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Abstract

Periodontitis is an infectious inflammatory disease that results in attachment loss and bone loss. Regeneration of the periodontal tissues
entails de novo formation of cementum, periodontal ligament, and alveolar bone. Several different approaches are currently being explored
to achieve complete, reliable, and reproducible regeneration of periodontal tissues. The therapeutic management of new bone formation
is one of the key issues in successful periodontal regeneration. Bone morphogenetic proteins form a unique group of proteins within
the transforming growth factor superfamily of genes and have a vital role in the regulation in the bone induction and maintenance. The
activity of bone morphogenetic proteins was first identified in the 1960s, but the proteins responsible for bone induction were unknown
until the purification and cloning of human bone morphogenetic proteins in the 1980s, because of their osteoinductive potential. Bone
morphogenetic proteins have gained a lot of interest as therapeutic agents for treating periodontal defects. A systematic search for data
related to the use of bone morphogenetic proteins for the regeneration of periodontal defects was performed to recognize studies on
animals and human (PUBMED, MEDLINE, COCHRANE, and Google search). All the studies included showed noticeable regeneration

of periodontal tissues with the use of BMP.
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Introduction

Periodontitis is an inflammatory disease characterized by
destruction of the alveolar bone, cementum, periodontal
ligament, and gingiva as a response to insults elicited
by microbial accumulations. The characteristics of
periodontal defects may be seen as suprabony, infra
bony, or furcation defect or the combination of defects.
Regeneration is defined as reconstitution of a lost or
injured part, with form and function of lost structures
restored.! Periodontal Regeneration comprises de
novo cementogenesis, osteogenesis, and generation of
functionally oriented periodontal fibers into both newly
formed cementum and alveolar bone. Regeneration of
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periodontal structures constitute a complex multifactor
process regulated by interaction among cells, hormones,
growth factors, and extra cellular matrices.’! A great
amount of knowledge has now been gained regarding
the molecular signals that determine the emergence of
complex tissue morphologies during regeneration of
the periodontal tissues.[**! Initiation and promotion of
osteogenesis are the problems central to periodontal
regeneration. Research in molecular biology lead to
identification of initiators of bone differentiation called
bone morphogenetic proteins (BMPs) that regulate
cartilage and bone differentiation.l®’ A systematic
search of literature was carried out to identify relevant
studies (original article and controlled trials) by using
keywords like bone morphogenetic proteins, periodontal
defects, periodontitis, and periodontal regeneration
in PUBMED, MEDLINE, COCHRANE, and Google
databases. Animal models as well as human trails were
included in this search. In addition, we searched the
reference list of all relevant articles. Initial screening
of titles and abstracts was performed. Articles were
considered for inclusion in this review based on the
regenerative outcome with the use of BMP. Studies
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reported with regeneration of periodontal defects
using BMP were evaluated thoroughly and integrated.
The aim of this review is to assess the potential role of
BMPs, mechanism of action, delivery systems, and their
application in the regeneration of periodontal defects.

Bone morphogenetic proteins

From the times of Hippocrates it has been known
that bone has considerable potential for regeneration
and repair. Several decades ago Urist reported the
discovery that BMPs induce cartilage, bone formation
when implanted intramuscularly in a rodent model.”*!
The responsible proteins, BMPs, were identified after
extensive purification and cloning.”” Bone morphogenetic
proteins form a unique family within the transforming
growth factor beta (TGF-f) superfamily of proteins that
play essential role in regulation of bone formation and
repair. Even though BMPs are frequently referred to as
growth factors, they are now regarded as differentiation
factors, because BMPs are involved in morphogenesis
and organogenesis.P! The structure of most of the BMPs
comprising three portions, i.e., signal peptide, propeptide,
and a mature region [Figure 1] The propeptide and
mature region contain seven conserved cysteine
residues characteristic of TGF-B superfamily."’ BMPs
are synthesized inside the cell in a precursor form with a
hydrophobicsecretory leader and a propeptide sequences
joined to the mature region. Proteolytic cleavage frees the
mature region which can then dimerize with other BMPs.
Dimeric molecules can be either homodimers, when both
subunits are the same/ or heterodimers consisting of two
different subunits. Structural and chemical differences
between the homodimeric and heterodimeric forms may
be responsible for variations of their biologic potential
and binding characteristics." The influence of BMP
may begin early and continue throughout postfetal life
in embryonic bone formation.' BMPs act as growth
and differentiation factors and chemotactic agents. They
stimulate angiogenesis and migration, proliferation and
differentiation of mesenchymal stem cells into cartilage
and bone forming cells. More than 20 BMP-related

