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ORIGINAL ARTICLE

Enhanced Mandibular Bone Repair by Combined
Treatment of Bone Morphogenetic Protein 2
and Small-Molecule Phenamil

Jiabing Fan, MD, PhD,1 Mian Guo, MD, PhD,2 Choong Sung Im,1 Joan Pi-Anfruns, DMD,3 Zhong-Kai Cui, PhD,1

Soyon Kim, MS,4 Benjamin M. Wu, DDS, PhD,1,4 Tara L. Aghaloo, DDS, MD, PhD,3,* and Min Lee, PhD1,4,*

Growth factor-based therapeutics using bone morphogenetic protein 2 (BMP-2) presents a promising strategy to
reconstruct craniofacial bone defects such as mandible. However, clinical applications require supraphysiolo-
gical BMP doses that often increase inappropriate adipogenesis, resulting in well-documented, cyst-like bone
formation. Here we reported a novel complementary strategy to enhance osteogenesis and mandibular bone
repair by using small-molecule phenamil that has been shown to be a strong activator of BMP signaling.
Phenamil synergistically induced osteogenic differentiation of human bone marrow mesenchymal stem cells
with BMP-2 while suppressing their adipogenic differentiation induced by BMP-2 in vitro. The observed pro-
osteogenic and antiadipogenic activity of phenamil was mediated by expression of tribbles homolog 3 (Trb3)
that enhanced BMP-smad signaling and inhibited expression of peroxisome proliferator-activated receptor
gamma (PPARg), a master regulator of adipogenesis. The synergistic effect of BMP-2+phenamil on bone
regeneration was further confirmed in a critical-sized rat mandibular bone defect by implanting polymer
scaffolds designed to slowly release the therapeutic molecules. These findings indicate a new complementary
osteoinductive strategy to improve clinical efficacy and safety of current BMP-based therapeutics.

Keywords: adipogenesis, BMP-2, hBMSCs, mandible, osteogenesis, phenamil

Introduction

Mandibular defects that often arise from the re-
section of benign and malignant tumors within the

mandible, complications of traumatic injury, or drug/radiation-
induced osteonecrosis represent an exclusive challenge to
surgical reconstruction.1,2 The clinical therapeutics using vas-
cularized free flap transfer is currently considered as the gold
standard for reconstructing mandibular defects.3 However,
such free tissue transfer may cause donor-site morbidities and
requires the lengthy surgery that is often accompanied with
high chances of perioperative complications.4–6 These limita-
tions along with increased clinical exposure to growth factor-
mediated therapeutics in craniofacial defects lead to the
growing focus on seeking tissue-engineering strategy to aug-
ment mandibular repair while minimizing the concerns asso-
ciated with conventional treatments.7,8

One such tissue-engineering approach is to create a bone
substitute through incorporating biomaterial scaffolds and
exogenous osteoinductive factors such as human recombi-
nant bone morphogenetic protein 2 (BMP-2) that acts as
stimuli for the recruitment and differentiation of mesen-
chymal progenitor cells to neo-bone growth.9,10 However,
the supraphysiological doses of BMP-2 are required to in-
voke therapeutic response, which cause undesirable adipo-
genic differentiation rather than osteogenic differentiation,
resulting in cyst-like bone formation filled with lipid.11–14

Moreover, the administration of supraphysiological BMP-2
using an inappropriate delivery system may lead to prema-
ture rapid diffusion of BMP-2 out of the defect area, causing
ectopic bone formation, tissue inflammation/swelling, or
bone resorption.15–17

With respect to these highlighted adverse events that
impair bone formation in both functionality and aesthetics,
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there are increasing clinical needs for developing alternative
molecular strategies that can effectively complement BMP
activity to maximize biological efficiency and simulta-
neously minimize BMP-induced adipogenesis.18,19

We recently reported that phenamil, a derivative of
diuretic amiloride, is capable of inducing osteogenesis
in vitro and in vivo.20,21 Unlike protein-based growth
factors, small osteoinductive molecules applied to bone
repair exhibit the advantages, including high stability,
affordability, and low immunogenicity.22 The osteogenic
competence of phenamil has been evidenced in the ele-
vated osteogenesis of human dental pulp cells, mouse
bone marrow stromal or preosteoblastic cells, and mouse
adipose-derived stem cells (ASCs), as well as calvarial
bone augmentation in mice.20,23–25

Moreover, we showed that the osteogenic capacity of
phenamil is mediated at least, in part, through induction of
tribbles homolog 3 (Trb3) that enhances BMP-smad sig-
naling via hindering the expression of Smurf-1, an antago-
nist of BMP signaling.20,21 In addition, Trb3 was revealed to
inhibit expression of peroxisome proliferator-activated re-
ceptor gamma (PPARg)—a major transcriptional regulator of
adipogenesis.26,27 Together, in addition to its pro-osteogenic
property, the small-molecule phenamil is hypothesized to
exhibit the inhibitory effect on adipogenic differentiation via
induction of Trb3.

In this study, we explored a complementary approach to
promoting ossification by applying codelivery of BMP-2
and phenamil to mandibular bone defects. First, the human
bone marrow mesenchymal stem cells (hBMSCs) were
utilized to study combined effects of BMP-2 and phenamil
on osteogenic/adipogenic differentiation in vitro. Second,
a biomimetic apatite-coated poly(lactic-co-glycolic acid)
(PLGA) scaffold, which was previously well studied to
enhance osteogenesis of progenitor cells as well as sustained
release of the loaded osteoinductive factors,28,29 was used to
codeliver BMP-2 and phenamil. The three-dimensional (3D)
construct was further implanted into a 5-mm critical-sized
mandible defect created in rat to investigate their osteogenic
capacity in vivo. Overall, these studies provide a potent
complementary therapy adopting BMP-2 and phenamil for
mandibular bone treatment.

