
British Journal of Oral and Maxillofacial Surgery (2003)41, 173–178
© 2003 The British Association of Oral and Maxillofacial Surgeons. Published by Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0266-4356(03)00075-5, available online at www.sciencedirect.com

Platelet-derived growth factor and bone morphogenetic protein in the
healing of mandibular fractures in rats

L. Rasubala,∗ H. Yoshikawa,† K. Nagata,‡ T. Iijima, § M. Ohishi¶

∗Doctoral Fellow; †Assistant Professor, Department of Oral and Maxillofacial Oncology; ‡Assistant Professor;
§Professor and Head, Department of Oral Anatomy and Cell Biology; ¶Professor and Head, Department of Oral and
Maxillofacial Oncology, Faculty of Dental Science, Kyushu University, Fukuoka, Japan

SUMMARY. We studied the effects of platelet-derived growth factor-B (PDGF-B) and bone morphogenetic
protein-2 (BMP-2) during the healing of mandibular closed fractures in rats by immunohistochemical meth-
ods. Unilateral closed fractures were created in the mandibles of thirty 12-week-old rats. BMP-2 was expressed
during all stages of healing, but PDGF-B was expressed mainly in the early and middle stages, and not in the
later stage of the healing process. We conclude that PDGF-B was associated with the proliferation and migration
of primitive mesenchymal cells. BMP-2 was related to the differentiation of mesenchymal cells into osteoblasts
and chondroblasts. PDGF-B and BMP-2 both have distinct regulatory effects on the healing of fractures.
© 2003 The British Association of Oral and Maxillofacial Surgeons. Published by Elsevier Science Ltd. All rights
reserved.
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INTRODUCTION

The healing of a fracture is a sequential process to restore
normal structure and function or is regulated by both
local and systemic factors. To promote healing, a num-
ber of growth factors and cytokines are localised in and
around the fracture site. It has been suggested that specific
growth factors and cytokines may regulate fracture heal-
ing during the different stages.1 The histological features
of healing bone can be divided into the initial haematoma,
the formation of callus and remodelling of bone. Callus
comprises intramembranous and endochondral ossifica-
tion. Intramembranous ossification is the formation of
new bone in the periosteum, which occurs by differentia-
tion of osteoblasts from osteoprogenitor cells without an
intermediate cartilaginous stage. Endochondral ossifica-
tion involves the development of cartilage, which is later
calcified and replaced by bone. Remodelling is the result
of the actions of osteoclasts and osteoblasts and results in
the restoration of form and function of the mature bone.2,3

Platelet-derived growth factor (PDGF) is a homod-
imeric or heterodimeric protein with A and B polypep-
tide chains that has three possible isoforms: PDGF-AA,
PDGF-BB and PDGF-AB.4–6 PDGF is a heat-stable pos-
itively charged protein produced by osteoblasts, platelets
and monocytes/macrophages. PDGF-B has higher mito-
genic and chemotactic potential and also a higher affinity
to bone matrix than PDGF-A.1,4–7 This is in part be-

cause of the ability of PDGF-B to bind to both�- and
�-receptors of PDGF, whereas PDGF-A occupies only the
�-receptor.8,9 PDGF-B has a potent effect on migration
and proliferation of cells, and can promote periodontal
regeneration.10,11

Bone morphogenetic protein (BMP) is a subfam-
ily of the transforming growth factor-� (TGF-�)
superfamily.12–14 BMPs are promising osteoinductive
substances and are expected to be used clinically for
reconstruction of bone. BMPs are expressed in several
non-skeletal organs and tissues, such as tooth buds, the
central nervous system, and in the oral and maxillofacial
area of the human embryo.15–17 The efficacy of BMPs
in inducing bone formationin vivo at both bony and
non-bony sites has been widely studied. BMP-2 is the
most active and is able to induce the formation of new
bone by affecting both the differentiating and proliferative
functions of osteoblasts and chondrocytes.18,19

Although it is established that osteogenic precursor
cells respond to cytokines and growth factors, their role in
the healing of fractures has not been fully defined. Many
studies of the process of fracture healing have been made
by investigators with orthopaedic backgrounds, but most
of these have been on long bones, such as the tibia and
femur. In our field, mandibular fractures are common and
we usually use metal plates to fix the fractures. To pre-
dict surgical results, a knowledge of the normal process of
fracture healing is essential. We have studied the healing
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process in closed mandibular fractures in rats and investi-
gated the types of cells that produce PDGF-B and BMP-2.

