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Introduction

Despite improved understanding of bone biology and clin-
ical advances in the treatment of fractures, impaired bone
healing is still a major challenge1. Numerous treatments
have been developed for patients with delayed union or non-
union. Revision of internal or external skeletal fixation, with
or without supplemental autologous or allogeneic bone
graft, often facilitates bone healing in these patients2.
Electrical stimulation3,4 and ultrasound5 have also been used
as adjuvant therapies. None of these methods, however, have
proven to be a panacea for the amelioration of impaired
fracture healing.

In recent years, knowledge of the molecular signals that
regulate the recruitment and differentiation of bone-related
cells and the activity of macromolecules responsible for the
bone remodeling cycle has greatly improved6-8. The identifi-
cation and subsequent production of osteoinductive bone
morphogenetic proteins (BMPs) has resulted in the aug-
mentation and, in some cases, substitution of bone grafts.
Recombinant human (rh) BMP-2 (Infuse, Medtronic
Sofamor Danek, Memphis, TN, USA) and rhBMP-7 (or
osteogenic protein-1, OP-1) (Stryker, Kalamazoo, MI, USA)
are now commercially available and other BMP-containing
materials are currently being evaluated in animal and clini-
cal studies. However, despite significant evidence of their
potential benefit in bone repair in animal and preclinical
studies, there is, to date, a dearth of convincing clinical trials.

The immortalised human fetal osteoblastic cell line hFOB
1.19 consists of osteoprogenitor cells at an early stage of
development8 and provides an ideal model for the study of
human osteoblast activity in vitro. The objective of this study
was to measure proliferation and apoptosis in hFOB and pri-
mary human osteoblasts in vitro after exposure to rhBMP-2,
rhBMP-4 and rhBMP-7.
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Materials and methods

Immortalised human fetal osteoblastic cells (hFOB 1.19)
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Fetal calf serum (FCS) was
obtained from JRH Biosciences (Lenexa, KS, USA).
Dulbecco’s Modified Eagle Medium (D-MEM/F-12),
Phosphate Buffered Saline (PBS), Trypsin-EDTA and
Antibiotics (10,000 units/ml penicillin G sodium, 10,000
Ìg/ml streptomycin sulfate and 25 Ìg/ml amphotericin B in
0.85% saline) were purchased from Gibco Invitrogen
(Auckland, NZ). Purified rhBMP-2 and -4 were purchased
from R&D Systems and purified rhBMP-7 from Alpha
Diagnostic International (San Antonio, TX, USA). All BMPs
were dissolved in PBS for the experiments according to the
manufacturers instructions. The CellTiter96® AQueous One
Solution Cell Proliferation Assay was obtained from
Promega Corporation (Madison, WI, USA). To detect apop-
totic cells using the TUNEL assay, terminal deoxynucleotidyl
transferase was purchased from Promega and dUTP-
AlexaFluor555 from Molecular Probes (Eugene, OR, USA).

Cell culture

hFOB 1.19 cells were maintained in D-MEM/F-12 medi-
um supplemented with 15% (v/v) FCS and 1% antibiotics,
and cultured in a humidified atmosphere of 95% air and 5 %
carbon dioxide at 34ÆC. The hFOB cells were incubated for

a total period of 120 hours before the proliferation and
TUNEL assays were performed.

Primary human osteoblast cell culture

Ethics approval was granted by the Ethics Committee of
Royal Perth Hospital to obtain cancellous bone chips from
patients undergoing open reduction and internal fixation of a
femur or tibia fracture. After receiving written informed con-
sent, cancellous bone chips were obtained. These bone chips
were processed and primary human osteoblast cell lines were
established according to our established protocol9. The
cleaned and minced small bone fragments were cultured in
25 cm2 tissue culture flasks (Sarstedt Inc., Newton, NC, USA)
in D-MEM/F-12 medium supplemented with 15% (v/v) FCS
and 1% antibiotics and cultured in a humidified atmosphere
of 95% air and 5% carbon dioxide at 37ÆC. Only the first pas-
sage of confluent osteoblasts was used for the study.