Materials and Methods

hBMSC culture

hMSCs (n = 2 patients) were purchased from Lonza
(Vancouver, Canada) and grown in the human MesenCult�

proliferation medium (STEMCELL Technologies). The am-
plified cells at passage 2 were used for further experiments.

Alkaline phosphatase activity and Alizarin red staining

To induce osteogenic differentiation, hBMSCs were
seeded on the 12-well plate and cultured in the growth
medium. When the cells reached *100% confluence, the
culture medium was replaced by differentiation-inducing
medium consisting of 50 mg/mL l-ascorbic acid (Sigma),
10 mM b-glycerophosphate (Sigma), and 100 nM dexa-
methasone (Sigma), in the presence or absence of BMP-2
(100 ng/mL) and/or phenamil (20mM). To detect alkaline
phosphatase (ALP) expression, the cells were induced for

3 days, fixed with 10% formalin (Sigma), stained with ALP
kit containing AP buffer (100 mM Tris pH 8.5, 50 mM
MgCl2, 100 mM NaCl) supplemented with nitroblue tetra-
zolium (NBT; Sigma) and 5-Bromo-4-chloro-3-indolyl
phosphate (BCIP; Sigma) stock solutions as described pre-
viously, and imaged with the Olympus BX51 microscope.

Each image of ALP staining was further quantified by
ImageJ software (NIH). For the colorimetric measurement of
ALP activity, the cells were dissolved in 0.2% NP-40 lysis
buffer (Life Technologies) followed by adding p-nitrophenol
phosphate substrate (Sigma) into the buffer, and assessed by
absorbance measurement at 405 nm in a multiplate reader.
Each measurement was eventually normalized using total
DNA content measured by the PicoGreen dsDNA Assay
(Life Technologies).

Alizarin red staining was used to detect calcium deposi-
tion following the protocol described previously.30 After 3
weeks of differentiation, the cells were fixed in 10% for-
malin and stained with 2% Alizarin red solution (Sigma) for
5 min. The stained samples were washed in ddH2O up to
three times and imaged with the Olympus BX51 micro-
scope. To quantify mineralization, the stained cells were
dissolved in 10% (v/v) acetic acid and the absorbance was
measured at 405 nm.

AdipoRed assay and Oil red staining

To induce adipogenic differentiation, the cells growing in
12-well plate were incubated in human MesenCult adipo-
genic medium after reaching *100% confluence. After
7 days of incubation, intracellular lipid accumulation de-
rived from differentiated adipocytes was evaluated by the
AdipoRed Kit (Lonza) using absorbance at 572 nm. After 2
weeks, the induced cells were fixed with 10% formalin
(Sigma), stained with Oil red O solution (Sigma) for 15 min,
and imaged with Olympus BX51 microscope. Each staining
image was further quantified by ImageJ software (NIH).

RNA extraction and quantitative real-time polymerase
chain reaction

Total RNA extraction from hBMSCs was performed by
using the TRIzol reagent (Life Technologies) and RNeasy
Mini kit (Qiagen) according to the manufacturer’s protocol.
Complementary DNA was synthesized from 500 ng aliquots
of RNA, using a SuperScript III First-Strand Synthesis
System (Life Technologies) following the manufacturer’s
instructions. Quantitative real-time polymerase chain reac-
tion (qRT-PCR) analysis was performed on a 20mL of
SYBR Green reaction system in LightCycler 480 PCR in-
strument (Roche). Measured GAPDH expression level was
used in normalizing expression levels of target genes. The
sequences for each primer are presented in Supplementary
Table S1 (Supplementary Data are available online at www
.liebertpub.com/tea).

Western blot assay

The western blot assay was carried out according to
previous methods described.21 In general, the cells were
lysed in 0.2% NP-40 lysis buffer (Life Technologies).
The protein concentration was measured using a bicincho-
ninic acid (BCA) protein assay (Thermo Scientific). The
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protein lysates were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and blotted onto Im-
mobilon polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA). The primary antibodies used for
immunodetection were anti-Trb3 (Santa Cruz), anti-PPARg
(Santa Cruz), anti-Smurf-1, anti-pSmad1/5/8 (Santa Cruz),
and anti-GAPDH (Santa Cruz). After the membranes were
incubated in the horseradish peroxidase (HRP)-conjugated
secondary antibody (Millipore) for 1 h, the immunoreactive
complexes were subsequently detected using chemilumi-
nescent HRP (Denville Scientific).

Luciferase assay

Id1 luciferase reporter assay was performed according to
the manufacturer’s instructions. Briefly, when the cells
reached 70–80% confluence, they were cotransfected with
pGL4[luc2P/hID1/Hygro] Vector (Promega) and Renilla
control vector (Promega) using Lipofectamine 2000 (Life
Technologies). After 6 h, the transfection medium was
changed to a growth medium in the presence and absence of
BMP-2 (100 ng/mL) or/and phenamil (20mM). After 48 h of
treatment, luciferase activities were analyzed using a dual-
luciferase reporter system (Promega) and normalized with
Renilla internal control values.

