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Abstract
In the present study, we studied the involvement of BMP-2 and BMP-7 as homodimers and as
a mixture of homodimers in bone regeneration using an engineered bone model. The
engineered bone model consisted of a collagen scaffold populated with osteoblasts that acted
as a carrier for the BMPs. BMP-2, BMP-7 and a mixture of BMP-2/BMP-7 were used at final
concentrations of 10 and 100 ng ml−1. Osteoblasts seeded onto a collagen scaffold were
cultured for 24 h before being stimulated with the BMPs. Four days later, osteoblast adhesion
to and growth on the scaffold were assessed. Osteocalcin, IL-6, metalloproteinase (MMP-2
and MMP-9) and protease inhibitor (TIMP-1 and TIMP-2) mRNA and protein levels were
measured. Our results showed that the BMP-2, BMP-7 and a mixture of BMP-2/BMP-7 all
promoted osteoblast growth on the collagen scaffold, with the mixture of BMP-2/BMP-7
enhancing the most growth. BMP-2 and the mixture of BMP-2/BMP-7 enhanced osteocalcin
(an osteoblast differentiation marker) mRNA expression and protein secretion, likely via the
IL-6 pathway given that IL-6 secretion was upregulated by BMP-7 and a mixture of
BMP-2/BMP-7. BMPs promote extracellular matrix production by inhibiting MMP-2 mRNA
and increasing TIMP-1 and TIMP-2 mRNA expressions and protein secretions. BMP-2,
BMP-7 and the mixture of BMP-2/BMP-7 could promote bone regeneration via different
mechanisms involving IL-6 and MMP inhibitors.

to loss of function and loss of limb [4]. Bone may not
regenerate spontaneously following large defects. In such
cases, surgery is required to repair the defect using bone
grafts or bone graft substitutes in order to restore bone form
and function [5]. One approach to restoring bone form and
function is substituting bony material with permanent metal,
ceramic, polymer or composite orthopaedic implants. These
materials can be effective but have some limitations in terms of
function, osteointegration and interactions with the host [2].
However, much work remains to be done to optimize bone
form and function restoration and osteointegration techniques.

Introduction
Bone is able to regenerate spontaneously if the defect does not
exceed a certain degree of damage. Bone defects can result
from congenital deformities (cleft palate, facial clefts and
facial asymmetry), trauma, tumour resection and degenerative
diseases [1, 2]. Bone regeneration is often required to restore
and improve the quality of life of patients. Over half a
million patients/year in the United States require surgery
to repair bone defects [3]. Non-repair of bone defects can
result in devastating consequences ranging from disfigurement
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maximal alkaline phosphatase activity when BMP-2 and BMP7 are infected at a 1:1 ratio [13]. In vivo, BMP-2/6, BMP-2/7
and BMP-4/7 heterodimers promote more significant ectopic
bone formation than any of the corresponding homodimers.
The highest effect was obtained with BMP-2/7 heterodimers
[13].
Recombinant forms of human BMP-2 and BMP-7 have
been produced for clinical use [25, 26]. BMPs can exert
their biological effect and provide an initial substratum for
the growth and differentiation of bone-forming cells when
combined with an efficient delivery system [12]. Suitable
carrier materials are essential for controlling bone mass
formation [27]. BMP carriers have to be biocompatible, nontoxic, non-immunogenic and non-carcinogenic. For example,
rhBMP-2 combined with a collagen sponge matrix carrier
has proven to be effective for therapeutic applications [28].
Available studies related to the BMP effects on osteoblasts
have been generated on monolayer culture which is rather
far from reality. To mimic physiological conditions for
bone regeneration, we introduced an extracellular matrix as
a scaffold for osteoblast culture and as a carrier for BMPs.
Using this model, we investigated the effect BMP-2, BMP-7
and a mixture of BMP-2/BMP-7 homodimers on osteoblast
adhesion and proliferation and different mediator expression
and production.