MATERIAL AND METHODS

Animals

Thirty male Wistar rats aged 12 weeks (SLC Co, Ltd,
Fukuoka, Japan) and weighing 320–350 g were used
in this study. The rats were maintained in temperature-
controlled rooms and given unrestricted access to food
and water. They were caged in pairs. The experimental
procedures followed the guiding principles for the care
and use of animals described in the Kyushu University
Journal of Animal Care.

Procedure and preparation of tissue

Under intraperitoneal anaesthesia using pentobarbitone
(40 mg/kg) (Nembutal, Abbot Laboratories Co, Ltd,
Chicago, IL, USA), the right side of the mandibular
ramus was fractured with a bending clamp. On day 3
(n = 8), day 7 (n = 8), day 14 (n = 8) and day 21

Fig. 1 On day 3 after the fracture, condensed mesenchymal cells in the periosteum (asterisk) and the haematoma (horizontal arrows) were seen
around the fracture site. There was new woven bone in the periosteum (vertical arrows) (A). On day 7 after the fracture, woven bone (W) had
increased and the fracture gap was bridged by cartilage (B). On day 14 after the fracture, trabecular bone had advanced towards and spanned the
fracture. Cartilaginous callus was developing (C). On day 21 after the fracture, woven bone was replaced with lamellar bone (D). Haematoxylin and
eosin staining; A, B, D: original magnification× 40; C: original magnification× 25.

(n = 6) after operation the animals were killed by deep
ether anaesthesia. After perfusion, each mandible was
excised, fixed in 4% paraformaldehyde overnight at 4◦C,
decalcified with 20% EDTA, pH 7.4, at 4◦C and embed-
ded in optimum cutting temperature compound (Sakura
Finetechnical Co, Ltd, Tokyo, Japan) to yield a frozen
specimen. The specimens were kept at−80◦C until
cryosectioning. The specimens were cut frontally (5�m
thick) with a Cryostat, placed on slide glasses coated with
3-aminopropyl-triethoxy-silane (Sigma Chemical Co,
Ltd, Steinheim, Germany), and dried overnight at room
temperature. Representative sections for each experiment
were stained with haematoxylin and eosin.

Antibodies

Affinity-purified goat polyclonal anti-BMP-2 antibody
and rabbit polyclonal anti-PDGF-B antibody were bought
from Santa Cruz Biotech (Santa Cruz, CA, USA).
Anti-PDGF-B antibody is raised against a recombinant
protein corresponding to amino acids 136–139 mapping
at the carboxy terminus of mature PDGF-B of human
origin.
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Immunohistochemistry

Immunohistochemistry was by the avidin–biotin per-
oxidase complex method. After the sections had been
rehydrated, endogenous peroxidase activity was blocked
with 0.3% hydrogen peroxide in absolute methanol for
20 minutes at room temperature. After washing with
phosphate-buffered saline, sections were incubated with
3% donkey serum for 30 minutes at room temperature to
eliminate non-specific protein binding, and then with the
primary antibody at 4◦C overnight in a humidified cham-
ber. After they had been washed with phosphate-buffered
saline, the sections were incubated with a biotinylated
secondary antibody (Jackson ImmunoResearch, West
Grove, PA, USA) for 1 hour and an avidin–biotin per-
oxidase complex (DAKO Japan, Kyoto, Japan) for
30 minutes. Finally, the sections were developed with
3,3′-diaminobenzidine (DAB substrate kit, Vector Lab.,
Burlingame, CA, USA) and confirmed under a micro-
scope. Counter staining was by haematoxylin. As nega-
tive controls we used normal goat IgG, normal rabbit IgG
and normal mouse IgG instead of the primary antibodies.