Preparation of scaffold

Apatite-coated PLGA (Ap-PLGA) scaffolds were fabri-
cated by solvent casting and particulate leaching process as
previously described.31,32 Briefly, PLGA/chloroform solu-
tion was mixed with sucrose (200–300mm diameter) to
achieve a porosity of 92% (volume fraction) and compressed
into Teflon molds. After being freeze-dried overnight at 100
mTorr and -110�C (SP Industries, Inc.), the scaffolds were
subsequently immersed in double-distilled (dd) H2O to wash
away sucrose. The scaffolds were then disinfected in 70%
ethanol for 30 min, followed by rinse in sterile ddH2O. Fi-
nally, the scaffold sheets were cut into 5 · 5 · 2 mm plates.
The PLGA scaffolds were further coated with apatite layer
by incubating scaffolds in simulated body fluid (SBF) ac-
cording to previous methods described.

The scaffold plates were subjected to glow discharge
argon plasma etching (Harrick Scientific, Pleasantville,
NY). The etched scaffolds were incubated in SBF1 formu-
lated by dissolving CaCl2, MgCl2$6H2O, NaHCO3,
K2HPO4$3H2O, Na2SO4, KCl, and NaCl for 24 h and then
further incubated in SBF2 formulated by dissolving CaCl2,
K2HPO4$3H2O, KCl, and NaCl for another 24 h at 37�C.
The apatite-coated PLGA scaffolds were loaded with
phosphate-buffered saline (PBS), BMP-2, and/or phenamil
and were lyophilized for further experiments.

Mandible defect model

Animal usage in these studies was performed according to
the protocols set up by the UCLA Animal Research Com-
mittee and was in compliance with the Guidelines for the
Care and Use of Laboratory Animal of the National In-
stitutes of Health.

The critical-sized mandible defects (5 · 5 mm) in Sprague
Dawley rats (Charles River) at the age of 8–12 weeks were
created according to procedures designed previously.33

Animals were divided into six experimental groups (one
defect per animal) according to the implant contents as
specified in Table 1. Animals underwent general anesthesia
using inhalational isoflurane. The animals were shaved on
the ventral surface of mandible, then prepped, and draped in
a sterile manner. An incision that overlies and parallels the
left mandible was made by a size No. 15 blade. The inferior
border of the mandible was then identified when continuing
to deepen down through subcutaneous tissues. The mandible
body was exposed after separating the pterygomasseteric
sling using electrocautery, and the lingual and buccal surfaces
of the mandible were further exposed with supraperiosteal
lifting of the musculature.

A 1-mm high-speed cutting burr (3000 rpm) was adopted
to drill a defect with constant copious irrigation. Hemostasis
was then attained with electrocautery and the wound was
irrigated to remove bone dust. The appropriate size scaffold
with loaded drug was then placed onto the mandibular de-
fect with a resorbable suture, followed by skin closure with
nonresorbable suture. All surgical animals were allowed to
recover from anesthesia on warm sheet and then transferred
to the vivarium for postoperative care. Postoperatively, all
animals attained analgesia by subcutaneous injections of
buprenorphine (0.1 mg/kg) for 3 days and received tri-
methoprim–sulfamethoxazole contained in the drinking
water supply for 7 days against potential infection. Animals
were sacrificed at 10 days and 8 weeks postoperation de-
pending on experimental group assignment.

Microcomputerized tomography scanning

Animals were sacrificed at 8 weeks postimplantation. Left
hemimandible tissues were harvested and fixed in 4% form-
aldehyde at room temperature with gentle shaking for 48 h.
The fixed samples were then rinsed with PBS and stored in
70% ethanol before being imaged using the high-resolution
microcomputerized tomography (mCT) machine (mCT Sky-
Scan 1172; SkyScan, Kontich, Belgium) set at 57 kVp,
184mA, 0.5 mm aluminum filtration, and 10mm resolution.

All data were visualized and reconstructed using Dolphin
3D software (Dolphin Imaging & Management Solutions,
Chatsworth, CA). The volume and area of new bone were
measured using CTAn (SkyScan) and ImageJ software
(NIH), respectively. Bone-specific analysis included new
bone area/original defect area (percent area), new bone
volume/total volume (percent BV/TV), and trabecular
number (TN; mm-1). The TV was termed as the bone vol-
ume of the original surgical defect that measured
5 · 5 · 2.5 mm.

Table 1. List of Experimental Groups

Group

No. of
animals

(10 days)

No. of
animals

(8 weeks)

Blank 3 5
BMP (1.25 mg) 0 5
BMP (2.5 mg) 3 5
Phe (300mM) 3 5
BMP (1.25 mg)+Phe (300mM) 0 5
BMP (2.5 mg)+Phe (300mM) 3 5

BMP, bone morphogenetic protein; Phe, phenamil.
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Histological and immunohistochemical analyses

The fixed mandible tissues were decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) solution with gen-
tle shaking for 2 weeks. Decalcified tissues were embedded
in paraffin and cut into 5mm thickness of sections. The
tissue sections were deparaffinized with xylene and stained
with hematoxylin and eosin (H&E) solution. The depar-
affinized sections were further stained with 0.1% Picrosirius
red solution (Polysciences, Inc.) and imaged under polar-
izing light microscope. Masson’s trichrome staining kit
(Sigma) was also applied to the detection of new bone for-
mation indicated with light blue color.