Stgnalpeptide  propeptide  Mature region

Figure 1: Structure of the bone morphogenetic protein

proteins have been identified, several of which induce
bone formation.™ The BMPs can be broadly classified
into three subfamilies.**! Both BMP-2 and BMP-4 have
80% amino acid sequence homology of molecules. In the
second group, consisting of BMP-5, -6, and -7, the mean
is 78% amino acid sequence homology whereas the
third group, composed solely of BMP-3, is significantly
different from the other members of the BMP family
and generally stands alone. It is of interest that there is a
substantial homology between decapentaplegic peptide
and BMP-2 and BMP-4 subfamily, implying that these
two BMPs are equivalents of decapentaplegic peptide
gene products [for the list of BMPs refer to Table 1].
The function of BMP is most commonly associated with
chondrogenesis and osteogenesis. In addition to postfetal
osteogenesis, BMP-3 may play a role in embryonic
skeletogenesis.[]

Furthermore the temporally and spatially distinct
patterns of BMP-2,3,4 and BMP-6 mRNA expression in
different developing systems suggest that BMPS are also
involved in inductive events unrelated to bone induction
that control pattern formation during embryonic
development.’®2!1 Most of the biological action of
BMPs are mediated through the BMP receptors which
initiate signaling from the cell surface when bind to two
distinct type I and II serine/threonine kinase receptors,
required for signal transduction.”>®! BMP receptors are
composed of three parts: a short extracellular domain, a
single membrane-spanning domain, and an intracellular
domain with active serine/threonine region.?"! The
type Il receptor is the primary binding site of the ligand
and upon its activation, phosporylation of type I receptor
occurs.®! It is the type I receptor (or activin receptor-like
kinases) that determines the nature of biologic response.
Once activated it associates with various specific
receptors regulated Smad {human homologous of
mothers against decapentaplegic (dpp)} proteins that
link the ligand receptors signals to transcription control.
Thus, these cytoplasmic Smad proteins associate with
specific DNA-binding proteins in the nucleus in order to
generate transcriptional complexes [Figure 2].[%!

Other pathways that could further modulate the
effect of BMPs include BMP-MAPK, ERK-MAPK,
and Wnt signaling.””! Sonic hedgehog (Shh) is
another growth-factor-like protein which binds
to a specific cell-surface receptor and promotes
osteoblast differentiation, suggesting that Shh is an
upstream regulator of BMP production.® BMPs has
the ability to induce production of osterix (runt-related
transcription factor) which is required for differentiation
of mesenchymal cells to osteoblasts. It is likely that many
inductive pathways have multiple additional levels of
regulation. Certain binding proteins prevent receptor
activation. These inhibitory binding proteins could
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Figure 2: Signaling mechanism of the bone morphogenetic protein-
activin receptor-like kinase (ALK), bone morphogenetic protein
(BMP), type I and type Il receptors (R I and R II), mitogen-activated
protein kinase (MAPK), extracellular signal-related kinases (ErK),
Janus kinase (JAK), signal transducers, and activators of transcription
(STAT)

Table 1: Classification of bone morphogenetic proteins

BMP-1 Not part of TGF-f family

BMP-2 Osteoinductive, osteoblast
differentiation, apoptosis

Most abundant BMP in
bone, inhibits osteogenesis

BMP-3 (osteogenin)