The restoration of body function by bone regeneration is a
fundamental regenerative strategy to achieve full physical and
physiological bone function.
The gold standard in bone defect management is
autografting, which involves transferring of bone from one
location to another in the same person.
Autografting
promotes significant bone regeneration [6] but involves
considerable risks, including invasive pain and morbidity,
infection and longer operating times with higher costs.
Moreover, autografting is ineffective when the damaged bone
volume exceeds the volume of the donor site [7]. The
common alternatives to autografting are allografts (human
cadaver bone) and xenografts (animal bone). However,
these implants have additional limitations, including tissue
immunogenicity, excessive resorption and potential disease
transmission [8]. There is thus a growing need to find
effective alternatives for bone defect management. In vitro
engineered bone may be one such alternative for restoring
bone defects. Engineering bone using osteoblasts can be done
using natural or artificial scaffolds and various growth factors
such as bone morphogenetic proteins (BMPs) [2]. BMPs
are secreted proteins that are members of the transforming
growth factor beta group. BMPs are a family of pleiotropic
signalling molecules that play critical roles at various stages
in the formation of a variety of tissues and organs, including
bone. Different BMPs have been identified [9]. They are
grouped into three subfamilies (BMP-2 and BMP-4), (BMP-5
to BMP-8) and (BMP-3 and GDF-10) based on amino acid
sequence similarities [10]. Intramuscular and subcutaneous
implantation studies looking at the osteoinductive properties
of BMPs have revealed that they are involved in several
events during bone morphogenesis (bone remodelling, bone
formation, chondrogenesis and mesenchymal cell infiltration
and proliferation) [11, 12]. BMPs are active both as
homodimers and heterodimers [13, 14]. Native BMPs are
expressed by many cells in bone fracture sites undergoing
healing [15, 16], suggesting that they have local regulatory
roles during bone repair. It has been reported that some BMPs
have mitogenic activity in the presence of periosteal cells and
chondrocytes [17]. For example, BMP-2 and BMP-4 induce
significant cell proliferation, while BMP-5 and BMP-6 do not.
The most potent osteogenic BMPs are BMP-2, BMP-4, BMP-6
and BMP-9 [18]. It has been reported that rhBMP-2 induces
many of the events necessary for both intramembranous
and endochondral ossification. The effects of rhBMP-2 on
bone formation are more potent than those of rhBMP-4 or
rhBMP-7 [19]. Interestingly, rhBMP-2 upregulates genes
associated with osteogenic differentiation and downregulates
genes associated with myogenic differentiation [20] as early as
the first 24 h following stimulation [21]. Various studies have
revealed that BMP heterodimers are much more osteogenic
than homodimers. Different reports suggest that heterodimeric
BMP proteins stimulate greater in vitro and in vivo activity
than corresponding homodimers [13, 22–24]. Cells secreting
heterodimers such as BMP-2/6, BMP-2/7 or BMP-4/7 have
higher alkaline phosphatase activity as compared with other
heterodimeric combinations or corresponding homodimers
[13, 22].
Furthermore, BMP-2/7 heterodimers induce

Experimental procedures
MG-63 osteoblast cell cultures
The MG-63 human osteosarcoma cell line is widely used
to study the biocompatibility of orthopaedic and dental
biomaterials. MG-63 osteoblast-like cells (American Type
Culture Collection, Manassas, VA, USA) were subcultured in
a 3:1 mixture of Dulbecco-Vogt’s modified Eagle’s (DME)
medium and Ham’s F-12 (H) (Invitrogen Life Technologies,
Burlington, ON, Canada) supplemented with 24.3 µg ml−1
adenine, 10 µg ml−1 human epidermal growth factor (Chiron
Corp., Emeryville, CA, USA), 0.4 µg ml−1 hydrocortisone
(Calbiochem, La Jolla, CA, USA), 5 µg ml−1 bovine insulin,
5 µg ml−1 human transferrin, 2 × 10−9 M 3,3 ,5 -triiodo-lthyronine, 10−10 M cholera toxin (Schwarz/Mann, Cleveland,
OH, USA), 100 U ml−1 penicillin, 25 µg ml−1 gentamicin
(Schering, Pointe-Claire, QC, Canada) and 10% foetal calf
serum (NCS, fetal clone II; Hyclone, Logan, UT, USA).
Subconfluent cell cultures were trypsinized and split 1:10
to maintain cell growth and avoid differentiation. The cell
cultures were incubated in a humid 5% CO2 atmosphere at
37 ◦ C.
Collagen membrane scaffolds
R
scaffolds (Zimmer Dental Corp., Mississauga,
CollaTape
R
is fabricated using
ON, Canada) were used. CollaTape
collagen from bovine deep flexor (Achilles) tendon. It is
a sterile, pyrogen-free, biodegradable biomaterial available in
10 × 2.5 × 7.5 cm strips suitable for clinical use. It is a porous
material that becomes gel-like when exposed to fluids. More
R
consists of open pores, which can
than 90% of the CollaTape
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Table 1. Primer sequences used for the RT-PCR.
Primers

Direction

Sequences

Length (bp)

References

IL-1β

Forward
Reverse

5 -AGTACCTGAGCTCGCCAGTG-3
5 -CTGCTTGAGAGGTGCTGATG-3

802

[30]

IL-6

Forward
Reverse

5 -TCAATGAGGAGACTTGCCTG-3
5 -GATGAGTTGTCATGTCCTGC-3

260

[31]

MMP-2

Forward
Reverse

5 -GTGCTGAAGGACACACTAAAGAAGA-3
5 -TTGCCATCCTTCTCAAAGTTGTAGG-3

604

[32]

