
Primary versus secondary reconstruction of 
mandibular critical size defects using 

recombinant human bone morphogenetic 
protein 2: an experimental study in dogs. 

By: 

Khaled A. Hussein 

B.D.S, M.Sc. 

Submitted to the Faculty of the College of Graduate Studies 

Of the Georgia Health Sciences University in partial fulfillment 

of the requirements of the 

Degree of Philosophy 

December 

2012 



Primary versus secondary reconstruction of mandibular critical size 

defects using recombinant human bone morphogenetic protein 2: an 

experimental study in dogs. 

This dissertation is submitted by Khaled A. Hussein and has been examined 

and approved by an appointed committee of the faculty of the College of 

Graduate Studies of the Georgia Health Sciences University. 

The signatures, which appear below, verify the fact that all required changes 

have been incorporated and that the thesis/dissertation has received fmal 

approval with reference to content, form and accuracy of presentation. 

This dissertation is therefore in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy. 

12112/2012 
Date 

Department Chairperson 

Dean, College of Graduate Studies 



This dissertation is 
dedicated to 

The soul of my 
Father 

My beloved Mother 
And my Dearest 

wife and son 



KHALED AHMED HUSSEIN 

Primary versus secondary reconstruction of mandibular critical size defects 
using recombinant human bone morphogenetic protein 2: an experimental 
study in dogs. 

(Under the direction of MOHAMMED ELSALANTY) 

Very often, delayed reconstruction becomes the setting of choice in the 
reconstruction of large segmental defects in the mandible. Our hypothesis is 
that rhBMP2 delivery would elicit endogenous expression of BMP2 and 
VEGF in the soft tissue bed of the defect. Such response is expected to be 
more pronounced in the immediate than the delayed reconstruction, which 
will correlate with the quantity and quality of bone formation in the two 
settings. We also hypothesized that vascular endothelial cells (ECs) of the 
surrounding soft tissue contribute to the endogenous production of BMP2. In 
this study we used a mandibular canine segmental defect model (35 mm), 
periosteum was excised and also the delayed reconstruction group was 
included in this study in addition to the control group. We investigated the 
effect of different reconstruction settings on the quantity and quality of bony 
regenerates; on the production of endogenous BMP2 from the soft tissue bed 
of the defects and fmally we tried to explore the source of this rhBMP2-
induced endogenous BMP2 production both in vivo and in vitro. This study 
demonstrated that rhBMP2 delivery is more effective in immediate 
reconstruction of large mandibular segmental defects. Immediate delivery of 
rhBMP2 yielded more adequate reconstruction of the defect after 12 weeks, 
evident by the quantity and quality of the bone regenerate. Only in the 
immediate reconstruction group, the advantageous bone parameters were 
associated with significant up-regulation of BMP2 mRNA and protein in the 
soft tissue bed of the defect. This suggests that endogenous-BMP2 is 
important in maintaining the short-acting effect of the delivered rhBMP2. 
Regarding the source of the endogenous-BMP2, protein co-localization with 
ECs marker suggested that these cells could be the source for the 
endogenous BMP2 secretion in response to rhBMP2 treatment. This was 
conf1Ill1ed by the in-vitro results on both the mRNA and protein levels. The 
gradual increase in expression of BMP2 mRNA and the significant up
regulation of secreted BMP2 protein upon stimulation of human umbilical 
vein endothelial cells with 1 00-ng/ml rhBMP2 recognized a new mechanism 
of positive feed back response of ECs in response to BMP2 treatment. 
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I. Review of literature: 



2 

A. Mandibular reconstruction: 

1. Introduction: 

Mandibular reconstruction poses significant challenges to oral and 

maxillofacial surgeons. The mandible is a complex three-dimensional 

structure with great functional and aesthetic importance. Precise anatomic 

restoration allows maintenance of skeletal and dental relationships and 

preserves aesthetics and physiologic function. The goals of mandibular 

reconstruction are to establish bone continuity with adequate antero

posterior and transverse relationships to the maxilla and provide a functional 

oro-mandibular complex preserving speech, mastication, and deglutition. [1-

3] 