Additional sections were undergone by immunohisto-
chemical analysis. The deparaffinized sections were treated
using citric acid antigen retrieval, incubated with the pri-
mary antibodies (Santa Cruz), including anti-Trb3, Smurf-1,
pSmad1/5/8, Runx-2, osteocalcin (OCN), and were stained
by the HRP/DAB detection kit (Abcam) according to the
manufacturer’s instructions. The sections were further coun-
terstained with Mayer’s hematoxylin (Abcam). Each stained
image was further quantified by ImageJ software (NIH).

Statistical analysis

Statistical analysis was conducted by one-way analysis of
variance, with the Tukey’s post hoc test, as more than two groups
were compared. Student’s t-test was implemented to compare
two groups. The data are presented as mean – standard deviation.
A p-value of <0.05 was considered statistically significant.

Results

Synergistic effect of BMP-2+phenamil on osteogenic
differentiation of hBMSCs via BMP signaling

The prior studies showed that small-molecule phenamil
dose dependently induced osteogenic differentiation in
mASCs up to 20 mM.20 To further examine the combined
effect of BMP-2+phenamil on osteogenic differentiation of
MSCs, we treated hBMSCs with BMP-2 (100 ng/mL) or/and
phenamil (20mM). As evidenced by ALP staining and ac-
tivity, the expression of ALP, an early osteogenic marker,
was increased up to 4.8-fold by either BMP-2 or phenamil
treatment, compared with controls, while a synergistic 9.3-
fold increase was attained in the combination of BMP-
2+phenamil after 3 days of culture (Fig. 1A, B).

By using qRT-PCR analysis, we evaluated the expression
of osteogenic gene markers, including Runx2, Osterix, ALP,
and OCN in hBMSCs, on day 3 of culture. Treatment with
BMP-2 alone increased the level of Runx2 and Osterix
(critical osteogenic transcription genes) to 2.5- and 18.9-fold,
respectively. By simultaneous stimulation with phenamil and
BMP-2, the expressions of Runx2 and Osterix significantly
increased up to 4.9-fold and 32.7-fold, respectively, com-
pared with nontreated control groups (Fig. 1C). In addition,
hBMSCs treated with both BMP-2 and phenamil showed
higher ALP expression than those individually treated with
BMP-2 or phenamil alone, thereby further confirming the
above results of ALP staining and activity (Fig. 1C).

Further observation on OCN expression revealed a 2.1-
fold increase in the hBMSCs treated with BMP-2 alone,
followed by phenamil supplemented, resulting in a 2.8-fold
increase (Fig. 1C). Finally, the end-stage osteogenesis was

evaluated by assessing extracellular matrix mineralization
through Alizarin red staining and quantitation on day 21
(Fig. 1D, E). A synergistic increase up to eightfold was de-
tected in the hBMSCs with combinatorial treatment com-
pared with the controls, while BMP-2 or phenamil alone only
increased the level of mineral expression to 3.5- and 2.6-fold,
respectively (Fig. 1D, E). Collectively, the results indicated
that the treatment of BMP-2+phenamil acted synergistically
to promote osteogenic differentiation in hBMSCs in vitro.

We previously reported that phenamil-induced osteogenesis
is mainly mediated through expression of Trb3, which can
enhance BMP signaling.21 To elucidate whether the enhanced
osteogenesis by BMP-2+phenamil is regulated by BMP-smad
signaling, we performed western blot assay to assess pSmad1/
5/8 and Trb3 expression in hBMSCs at day 2. The results
confirmed that the treatment of phenamil independent of
BMP-2 increased Trb3 expression, whereas the upregulation
of Trb3 further increased pSmad 1/5/8 expression by inhibit-
ing Smurf-1 expression, a BMP signaling antagonist (Fig. 1F).

A higher expression of pSmad1/5/8 was observed in
hBMSCs treated with BMP-2+phenamil in comparison with
other groups. Since Id1 is one of the major downstream
targets of BMP signaling, we further monitored the activity
of Id1 in hBMSCs at day 2 using luciferase reporter assay.
Compared with controls, BMP-2 treatment increased the Id1
luciferase activity by 2.16-fold, with the increased level
comparable to phenamil treatment (Fig. 1G). By simulta-
neous stimulation with phenamil and BMP-2, the Id1 ac-
tivity increased up to 4.2-fold, which further validated the
enhanced BMP-smad pathway observed above.

Phenamil inhibits BMP-2-induced adipogenesis
in hBMSCs via PPARc

In addition to its osteogenic effect, BMP-2 is known to
promote adipogenic differentiation that may be associated with
the complications occurring during bone repair.14 To investi-
gate whether phenamil inhibits BMP-2-induced adipogenic
differentiation of MSCs, we continued to treat hBMSCs with
adipogenic medium supplemented with phenamil and/or BMP-
2. qRT-PCR analysis revealed that treatment of BMP-2 at the
concentration of 300 ng/mL significantly increased PPARc
expression (a major adipogenic transcriptional gene) by 9.7-
fold, as well as LPL and adiponectin (both mature adipogenic
genes) expression by 2.1-fold and 2.2-fold, respectively,
compared with the controls after 3 days (Fig. 2A). In contrast,
addition of phenamil at 10mM was shown to decrease 2-fold
of PPARc expression, 2.1-fold of LPL expression, and 1.7-fold
of adiponectin expression induced by BMP-2 (Fig. 2A).