MMP-9

Forward
Reverse

5 -CACTGTCCACCCCTCAGAGC-3
5 -GCCACTTGTCGGCGATAAGG-3

263

[32]

TIMP-1

Forward
Reverse

5 -ATCCTGTTGTTGCTGTGGCTGATAG-3
5 -TGCTGGGTGGTAACTCTTTATTTCA-3

689

[32]

TIPM-2

Forward
Reverse

5 -AAACGACATTTATGGCAACCCTAT-3
5 -ACAGGAGCCGTCACTTCTCTTGATG-3

405

[32]

Ost

Forward
Reverse

5 -CTCACACTCCTCGCCCTATT-3
5 -GACTGGGGCTCCCAGCCATT-3

165

[40]

GAPDH

Forward
Reverse

5 -ATGCAACGGATTTGGTCGTAT-3
5 -TCTCGCTCCTGGAAGATGGTG-3

220

[33]

R
be filled with cells and fluid. The CollaTape
scaffolds were
used as carriers for osteoblasts.

of mitochondrial activity according to Denizot and Lang
[29]. It is based on the hydrolysis of the tetrazolium ring
by mitochondrial dehydrogenase, resulting in an insoluble
blue reaction product (formazan). Briefly, a stock solution
(5 mg ml−1) of MTT was prepared in PBS and added
to each culture well at a final concentration of 1% (v/v).
BMP-stimulated and unstimulated osteoblast cultures were
incubated for 4 h at 37 ◦ C with MTT. The supernatant was then
removed and 2 ml of 0.04 N HCl in isopropanol was added to
the culture wells, and the incubation was extended for another
15 min. Lastly, 200 µl (in triplicate) of the reaction mixtures
was transferred to the wells of a 96-flat-bottom plate, and the
absorbance was measured at 550 nm using an enzyme-linked
immunosorbent assay (ELISA) reader (model 680, BioRad
Laboratories, Mississauga, ON, Canada). Results are reported
as the means ± SD of eight separate experiments.

Osteoblast culture in the presence of BMPs
Osteoblasts were detached from 75 cm2 culture flasks using
trypsin. They were washed twice in culture medium and
R
at a density
counted. Cells were seeded onto CollaTape

4
−2
R
of 1 × 10 cm . After 24 h, the CollaTape cultures were
supplemented with BMP-2 (Medtronic Ltd, Mississauga, ON,
Canada) or BMP-7 (Prospec Tany TechnoGene Ltd, Rehovot,
Israel) or a mixture of BMP-2/BMP-7 at final concentrations
of 10 ng ml−1 or 100 ng ml−1. The cultures were incubated in a
humid 5% CO2 atmosphere at 37 ◦ C for different periods. The
culture medium was replaced every 48 h with fresh medium
with or without BMP-2, BMP-7 or a mixture of BMP-2/BMP7. After 4 days, the culture supernatants and osteoblastpopulated scaffolds were used for various analyses.

RT-PCR analyses to assess the effect of BMPs on osteocalcin,
IL-6, MMP and TIMP gene activation

Osteoblast visualization by Hoechst staining

Following BMP stimulation, total cellular RNA was prepared
from MG-63 osteoblast-like cells using Qiagen RNeasy Mini
kits (Qiagen, Valencia, CA, USA). The mRNA was reverse
transcribed into cDNA as previously reported [30–33]. Two
microlitres of each cDNA product was added to 24 µl
of PCR mixture containing Taq polymerase (Qiagen) and
forward and reverse specific primers (Biosource, Montreal,
QC, Canada) (table 1) [22–25]. All reactions were performed
in a Perkin-Elmer Cetus DNA thermal cycler (Perkin-Elmer
Cetus, Morwalk, CT, USA) as previously reported [30–33].
The RT-PCR conditions were as follows: IL-1β: 95 ◦ C for
5 min, 35 cycles at 94 ◦ C for 1 min, 59 ◦ C for 45 s, 72 ◦ C for
1 min and a final extension at 72 ◦ C for 10 min; IL-6: 95 ◦ C
for 2 min, 35 cycles at 94 ◦ C for 1 min, 59 ◦ C for 45 s, 72 ◦ C
for 1 min and a final extension at 72 ◦ C for 10 min; MMP-2
and TIMP-1: 95 ◦ C for 2 min, 30 cycles at 95 ◦ C for 1 min,
56 ◦ C for 30 s, 72 ◦ C for 1 min and a final extension at 72 ◦ C
for 10 min; TIMP-2: 95 ◦ C for 2 min, 35 cycles at 95 ◦ C for

R
scaffolds are not optically transparent. Hoechst
CollaTape
staining was thus used to visualize the cells attached to the
scaffolds. Osteoblast-populated scaffolds were washed three
times with PBS and incubated with Hoechst stain (1 µg ml−1)
(Molecular Probes, Eugene, OR, USA) at room temperature
for 15 min. They were washed again and mounted with a
cover slip in 50% glycerol mounting medium. The stained
cells were observed and photographed with an epifluorescence
microscope (Axiophot, Zeiss, Oberkochen, Germany).