BMP-4 Osteoinductive, lung and
eye development

BMP-5 Chondrogenesis

BMP-6 Osteoblast differentiation,
chondrogenesis

BMP-7 Osteoinductive,

(osteogenic protein-1) development of kidney
and eye

BMP-8 Osteoinductive

(osteogenic protein-1)

BMP-9 Nervous system, hepatic
reticuloendothelial system

BMP-10 Cardiac development

BMP-11 Neuronal tissues

(growth/ differentiation factor-8)

BMP-12 Tendon-iliac tissue

(growth/ differentiation factor-7)  formation

BMP-13 Tendon and ligament-like

(growth/differentiation factor-6) tissue formation

BMP-14 Enhances tendon healing

(growth/ differentiation factor-5) and bone formation

BMP-15 Follicle-stimulating

hormone activity

BMP: Bone morphogenetic protein, TGF: Transforming growth factor

temporarily inhibit differentiation. One such particular
binding protein is Noggin, which has high affinity for
BMP-2 and -4.! Therefore the variety of BMP receptors
and numerous pathways they regulate suggest that they
may bring about synergistic, negative or additive effects.

Although BMP is one among the growth factors, it is
unique. It is the only morphogen of all known growth
factors that has the ability to transform connective
tissue cell into osteoprogenitor cells; thus, it is not only
a mitogen stimulating the multiplication of connective
tissue cells but also can be a morphogen, which is able
to transform connective tissue cells into osteoprogenitor
cells.

BMPs in bone induction

Bone formation can take place by an intramembraneous
(direct) or endochondrol (indirect) process. Endochondral
bone formation involves the formation of an intermediate
cartilage that eventually becomes ossified that contains
all the cellular components of mature bone.”” In both
mechanisms, the induction of bone and cartilage occurs
through an epithelial-mesenchymal interaction that
initiates specific cell differentiation.’"! Depending on
the concentration gradient BMPs can attract various
types of cells and can act as chemotactic, mitogenic/or
differentiating agent.’” BMPs can induce differentiation
of mesenchymal progenitor cells into various cell types
including chondroblasts and osteoblasts.™ This suggests
that BMPs may be able to influence both direct and
indirect bone formation. Wide spectra of cells that are
sensitive to BMP action include fibroblasts, mesenchymal
connective tissue cells, muscle-derived connective tissue
cells, astroglial lineage, and many more.!” Bone marrow
stromal cells form an important source of mesenchymal
pluripotent progenitors that are capable of differentiating
into various cell lineages under appropriate conditions.
Osteoblast and chondroblast originate from a common
precursor which is a bipotential mesenchymal progenitor
called osteo--chondro progenitor.®! Evidence supports
the hypothesis that BMPs act on the skeletal progenitor
cells and induce differentiation of both osteoblast and
chondroblast. Some of the factors that influence BMPs
ability in bone induction include amount, qualitative
composition, and possible presence of inhibitors,
processing, and storage. In addition, dose, concentration,
and also time of BMP action are important parameters
of the inductive outcome.!™

BMPs - recombinant technologies

Identification of osteogenic proteins in bone matrix has
been difficult to obtain due to small quantities of proteins
tightly bound to organic and inorganic components of
the extracellular matrix of bone; hence, recombinant
technologies have been used to produce BMP for
therapeutic evaluation. Because the structures of several
human BMPs have been identified, it is possible to use
DNA probes to obtain human complimentary DNA
sequence. The human cDNA is cloned and spliced into
a viral expression vector. Chinese hamster ovary cells
and E. coli transfected to become carriers have been used
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to produce BMPs in large quantities for preclinical and
clinical evaluation.®*! Therefore rh-BMP (recombinant
human - rh) produced provides optimum capability for
clinical applications. In 2002, The US Food and Drug
Administration (FDA) approved BMP-2 and BMP-7 for
use in bone regeneration.’!