Furthermore, accumulation of lipid, a major cellular
matrix of adipocytes, was detected by Oil red staining and
AdipoRed assay (Fig. 2B, C). When compared with con-
trols, BMP-2- treated hBMSCs increased lipid accumulation
to 1.5-fold at day 7, while phenamil treatment signifi-
cantly reduced the expression level, which is consistent with
the Oil red staining (Fig. 2B, C). Together, these data
demonstrated that phenamil is able to inhibit high-dosage
BMP-2-induced adipogenesis in hBMSCs.

To further understand the role of Trb3 in phenamil-mediated
suppression on adipogenesis, Trb3 expression at gene and
protein level was assessed in hBMSCs at day 3 by qRT-PCR
and western blot analysis, respectively. The results showed that
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FIG. 1. Combinatorial
treatment using BMP-2 and
phenamil enhances osteo-
genic differentiation of
hBMSCs in monolayer cul-
ture through regulating BMP
signaling. Osteogenic mark-
ers and BMP signaling were,
respectively, measured in
hBMSCs treated with BMP-2
100 ng/mL, or phenamil
20mM, or combination. (A,
B) ALP expression was as-
sessed by ALP staining and
activity at day 3. Scale bar =
500mm. (C) The upregulated
expression of osteogenic
genes, including Runx2, Os-
terix, ALP, and OCN, was
noted in the hBMSCs in the
presence of BMP-2 and phe-
namil, as analyzed by real-
time PCR at day 3. (D, E)
The expression of extracel-
lular matrix mineralization
increased in hBMSCs treated
with OM in the presence of
BMP-2 and phenamil as
measured by AR staining and
quantification at day 21.
Scale bar = 500mm. (F)
hBMSCs treated with BMP-
2+phenamil revealed the en-
hanced BMP-smad signaling
pathway as evaluated by
western blot assay at day 2.
Phenamil treatment is able to
trigger Trb3 expression that
further prohibits Smurf1
(BMP antagonist) to stabilize
pSmad 1/5/8. (G) Id1 activity
was measured by luciferase
assay at day 2. Data pre-
sented as mean – SD (n = 3/
group), *p < 0.05, **p < 0.01
versus OM. ALP, alkaline
phosphatase; AR, Alizarin
red staining; BMP-2, bone
morphogenetic protein 2;
hBMSCs, human bone mar-
row mesenchymal stem cells;
OCN, osteocalcin; OM, os-
teogenic medium; PCR,
polymerase chain reaction;
Phe, phenamil; SD, standard
deviation; Trb3, tribbles
homolog 3. Color images
available online at www
.liebertpub.com/tea
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Trb3 expression in the hBMSCs treated with phenamil in the
presence or absence of BMP-2 is higher than that in the
hBMSCs treated without phenamil (Fig. 2A, D). The detected
Trb3 was accompanied by the reduction of PPARc expression
induced by BMP-2 (Fig. 2D), suggesting that the critical role of
Trb3 in phenamil inhibited PPARg expression and adipogenic
differentiation.

BMP signaling and osteogenesis enhanced
by BMP-2 and phenamil in vivo

To examine the combined effect on BMP signaling and
osteogenesis in vivo, apatite-coated PLGA scaffolds were
fabricated to deliver BMP-2 and/or phenamil and further
implanted into mandibular defects created in rat mandible. We
elected the apatite-coated PLGA scaffold as a delivery vehicle
due to the capability of the scaffold in maintaining loaded
molecules with high stability as well as sustainability.21

First, 10 days postoperatively, there was no obvious bone
formation observed among the experimental groups as
shown in H&E staining (Fig. 3A). As detected by immu-
nohistochemical staining, higher expression of Trb3 was
observed in defects treated with the scaffold loaded with
phenamil (300mM) in the presence and absence of BMP-2
(2.5 mg) compared with the defect implanted with blank
scaffold (Fig. 3B, D). Furthermore, Smurf-1 expression in
the phenamil-treated defects in the presence and absence of

BMP was significantly lower than that of blank scaffold-
treated defects, while there is no significant difference
between BMP-2-alone and control groups (Fig. 3C, E). Fi-
nally, treatment of BMP-2 or phenamil was found to in-
crease BMP-smad signaling as determined with pSmad1/5/8
staining in the defects.

When compared with the groups treated with either BMP-2
or phenamil alone, the higher expression of pSmad1/5/8 was
observed in the defects treated with both BMP-2 and phe-
namil, with *1.5-fold increase as determined by semi-
quantitation of immunohistochemical staining (Fig. 3D, G).
The enhanced BMP activity was subsequently evidenced to
lead to enhanced osteogenesis in defects as stained by oste-
ogenic markers, including Runx2 and OCN (Fig. 4A, B).
Semiquantification of the immunohistochemical staining re-
vealed that groups treated with scaffolds releasing both
phenamil and BMP-2 exhibited the most intense Runx2 and
OCN expression than other groups (Fig. 4C, D). Collectively,
the enhanced osteogenesis by codelivery of BMP-2+phenamil
in vivo might be due to the upregulated BMP/smad signaling,
with these results being consistent with in vitro findings.