Proliferation assay

Cell proliferation was measured using the [3-(4,5-
dimethylthiazol-s-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium] (MTS) colorimetric assay.
Results were obtained by recording the absorbance at 492nm
using a 96-well plate reader (Multiskan RC, Labsystems OY,
Helsinki, Finland). Proliferation was calculated as the per-
centage of the internal negative control (0% FCS and no

Figure 1A. Dose response of rhBMP-2 on proliferation rate of
hFOB. Confluent hFOB cells (104 cells/well) in 96-well plates were
incubated in serum-free culture medium containing varying con-
centrations of BMP-2 (500 pg/ml). "+ line" indicates proliferation
rate of hFOB cells in the presence of 4% FCS and "– line" indicates
proliferation rate of hFOB in the presence of 0% FCS. Data are
represented as mean ±SD of three different experiments.

Figure 1B. Dose response of rhBMP-4 on proliferation rate of
hFOB. Confluent hFOB cells (104 cells/well) in 96-well plates were
incubated in serum-free culture medium containing varying con-
centrations of BMP-4 (500 pg/ml). "+ line" indicates proliferation
rate of hFOB cells in the presence of 4% FCS and "– line" indicates
proliferation rate of hFOB in the presence of 0% FCS. Data are
represented as mean ±SD of three different experiments.
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BMP). Proliferation assays were established with the BMP-
solvent PBS prior to all other experiments to exclude a con-
founding effect from the PBS.

TUNEL assay

Apoptotic nuclei were detected by independent investiga-
tors using the TUNEL assay, as described previously6. hFOB
cells were cultured in serum-deprived medium or in the pres-
ence of 4% FCS and exposed to either rhBMP-2 (250pg/mL),
-4 (250pg/mL) or -7 (100pg/mL). After either 6 or 24 hours’
incubation, the hFOB cells were fixed with paraformaldehyde
at room temperature for 5 minutes. Thereafter, cells were
permeabilised with 0.1% Triton X-100 for 2 minutes and
incubated for 4 hours at 37ÆC with the TUNEL reaction mix-
ture that contained the terminal deoxynucleotidyl transferase
(15U) and dUTP-AlexaFluor555 (25mM). Incorporated flu-
orescence was documented with a Nikon Eclipse TE300
inverted microscope and images were captured by a Hitachi-
HV-C20M camera using Metamorph 4.5.1 software.

Statistical analysis

Data were analyzed using SPSS for Windows (Version
12.0). Average values are presented as the mean ± standard
deviation (SD). The paired sample t-test was used to com-
pare the TUNEL-positive cells incubated for 6 and 24 hours.
Two-factor repeated-measures analysis of variance

(ANOVA) was used to examine the effect of rhBMP-2, -4
and -7 and FCS (0% versus 4%) on the proliferation rate of
hFOB. The Bonferroni post hoc test was used for multiple
comparisons. Dependent variables that had a non-normal
distribution were transformed by means of either the natural
logarithm or square root expression. A p-value of less than
0.05 was considered statistically significant.

Results

Initially, the influence of the BMP-solvent PBS on the
proliferation of hFOB was investigated. Using the same con-
centrations of PBS as in the rhBMP assays, there were no
differences in the proliferation rates for PBS compared to
the internal negative plate control (0% FCS and no BMP)
(p=0.096) and for PBS with 4% FCS compared to the inter-
nal positive plate control (4% FCS and no BMP) (p=0.551).

Thereafter, the influence of varying concentrations of
rhBMPs on the proliferation of hFOB was investigated in
the presence or absence of FCS (4%=positive control, 0% =
negative control). Incubation of rhBMP-2, -4 and -7 resulted
in significantly lower rates of proliferation as compared to
non-treated cells, in a dilution-related and dose-dependent
manner, which was independent of the presence or absence
of FCS (Figures 1A, 1B and 1C). For rhBMP-2, dilution was
shown to have a significant effect on rates of proliferation
(p<0.01) for the sample as a whole, and independently for

Figure 1C. Dose response of rhBMP-7 on proliferation rate of
hFOB. Confluent hFOB cells (104 cells/well) in 96-well plates were
incubated in serum-free culture medium containing varying con-
centrations of BMP-7 (200 pg/ml). "+ line" indicates proliferation
rate of hFOB cells in the presence of 4% FCS and "– line" indicates
proliferation rate of hFOB in the presence of 0% FCS. Data are
represented as mean ±SD of three different experiments.

