteogenic and adipogenic

were
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mined according to a modification
of procedures reported previously
(13,22,23). Briefly, the culture medium
for osteogenic differentiation comprised
a-MEM containing 15% FBS, 2 mm
L-glutamine, 100 pm L-ascorbic acid-2-
phosphate, 1.8 mm KH,PO,4, 100 U/
mL of penicillin, 100 pg/mL of strep-
tomycin (all from Gibco, Invitrogen)
and 10 nm dexamethasone (Sigma-
Aldrich). The culture medium for
adipogenic differentiation comprised
a-MEM containing 15% FBS, 2 mm
L-glutamine, 100 pm L-ascorbic acid-2-
phosphate, 500 pm isobutyl-methyl-
xanthine, 60 um indomethacin, 0.5 um
hydrocortisone, 10 um insulin  (all
from Sigma-Aldrich), 100 U/mL of
penicillin and 100 pg/mL of strepto-
mycin.

After 2 wk (adipogenic differentia-
tion) and 4 wk (osteogenic differentia-
tion) of induction, the cells were
stained with Oil Red O and Alizarin
Red, respectively, and evaluated by
measuring the areas of adipocyte for-
mation and newly formed mineralized
nodules. Computer-assisted measure-
ments were performed on eight images
of each sample, with mean values being
obtained using an automated image-
analysis system (Image-Pro Plus; Media
Cybernetics).

After demonstration of the dose-
dependent effect of rhBMP-2, the
time-dependent effects of rhBMP-2
induction on in vitro osteogenic and
adipogenic differentiation were also
evaluated. Cells were treated with
200 ng/mL of rhBMP-2 during the
induction period for both osteogenic
and adipogenic differentiation, and the

paraffin and sectioned at a thickness of  differentiation of hABCs was deter- dose of rhBMP-2 was determined
Table 1. Primer sequences and conditions for the RT-PCR

Primer sequence Annealing

F 4(5-3 R Vs temperature Product
Gene orward (5-3") everse (3-5) (°C) GenBank no.  size (bp)
ALP GGACCATTCCCACGTCTTCAC CCTTGTAGCCAGGCCCATTG 60 NM_000478.4 137
OCN CAAAGGTGCAGCCTTTGTGTC TCACAGTCCGGATTGAGCTCA 60 NM_199173.3 150
BSP CTGGCACAGGGTATACAGGGTTAG ACTGGTGCCGTTTATGCCTTG 60 NM_004967.3 182
PPARY-2 ACAGCAAACCCCTATTCCATGCTGT TCCCAAAGTTGGTGGGCCAGAA 64 NM_015869.4 159
LPL TGGACTGGCTGTCACGGGCT GCCAGCAGCATGGGCTCCAA 64 NM_000237.2 167
B-Actin CAT GTA CGT TGC TAT CCA GGC CTC CTT AAT GTC ACG CAC GAT 58 NM_001101.3 249

ALP, alkaline phosphatase; BSP, bone sialoprotein; LPL, lipoprotein lipase; OCN, osteocalcin; PPARY-2, peroxisome-proliferator-activated

receptor gamma-2.
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based on a previous study (13). The
cells were stained with Alizarin Red
and Oil Red O, 0, 3, 5, 7 and 14 d after
culture initiation.

Total RNA extraction and RT-PCR

Total RNA was isolated from in vitro
culture specimens using TRIzol
reagent (Molecular Research Center,
Cincinnati, OH, USA) and confirmed
by quantitative RT-PCR (qRT-PCR),
according to the manufacturer’s instruc-
tions. hABCs that had not been ex-

rhBMP-2-/hABC-

>

rhBMP-27hABC*

posed to rhBMP-2 for the induction of
osteogenic or adipogenic differentia-
tion were analyzed as controls. Iso-
lated total RNA was used as a
template for the synthesis of cDNA
with CycleScript RT PreMix (Bioneer,
Daejeon, Korea). The subsequent
PCR-amplification reaction utilized
the LightCycler480 II real-time PCR
kit (Roche Diagnostics, Penzerg, Ger-
many), the ABI 7500 real-time PCR
system and associated software (Ap-
plied Biosystems, Foster City, CA,
USA), and specific primers (as listed in

rhBMP-2"/hABC-

Table 1). The relative levels of mRNA
expression were quantified by com-
parison with those of an internal
standard (B-actin). Each PCR was
performed in triplicate with the same
total RNA.

