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Abstract
Objectives Among bone morphogenetic protein (BMP) fam-
ily members, BMP-2 and BMP-9 have demonstrated potent
osteoinductive potential. However, in vivo differences in their
potential for bone regeneration remain unclear. The present
study aimed to compare the effects of recombinant human
(rh) BMP-2 and rhBMP-9 on bone formation in rat calvarial
critical-size defects (CSD).
Materials and methods Twenty-eight Wistar rats surgically
received two calvarial defects bilaterally in each parietal bone.
Defects (n = 56) were allocated into four groups: absorbable
collagen sponge (ACS) alone, rhBMP-2with ACS (rhBMP-2/
ACS), rhBMP-9/ACS, or sham surgery (control), on the con-
dition that the treatments of rhBMP-2/ACS and rhBMP-9/
ACS, or the same treatments were not included in the same
animal. Animals were sacrificed at 2 and 8 weeks post-
surgery. The calvarial defects were analyzed for bone volume
(BV) by micro-computed tomography and for percentages of
defect closure (DC/DL), newly formed bone area (NBA/TA),
bone marrow area (BMA/NBA), adipose tissue area (ATA/

NBA), central bone height (CBH), and marginal bone height
(MBH) by histomorphometric analysis.
Re s u l t s Th e BV i n t h e r hBMP - 2 /ACS g r o u p
(5.44 ± 3.65 mm3, n = 7) was greater than the other groups
at 2 weeks post-surgery, and the rhBMP-2/ACS and rhBMP-
9/ACS groups (18.17 ± 2.51 and 16.30 ± 2.46 mm3, n = 7,
respectively) demonstrated significantly greater amounts of
BV compared with the control and ACS groups (6.02 ± 2.90
and 9.30 ± 2.75 mm3, n = 7, respectively) at 8 weeks post-
surgery. The rhBMP-2/ACS and rhBMP-9/ACS groups sig-
nificantly induced new bone formation compared to the con-
trol and ACS groups at 8 weeks post-surgery. However, there
were no statistically significant differences found between the
rhBMP-2/ACS and rhBMP-9/ACS groups in any of the
histomorphometric parameters. The ATA/NBA in the
rhBMP-2/ACS group (9.24 ± 3.72%, n = 7) was the highest
among the treatment groups at 8 weeks post-surgery.
Conclusions Within the limits of this study, it can be conclud-
ed that rhBMP-2/ACS induced a slight early increase in new
bone formation at 2 weeks and that rhBMP-9/ACS provided
comparable new bone formation to rhBMP-2/ACS with less
adipose tissues after a healing period of 8 weeks in rat CSD.
Clinical relevance RhBMP-9/ACS treatment provided new
bone formation with less adipose tissues compared with
rhBMP-2/ACS.
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Introduction

Several growth and differentiation factors, including insulin-
like growth factor 1, platelet-derived growth factor, fibroblast
growth factor 2 (FGF-2), platelet-rich plasma protein, and
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bone morphogenetic proteins (BMPs) have been employed to
accomplish predictable bone formation in the fields of peri-
odontology and oral maxillofacial surgery [1, 2]. In particular,
BMP-2 has been shown to possess excellent osteoinductive
activity and has been extensively studied [3–6]. Some reports
have demonstrated that the application of recombinant human
BMP-2 (rhBMP-2) with an absorbable collagen sponge
(ACS) induces new bone formation in mandibular and cleft
palate defects, with results comparable to autogenous bone
grafts [3, 7]. However, supraphysiological doses of rhBMP-
2 (in the milligram range) reportedly required for
osteoinductive effects in humans [8] may produce adverse
side effects including edema, erythema, and gingival swelling
[9, 10]. Furthermore, high dosages of rhBMP-2 may also in-
duce structurally abnormal bone, such as cyst-like bone void
filled with fatty marrow [11]. Accordingly, there remains great
interest to identify/develop alternative strategies incorporating
growth factors at more reasonable physiological dosages to
promote effective osteoinduction and ideal bone regeneration.