BMP - delivery systems

Several matrices and delivery systems have been used
and evaluated for their efficacy and biocompatibility as
carrier for BMPs. Three major strategies for growth factor
delivery: gene therapy, cell therapy, and protein therapy.
Gene therapy and stem cell-based therapy represent
the major advance, however, presently are still in their
infancy regarding safety and efficacy in human.®” Protein
therapy, on the other hand, has demonstrated the most
practical promise, mainly incorporating osteoinductive
morphogens (BMPs) even so with some limitations. It
was suggested that the clinical efficacy of thBMPs will
depend upon the carrier system, for effective delivery
of adequate protein concentrations to the desired site.!
One of the carrier functions is to maintain the factor
at the site of implantation and thus enhance its local
concentration. Ideal qualities®™! of the delivery system
or carrier include biocompatibility, biodegradability,
structural integrity, absence of immunogenecity,
absorption, rate of release, cost, and handling. Properties
of the best carrier may vary depending on the specific
implantation site and the intended therapeutic outcome.
Carriers can be of different types such as solids, gels or
combinations [Table 2]. Moreover BMPs preparations
have been used in conjunction with occlusive or porous
resorbable or non-resorbable space providing devices
for guided bone regeneration.'™ BMPs are soluble
and if delivered in a buffer solution, there clearance is
rapid. Less than 5% dose remains at the application site,
whereas combinations of the proteins with gelatin foam
or collagen showed increased retention.*”! An absorbable
collagen sponge (ACS) was the first BMP carrier
technology to be approved by the US Food and Drug

Table 2: Types of carrier systems for the delivery of
bone morphogenetic proteins

Organic (natural or synthetic)  Organic polymers-allogenic/
xenogenic collagen
(absorbable collagen
sponge), fibrin, poly- o
hydroxyl acids, hyaluronan,
methylmethacrylate
Inorganic (natural or synthetic) Autogenous bone,
Hydroxyapetite, calcium
phosphates, calcium sulfates,
B tricalcium phosphate, and
bioglass technologies

Combinations of the above

Administration (FDA). The absorbable collagen sponge is
a bovine type I collagen matrix that is soak loaded with a
BMP solution before surgical implantation. The thBMP/
ACS construct has shown the clinical efficacy for a
number of indications; however, it is vulnerable to tissue
compression.*!! The collagen matrix retains 65% of the
BMPs during initial impregnation and releases it in two
phases an initial phase within hours of implantation and
a second phase that depends on nature and geometrical
characteristics.!*? BMPs combined with porous particles
of hydroxyapatite or fibrous collagen membrane lead
to intramembranous ossification, whereas fibrous glass
membrane or insoluble bone matrix support indirect
bone formation via a cartilaginous intermediate.”® There
are some disadvantages associated with the carriers such
as lack of bone induction with BMPs combined with
hydroxyapatite alone - probably as a result of the lack
of resorption of hydroxyapatite and the tight binding
affinity between BMPs and hydroxyapatite; moreover,
immunogenecity and risk of disease transmission
with the use of demineralized bone matrix and acidic
breakdown products of synthetic polymers which might
prove detrimental to wound healing. The degradation
rate of the carrier matrix should be in synch with the rate
of bone regeneration. If the matrix degrades too slowly
it will inhibit bone growth and retard the remodeling
process. However, if the carrier matrix degrades too
quickly, the risk is that the defect shape will no longer be
detected by the matrix, which often serves as a template
for new tissue. A further complicating factor is that
different anatomical sites might require different kinetics
of release for optimal performance.[*!A major problem
with delivery of growth factor proteins is the limited
bioactivity (half-life) of proteins due to degradation and
difficulty in achieving a controlled release. Therefore
localized growth factor delivery remains a problem in
clinical practice. Use of the gene therapy approaches as
one of the methods to address the problems associated
with traditional protein delivery.*!