Statistical analysis

Multiple comparisons were made
using analysis of variance and
post-hoc  r-tests. Differences were

considered to be statistically signifi-
cant when p < 0.05.
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Fig. 1. Effect of recombinant human bone morphogenetic protein-2 (rhBMP-2) on the induction of bone by human alveolar bone-derived
stromal cells (hABCs). (A) hABCs were transplanted using a macroporous biphasic calcium phosphate (MBCP) carrier, treated with or
without rhBMP-2, into the subcutaneous pocket of immunodeficient mice, and histologic analysis was performed after 8 wk of healing.
Histological evaluations were performed by hematoxylin and eosin (H-E), and Masson’s trichrome staining was performed to reveal collagen
formation. Inset boxes show areas at higher magnification. Arrowheads show highly dense fibrous tissue with high cellularity. FM, fatty
marrow; NB, new bone. (B) Histomorphometric measurements showing the area of new bone and fatty marrow formation. There was a
statistically significant difference between the groups, and the rhBMP-2"/hABC " group showed the largest amount of new bone formation.
Both rhBMP-2" /hABC™ and rhBMP-2" /hABC™" groups showed the largest amount of fatty marrow formation. Solid lines: p < 0.005.



Results

Histology observations from the
ectopic transplantation: an in vivo
study

During the experiment, all animals
experienced uneventful healing of the
surgical area, and no postoperative
infections were observed. At 8 wk
postsurgery, the control group exhib-
ited the formation of sparsely located
loose connective tissue along the car-
rier materials (Fig. 1). Masson’s tri-
chrome staining revealed collagen
formation (stained in blue); however,
the amount and the degree of collagen
fiber formation were minimal. Con-
versely, the thBMP-2"/hABC " group
exhibited highly dense collagen tissue

0 ng/mL

formation in association with newly
formed bone tissue. The new bone
was formed mainly along the surface
of the carrier materials and within the
macropores. Several osteocytes were
entrapped in the newly formed bone
and a few osteoblasts were observed
aligned along the new bone surface.
The rhBMP-27/hABC™ group dem-
onstrated significantly greater bone
formation than the rhBMP-2"/hABC ™"
group. New bone formation was also
observed mainly along the surface of
the carrier materials, and several
osteocytes were observed within the
newly formed bone. Interestingly,
marked formation of fatty marrow
spaces was a unique histology finding
in comparison with the rhBMP-27/
hABC™ group, and the total area of

10 ng/mL
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adipocytic fatty marrow was signifi-
cantly greater in the rthBMP-2* /hABC™
and rhBMP-2" /hABC™ groups than in
the others. Another unique histologic
finding was that the formation of highly
dense collagen fibers, which was ob-
served dominantly in the thBMP-27/
hABC™ group, was rarely found in the
rhBMP-2"/hABC™ group, in which
overwhelmingly dominant adipocyte
formation was apparent. In the thBMP-
2" /hABC " group, we could observe the
concurrent formation of highly dense
collagen tissue and fatty marrow, which
were respectively observed in the

rthBMP-2"/hABC* and rhBMP-2"/
hABC™ groups, and the formation of
new bone was significantly enhanced in
with

comparison other

(» < 0.05).
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Fig. 2. In vitro osteogenic differentiation of human alveolar bone-derived stromal cells (hABCs) treated with different doses (0, 10, 50, 200,
500, and 1000 ng/mL) of recombinant human bone morphogenetic protein-2 (thBMP-2). Original magnification: x400. (A) The formation of

mineralized nodules was observed by staining with Alizarin Red. (B) The areas of mineralized nodules gradually increased in a dose-
dependent manner. Solid lines: p < 0.05. (C) Quantitative RT-PCR (qRT-PCR) results obtained for osteogenesis-related mRNAs, including
those for alkaline phosphatase (ALP), osteocalcin and bone sialoprotein. High increases were observed at 500 and 1000 ng/mL of rhBMP-2.
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rhBMP-2 dose-dependently
enhanced the osteogenic
differentiation of hABCs: an in vitro
study