Figure 1D. Dose response of rhBMP-7 on proliferation rate of a
primary human osteoblastic cell line. Confluent hFOB cells (104

cells/well) in 96-well plates were incubated in serum-free culture
medium containing varying concentrations of BMP-7 (200 pg/ml).
"+ line" indicates proliferation rate of hFOB cells in the presence
of 4% FCS and "– line" indicates proliferation rate of hFOB in the
presence of 0% FCS. Data are represented as mean ±SD of three
different experiments.
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the 0% and 4% FCS samples (p<0.01) (Figure 1A).
Concentration was also significant in regard to the prolifera-
tion rate of hFOB treated with rhBMP-4 (p<0.01), and for
both 0% and 4% FCS samples (p<0.01) (Figure 1B).
Likewise, concentration had a significant effect on prolifera-
tion rates for hFOB treated with rhBMP-7 (p<0.01), and
independently for 0% and 4% FCS samples (p<0.01)
(Figure 1C).

To confirm the results obtained with the commercially
available human osteoblastic cell line hFOB 1.19, the prolifer-
ation assay was repeated using a primary (non-immortalised)
human osteoblastic cell line incubated with rhBMP-7.
Incubation of rhBMP-7 resulted in significantly lower rates of
proliferation as compared to non-treated cells, in a dilution-
related and dose-dependent manner, which was independent
of the presence or absence of FCS. For rhBMP-7, dilution was
shown to have a significant effect on rates of proliferation
(p<0.01) for the sample as a whole, and independently for the
0% and 4% FCS samples (p<0.01) (Figure 1D). Although the
proliferation rates of rhBMP-7 with 0% FCS incubated with
primary human osteoblasts had a trend towards the negative
control, the proliferation rates with 4% FCS did not converge
towards the positive control.

The influence of FCS and rhBMPs on cell proliferation
was examined by incubating hFOB cells with each rhBMP, in
the presence or absence of 4% FCS, for 24 hours.
Proliferation rates for 4% FCS-treated samples were signifi-
cantly higher than FCS-deprived samples for rhBMP-2
(p<0.01), rhBMP-4 (p<0.01) and rhBMP-7 (p<0.01). In
respect of rhBMP-7, the rate of proliferation tended to
increase with decreasing rhBMP-7 concentrations for sam-
ples with and without FCS. Of note, concentrations of 400
and 200pg/ml with 4% FCS had a proliferation rate below
the value of the negative control.

The effect of rhBMP-2, -4 and -7 on hFOB cell apoptosis
was determined by using the TUNEL assay (Figure 2A-C,
including the control Figure 2D). Mean TUNEL-positive
cell (%) values for rhBMP-2, -4 and -7 at 6 and 24 hours
incubation are presented in Table 1. As shown, significant
mean differences are evident for all rhBMPs, but not the
FCS-only control.

Discussion

Bone healing depends on three factors: osteoregenerative
cells (mesenchymal stem cells, committed osteoblastic cells),
osteoinductive proteins (growth factors) and the local envi-
ronment (provided by a carrier, matrix and native tissues)7,10.
Tissue engineering with bioactive factors, such as BMPs, has
the ability to cause a paradigm shift away from the utilisation
of bone-grafting procedures currently employed in orthope-
dic surgery. BMPs belong to the transforming growth factors
beta (TGF‚) superfamily, and play an important role in
embryonic development, including brain11 and bone forma-
tion12,13. At least 20 types of BMPs have been identified in
humans. BMP signal transduction is induced via interaction
with the heterodimeric complex of two transmembrane ser-
ine/threonine kinase receptors14,15. The activated receptor
kinases phosphorylate the transcription factors Smads 1, 5,
and/or 8. The phosphorylated Smads then form a het-
erodimeric complex with Smad 4 in the nucleus and activate
the expression of target genes in concert with other coacti-
vators16-18. The BMPs set themselves apart from other bioac-
tive factors by virtue of this action at the cellular level, which
results in mesenchymal and osteoblastic cell differentiation
into mature bone-forming cells. Uniquely, the application of
a single BMP can induce the complex cellular response lead-
ing to bone formation. However, it is likely that multiple

TUNEL-Positive Cells (1)

Mean at Mean at P value*
6 Hours 24 Hours

Control 8.2 9.3 0.146
rhBMP-2 39.4** 43.8** 0.005
rhBMP-4 31.8** 36.9** 0.009
rhBMP-7 24.3** 34.7** 0.002

* Paired sample t test; ** p<0.005 compared to the Control

Table 1. Percentage of TUNEL-positive hFOB 1.19 cells after six
and 24 hours’ incubation with rhBMP-2, -4 and -7.