MTT assay to assess the effect of BMPs on osteoblast
growth in the scaffolds
The growth of BMP-stimulated and unstimulated osteoblasts
was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide) assay (Sigma, St Louis,
MO, USA), which measures cell growth as a function
3
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1 min, 56 ◦ C for 30 s, 72 ◦ C for 1 min and a final extension
at 72 ◦ C for 10 min; MMP-9: 95 ◦ C for 2 min, 37 cycles at
95 ◦ C for 45 s, 60 ◦ C for 1 min, 72 ◦ C for 1 min and a final
extension at 72 ◦ C for 10 min and osteocalcin (Ost): 96 ◦ C
for 3 min, 40 cycles at 95 ◦ C for 30 s, 62 ◦ C for 30 s, 72 ◦ C
for 30 s and a final extension at 72 ◦ C for 5 min. After the
PCR, 2–4 µl samples were separated on 1.5–2% agarose gels
containing ethidium bromide. The gels were photographed
under UV light and the relative intensities of the bands were
measured on digitized images using the public domain NIH
Image program.

BMP-2/7

Ctrl

100 ng

Ctrl

P< 0.01

0.5

10 ng

10ng

The concentrations of secreted Ost, IL-6, MMP-2, MMP-9,
TIMP-1 and TIMP-2 were assayed in supernatants collected
from unstimulated and BMP-stimulated osteoclast cultures.
Measurements were performed on triplicate samples using an
enzyme-linked immunosorbent assay (ELISA, R&D Systems,
Minneapolis, MN, USA) for all molecules except Ost
(Biosource Europe, S.A., Nivelles, Belgium). Supernatants
were filtered through 0.22 µm filters and used to quantify Ost,
IL-6, MMP-2, MMP-9, TIMP-1 and TIMP-2 concentrations
according to the manufacturer’s instructions. Plates were
read at 450 nm and analysed using a Model 680 Microplate
Reader (Bio-Rad, Hercules, CA, USA). According to the
manufacturer, the ELISA kits can detect less than 0.7 pg ml−1
of IL-6, 0.16 ng ml−1 of MMP-2, 0.156 ng ml−1 of MMP-9,
0.08 ng ml−1 of TIMP-1, 0.011 ng ml−1 of TIMP-2 and
0.4 ng ml−1 of Ost. The assays were repeated four times,
and the means ± SD were calculated and plotted.

P< 0.01

P< 0.05

Absorbance at 550 nm

0.4

P< 0.01

100ng

Measurement of osteocalcin, IL-6, MMP-2, MMP-9, TIMP-1
and TIMP-2 secreted by osteoblasts following stimulation
with BMPs

0.3

0.2

0.1

0
BMP-2

BMP-7

BMP-2/7

Figure 1. Effect of BMP-2 and BMP-7 on osteoblast distribution
and growth. Osteoblasts were seeded onto a collagen scaffold and
cultured in a humid 5% CO2 atmosphere at 37 ◦ C. After 24 h, the
cells were stimulated with BMP-2, BMP-7 or a mixture of
BMP-2/BMP-7. The BMPs were used at 10 and 100 ng ml−1. Four
days later, the cultures were used for Hoechst staining or for an
MTT assay. The photographs (200× magnification) are
representative of six separate experiments. The histograms were
created using the mean relative values ± SD for six separate
experiments. Differences in osteoblast growth in the presence of
BMPs compared to cell growth in the absence of BMPs were
considered significant at p < 0.05 or less.
(This figure is in colour only in the electronic version)

Statistical analysis
All experiments were performed at least three times.
Experimental values are given as means ± SD. The statistical
significance of differences between the control and test values
was evaluated using the ANOVA paired t-test. Results were
considered significant at p < 0.05. Data were analysed using
the SAS version 8.2 statistical package (SAS Institute Inc.,
Cary, NC, USA).

cells spread throughout the scaffold. The addition of BMPs
to the osteoblast cultures did not inhibit cell adhesion to
or proliferation in the scaffold. Hoechst staining (figure 1)
revealed that BMP-stimulated cultures grew to a higher cell
density than unstimulated cultures. Osteoblast growth was
enhanced by BMPs. MTT analyses showed that 10 ng ml−1
BMP-2 (p < 0.05) and 100 ng ml−1 BMP-7 (p < 0.01)
significantly stimulated cell growth (figure 1). While the
mixture of BMP-2/BMP-7 stimulated osteoblast growth more
than BMP-2 or BMP-7 (figure 1), the homodimers and their
mixture all promoted osteoblast adhesion to the collagenous
carrier as well as osteoblast growth.