Synergistic increase of mandibular bone formation
by BMP-2 and phenamil

To further evaluate the combined effect of BMP-
2+phenamil on bone regeneration in a mandibular defect

FIG. 2. Phenamil treatment exerts the inhibitory effect on the adipogenic differentiation of hBMSCs by prohibition of
PPARg. To measure their adipogenic differentiation, hBMSCs were cultured with AD supplemented with BMP-2 300 ng/
mL, or phenamil 10mM, or both. (A) Adipogenic gene expression, including PPARc, Adiponectin, and LPL, was measured
by real-time PCR assay at day 3. (B, C) Lipid accumulation was assessed by OR staining at day 14 and AdipoRed assay at
day 7. (D) Phenamil prohibits adipogenesis by induction of Trb3 that negatively regulates PPARg expression as analyzed by
western blot assay at day 3. Scale bar = 500mm. Data presented as mean – SD (n = 3/group), *p < 0.05 versus AD. AD,
adipogenic differentiation; OR, Oil red staining; PPARg, peroxisome proliferator-activated receptor gamma. Color images
available online at www.liebertpub.com/tea
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model, we created a critical-sized (5 · 5 mm) mandibular
defect in rat mandible and implanted Ap-PLGA scaffolds
loaded with BMP-2 or/and phenamil. Over an 8-week
postoperative period, all animals remained healthy without
obvious infection. By gross observation of the harvested
tissues after 8 weeks operatively, defects treated with BMP-
2+phenamil restored the native mandibular contour with
good integration with the surrounding mandible, but in-
complete mandibular restoration was observed in the defect
treated with BMP-2 or phenamil alone as well as blank
scaffolds (Fig. 5A).

Next, mCT imaging revealed that BMP-2 induced bone
formation in mandibular defects (Fig. 5B). Bone formation
was evident in the defects treated with 1.25mg BMP-2. Al-
though treatment of defects with twofold more BMP-2
(2.5mg) significantly increased bone formation, there was still

no complete bone healing found. In contrast, the addition of
phenamil at 300mM synergistically augmented bone healing
with BMP-2 as observed by an intensive bone matrix filled in
the defect (Fig. 5B). Notably, the defects treated with 2.5mg
BMP-2+phenamil resulted in almost complete bone healing
comparable to native mandibular bone (Fig. 5B).

Finally, new bone area, bone volume fraction (BV/TV),
and TN were examined to quantitatively analyze the extent of
bone repair within the mandibular defects. The results re-
vealed that defects treated with BMP-2 alone increased bone
healing, amounting to 55–90% and 22–40% by new bone
areas (Fig. 5C) and volume (Fig. 5D), respectively. In con-
trast, the treatment of defects with both BMP-2 (2.5 mg) and
phenamil showed a striking increase in bone healing,
*98.1% and 96% by new bone areas and volume, respec-
tively. Likewise, a higher TN was also detected in the defects

FIG. 3. BMP-2+phenamil treating mandible defects showed the upregulated BMP-smad signaling at 10 days postoperatively.
(A) Histological staining of mandible defects treated with Ap-PLGA scaffolds loaded with blank, BMP-2 (2.5mg), phenamil
(300mM), or BMP-2 (2.5mg) + phenamil (300mM). Images were taken at 10· magnification. Scale bar = 200mm. (B–D) The
expression of Trb3, Smurf-1, and pSmad1/5/8 was, respectively, measured by immunohistochemical staining. (E–G) Semi-
quantitative analysis of Trb3, Smurf-1, and pSmad1/5/8 staining using ImageJ software. Images were taken at 40· magnification.
Scale bar = 50mm. Data presented as mean – SD. *p < 0.05, **p < 0.01. Ap-PLGA, Apatite-coated poly(lactic-co-glycolic acid).
Color images available online at www.liebertpub.com/tea
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FIG. 4. The mandibular defects treated with both BMP-2 (2.5 mg) and phenamil (300mM) revealed the enhanced ex-
pression of osteogenic markers as early as 10 days postoperatively. (A, B) Runx2 and OCN were, respectively, assessed
with immunohistochemical staining. (C, D) Semiquantitative analysis of Runx2 and OCN staining using ImageJ soft-
ware. Images were taken at 40· magnification. Scale bar = 50 mm. Data presented as mean – SD (n = 3/group). *p < 0.05,
**p < 0.01. Color images available online at www.liebertpub.com/tea

FIG. 5. Codelivery of
BMP-2 and phenamil using
Ap-PLGA scaffold synergis-
tically acts as bone repair in a
critical-sized (5 · 5 mm)
mandibular defect created in
rat at 8 weeks postopera-
tively. (A) Raw mandible
tissues were extracted from
rat mandible. (B) mCT im-
ages of mandibular defects
treated with Ap-PLGA scaf-
folds loaded with BMP-2 and
phenamil. Red square indi-
cates the original defect.
Quantification of percent
bone surface area (C), per-
cent BV/TV (D), and TN
(mm-1) (E). Data presented
as mean – SD (n = 5/group),
*p < 0.05, **p < 0.01 versus
blank scaffold. mCT, micro-
computerized tomography;
BV/TV, bone volume/total
volume; H BMP, high-dose
BMP-2 (2.5 mg); L BMP,
low-dose BMP-2 (1.25mg);
Phe, phenamil (300mM);
TN, trabecular number. Color
images available online at
www.liebertpub.com/tea
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treated with BMP-2 at 2.5 mg + phenamil than any other
treatment groups (Fig. 5E).