Comparative studies using adenovirus-transfection experi-
ments to investigate several BMPs found that BMP-9 (also
known as growth/differentiation factor-2) has the greatest
in vitro and in vivo osteogenic potential comparedwith all other
BMPs, including clinically approved BMP-2 and BMP-7 [12,
13]. BMP-9, which has been shown to play a pivotal role in
many physiological processes including neuronal and adipo-
cyte differentiation [14, 15], chondrogenesis [16], glucose ho-
meostasis [17], and angiogenesis [18], also reportedly possesses
different modes of actions from BMP-2 with regard to new
bone formation. Leblanc et al. [19] showed that BMP-9 induces
heterotrophic ossification in damaged but not undamaged skel-
etal muscles, whereas BMP-2 caused it in both. Moreover,
BMP-9 has been demonstrated to possess more osteogenic ac-
tivity than BMP-2 [13, 20–22] and is resistant to noggin, a
BMP antagonist [23–25]. With regard to bone formation, vari-
ous studies using a recombinant BMP-9-expressing adenovirus
(adBMP-9) system have shown that adBMP-9 induces robust
andmature ectopic bone formation when compared to adBMP2
and may transduce osteogenic signaling differently from BMP-
2, BMP-6, and BMP-7 [13, 26, 27].

In our previous studies, we demonstrated that rhBMP-9/
ACS has greater osteogenic potential than surgical control
and ACS alone for treatment of rat calvarial defects [28, 29].
It has further been shown that the combination of collagen
membranes with rhBMP-9 significantly enhanced alkaline
phosphatase mRNA expression and alizarin red staining com-
pared with rhBMP-2 [21]. However, the difference in bone
regenerative activity between rhBMP-2 and rhBMP-9 remains
unknown. The calvarial critical-size defects (CSD) model
(calvarial defects with a diameter of 5 mm) without spontane-
ous healing is considered effective for evaluating bone regen-
erative effects of various biomaterials and treatment modali-
ties because of its convenience, reproducibility and relatively

slight surgical invasion [28–32]. Thus, the aim of this study
was to compare the effect of rhBMP-2 and rhBMP-9 with
ACS on new bone formation by using a rat calvarial CSD
model.

Materials and methods

Experimental animals

This study included 28 male Wistar rats, aged 17 weeks,
(Kyudo Co. Ltd., Tosu, Japan) housed in a light- and
temperature-controlled environment (23 ± 1 °C, 40–70% hu-
midity, with a 12-h light/dark cycle) with free access to rodent
food and water ad libitum throughout the experimental period.
All animal experimental protocols and procedures (in-life
phase from January 22, 2015 to February 5, 2015 or January
26, 2015 to March 26, 2015) were approved by the Ethical
Committee of the Animal Research Center of Kagoshima
University, Japan (D14023).

Surgical procedures

One surgeon (T. N.) performed all surgical procedures under
general and local anesthesia using aseptic routines. General
anesthesia was administered by intra-abdominal injection of
pentobarbital sodium (40 mg/kg somnopentyl; Kyoritsu
Seiyaku Co., Tokyo, Japan). Local infiltration anesthesia
(xylocaine; Fujisawa Inc., Osaka, Japan) was administered at
surgical sites before surgery. The surgical part of the cranium
was shaved and an approximately 20-mm sagittal incision was
made across the scalp of the animal. A flap was raised to
expose the calvarial bone and a standardized, two circular,
through-through bone defects (5 mm in diameter) separated
by a distance of 2 mm or more were created in the midportion
of pariental bones both sides of the midsagittal suture using a
slow-speed trephine bur (Stoma; Emmingen-Liptingen,
Germany) with saline irrigation to prevent heat damage to
the host bone. The trephined calvarial bone disk (1–1.5 mm
in depth) was removed to avoid damage to the dura. Bilateral
calvarial defects (n = 56) were allocated into four groups (14
sites for each group): absorbable collagen sponge (CollaTape,
Zimmer Dental, Carlsbad, CA, USA) alone (ACS), rhBMP-2
with ACS (rhBMP-2/ACS), rhBMP-9 with ACS (rhBMP-9/
ACS), or underwent sham surgery as a control, on the condi-
tion that the treatments of rhBMP-2/ACS and rhBMP-9/ACS
(to avoid a crossover effect between rhBMP-2 and rhBMP-9),
or the same treatments were not included in the same animal.
According to the previous report [33], the concentration of
rhBMP-2 and rhBMP-9 was set at a reasonable dose of
rhBMP-2 (2.5 μg). For ACS-treated groups, ACS was loaded
with sterilized saline before being applied to the defect.
rhBMP-2 (PeproTech, Rocky Hill, NJ, USA) and rhBMP-9
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(Wako Pure Chemical Industries Ltd., Osaka, Japan) were
reconstituted and diluted in sterilized saline. Prior to rhBMP-
2/ACS or rhBMP-9/ACS implantation, ACS was saturated
with rhBMP-2 or rhBMP-9 solution and allowed to rest for
30 min. After implantation, the periosteum was repositioned
and closed with a 7-0 absorbable suture (Vicryl, Johnson &
Johnson Pty Ltd., Tokyo, Japan) and the skin was closed with
a 6-0 nylon suture (Nesco Suture, Alfresa Pharma Co., Osaka,
Japan). All the animals received a subcutaneous antibiotic and
analgesic: 25 mg/kg ceftriaxone (Rocephin; Chugai
Pharmaceutical Co, Tokyo, Japan) and 4 mg/kg carprofen
(Rimadyl; Zoetis, Tokyo, Japan), respectively, for 3 days.
Animals were euthanized by overdose injection of pentobar-
bital sodium at 2 and 8 weeks after reconstructive surgery, and
7 samples from each group were examined at each time point.