Periodontal regeneration and BMPs

BMPs play an important role in the process of bone
modeling and remodeling through chemotatic,
mitogenic or differentiating mechanism.™! Earlier
studies have shown that there is a homology of
osteogenic proteins among mammals and that bovine
BMPs, in conjunction with baboon collagenous matrix,
induce bone differentiation in extra skeletal sites of the
baboon.l 4" In previous experiments, the efficacy of
bone-derived BMPs (BMP-2, osteogenin, osteoprotein-1)
for regeneration in surgically created large furcation
defects in the mandibular first and second molar was
investigated in adult male baboons (Papio ursinus).!!
Histological analysis showed that BMPs, in conjunction
with the collagenous matrix, induced cementum,
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periodontal ligament, and alveolar bone regeneration.
Another study reported that partially purified osteogenin,
isolated from human bone matrix, when reconstituted
with allogenic freeze dried deminerlized bone matrix,
enhanced new connective tissue attachment, and alveolar
bone regeneration in a root submerged environment in
a series of human biopsies.* A study where rhBMP-2
was used in a prepared periodontal defect in beagle
dogs showed significant regeneration of the periodontal
tissues.’ The effect of rhBMP-2 was evaluated in
the surgically created critical size, supra alveolar
periodontal defects in mandibular premolar teeth in
beagle dogs which were implanted with rhBMP-2/
ACS at different concentrations. Extensive alveolar
regeneration and limited cementum regeneration were
observed. However, ankylosis was observed in all teeth
receiving rhBMP-2/ACS without apparent correlation
with rhBMP-2 concentration or dose. The ankylotic
union was observed in the coronal aspect of supra
alveolar defects.P!! Other studies using rhBMP-2152%
or thOP-1P% in various carriers also provide evidence
of ankylosis in large experimental periodontal defects
in rodent, canine, and nonhuman primate models.
Given the unique action of BMPs on mineralized tissue
formation, obliteration of periodontal ligament space
and ankylosis are a potential complication for the use
of BMPs in the periodontium. The cause of ankylosis
is, however, not clearly understood, but may be related
to the perturbation of the homeostatic mechanism
within the periodontium.® In a study BMP-6 (0.13
and 10 pg) in a type 1 collagen sponge carrier was
applied into periodontal fenestration defects in rats.
Complete osseous healing occurred in BMP-6-treated
animals following a 4-week healing interval.B
Osteogenetic protein-1 (BMP-7) has been evaluated
for periodontal wound healing regeneration using
surgically induced mandibular molar class II furcation
defects in baboons. Defects implanted with rhOP-1 at
0, 100, and 500 ug/g bovine bone insoluble collagen
matrix were subject to histometric analysis following
an 8-week healing interval. Sites receiving rhOP-1
showed significant cementogenesis, including inserting
sharpey fibers.’”) A similar study using a 24-week
healing interval showed that rhOP-1at0.5and 2.5 mg/g
collagen matrix induced significantly greater periodontal
ligament (PDL) and alveolar bone formation.” These
observations demonstrate beneficial effects of OP-1 as
a candidate therapeutic agent for periodontal wound
healing/regeneration. In a pilot study, the potential of
growth and differentiation factor-7 (GDF-7)/BMP-12
to stimulate PDL formation was evaluated in a supra
alveolar periodontal defect model. This study suggested
that GDF-7 has a significant potential to support
regeneration of PDL.®! The effect of BMP-14 (GDEF-5)
on periodontal wound healing/regeneration has been
evaluated using an established canine defect model.l*!

In arandomized control trial 20 patients with intra-bony
defects treated with rhGDF-5 showed a significant
clinical attachment gain, favorable bone, and periodontal
regeneration.! In a study 30 intra-bony periodontal
defects were created in 15 Wister rats to evaluate
the regenerative potential of injectable macroporous
calcium phosphate cement (CaP) in combination with
bone morphogenetic protein-2 (BMP-2). Animals were
euthanized after 12 weeks and processed for histology and
histomorphometry. CaP + BMP-2 showed a significant
2.4-fold increase in bone healing.!®” Periodontal
regeneration reaches the next level of predictability by
developing gene therapy techniques. Understanding of
the molecular pathways underlying the regeneration is
increasing; however, translation of this knowledge into
regenerative strategies remains in its early stages.