2. Etiology of segmental mandibular defects: 

Acquired discontinuity defects of the mandible are most frequently 

secondary to ablative tumor therapy, avulsive traumatic injury or less 

commonly caused by inflammatory or infectious conditions that lead to de

vitalization of the mandibular bone requiring its debridement. [ 1] 

Defects secondary to tumor therapy may result from the management of 

aggressive benign tumors arising within the mandible (ameloblastoma) or 
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from malignancies (carcinomas/sarcomas) arising m the associated soft 

tissue envelope that invade or extend to the mandible. For instance, 

squamous cell carcinoma of the lower lip is one of the most common 

malignant tumors of the oral cavity, accounting for 25-30% of all oral 

squamous cell carcinoma cases. Oral squamous cell carcinoma is the most 

common malignancy resulting in acquired segmental defects of the 

mandible. [1 , 4] 

A vulsive segmental wounds most commonly arise from high-velocity 

injuries such as firearms, industrial accidents, and occasionally motor 

vehicle collisions. In addition, the rising incidence of combat-associated 

cranio-maxillofacial injuries due to increased survival because of body 

armor as well as advances in battlefield medicine. Patients once not 

considered amenable to reconstructive surgery are now being aggressively 

treated and are surviving devastating cranio-maxillofacial trauma, including 

complicated segmental mandibular defects. [1, 5] 

Inflammatory conditions that result in de-vitalization of mandibular bone 

can be quite destructive. Osteoradionecrosis (ORN) and bisphosphonate

induced osteonecrosis of jaws (BIONJ) represent two of the most common 

etiologies and may present with or without an associated acute osteomyelitis 

of the involved bone. Osteoradionecrosis results from a profound 
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hypovascularity of the bone secondary to radiotherapy, whereas BIONJ 

results from dysfunction of the osteoclasts caused most commonly by 

intravenous bisphosphonate therapy. Osteomyelitis of the mandible 1s 

another cause of segmental bone defects of the mandible. [ 1, 6-11] 

3. Factors affecting the reconstruction of segmental mandibular defects: 

Many factors govern the choice of treatment of segmental mandibular 

defects. First, anatomically, the type and location of the defect have a direct 

implication on management. A second factor for consideration is the 

importance of the soft tissue envelope. Evaluation of the soft tissue envelope 

should consider both the quality of the tissues and the quantity of remaining 

tissue. Finally, the size of the defect is another determining factor in the 

choice of treatment modality. [1 , 2, 12, 13] 

a) Anatomical considerations: 

Two major types of mandibular defect require reconstruction: marginal 

and segmental. Marginal defects typically involve the alveolar portion of the 

bone while maintaining mandibular continuity, whereas segmental defects 

are defmed by the presence of mandibular discontinuity. When marginal 

defects are reconstructed, the ultimate goal is to restore the morphology of 

the alveolar process of the mandible to facilitate placement of 
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osseointegrated dental implants or provide an anatomic foundation for a 

dental prosthesis. The purpose of reconstruction for segmental defects is to 

provide mandibular continuity and dentoalveolar reconstruction. [1-3, 13] In 

this review we will focus on segmental mandibular defects. 

Concerning the location of the defect and based on the functional forces 

applied by the supra-hyoid musculature, the muscles of mastication, and the 

dentition, there are three distinct anatomic units that aid the surgeon in 

choosing a particular reconstructive modality: 1) Anterior/symphysis unit; 2) 

Body unit; and 3) Ramus/condyle unit. Anterior defects are incorporating the 

region of the mandibular symphysis or extending from cuspid to cuspid. 

Lateral defects involve the mandibular body region or extend from the 

mandibular cuspid to the retromolar region. Posterior defects are segmental 

defects involving the ramus and mandibular angle with or without loss of the 

condylar process. [1-3] 

Lateral defects and posterior defects not involving the condyle are easier 

to reconstruct relative to anterior defects. The symphysis area has multiple 

forces acting across the region as it serves as the site for attachment of the 

supra-hyoid and tongue musculature. In addition, the curved shape of the 

symphysis tends to be more difficult to re-create compared to the relative 

straight segments of the posterior and lateral regions. Moreover, its shape is 
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crucial for the appearance of the lip and vertical height of the lower face. [1, 