Fig. 2 Immunolocalisation of PDGF-B (A) and BMP-2 (B) and (C) on
day 3 after the fracture. PDGF-B was seen in some macrophage-like
cells (arrows) (A). Osteoblasts lining woven bone stained for BMP-2
(arrows) (B). Some mesenchymal progenitor cells near the haematoma
were stained by BMP-2 (arrows) (C). Asterisk= periosteum. A, C:
original magnification× 100; B: original magnification× 200.

Fig. 3 Immunolocalisation of PDGF-B (A) and (B) and BMP-2 (C)
and (D) on day 7 after the fracture. Osteoblasts (arrows) (A) and (C)
lining woven bone stained strongly for PDGF-B and BMP-2 as did
chondrocytes precursor cells (arrows) (B) and (D). I: immature
chondrocytes, W: woven bone. A, B: original magnification× 200; C,
D: original magnification× 100.

RESULTS

Histological findings

On day 3 after the fracture, a haematoma, including var-
ious inflammatory cells, was seen at the fracture site and
a lot of primitive mesenchymal cells had gathered in and
around the haematoma. The periosteum was thickened by
the proliferation of periosteal cells proximal and distal to
the fracture site (Fig. 1A). In the periosteum near the frac-
ture site there was also an evidence of newly formed wo-
ven bone.

On day 7 after the fracture, there was an increase in
newly formed woven bone in the intramembranous ossi-
fication area and there was a corresponding increase in
the number of osteoblasts lining the newly formed wo-
ven bone. At the same time, the fracture gap was bridged
by the endochondral ossification that proceeded from the
initial fracture haematoma through formation of cartilage
(Fig. 1B).
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On day 14 after the fracture, the newly formed wo-
ven bone had become lamellar bone and there were fewer
periosteal cells. The extracellular matrix surrounding the
hypertrophic chondrocytes was calcified, and osteoblasts
had begun to lay down new bone (Fig. 1C).

On day 21 after the fracture, the woven bone was
replaced with lamellar bone, but the remodelling still
continued (Fig. 1D).

Immunohistochemical findings

By day 3 after the fracture, there was staining for PDGF-B
in some of the macrophage-like cells in the haematoma
adjacent to the fracture site, but this was not present in the
periosteal cells (Fig. 2A). On the other hand, most of the
proliferating periosteal cells, except for the cells around
the periosteum, showed staining for BMP-2 in the cyto-
plasm (Fig. 2B). Immunostaining for BMP-2 around the
haematoma was minimal. Some primitive mesenchymal
cells in the fracture gap were stained (Fig. 2C).

Fig. 4 Immunolocalisation of PDGF-B (A) and BMP-2 (B) and (C) on
day 14 after the fracture. Osteoblasts lining the calcified cartilage
matrix and woven bone were stained for PDGF-B (A: original
magnification× 200) and for BMP-2 (B, C: original
magnification× 100). Asterisk= periosteum, square= endochondral
ossification area.

Fig. 5 Immunolocalisation of PDGF-B (A) and BMP-2 (B) on day 21
after the fracture. PDGF-B was not detected (A). Some osteoblasts
(arrows) were stained by BMP-2 (B); original magnifications× 200.

By day 7 after the fracture, PDGF-B-stained and
BMP-2-stained cells were common among the cells lin-
ing the newly formed woven bone (Fig. 3A and C). In the
endochondral ossification area, precursor cells of chon-
drocytes showed the most intense staining for PDGF-B
and BMP-2 (Fig. 3B and D).

By day 14 after the fracture, there was intense staining
of PDGF-B and BMP-2 in the osteoblasts lining the cal-
cified cartilage matrix and woven bone (Fig. 4A–C). The
number of chondrocytes had increased, but the proportion
that stained for PDGF-B and BMP-2 had decreased.