Micro-computed tomography (μ-CT) analysis

Calvariae, including the defect areas, were dissected out and
fixed in 10% neutral-buffered formalin, before being scanned
with a Skyscan 1174 compact micro (μ)-CT (Bruker
MicroCT, Kontich, Belgium) at 52 kV/800 μAwith a Ti-0.5
filter. The entire appearance and central portion of each defect
(including margin with maximum linear length) were ob-
served to obtain optimal histological sections and quantify
bone volume (BV) within defects. Scanned CT images were
processed in Digital Imaging and Communications in
Medicine format, and three-dimensional (3D) images were
constructed using instrumentation software. For calvarial de-
fects, a cylindrical region of interest (ROI) with a diameter of
5 mm and height comprising the total depth was chosen. BVat
the ROI was measured using the CT Analyzer software
(Bruker MicroCT).

Histologic and histomorphometric analyses

Formalin-fixed samples were further trimmed and decalcified
in 10% formic acid solution, then dehydrated, and embedded
in paraffin. Serial sections of 6 μm thickness were prepared
along the coronal plane, stained with hematoxylin and eosin
(H&E), and then examined under a light microscope (BX51,
Olympus Corp., Tokyo, Japan). Images of the three most cen-
tral serial sect ions of defects were acquired and
histomorphometric measurements were performed by a single
experienced and masked examiner (Y. S.) using image-
analysis software (WinROOF2015, Mitani Co., Tokyo,
Japan) and to use mean values obtained from the three evalu-
ations. The following parameters were measured: (1) distance
between the margins of the original surgical defect (defect
length: DL); (2) length of the internal bone bridging formation
(defect closure: DC); (3) total defect area (TA), as determined
by first identifying the external and internal surfaces of the
original calvarium at the right and left margins of the surgical

defect, and then connecting them with lines drawn along their
respective curvatures; (4) H&E-stained region in the TA,
which was color-extracted and defined as newly formed bone
area (NBA), bone marrow area (BMA), and adipose tissue
area (ATA) in the NBA; and (5) vertical augmentation height
as measured at four points, two 1-mm apart in the center of the
defect and two 1-mm interior from defect margins, with each
pair of measurements averaged to yield mean central bone
height (CBH) and marginal bone height (MBH). These
heights were composed of calcified osseous tissue, grafted
ACS, and/or the soft tissue interface [34]. The TA, NBA,
BMA, and ATA were measured in square millimeters, while
NBAwas calculated as percentage of TA, and BMA and ATA
were calculated as percentages of NBA. Linear measurement
of DC was calculated as percentage of defect length within
each defect. Each measured values of each group (DL, DC,
TA, NBA, BMA, and ATA) are shown in Table 1.