Histological and immunohistochemical analysis
of mandibular bone repair by BMP-2 and phenamil

We then adopted histological evaluation to confirm neo-
bone formation detected in mCT imaging. H&E staining
exhibited large matured bone formation as well as osteoid
matrix completely spanning and bridging the mandibular
defect area when treated with BMP-2 (1.25 or 2.5 mg) +
phenamil 300 mM after 8 weeks (Fig. 6A, B). In contrast,
insufficient ossification was detected in the defects treated
with BMP-2 or phenamil alone (Fig. 6A, B). As analyzed by
Masson’s trichrome staining, a larger amount of trabecular
bone formation appeared throughout the defects treated with
both BMP-2 and phenamil, confirming the regenerated bone
tissue detected by H&E staining (Fig. 6C).

To further assess the quality of bone healing, the orga-
nization and distribution of collagen in the mandibular de-
fect area were also detected by Picrosirius red staining with
polarized light microscopy. Highly intense and mixed bi-
refringence of collagen was observed in the defects treated
with BMP-2+phenamil compared with the other groups.
Moreover, organization of these collagen fibers is shown to
be similar to that of collagen fibers observed in native
mandible bones (Fig. 6D).

In addition, immunohistochemical staining demonstrated
that the defects treated with BMP-2+phenamil revealed higher
expression of OCN, a protein that is associated with bone
matrix mineralization, compared with other groups (Fig. 7A,

D). Notably, the defects treated with low-dose BMP-2 at
1.25 mg and phenamil at 300 mM revealed higher OCN ex-
pression in bone healing area compared with groups treated
with BMP-2 or phenamil alone. In addition, the high ex-
pression of PPARg was found only in the defect treated with
BMP-2 at 2.5 mg (Fig. 7B, E). In contrast, phenamil-treated
defects with or without BMP-2 revealed no significant
PPARg expression (Fig. 7B, E). Similarly, the osteoclast
cells were only detected in the 2.5 mg BMP-2-treated de-
fects as demonstrated by tartrate-resistant acid phosphatase
staining (Fig. 7C).

Discussion

The growth factor-mediated tissue engineering strategy
holds promise in the therapeutics of craniofacial bone de-
fects, especially for large mandible deficiency.34 However,
there are several obstacles still prohibiting the wide use of
growth factor-based therapeutics clinically and commer-
cially.35 One major barrier in the adoption of single growth
factor BMP-2 is the requirement of supraphysiological
therapeutic dosage, which may lead to worrisome compli-
cations and high medical burden.13 In previous studies, up to
10mg BMP-2 was applied to the treatment of rat mandibular
bone defect with a diameter of 2–5 mm, showing around
30% bone healing during 4–8 weeks postsurgery,36,37

whereas a higher dosage of 1 mg BMP-2 treating a primate
mandibular defect with a 20 mm diameter only displayed a
slight bone formation at 16 weeks.9

The present studies demonstrated that <1.3 mg BMP-2
combined with 300 mM phenamil exerts a striking bone

FIG. 6. Histological analysis of bone regeneration in mandibular defects treated with BMP-2 and phenamil. (A, B)
Histological staining of mandibular defects treated with Ap-PLGA scaffolds loaded with BMP-2 and phenamil at 8 weeks
postoperatively. Arrowhead indicates new bone tissues. Area within the black box indicates the high magnification of image
below. Black arrowhead indicates new bone formation. Images were taken at 4· magnification for top image and 40·
magnification for bottom image. Top scale bar = 500mm, Bottom scale bar = 50 mm. (C) Masson’s trichrome staining. Images
were taken at 4· magnification, scale bar = 500mm. (D) Sirius red staining at polarized light. Images were taken at 4·
magnification. Scale bar = 500mm. Color images available online at www.liebertpub.com/tea
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healing with over 44% increase in BV/TV and 79% increase
in bone surface area as grafted in a 5 mm rat mandibular
defect at 8 weeks postoperatively. Furthermore, a comple-
mentary approach by using BMP-2 2.5mg + phenamil
300mM exhibits a synergistic effect on mandibular bone re-
pair resulting in almost complete bone formation. Overall,
our study suggested that not only does the exogenous use of
BMP-2 coupled with small-molecule phenamil significantly
reduce BMP-2 dosage requirement but also it does not
compromise the osteogenic efficacy. This combinatorial
strategy may be beneficial to the BMP-2-based mandibular
bone repair in future.

Another barrier to BMP-mediated bone therapeutics is a
dose-dependent activation of PPARg and adipogenic dif-
ferentiation that is likely to cause additional undesirable
effects such as cyst-like bone void formation.13,14,38 MSCs
can give rise to multiple lineage commitments, including
osteoblasts, adipocytes, and chondrocytes. Growing evi-
dences demonstrated that the shift of MSC differentiation to
adipogenesis is closely correlated with fatty marrow accre-
tion being linked to the relevant bone loss diseases such as
age-related osteoporosis.39

Recent increasing attention is toward exploring osteogenic
factors that favor osteogenesis over adipogenesis for im-

proved bone repair. In the current work, we demonstrated that
phenamil has pro-osteogenic and antiadipogenic effects on
hBMSCs, being evident by not just stimulating BMP-2-
induced osteogenesis but also by suppressing the elevated
adipogenic differentiation caused by high dosing BMP-2. The
dual roles of phenamil were further determined in the repair
of mandibular defect, where the phenamil-treated defects
appear to be no obvious adipogenic expression as measured
with immunohistochemical PPARg staining while showing
the increased expression of bone markers observed by OCN
staining. The additional adoption of phenamil is therefore
suggested to minimize the adverse outcomes of single BMP-2
currently used in the bone defect restoration.