Results
BMP-2, BMP-7 and a mixture of BMP-2/BMP-7 promote
osteoblast adhesion to and proliferation in the collagen
scaffold
A number of studies have shown that BMPs coupled to
collagenous and non-collagenous carriers can enhance bone
regeneration [27, 28]. However, the impact of a combination
of osteoblasts, scaffolds and BMPs on bone regeneration
remains to be studied. In this context, we investigated the
involvement of BMP-2, BMP-7 and a mixture of BMP2/BMP-7 on osteoblast adhesion to and distribution and
R
scaffold
growth on a collagenous carrier. The CollaTape
was non-toxic for in vitro osteoblast cultures (figure 1). The

BMPs promote osteocalcin mRNA expression and
osteocalcin secretion
Osteocalcin is a non-collagenous protein present in bone and
dentin. It is secreted by osteoblasts, which play an active
role in bone mineralization [34]. Osteocalcin is often used
as a marker for the bone formation process. Since BMPs
4
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may play an active role in bone formation, we investigated
the effect of BMP-2, BMP-7 and a mixture of BMP2/BMP-7 on osteocalcin mRNA expression. Unstimulated
osteoblasts expressed a basal level of osteocalcin (figure 2(A)).
Upon stimulation with BMP-2 (100 ng ml−1), osteocalcin
mRNA expression increased significantly (p < 0.05).
However, no significant effect was observed with BMP-7.
Interestingly, when osteoblasts were stimulated with a mixture
of BMP-2/BMP-7, osteocalcin mRNA expression increased
significantly (10 ng ml−1, p < 0.05; 100 ng ml−1, p < 0.01).
To determine whether the effect of BMPs on the stimulation
of osteocalcin mRNA expression was reflected in an increased
secretion of osteocalcin, we measured osteocalcin levels in the
culture supernatants and found that osteoblasts constitutively
secreted approximately 32 ng ml−1 of osteocalcin
(figure 2(B)). Upon BMP-2 stimulation, twice as much
osteocalcin was secreted by BMP-2-stimulated cells as by
unstimulated cells. Osteocalcin concentrations increased to
60 ng ml−1 (p < 0.02) and 65 ng ml−1 (p < 0.01) upon
stimulation with 10 and 100 ng ml−1 of BMP-2, respectively.
Similar increases in osteocalcin concentrations were obtained
upon BMP-7 stimulation (p < 0.02; p < 0.04). The stimulatory
effect of BMP-2 on osteocalcin secretion was greater than that
of BMP-7. The mixture of BMP-2/BMP-7 (10 and 100 ng
ml−1) also significantly increased the secretion of osteocalcin
(p < 0.01). Interestingly, the upregulatory effect of the
homodimer mixture was greater than that obtained with the
homodimers (figure 2(B)). Overall, these results show that
BMP-2 and BMP-7 upregulated osteocalcin gene activation
and promoted osteocalcin secretion.

BMP-2

10

BMP-7

100

10

BMP-2/7

100

10

100 Ctrl

Ost

P< 0.05

P< 0.05

100 ng/ml

1.5

(A)

1
0.5

P< 0.002

10 ng/ml
100 ng/ml

P< 0.02

70
60
50

BMP-2/7
BMPP< 0.01

80

BMP-7

P< 0.01

BMP-2

P< 0.04

0
Ctrl

Osteocalcin (ng/ml)

P< 0.01

10 ng/ml

2

P< 0.001

Relative value of Osteocalcin mRNA

GAPDH
2.5

(B)

40
30
20
10

BMP-2 and BMP-7 stimulate IL-6 but not IL-1β mRNA
expression and modulate IL-6 secretion

0

Ctrl

Scaffold-grown osteoblasts were stimulated with BMP-2,
BMP-7 and a mixture of BMP-2/BMP-7 for 4 days. Total
mRNA was extracted and used to determine the levels
of IL-1β and IL-6 mRNA. RT-PCR analyses showed no
significant effect of the BMP homodimers or the mixture
of BMP homodimers on IL-1β mRNA expression (data not
shown). However, BMP-7 (100 ng ml−1) and a mixture of
BMP-2/BMP-7 (100 ng ml−1) both stimulated IL-6 mRNA
expression to a significant degree (p < 0.05 and p < 0.01,
respectively) (figure 3(A)).
Since BMPs modulate IL-6 mRNA expression, we looked
at whether this was paralleled by an increase in IL-6 secretion.
ELISA analyses showed that significant amounts of IL-6 were
present in the supernatants of osteoblast cultures that had been
stimulated with 100 ng ml−1 of BMP-7 and 10 and 100 ng ml−1
of the mixture of BMP-2/BMP-7 (figure 3(B)). In addition, the
amount of IL-6 secreted rose in parallel with the concentration
of the mixture of BMP-2/BMP-7 homodimers.