Given the observation in this study that
rhBMP-2 significantly enhanced the
bone-forming activities of hABCs, we
tested the in vitro effect of different doses
of rhBMP-2 on this osteogenic poten-
tial. In the absence of rhBMP-2 (i.e.
0 ng/mL), the osteogenic medium only
minimally enhanced the osteogenic dif-
ferentiation of hABC, and a few min-
eralized nodules were observed
(Fig. 2A). However, the area of miner-
alized nodules that stained positive for
Alizarin Red increased significantly
with the hBMP-2 dose, although there
were minimal deviations (Fig. 2B).
Furthermore, the real-time PCR assay

0 ng/mL

200 n|me 500 n|fn1L 1000 n|

Area of lipid vacuoles
(mm?/slide)

2 —

—t—

revealed a dose-dependent increase in
the representative osteogenic markers
for alkaline phosphatase (ALP), osteo-
calcin, and bone sialoprotein; Fig. 2C).

rhBMP-2 dose-dependently
enhanced the adipogenic
differentiation of hABCs: an in vitro
study

Following the demonstration of rhBMP-
2-induced osteogenic differentiation by
hABCs, the effects of different doses of
rhBMP-2 on the adipogenic differenti-
ation were evaluated using Oil Red
O staining of lipid accumulations
(Fig. 3A). A significant increase in adi-
pogenic differentiation was observed
for 1000 ng/mL of rhBMP-2. There
was a general tendency toward an
incremental increase of adipogenic

10 ng/mL

“=PPARy-2
w{ “LRL

Relative ratio of gRT-PCR O

o 1] 50

differentiation in hABCs (Fig. 3B), and
the 500- and 1000-ng/mL doses of
rhBMP-2 had a notable effect on this
parameter compared with the control
(0 ng/mL) in the expression of adipo-
genesis-related  mRNAs, including
those for peroxisome-proliferator-acti-
vated receptor gamma-2 (PPARy-2)
and lipoprotein lipase (LPL) (Fig. 3C).
Thus, it seemed that thBMP-2 signal-
ing generally induced adipogenic
differentiation in a dose-dependent
manner.

rhBMP-2 time-dependently increased
the osteogenic and adipogenic
differentiation of hABCs: an in vitro
study

After the demonstration of an
rhBMP-2 dose-dependent increase of

50 ng/mL

i) 500 10040 a 1]

rhEMP-1 {ng/ml)

L 200 L] ([ o]
rhBMP-2 (ng/ml.)

Fig. 3. In vitro adipogenic differentiation of human alveolar bone-derived stromal cells (hABCs) treated with different doses (0, 10, 50, 200,
500, and 1000 ng/mL) of recombinant human bone morphogenetic protein-2 (rhBMP-2). Original magnification: x400. (A) The formation of
lipid vacuoles was observed by staining with Oil Red O. (B) The areas of adipocyte formation gradually increased in a dose-dependent
manner, especially at 1000 ng/mL of rhBMP-2. *Statistically significant difference from the other groups, p < 0.05. (C) Quantitative RT-PCR
(qRT-PCR) results for adipogenesis-related mRNAs. Large increases were observed for peroxisome-proliferator-activated receptor gamma-2
(PPARY-2) mRNA at 500 and 1000 ng/mL of thBMP-2. LPL, lipoprotein lipase.



osteogenesis, a time-dependent effect
of thBMP-2 on hABCs was demon-
strated regarding osteogenic and adi-
pogenic differentiation. After induction
by rhBMP-2 (200 ng/mL), the area of
mineralized nodule and lipid vacuoles
gradually increased in a time-depen-
dent manner with minimal deviation
(Figs 4 and 5). Osteogenic- and adi-
pogenic-related expression of mRNAs,
including those for ALP, bone sialo-
protein, LPL and PPARy-2, also
exhibited a similar pattern, reaching a
maximum at 14 d.