Gene therapy for bone regeneration

Gene therapy is defined as the treatment of disease by
transferring genetic materials to induce specific genes that
direct an individual’s own cells to produce therapeutic
agent.[ In gene therapy, it is critical to establish effective
carrier (vectors) systems that facilitate gene transfer
to targeted cells. Vectors for gene delivery: (a) Viral
vectors such as adenovirus, adeno-associated virus,
and retrovirus. (b) Nonviral vectors such as liposomes,
polymers, and electroporation and ultrasound. The major
advantage of viral vectors is their high transduction
efficiency. The main disadvantage of viral vectors is their
immunogenic potential.**! The application of growth
factors by gene transfer provides a greater sustainability
than that of single protein application. Gene therapy
may achieve greater bioavailability of growth factors
within periodontal wounds, which may provide greater
regenerative potential. Also it decreases technical
challenges related to ex vivo protein expression and
purificaton!® Gene transfer is accomplished through the
use of viral and non-viral vectors. In an early approach to
regenerate alveolar bone in an animal model, the ex vivo
delivery of Ad-encoding (Ad-adenovirus) murine BMP-7
was found to promote periodontal tissue regeneration in
large mandibular periodontal bone defects. BMP-7 gene
transfer not only enhanced alveolar bone repair but also
stimulated cementogenesis and PDL fiber formation.*’!
It has been reported that LIM domain mineralization
protein 3 (LMP3), a transcription variant of LIM
domain mineralization protein (LMP) lacking LIM
domains, can induce osteogenesis in vitro and in vivo.
The study result showed that adenoviral-mediated gene
transfer of LMP3 (AdLMP3) significantly up-regulated
ALP (alkaline phosphatase), BSP (bone sialoprotein)
and BMP2 gene expression and increased in vitro matrix
mineralization in human PDL. Although AdLMP3
gene delivery to PDL cells did not induce ectopic bone
formation in vivo, it has been found that AdLMP3
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augments new bone formation, which co-delivered
with AdBMP-7 gene transfer. This study provides the
evidence that there is a synergistic effect between LMP3
and BMP-7 in vivo, suggesting that LMP3 delivery may be
used to augment BMP-mediated osteogenesis. LMP3 and
BMP-7 combinatory gene therapy may also have specific
applications for oral and periodontal regeneration.[!
In spite of many of the positive results using BMPs for
periodontal regeneration, several limitations persist such
as relative short half-life, inductive activity of rhBMP-2 is
10 times less than that of purified BMPs, varying degrees
of ankylosis associated with periodontal regeneration.
It is unclear why the impressive and convincing results
seen in vitro and in animal models are difficult to
reproduce in humans. Unfavorable release kinetics,
insufficient mechanical stability, and porosity to allow
blood vessel infiltration into the carrier and inflammatory
tissue reactions are few reasons.*! Despite a lack of
complete understanding of BMP cellular pathways,
addition of BMPs remains the growth factor of choice
to induce mesenchymal stem cell differentiation to
osteoblasts to induce bone formation./”! However, to
date, sufficient human studies with BMPs in periodontal
defects are lacking.

Conclusion

Periodontal tissue regeneration entails the induction of
periodontal ligament, cementum, and alveolar bone.
Although, several studies have shown significant
regeneration of the periodontal tissues with the use of
BMP, it is important to understand the biologic processes
of periodontal wound healing and the effects of these
biologic processes on BMP activity. Further studies are
needed for the development of delivery systems that
have mechanical and surgical properties appropriate
for controlled release of bone morphogenetic proteins
and identifying optimal condition for the use of BMPs
for periodontal regeneration.
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