BMP-2

BMP-7

BMP-2 / 7

Stimulation period (4 days)

Figure 2. BMP-2 and BMP-7 modulate osteocalcin mRNA and
protein expression. (A) Following osteoblast culture in the presence
or absence of BMP-2 and BMP-7 homodimers and a mixture of
BMP-2/BMP-7 homodimers for 4 days, total RNA was extracted
from the collagen carrier and RT-PCRs were performed using
specific primers for osteocalcin and GAPDH. Changes in mRNA
levels were measured using the public domain NIH Image software
package. BMPs stimulated cultures were compared to
non-stimulated culture (ctrl). Ctrl represented 100% gene activation
and was used to determine the relative expression levels of
osteocalcin mRNA. Photos are representative gel of three separate
experiments. Histograms are the means ± SD of three separate
experiments. (B) Following BMP stimulation, cultured supernatants
were collected and used to quantify osteocalcin. Culture medium
was filtered through 0.22 µm filters and used to determine the
amount of the secreted osteocalcin using ELISA kits. Data are the
means ± SD of four separate experiments. The levels of
significance were obtained by comparing the value obtained with
BMP-stimulated tissue to the value obtained with BMP
non-stimulated tissue.

BMPs modulate metalloproteinase mRNA expression and
protein secretion

Osteoblasts expressed a high basal level of MMP-2 mRNA,
which was not significantly modulated following stimulation
BMP-2 or BMP-7 (figure 4(A)). However, the mixture of
BMP-2/BMP-7 (10 ng ml−1) caused a significant (p < 0.03)
decrease in MMP-2 mRNA expression. The homodimers and

MMPs play an important role in maintaining extracellular
matrix homeostasis. As such, we investigated the effect
of BMPs on MMP-2 and MMP-9 mRNA expressions.
5
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BMP-2

10

BMP-7

100

10

BMP-2/7

100

10

BMP-2

100 Ctrl

10

BMP-7

100

10

BMP-2/7

100

10

100 Ctrl

IL-6

MMP-2
GAPDH

0.5

Ctrl

BMP-2

BMP-7

(B)

P< 0.01

6000

P< 0.05

8000
P< 0.05

IL-6 concentrations (pg/ml)

10 ng/ml
100 ng/ml

10000

0.5

Ctrl

14000
12000

1

0

BMP-2/7

MMP-2 concentrations (ng/ml)

0

1.5
P< 0.03

1

4000
2000

BMP-2

BMP-7

BMP-2/7

400
10 ng/ml
300

100 ng/ml

(B)
200

100

0

Ctrl
0

(A)

P< 0.001

1.5

10 ng/ml
100 ng/ml

2

P< 0.009

(A)

GAPDH

2.5

P< 0.05

100 ng/ml

Relative value of MMP-2 mRNA

P< 0.01

10 ng/ml

2

P< 0.05

Relative value of IL-6 mRNA

2.5

Ctrl

BMP-2

BMP-7

BMP-2/7

BMP-2
BMP-7
BMP-2/7
Stimulation period (4 days)

Figure 4. BMP-2 and BMP-7 downregulated MMP-2 mRNA and
protein expression. (A) Following osteoblast culture in the presence
or absence of BMP-2 and BMP-7 homodimers and a mixture of
BMP-2/BMP-7 homodimers for 4 days, total RNA was extracted
from the collagen carrier and RT-PCRs were performed using
specific primers for MMP-2 and GAPDH. Changes in mRNA levels
were measured using the public domain NIH Image software
package. BMP-stimulated cultures were compared to
non-stimulated culture (ctrl). Ctrl represented 100% gene activation
and was used to determine the relative expression levels of MMP-2
mRNA. Photos are representative gel of three separate experiments.
Histograms are mean ± SD of three separate experiments.
(B) Following BMP stimulation, cultured supernatants were
collected and used to quantify MMP-2. Culture medium was filtered
through 0.22 µm filters, and used to determine the amount of the
secreted MMP-2 using ELISA kits. Data are the means ± SD of
four separate experiments. The levels of significance were obtained
by comparing the value obtained with BMP-stimulated tissue to the
value obtained with BMP non-stimulated tissue.