Although significant adverse effects such as adipogenic
differentiation with cyst-like bone formation were not de-
tected in our mandibular defect model probably due to rel-
atively low BMP-2 dose applied in this study, further studies
will reproduce the adverse outcomes associated with high-
dose BMP-2 in our rodent model to investigate whether
phenamil can inhibit BMP-2-induced adipogenesis and im-
prove the quality of newly formed bone in vivo.

PPARg is thought to be a key transcriptional regulator to
control adipogenic differentiation.14 A prior study showed
that Trb3 inhibits adipocyte differentiation through negatively

FIG. 7. Histological and immunohistochemical analysis of bone regeneration in mandibular defects treated with BMP-2
and phenamil. (A, B) Immunohistochemical staining for OCN and PPARg expression. (C) TRAP staining for detecting
osteoclast cells in mandibular defect. Black arrowhead indicates osteoclast cell. (D, E) Semiquantitative analysis of OCN
and PPARg staining using ImageJ software. Images were taken at 40· magnification. Scale bar = 50 mm. Data presented
as mean – SD (n = 3/group), *p < 0.05. TRAP, tartrate-resistant acid phosphatase. Color images available online at www
.liebertpub.com/tea
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regulating the transcriptional activity of PPARg.26 Similarly,
our studies illustrated that phenamil-treated hBMSCs exhibit
an inhibitory effect on the regulation of PPARg expression
via induction of Trb3. Also, in consistency with previous
findings, Trb3 induction stimulated BMP signaling pathway
through inhibition of Smurf-1 and stabilization of Smad 1/5/
8. Moreover, these results were consistent in the in vivo rat
model at as early as 10 days postoperatively.

Of the large number of developed osteoinductive fac-
tors, the phenamil was exclusively chosen to cooperate with
BMP-2 for bone repair on the basis of its capacity of
stimulating Trb3-Smad 1/5/8, which was thought to enable
the additive or synergistic effect on BMP signaling when
supplemented with BMP-2. Overall, the pro-osteogenic and
antiadipogenic effect of phenamil is attributed at least, in
part, to the modulation of Trb3, demonstrating that Trb3
may serve as an effective and safe therapeutic target for
bone regeneration. Interestingly, it is suggested that Trb3
also attenuates inflammatory cytokine secretion.40 Further
work may be required to investigate whether the use of
phenamil impacts BMP-2-mediated inflammation reaction
during bone healing.

Therapeutic efficacy of BMP-2 is also affected by de-
livery kinetics because of its susceptibility in instability and
degradation.41 The current FDA-approved collagen sponge
may not provide an appropriate substrate to deliver supra-
physiological doses of BMP-2 with poor control over the
protein release rate and bioavailability, leading to unwanted
bone formation.41 We previously established a coating
process of biomimetic apatite layer on different biomaterial
surfaces such as PLGA, tricalcium phosphate, and chitosan,
illustrating that the apatite-coated scaffolds not only pro-
mote osteogenesis but also control release of loaded BMP-2
with low initial burst.28,32,42–44

Besides delivering growth factor BMP-2, apatite-coated
PLGA was also revealed to retain a large amount of small-
molecule phenamil with high bioactivity and sustained re-
lease up to 3 weeks in prior studies.20 In the present work,
apatite-coated PLGA used to deliver both BMP-2 and phe-
namil demonstrated effective bone regeneration in man-
dibular defects, further validating the feasibility of the
scaffold for the codelivery of small drugs and large proteins.
However, we noted that there is still a high initial burst
for small-molecule phenamil delivery in the scaffold at
the first day maybe owing to its nonspecific adsorbance or
small size.20 Also, the physical adsorption-mediated small-
molecule carrier might be easily impacted by scaffold
degradation or tissue ingrowth.45

An essential work in future study will be to improve the
delivery of small osteoinductive molecule by developing a
controlled delivery nanocarrier that can be readily integrated
with the scaffold. Since many of the adverse effects of
BMP-2 are dose related and affected by delivery methods,
additional study on the carrier effects will be needed using
the current collagen sponge as a standard of comparison to
establish the use of BMP-2 and phenamil as an effective and
safe therapeutic strategy for bone repair.

In addition, choosing a suitable animal defect model is
crucial to tissue engineering strategy for bone repair. Al-
though large animal such as canine is commonly applied to
the establishment of segmental mandibular defect,46,47 a
small-animal model with large mandibular discontinuity

defects has been investigated in light of consideration for
expenditure, surgical technique, and animal care.48 We re-
cently set up a marginal defect (it simulates human man-
dibular defect caused by tumor resection or trauma) in rat
mandible and determined 5 · 5 mm as a critical size that
would not be spontaneously healed.49 Likewise, the same
size of defect created in rat mandible was carried out in
the present study to prove the efficacy of our combination
treatment.

Conclusions

In vitro studies indicated that phenamil treatment not only
promotes BMP-2-induced osteogenic differentiation of
hBMSCs but also suppresses their adipogenic differentia-
tion. Furthermore, mechanistic studies suggested that phe-
namil mediates its pro-osteogenic and antiadipogenic effect
by modulating Trb3 expression, which subsequently en-
hanced BMP-smad signaling and decreased PPARg ac-
tivity. Finally, codelivery of phenamil and BMP-2 from
apatite-coated PLGA scaffolds was shown to synergistically
coordinate to promote bone repair in a critical-sized rat
mandibular defect. These results demonstrate a novel com-
plementary osteoinductive strategy to improve the efficacy
and safety of current BMP-2-based therapeutics in bone
repair by regulating expression of Trb3.
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