Statistical analyses

A nonparametrical analysis of variance (Kruskal-Wallis test)
was used to detect statistically significant differences between
the treatments of the different groups. When the Kruskal-
Wallis test was significant, Steel-Dwass post hoc test was
performed for multiple comparisons. Results were considered
statistically significant at P < 0.05. Statistical analyses were
performed using statistical software (BellCurve for Excel,
Social Survey Research Information Co., Ltd., Tokyo,
Japan). All results are expressed as means ± SD.

Table 1 Histomorphometric data of linear and area measurements in
each treatment group at 2 and 8 weeks post-surgery (means ± SD)

Histomorphometric
parameter

Experimental condition

Control ACS rhBMP-
2/ACS

rhBMP-
9/ACS

2 weeks

N = 7 N = 7 N = 7 N = 7

DL (mm) 4.95 ± 0.06 4.99 ± 0.03 4.93 ± 0.03 4.91 ± 0.10

DC (mm) 2.09 ± 0.30 2.13 ± 0.97 4.23 ± 1.34 2.89 ± 1.03
TA (mm2) 4.76 ± 0.21 4.97 ± 0.25 5.01 ± 0.28 1.18 ± 0.44

NBA (mm2) 0.90 ± 0.12 0.96 ± 0.43 2.34 ± 1.00 1.18 ± 0.44

8 weeks

N = 7 N = 7 N = 7 N = 7

DL (mm) 4.99 ± 0.04 4.94 ± 0.06 4.93 ± 0.11 4.96 ± 0.05

DC (mm) 2.75 ± 1.14 3.84 ± 0.86 4.89 ± 0.15 4.95 ± 0.06

TA (mm2) 4.83 ± 0.13 4.84 ± 0.14 4.96 ± 0.11 4.84 ± 0.12

NBA (mm2) 1.67 ± 0.64 2.27 ± 0.92 3.44 ± 0.57 3.31 ± 0.55

BMA (mm2) 0.01 ± 0.01 0.07 ± 0.06 0.51 ± 0.17 0.23 ± 0.19

ATA (mm2) 0.00 ± 0.01 0.02 ± 0.03 0.31 ± 0.12 0.12 ± 0.12
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Results

In vivo findings

Postoperative clinical healing was uneventful in all 56 sites,
except limited signs of inflammation until a few days post-
surgery. No visible complications, such as material exposure,
infection, or suppuration, were observed during the rest of the
experimental period.

μ-CT analysis

Representative 3D μ-CT images are shown in Fig. 1. After
2 weeks of healing, broad radiolucent areas and some margin-
al bone formation occurred from the margin of defects in
control, ACS, and rhBMP-9/ACS groups, while an increase
in the radiopacity within the defects was observed in the
rhBMP-2/ACS group. In addition, an increased radiopacity
of the entire defect was observed in three samples for the
rhBMP-2/ACS group. After 8 weeks of healing, non-
uniform and minimal bone formation from the margin of de-
fects was observed in control and ACS groups. In contrast,
defects treated with rhBMP-2/ACS or rhBMP-9/ACS
displayed more increased radiopacity of the entire defect com-
pared with that in 2 weeks of healing periods. All samples in
rhBMP-2/ACS group (n = 7) and rhBMP-9/ACS group
(n = 7) were observed to be filled with radiopacles for the
most part within bone defects at 8 weeks. BV within bone
defects are shown in Fig. 2. After 2 weeks of healing
(Fig. 2a), BV was higher in the rhBMP-2/ACS group
(5.44 ± 3.65 mm3, n = 7) compared to the other groups (con-
trol 1.60 ± 1.14 mm3, ACS 1.42 ± 0.60 mm3, and rhBMP-9/
ACS 1.68 ± 0.51 mm3, n = 7, respectively). After 8 weeks
(Fig. 2b), BV in rhBMP-2/ACS and rhBMP-9/ACS groups
(18.17 ± 2.51 and 16.30 ± 2.46 mm3, n = 7, respectively)
was significantly higher than that in the control and ACS
groups (6.02 ± 2.90 and 9.30 ± 2.75 mm3, n = 7, respectively),
and no significant difference was detected between rhBMP-2/
ACS and rhBMP-9/ACS groups.

Descriptive histology

The control group demonstrated limited or minimal new bone
formation at 2 and 8 weeks (Figs. 3a and 4a). Most of the
defects were occupied by connective tissue composed of large
numbers of collagen fibers parallel to the wound defect
(Figs. 3b and 4b). Furthermore, volumetric shrinkage of de-
fects was predominantly observed in the control group.