By day 21 after the fracture, PDGF-B was no longer
detected (Fig. 5A). The osteoblasts lining the trabecular
bone were still stained for BMP-2 (Fig. 5B).

DISCUSSION

Although it is established that bone cells produce and
respond to PDGF-B and BMP-2, the role of these factors
in the healing of fractures has not been fully defined. In
our study, PDGF-B staining was detected in macrophages
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and in some primitive mesenchymal cells around the
haematoma on day 3 after the fracture. These find-
ings support the hypothesis that PDGF-B is a prototype
wound-healing cytokine because it is stored in circulat-
ing platelets and released during platelet degranulation
at the site of vascular injury and acts as a chemotactic
agent.9,20 In the middle stage of fracture healing, staining
for PDGF-B was noted in osteoblasts lining the newly
formed woven bone and in chondrocytes in the cartilagi-
nous callus. We therefore suggest that PDGF-B has a
strong effect on the proliferation of osteoblasts and chon-
drocytes, and also has an important role in stimulating
chemotaxis of cells.

BMP-2 has effects that are different from those of
PDGF-B. In the initial stages of fracture healing, BMP-2
staining was detected mainly in the active cuboidal cells
that were lining the newly formed woven bone and also
in some primitive mesenchymal cells around the fracture
haematoma. As newly formed woven bone is formed in
the periosteum from the early stage of fracture healing and
proceeds at the site of fracture, we suggest that BMP-2
stimulates the primitive mesenchymal cells to differen-
tiate to osteoblasts and chondrocytes for formation of
callus. On day 7 after the fracture, BMP-2 and PDGF-B
staining were detected in osteoblasts that were lining
newly formed woven bone in the intramembranous ossi-
fication area and immature chondrocytes in endochondral
ossification area. This must be the most active stage of
fracture healing. The localisation of these cytokines sug-
gests that there is an intimate interplay between PDGF-B
and BMP-2 during this stage, in which they both act as
autocrine and paracrine agents.

We showed that PDGF-B participated in the prolifera-
tion of osteoblasts and chondrocytes. On the other hand,
we found that BMP-2 participated in all stages of frac-
ture healing and seemed to play an important part in the
formation of intramembranous ossification as well as in
the differentiation of chondrocytes and osteoblasts. As the
mature lamellar bone replaced the woven bone, in both
intramembranous ossification and endochondral ossifica-
tion, the staining of PDGF-B and BMP-2 also decreased in
the later stage. Bostrom18 and Spectoret al.21 confirmed
a similar pattern of the BMP-2 immunolocalisation, with
intense staining in the first week after the fracture, which
decreased soon after lamellar bone had replaced the wo-
ven bone.

The most important difference between PDGF and
BMPs is that PDGF isoforms, unlike BMPs, are ineffec-
tive in initiating the formation of bone by themselves.22,23

Previous studies have reported that PDGF increased the
volume of bony tissuesin vivo, althoughin vitro stud-
ies showed suppression of osteoblastic differentiation as
well as stimulation of cell proliferation.24,25 In healing
fractures in the rat mandible, PDGF-B was strongly ex-
pressed in osteoblasts that lined the newly formed woven

bone and also chondrocyte precursors, suggesting stimu-
latory effects of PDGF-B on the formation of bone. Taken
together, there is no doubt that BMP-2 and PDGF-B have
a pivotal role during the proliferation and differentiation
of osteoblasts and chondrocytes during the healing of
mandibular fractures.

In conclusion, PDGF-B and BMP-2 have different bi-
ological functions during the healing of mandibular frac-
tures. However, further study is needed to characterise
the interactions of these factors with each receptor; the
results of such a study will aid our understanding of the
functional roles of molecular regulation in various mor-
phogenetic processes during the formation of bone. Thor-
ough understanding of the mechanism and the molecular
regulation during the healing of mandibular fractures will
help surgeons to expedite the healing process.
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