Stimulation period (4 days)

Figure 3. BMP-2 and BMP-7 modulate IL-6 mRNA and protein
expression by osteoblasts. (A) Following osteoblast culture in the
presence or absence of BMP-2 and BMP-7 homodimers and a
mixture of BMP-2/BMP-7 homodimers for 4 days, total RNA was
extracted from the collagen carrier and RT-PCRs were performed
using specific primers for IL-6 and GAPDH. Changes in mRNA
levels were measured using the public domain NIH Image software
package. BMP-stimulated cultures were compared to
non-stimulated culture (ctrl). Ctrl represented 100% gene activation
and was used to determine the relative expression levels of IL-6
mRNA. Photos are representative gel of three separate experiments.
Histograms are mean ± SD of three separate experiments.
(B) Following BMP stimulation, cultured supernatants were
collected and used to quantify IL-6. Culture medium was filtered
through 0.22 µm filters and used to determine the amount of the
secreted IL-6 using ELISA kits. Data are the means ± SD of four
separate experiments. The levels of significance were obtained by
comparing the value obtained with BMP-stimulated tissue to the
value obtained with BMP non-stimulated tissue.

the 120 ng ml−1 basal level to 45 ng ml−1 with 10 ng ml−1
of the mixture of BMP-2/BMP-7 and to 35 ng ml−1 with
100 ng ml−1 of the mixture of BMP-2/BMP-7 (figure 4(B)).
The BMP homodimers and their mixture had no significant
effect on MMP-9 secretion (data not shown). These results
showed that BMP-2 and the mixture of BMP-2/BMP-7
modulated MMP-2 secretion, which confirmed their effect on
MMP-2 mRNA expression.

their mixture had no effect on MMP-9 mRNA expression (data
not shown). Four day cultures of unstimulated osteoblasts
constitutively secreted up to 120 ng ml−1 of MMP-2. BMP-2
(10 ng ml−1) significantly inhibited the secretion of MMP-2 by
osteoblasts (p < 0.05) while BMP-7 had no significant effect.
On the other hand, the mixture of BMP-2/BMP-7 homodimers
significantly decreased the amount of secreted MMP-2 from
6
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Figure 5. BMP-2 and BMP-7 upregulated TIMP-1 and TIMP-2
mRNA expressions. Following osteoblast culture in the presence or
absence of BMP-2 and BMP-7 homodimers and a mixture of
BMP-2/BMP-7 homodimers, total RNA was extracted and
RT-PCRs were performed using specific primers for TIMP-1,
TIMP-2 and GAPDH. Changes in mRNA levels were measured
using the public domain NIH Image software package.
BMP-stimulated cultures were compared to non-stimulated culture
(ctrl). Ctrl represented 100% gene activation and was used to
determine the relative expression levels of TIMP-1 and TIMP-2
mRNA. Photos are representative gel of three experiments.
Histograms are mean ± SD of four experiments. The statistical
differences were obtained by comparing the value obtained with the
BMP-stimulated tissue to the value obtained with the BMP
non-stimulated tissue.
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Figure 6. BMP-2 and BMP-7 increased TIMP-1 and TIMP-2
secretions. Following osteoblast culture into a collagen scaffold in
the presence or absence of BMP-2 and BMP-7 homodimers and a
mixture of BMP-2/BMP-7 homodimers, cultured supernatants were
collected and used to quantify metalloproteinase inhibitors. Culture
medium was filtered through 0.22 µm filters and used to determine
the amount of secreted protease inhibitors using ELISA kits. Data
are the means ± SD of three separate experiments. The levels of
significance were obtained by comparing the value obtained with
BMP-stimulated tissue to the value obtained with BMP
non-stimulated tissue.

BMPs modulate TIMP mRNA expression and protein
secretion

obtained with 10 and 100 ng ml−1 BMP-2 (figure 6), both the
homodimers and their mixture caused a significant increase in
TIMP-1 secretion by osteoblasts. On the other hand, BMP-2
(10 ng ml−1) significantly increased (p < 0.03) the secretion of
TIMP-2 while BMP-7 had no effect. The secretion of TIMP-2
was significantly increased by 10 ng ml−1 of the mixture of
BMP-2/BMP-7 (p < 0.04) but decreased in the presence of
100 ng ml−1 of the mixture of BMP-2/BMP-7.

The production/degradation activities of MMPs are regulated
by TIMPs. Since MMP-2 mRNA expression and protein
secretion was modulated by BMPs, we looked at the effect
of the BMPs on TIMP mRNA expression and TIMP secretion.
TIMP-1 and TIMP-2 mRNA expressions were modulated
by BMPs (figure 5). Both homodimers had a significant
(p < 0.05) stimulatory effect on TIMP-1 and TIMP-2
mRNA expressions as compared to the control (non-stimulated
cultures). The mixture of BMP-2/BMP-7 increased TIMP-1
and TIMP-2 mRNA expressions much more than BMP-2.
To determine whether the effects of the BMPs on TIMP
mRNA expression resulted in more protein secretion, TIMP-1
and TIMP-2 concentrations in the culture supernatants were
measured. While the largest increase in TIMP-1 secretion was