Figure 2A-D. TUNEL stain of hFOB incubated with rhBMP-2 (250 pg/ml) (1), BMP-4 (250 pg/ml) (B), BMP-7 (100 pg/ml) (1) and a con-
trol (D) with culture medium for 6 hours. Arrows are pointing to apoptotic hFOB nuclei (A-C) and the arrowhead is showing a normal
hFOB cell (D).
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BMPs in combination with other growth factors in a specific
temporal sequence are necessary for the complete process of
new-bone formation in vivo.

Members of the BMP family are currently being evaluat-
ed for their potential clinical use in bone healing because of
their known stimulatory effects on bone formation in cell
cultures and animal models19-21. Most pre-clinical trials have
focused on the effects of BMP-2, -4 and -7 on improving
fracture healing. The results of these studies have been vari-
able and several factors, such as the use of different treat-
ment regimes, BMP dosing schedules and carriers, make
them difficult to compare.

In two recent randomized clinical trials involving humans,
one study investigated the addition of BMP-2 for the treat-
ment of open tibia fractures22, and the other used either
BMP-7 or autologous bone graft for the treatment of
pseudoarthroses23. Neither study provided conclusive evi-
dence that administration of BMPs is superior to reaming or
autologous bone graft alone. Most patients in published
BMP clinical trials were treated with an intramedullary tibia
nail using a reamed technique20,24. The process of reaming
per se provides internal bone grafting. Additionally, it stimu-
lates new periosteal bone formation, which makes differen-
tiating the independent effect of the endosteal bone graft or
the exogenous BMP in the healing process difficult without
inclusion of non-reamed controls. A number of human clin-
ical trials of rhBMP-7 and rhBMP-2 using a collagen carrier
have been conducted22,23,25-27. Methodological limitations of
these studies include the potentially beneficial nature of the
carriers used in the delivery of BMPs at the site of interven-
tion28,29. This makes it difficult to determine whether the
effect of treatment is due to the BMPs per se or that of the
carrier or both. Furthermore, quantification of bone consol-
idation using X-rays is difficult, especially when there is no
true loss of bone substance. The timing of application is also
important in terms of clinical outcome. For instance BMP-2
appears to be most active at 1-3 days after fracture whereas
BMP-7 appears to be most effective at day 2-5, although this
is based on animal models30,31.

This study aimed to investigate the effect of the most com-
monly studied BMPs (2, 4 and 7) on human osteoblastic cells
in vitro to provide an insight into the cellular events that are
manifested in clinical trials. rhBMP-2, -4 and -7 have been
shown to be osteogenic in vitro and in vivo using mainly
rodent cellular and animal models32,33. In that respect, BMPs
are considered to play a major role in embryologic bone
development and to act on early stages of cell differentiation
within the osteogenic lineage34. Furthermore, in rodents,
BMPs induce heterotopic bone formation and enhance bone
fracture healing33,35,36. There is increasing evidence that
rodents and humans react differently towards BMPs, espe-
cially when focusing on bone forming cells37. Therefore, a
human in vitro model using the fetal osteoblastic cell line
hFOB1.19 was chosen in this study. Yen ML et al. demon-
strated that the preosteoblastic hFOB1.19 cell line are still at
an early stage of differentiation and capable to become other