Discussion

For the present study, we demon-
strated that the bone-forming activity
of hABCs was significantly increased
following treatment with rhBMP-2 in
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the ectopic bone formation model,
which is an ideal model for assessing
the behavior of transplanted cells in the
absence of the innate healing factors
present in vivo. Interestingly, we could
observe a marked formation of adipo-
cytic fatty marrow after the application
of rhBMP-2 with or without cell
treatment around the newly formed
bone, and the bone formation was
significantly increased by the applica-
tion of hABCs with rhBMP-2. We then
established that both the in vitro oste-
ogenic and adipogenic differentiation
potentials were concomitantly increased
in a dose- and time-dependent manner
after treatment with rhBMP-2.

In the present study, we observed
that the transplantation of hABCs
induced ectopic bone formation in the
rthBMP-2"/hABC ™ group; however,
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the amount of newly formed bone was
significantly smaller than that in the
rthBMP-2" /hABC™ group. Although
the alveolar bone marrow contained a
population of potential mesenchymal
pluripotent progenitor cells, which are
capable of differentiating into various
cell lineages under appropriate condi-
tions, it seems that the degree of
osteoinduction remained low in the
absence of appropriate osteogenic sig-
nals. Clearly, treatment with osteo-
genic thBMP-2 signals combined with
simultaneous support from the mesen-
chymal stem cells in the ThBMP-2"/
hABC™ group significantly induced
the greatest amount of bone formation.
hABCs stored within the carrier
seem to serve as a reservoir of the
inducible cell population, and result in
better bone formation of superior

S days 7 days 14 days

Fig. 4. Time-dependent increase in the osteogenic differentiation of human alveolar bone-derived stromal cells (hABCs) treated with 200 ng/
mL of recombinant human bone morphogenetic protein-2 (rhBMP-2). Original magnification: x100. (A) Formation of the mineralized area
was observed by staining with Alizarin Red, and the positively stained area first appeared at 5 d after induction. (B, C) Quantitative RT-PCR
(qRT-PCR) results for osteogenesis-related mRNAs, including alkaline phosphatase (ALP) and bone sialoprotein, showing a continuous

increase of both in a time-dependent manner.
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Fig. 5. Time-dependent increase of adipogenic differentiation of human alveolar bone-derived stromal cells (hABCs) treated with 200 ng/mL
of recombinant human bone morphogenetic protein-2. Original magnification: x100. (A) The formation of lipid vacuoles was observed by
staining with Oil Red O, and the positively stained area first appeared at 7 d after induction. (B, C) Quantitative RT-PCR (qRT-PCR) results
for adipogenesis-related mRNAs, including lipoprotein lipase (LPL) and peroxisome-proliferator-activated receptor gamma-2 (PPARY-2).

performance by providing an acellular
component (24).

These in vivo results are corrobo-
rated by those of our in vitro studies. In
qRT-PCR analysis and in in vitro dif-
ferentiation experiments, a general
dose-dependent up-regulation pattern
of ALP, osteocalcin and bone sialo-
protein was observed, and the rate of
mineralization confirmed a promotive
effect of hBMP-2 on hABCs. It is well
known that rhBMP-2 induces the
production of osteopontin in preos-
teoblasts, while osteocalcin is up-regu-
lated in osteoblastic cells and bone
sialoprotein is expressed in differenti-
ated osteoblasts prior to mineralization
(25). Collectively, our results confirm
the previously demonstrated osteoin-
ductive potential of rhBMP-2 (26,27).

There are several factors that affect
the osteoinductive ability of rhBMP-2,

including the possible presence of
inhibitors, the type of carrier, the con-
centration and the duration of BMP
action (27-29). A previous study found
that low concentrations of BMP-2
(50 ng/mL) up-regulated the expression
of the collagen II gene, whereas
higher concentrations (100-400 ng/mL)
inhibited its expression (30). Moreover,
BMPs seem to have species-specific os-
teoinductive dose requirements, and it
seems that thBMP-2 induces cytodif-
ferentiation in a specific way when per-
missive conditions for each cell type and
the appropriate dose are provided.
Therefore, the optimal dose for appli-
cation in cells, animals and humans, or
the application method for specific
microenvironments, should be fully
clarified to understand the role of
rhBMP-2 in skeletal tissue engineering
and to minimize the adverse reactions

from using high doses of rhBMP-2,
including cyst-like bone formation, se-
vere tissue inflammation and cervical
swellings.