At 2 weeks, sites receiving ACS alone showed somewhat
greater osteogenic bone formation compared with sites receiv-
ing sham surgery (Fig. 3c). However, most defects were con-
siderably occupied by provisional connective tissue and ACS
fragments (Fig. 3d). New bone formation was generally lim-
ited to defect margins in the ACS group (Fig. 3c). After
8 weeks, implanted ACS was completely adsorbed and new
bone formation, progressing from the edge of defects toward
their center, was enhanced compared with observations of this
group at 2 weeks (Fig. 4c, d).

In the rhBMP-2/ACS group, new bone formation in the
defect was enhanced at 2 weeks (Fig. 3e). Furthermore, newly
formed bone had intensively penetrated into the ACSmaterial,
with remnants of ACS enveloped in newly formed woven
bone (Fig. 3f). At 8 weeks, newly formed bone expanded
and developed into highly mineralized trabecular bone with
abundant lacuna consisting of many osteocytes, vessels, and
bone marrow (Fig. 4e, f). Despite this, large fatty marrow
spaces were also dominant in newly formed bone in the
rhBMP-2/ACS group (Fig. 4f).

At 2 weeks, the rhBMP-9/ACS group showed a limited
increase in bone formation, primarily at the edge of defects
(Fig. 3g). No remarkable difference could be noted between
ACS and rhBMP-9/ACS groups. In the rhBMP-9/ACS group,
most of the defects were filled with residual ACS fragments
and non-mineralized connective tissue, which was accompa-
nied by a delicate network of trabeculae formed by woven
bone (Fig. 3g, h). At 8 weeks, the rhBMP-9/ACS group
showed robust re-establishment of bone formation including
trabecular bone with cell-rich fibrovascular tissue (Fig. 4g).
Compared to the rhBMP-2/ACS group, newly formed bone
was denser, had less fatty marrow, and contained many more
osteocytes in the rhBMP-9/ACS group (Fig. 4h).
Furthermore, new bone in this group exhibited a morphology
that was more similar to native host bone at 8 weeks compared
with the rhBMP-2/ACS group.

Histomorphometric analysis

Results from the histomorphometric analyses after 2- and 8-
week healing periods are shown in Figs. 5 and 6, respectively.
An average percentage of DC by newly formed bone (DC/
DL) in the rhBMP-2/ACS group (85.88 ± 27.29%, n = 7) was
greater than that in other groups (control 42.30 ± 6.22%, ACS
42.67 ± 19.51%, and rhBMP-9/ACS 58.99 ± 21.64%, n = 7,

Fig. 1 Three dimensionally reconstructed radiographic images of
representative rat calvarial defects after 2 and 8 weeks of healing
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respectively) at 2 weeks (Fig. 5a). NBA/TA in the rhBMP-2/
ACS group (46.61 ± 20.12%, n = 7) was higher than that in the
other groups (control 18.99 ± 3.02%, ACS 19.17 ± 8.10%,
and rhBMP-9/ACS 24.73 ± 9.69%, n = 7, respectively) at
2 weeks (Fig. 5d). After 8 weeks, DC/DL and CBH in
rhBMP-2/ACS and rhBMP-9/ACS groups (DC/DL
99.04 ± 2.55 and 99.85 ± 0.39%, CBH 0.93 ± 0.14 and
0.86 ± 0.09 mm, n = 7, respectively) were significantly higher
than those in the control and ACS groups (DC/DL
55.15 ± 23.20 and 77.74 ± 17.27%, CBH 0.41 ± 0.11 and
0.56 ± 0.25 mm, n = 7, respectively) (Fig. 6a, b). Further,
NBA/TA in rhBMP-2/ACS and rhBMP-9/ACS groups
(69.41 ± 11.71 and 68.36 ± 9.98%, n = 7, respectively) was
significantly greater than that in the control group
(34.50 ± 13.27%, n = 7) (Fig. 6d). Finally, BMA/NBA and
ATA/NBA in rhBMP-2/ACS and rhBMP-9/ACS groups
(BMA/NBA 14.90 ± 5.19 and 6.93 ± 5.60%, n = 7,

respectively, ATA/NBA 9.24 ± 3.72 and 3.37 ± 3.17%,
n = 7, respectively) were significantly higher than those in
the control group (BMA/NBA 0.96 ± 1.01% and ATA/NBA
0.13 ± 0.35%, n = 7, respectively), and those in rhBMP-2/
ACS were the highest among the groups at 8 weeks post-
surgery (Fig. 6e, f).