cell types of other stromal cell lineages when cultured under
corresponding conditions37. In addition, we used primary
human osteoblasts to confirm the results for BMP-7. BMP-2
and BMP-4 were not tested with the primary human
osteoblasts as similar experiments have already been pub-
lished, indicating that those BMPs induce apoptosis in
human and mouse osteoblasts39-41. This study used BMP con-
centrations up to 1 ng/ml although much higher concentra-
tions are recommended for clinical trials and have been used
in animal studies33,42-44. Previous preliminary experiments had
indicated a linear relationship between BMP concentrations
and the cellular response in vitro, even at higher BMP con-
centrations. In addition, the few studies documenting BMP
blood plasma and tissue concentrations in humans stated that
they are in the range of 10 to 1000 pg/ml45,46. Furthermore,
other published studies investigating BMPs’ activities using
human cells indicate that physiological activity may well be at
concentrations below 1 ng/ml47,48. However, our results show
that BMPs have a significant effect on human osteoblast cells
in vitro in the range of 10 to 1000 pg/ml.

In the first instance, this study reveals that treatment of
the human osteoblasts with BMPs results in decreased cell
numbers in comparison with untreated cells. For that pur-
pose the MTS test was preferred in our study as this assay
measures and compares numbers of viable cells. The BrdU
incorporation assay, which is also available in our laborato-
ry, was disregarded for this study because it may give a false
positive impression of proliferation, as cells often undergo
DNA synthesis and pass through the S-phase of the cell cycle
before undergoing apoptosis49.

Once we realized that the BMPs decrease cell numbers, it
was interesting to discover that human osteoblasts undergo
apoptosis in a concentration-dependent manner. In that
respect, apoptosis was measured with the TUNEL method
as this indicates the final and irreversible stage of the apop-
totic process at the single cell level. Testing caspase activa-
tion, often used as an indication of apoptosis, was also con-
sidered but then disregarded as caspases also play an impor-
tant role in the differentiation process of various cell types,
including osteoblasts, and caspase measurements may thus
give false positive results50. However, most important was
the observation that induction of apoptosis by BMPs was
independent of the presence of serum growth factors and the
cells were not rescued by the addition of FCS. This indicates
that a specific independent signaling pathway is involved in
the induction of apoptosis by BMPs39,41. Most interestingly,
the BMP-2 apoptotic signal in human osteoblasts seems to
be Smad-independent, but uses a protein kinase C-depend-
ent signaling pathway40. Future studies have to further eluci-
date the apoptotic BMP-signaling pathway in human
osteoblasts.

For this study, cells were used that have already commit-
ted to the osteoblast lineage. Other studies looking into
osteoblast biology in vitro have used bone marrow or muscle-
derived pluripotent stromal stem cells that are at an early
stage of differentiation. In both cases, treatment of those
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stem cells with BMPs, and especially with BMP-7, induces
differentiation of the stromal stem cells into osteoblasts51-56.
Therefore, it can be postulated that in a clinical setting, top-
ical application of BMPs may induce apoptosis in cells com-
mitted towards osteoblasts, but new undifferentiated stromal
stem cells may be recruited from the adjacent muscles and
bone marrow and subsequently stimulated to become new
osteoblasts. However, future studies have to further eluci-
date the mechanisms of BMPs’ action on bone healing.

In the context of clinical applications of BMPs for the
treatment of delayed or deficient bone fracture healing, one
has to consider published histological studies indicating that
BMPs may play a significant role in bone fracture healing in
humans57. In that respect, detection of expression of BMPs
by fibroblasts in most cases of non-union may indicate that
BMPs could even be responsible for the pathology of frac-
ture healing deficiencies58, similar to the biology of cranial
sutures, where BMPs and apoptosis of osteoblasts seem to
play an essential role in sustaining or closing the cranial
sutures59,60. However, apoptosis of cells, including bone
forming cells, is an important process for the balance
between induction of new bone formation and preventing
extraneous bone formation. BMPs may play a key role in
that process and controlled therapeutic application of cer-
tain BMPs may help with rescuing bone healing deficiencies
by bringing the balance back to physiological conditions.

Conclusion

The findings of this study using primary human
osteoblasts and the human osteoblast cell line hFOB1.19
suggest that rhBMP-2, -4 and -7 have anti-proliferative and
pro-apoptotic effects in vitro. This contrasts with the stimu-
latory effect of BMPs on osteoblast differentiation, reported
repeatedly in the literature. More studies are needed to bet-
ter understand the complex biological functions of BMPs in
the human bone in health and disease, aiming to develop
new therapeutic strategies and applying these very promising
factors.
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