Discussion
Growth factors and bioactive molecules released by various
cells, as well as locally secreted BMPs, play a role in
bone regeneration through cell migration and proliferation
7
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constituting a major part of the ECM. BMP-2 enhances
type I collagen mRNA expression [43]. The production of
ECM proteins is regulated by various proteolytic enzymes,
including metalloproteinases (MMPs) [43]. The involvement
of MMPs in the ECM production/degradation equilibrium is
well documented [43]. To our knowledge, our results show
for the first time that BMP-2 and a mixture of BMP-2/BMP-7
downregulate MMP-2 mRNA expression and protein secretion
and increase TIMP mRNA expression and protein secretion,
suggesting that BMPs are involved in the regulation of
ECM production by osteoblasts. This is consistent with
previously reported studies on BMPs, collagenase-3 and their
inhibitors [44, 45]. Our results demonstrate that BMP-2 and a
mixture of BMP-2/BMP-7 are involved in ECM production by
osteoblasts through an inhibitory effect on the expression and
secretion of MMPs. Further study is required to understand
the specific involvement of BMPs on bone regeneration.
One question that still needs an answer is: Why does a
low concentration (10 ng ml−1) of BMP-2/BMP-7 decrease
MMP-2 gene expression but not 100 ng ml−1 of this mixture?
In summary, BMP homodimers (BMP-2 and BMP-7) and
their mixture (BMP-2/BMP-7) promoted osteoblast adhesion
and growth. They also modulated osteocalcin secretion,
possibly through an IL-6 pathway as previously suggested
[41]. BMP-2, BMP-7 and the mixture of BMP-2/BMP-7
may promote ECM production by inhibiting MMP secretion
through a TIMP pathway. Our results point to the involvement
of BMP-2 and BMP-7 in bone regeneration and confirm their
potential use for clinical applications.

[35]. BMP homodimers and heterodimers contribute to
osteogenic differentiation and bone formation [13, 14]. In
the present study, we showed that BMP-2, BMP-7 and a
mixture of BMP-2/BMP-7 promote osteoblast adhesion to
and growth on a collagen scaffold. The scaffold mimicked
the in vivo physiological conditions of the ECM. The scaffold
also acted as a carrier for the BMPs. Previous reports have
shown that natural and synthetic scaffolds trap BMPs and
deliver them locally following implantation of the carriers.
This process initiates and promotes bone regeneration [12].
R
Using the engineered bone model created using CollaTape
,
we showed that BMP-2, BMP-7 and a mixture of BMP2/BMP-7 promoted osteoblast adhesion and proliferation,
which is in agreement with previously reported results [14].
We also demonstrated that the mixture of homodimers was
more effective than the homodimers in promoting osteoblast
adhesion and proliferation. This supports previously published
reports [13, 36] indicating that different BMPs can act
synergistically to enhance bone regeneration. The positive
effect of BMPs on cell growth and bone regeneration can
be achieved with low [14] or high [37] concentrations,
depending on the experimental model used. In our engineered
bone model, osteoblast growth was promoted by low BMP
concentrations (10 and 100 ng ml−1). This is in agreement with
other studies showing that lower concentrations of rhBMP-7
than those of rhBMP-2 are required to promote intramuscular
ectopic bone formation [22]. BMPs promote osteogenesis
by osteoblasts as well as by pluripotent mesenchymal cells.
They also stimulate the expression of cbfa-1 [38], an
important transcription factor for osteoblast differentiation and
bone formation. Osteocalcin expression is associated with
osteoblast mineralization and may be a terminal marker of
cell differentiation [34]. The increase in osteocalcin mRNA
expression and protein secretion reported here confirms the
involvement of BMP-2 and BMP-7 in bone regeneration
and is in agreement with the findings of Chen et al, who
showed that osteocalcin gene activation is promoted by BMP-2
[39]. However, BMP-2 promoted bone regeneration greater
than BMP-7 as ascertained by the level of osteocalcin gene
activation and protein production. The higher effect of BMP-2
compared to BMP-7 on bone formation we showed in the
present work confirmed results reported by Kang et al, which
indicate that the effects of rhBMP-2 on bone formation are
more potent than rhBMP-4 or rhBMP-7 [19].
IL-6 may play an important role in bone regeneration
through the regulation of osteoclast and osteoblast
development and function [40]. Our finding that BMP-7
and a mixture of BMP-2/BMP-7 upregulated IL-6 mRNA
expression and protein secretion provides support for this
suggestion. IL-6 may be linked to osteocalcin secretion since
it has been reported that IL-6, combined with its receptor,
increases osteocalcin mRNA expression and the formation
of mineralizing collagen fibres [41]. This could be another
pathway leading to osteocalcin production independent of
BMP-2, because the morphogenic protein did not modulate
IL-6 secretion by osteoblasts. The expression and secretion
of osteocalcin reflect the maturation status of osteoblasts [42].
Mature osteoblasts synthesize and secrete ECM, with collagen
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