Discussion

A growing number of recent reports have indicated that clin-
ical use of rhBMP-2 for bone regeneration may cause adverse
events such as tissue inflammation/swelling [35, 36] and bone
resorption [37] in humans. Therefore, there is a rising need for
the development of a more predictable, effective, and safe
bone regenerative therapies with minimal to no complications.
Recently, the use of rhBMP-9 has gained attention as a

Fig. 3 Representative histologic
photomicrographs of rat calvarial
defects at 2 weeks post-surgery.
Left panels are overviews of the
defect sites treated with control
(a), ACS (c), rhBMP-2/ACS (e),
and rhBMP-9/ACS (f) (scale bar,
500 μm; H&E). Right panels are
higher magnifications of the inset
boxes in the each left panels (b, d,
f, and h; scale bar, 100 μm;
H&E). Arrowheads show defect
margin

Fig. 2 Data distribution of bone
volume for each treatment group
in rat calvarial defects at 2 (a) and
8 weeks (b). *P < 0.05,
**P < 0.01
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promising growth factor for bone regeneration, as rhBMP-9
possesses different properties than rhBMP-2 [19, 23–25] and
may be utilized effectively at lower doses comparedwith other
BMPs.

To the best of our knowledge, this is the first report com-
paring the effects of rhBMP-9/ACS and rhBMP-2/ACS on

bone formation in rat CSD. In this study, we chose ACS as a
carrier for rhBMPs, since ACS is biocompatible, biodegrad-
able, and capable of retaining and then releasing growth fac-
tors at treatment sites of bone defects [38]. Furthermore, ACS
has been extensively utilized in rat CSD; thus, our results
could be corroborated with other previous investigations [29,

Fig. 5 Histomorphometric data
of DC/DL (a), CBH (b), MBH
(c), and NBA/TA (d) for each
treatment group in rat calvarial
defects at 2 weeks. DC defect
closure, DL defect length, CBH
central bone height, MBH
marginal bone height, NBA newly
formed bone area, TA total defect
area. *P < 0.05, **P < 0.01

Fig. 4 Representative histologic
photomicrographs of rat calvarial
defects at 8 weeks post-surgery.
Left panels are overviews of the
defect sites treated with control
(a), ACS (c), rhBMP-2/ACS (e),
and rhBMP-9/ACS (f) (scale bar,
500 μm; H&E). Right panels are
higher magnifications of the inset
boxes in the each left panels (b, d,
f, and h; scale bar, 100 μm;
H&E). Arrowheads show defect
margin
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33, 39]. Pelaez et al. [33] have demonstrated that the
osteoinductive threshold of rhBMP-2/ACS in rat CSD was
reached at 1.25–2.5 μg/site, with no further enhancement ob-
served above a 2.5-μg dose. Moreover, a comparative study of
BMP-2, BMP-4 and BMP-7/ACS (amount of each
BMP = 2.5 μg/site) application in rat calvarial defects showed
that all three BMPs induced bone formation, with no specific
differences in bone regeneration potential were observed [39].
Thus, we evaluated a dosage of 2.5 μg/site for application of
rhBMP-2 and rhBMP-9 in this study. However, the
osteoinductive threshold of rhBMP-9 and the delivery mech-
anisms of ACS such as the binding and releasing kinetics of
rhBMPs are still unclear. Further studies are needed to clarify
these issues.