One very interesting observation in
the present study was that the newly
formed tissue exhibited distinctive
characteristics between the rhBMP-2-
treated and hABC-regenerated tissues.
In the rhBMP-2"/hABC~ group,
dominant formation of adipocytic fatty
marrow tissue was observed, while the
rhBMP-2"/hABC" group demon-
strated the formation of highly dense
collagen fibers in close contact with the
newly formed bone. The rhBMP-2"/
hABC™ group exhibited both histol-
ogy characteristics equally and simul-
taneously, suggesting that there are
two different pathways in new bone
formation that are equally involved in
this phenomenon. These results suggest



that newly formed bone tissue is also
derived from two different pathways,
but the distinction in histology was not
achievable herein. Future studies
should fully investigate this issue.

In our previous study (13), the
transplanted hPDLSCs  generated
cementum-like tissue with numerous
fiber insertion resembling Sharpey’s
fibers, and the application of rhBMP-2
inhibited the mineralization signifi-
cantly. Although stem cells are sup-
posedly multipotential and thus may
differentiate into any cell type, it
apparently seems that they are com-
mitted into certain linecages based on
their origins. In the present study,
hABCs mainly regenerated bone tissue
and fatty bone marrow induced by
rhBMP-2, unlike hPDLSCs. Our cur-
rent knowledge limits us to elucidate
these different reactions of hABCs and
hPDLSCs to rhBMP-2; however, the
understanding of this underlying
mechanism could potentially explain
why rthBMP-2 has not demonstrated
favorable results when treated in the
periodontal defects.

In the present study, bone formation
was enhanced significantly by the com-
bined application of hABCs and
rhBMP-2; however, adipocytic fatty
marrow formation was observed in the
rhBMP-2-treated groups, regardless of
simultaneous treatment with hABC,
although we could not observe the sig-
nificantly increased in vivo adipogenesis
by rhBMP-2, unlike the results in vitro.
Previous studies have shown that a
reciprocal relationship exists between
adipogenic and osteoblastic differentia-
tion (31), and that the application of
BMP-2 markedly promotes osteogenic
differentiation in bone marrow stromal
cells, while adipogenesisis was concom-
itantly inhibited (32-35). However,
osteoblasts and adipocytes originate
from a common source — mesenchymal
progenitor cells — and their differentia-
tion potential into osteoblastic and
adipocytic lineages can be simulta-
neously induced by BMPs (32).
Therefore, BMPs appear to play con-
tradictory roles in adipogenesis,
depending on the stage of the cell and
the dose of BMP. For instance, a low
dose of rhBMP-7 was found to modestly
stimulate adipogenesis (32), while a high

dose beyond a certain threshold seemed
to increase adipogenesis. A potential
mechanism underlying this phenome-
non is that the adipogenic transcription
factor, PPARY-2, is readily up-regu-
lated by BMP application in preosteo-
blast progenitor cells (36), and this leads
bone marrow stem cells to differentiate
into adipocytes rather than into osteo-
blasts (37-39). In addition, another
recently proposed mechanism is the
inhibition of the Wnt signaling
pathway, which is involved in the
down-regulation of adipogenesis (12).
However, how osteogenic rhBMP-2
up-regulates PPARYy-2 and down-reg-
ulates the Wnt signaling pathway,
and induces adipogenesis in a dose-
dependent manner, remains to be
established.

Collectively, increased bone forma-
tion was observed herein following
the combined application of rhBMP-2
and hABC, both in vivo and in vitro,
in a dose- and time-dependent man-
ner. It is evident that certain doses of
rhBMP-2 may result in favorable
bone regeneration by hABCs. How-
ever, concomitantly increased adipose
tissue formation was also observed,
especially in and this unex-
pected phenomenon could produce
abnormal bone tissue and compro-
mise the mechanical stability of the
newly formed bone tissue. A more
detailed  understanding of  this
mechanism might enhance the quality

vitro,

of alveolar bone regenerated by
rhBMP-2.
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