Although the rhBMP-2/ACS group demonstrated greater
bone formation than other groups at an early time point of
2 weeks post-surgery, there was no statistically significant
difference in quantities of newly formed bone induced by
rhBMP-2/ACS and rhBMP-9/ACS at 8 weeks after surgery
in this study. Furthermore, the area of adipose tissues within
newly formed bone in the rhBMP-2 group was greater than
that in the rhBMP-9 group at 8 weeks post-surgery. In con-
trast, the rhBMP-9/ACS-induced bone was more similar to the
native host bone. These findings suggest that rhBMP-9 has
comparable osteoinductive activity to rhBMP-2 after a healing
period of 8 weeks and that the processes by which new bone
formation is induced may differ between rhBMP-2 and
rhBMP-9. The rhBMP-2/ACS-generated bone, which
contained fatty marrow, may be explained on a molecular
level by the fact that BMP-2 can also induce adipogenic dif-
ferentiation through activation of the transcription factor per-
oxisome proliferator-activated receptor gamma, a key

regulator of adipocyte commitment [40, 41]. Further in vivo
studies are needed to clarify whether the adipose tissues within
newly formed bone affect clinical outcomes in the bone re-
generative therapy.

Our previous in vitro studies have demonstrated that
rhBMP-9 potently induces osteoblastic differentiation of peri-
odontal ligament fibroblasts and dedifferentiated fat cells
compared with rhBMP-2 [20, 24]. Moreover, combination
of rhBMP-9 with collagen membranes or bone-grafting mate-
rials yields more potent osteopromotive potential compared to
rhBMP-2 [21, 22]. However, results from the present in vivo
study suggest new bone formation was induced more slowly
in the rhBMP-9/ACS group compared to the rhBMP-2/ACS
group. This inconsistency between our in vitro and in vivo
studies might partially be explained by the environment of
wound healing existing in bone defects. During bone healing,
an inflammatory cascade initiates the regeneration process.
Numerous cytokines and growth factors, including BMPs
and BMP antagonists, play a role in different phases of bone
healing [42–44]. It has been demonstrated that FGF-2, an
important factor for bone healing/regeneration, is secreted
from macrophages at bone fracture sites during initial stages
[44]. Synergistic effects of FGF-2 on BMP-2-induced osteo-
genesis have also been reported [45]. In contrast, the combi-
nation of BMP-9 and FGF-2 synergistically induced prolifer-
ation of mesenchymal stem cells, although FGF-2 inhibited
BMP-9-induced osteogenic differentiation of these cells [46].
These studies likely indicate that synergistic effects between
FGF-2 and BMP-2 or BMP-9 are regulated by differentmodes
of action. In addition, activin A, which plays a crucial role in
tissue repair, fibrosis, and inflammation [47], has been report-
ed to antagonize BMP-9, but not BMP-2 [48]. Thus,

Fig. 6 Histomorphometric data
of DC/DL (a), CBH (b), MBH
(c), NBA/TA (d), BMA/NBA (e),
and ATA/NBA (f) for each
treatment group in rat calvarial
defects at 8 weeks. DC defect
closure, DL defect length, CBH
central bone height, MBH
marginal bone height, NBA newly
formed bone area, BMA bone
marrow area, ATA adipose tissue
area, TA total defect area.
*P < 0.05, **P < 0.01
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differences in osteogenic activity between rhBMP-2 and
rhBMP-9 observed in this study may result from different
actions of several factors expressed during the healing process
in vivo. Furthermore, Sreekumar et al. recently investigated
the effect of rhBMP7 and rhBMP9 on primary human osteo-
blasts from 110 donors and compared them to rhBMP2. It was
found that rhBMP9 induced the highest levels of osteoblast
activity when compared to the clinically utilized rhBMP2 and
rhBMP7 and suggested rhBMP9 as a possible alternative
strategy for bone tissue regenerative strategies [49].
Therefore, further studies to better characterize cellular path-
ways involved during BMP-9-induced osteogenesis are
necessary.

Within the limits of this study, it can be concluded that
rhBMP-2/ACS led to a faster new bone formation at 2 weeks
and that rhBMP-9/ACS provided new bone formation with
less adipose tissues compared with rhBMP-2/ACS in rat
CSD at 8 weeks post-surgery. However, the results obtained
from the CSD model may not be applicable to alveolar bone
since the anatomy is different and the surgical area is isolated
from oral environment [50]. Further research investigating the
potential of rhBMP-9/ACS as a therapeutic system for future
oral and periodontal reconstructive procedures and medical
fields is still necessary, and mechanisms underlying the effects
of rhBMP-9 on bone regeneration must be elucidated prior to
clinical use in humans.
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