3, 13, 14] Many surgical groups [15, 16] reported that involvement of the 

symphysis region in reconstruction of mandibular defects was one of the 

main factors that led to the highest failure rate compared to other anatomic 

regions in mandibular reconstruction. Meanwhile, the involvement of the 

condyle in posterior defects adds to the trouble of reconstruction because of 

the complexity of the temporomandibular joint (TMJ) with respect to muscle 

attachments, movements and anatomical relations. [ 1 7] 

b) Soft tissue bed considerations: 

Bony reconstruction of the mandible depends largely on, not only, the 

amount of soft tissue available, but also on, recipient bed vascularity. 

Significant loss of soft tissue coverage and hypo-vascularity occur in severe 

cases of ORN, BIONJ and osteomyelitis. As a general rule, reconstruction of 

these cases is carried out after aggressive surgical extirpation of all diseased 

hard and soft tissue. [6, 8, 10, 11, 18-21] Some surgeons recommend 

immediate reconstruction with free vascularized tissue transfer (VBGs) 

while others claim that a staged reconstruction using non vascularized bone 

graft (NVBGs) (to allow soft tissue healing or resolution of infection) yields 

better results. [18] 
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Another important aspect is the early contamination of graft with oral 

microorganisms. In 2000, August et al [22] reported that oral contamination 

of NVBGs was a significant factor in the graft survival. This was further 

confirmed in 2009 by van Gernert et al. [ 16] They conveyed that when 

NVBGs were used the most frequent complication was intraoral wound 

dehiscence, resulting in graft failure. They related the high failure rate 

(62%), when NVBGs are used in immediate mandibular reconstruction, to 

the intraoral approach and contamination of the wound with oral 

microorganisms. Contamination of the wound can occur during surgery or 

even postoperatively by leakage of saliva into the graft area, especially if 

rigorous suction wound drainage is applied. Thus, delayed reconstruction 

using NVBGs should be recommended when contamination with the oral 

flora is unavoidable intra/post-operatively. 

c) Defect size considerations: 

The size of mandibular segmental defects (expressed in centimeters and 

measured at the inferior border) is a determining factor in the choice of 

treatment modality. In 1997, Pogrel et al [23] established a relation between 

failure rate and defect length. They reported that a 6 em or shorter defect 

resulted in 17% failure rate, which increased to 75% for grafts over 12 em in 

length. They recommended that NVBG should not be recommended for 
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defects longer than 9 em. Two years later, Foster and co-workers [12] re

defmed the relation between mandibular defect size and treatment modality. 

They concluded that a defect larger than 5-6 em should not be reconstructed 

using NVBG. Instead, Vascularized Bone Grafts (VBGs) are recommended 

as this predictively yields better success results, in terms of restoration of 

discontinuity, and allows implant rehabilitation. Currently, the 6 em defming 

margin, between the use ofNVBGs and VBGs, is still a solid concept. [1] 

Taken together, the anatomical, soft tissue bed and defect size 

considerations are important aspects influencing the outcome of mandibular 

reconstruction. They are also critical factors in determining the choice of 

best methods for mandibular rehabilitation. 

4. Methods used in mandibular reconstruction: 

Bone is a constantly remodeled rigid organ. Many physiological and 

pharmacological factors are involved in bone remodeling and homeostasis. 

Furthermore, it is one of the few organs that retains the potential for 

regeneration in adult life. Old or damaged bone is repaired by regeneration 

without scar formation. However, when the acquired bony defect exceeds 

the body' s healing capacity, reconstructive surgery emerges as a mandatory 

adjunct in healing of critical skeletal defects. [24, 25] 
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Methods used in mandibular reconstruction include: 

- Conventional reconstruction modalities 

- Bone Tissue Engineering (BTE) 

a) Conventional reconstruction modalities: 

Different bone substitutes are used for mandibular reconstructive therapy, 

including biological grafts (autogenous (ABG), allogenic and xenogenic 

grafts) or synthetic grafts (alloplastic). In this section, only biological grafts 

are to be discussed. Grafts of any type can regenerate bone through three 

possible mechanisms: osteoinduction, osteogenesis and osteoconduction. 

[26-28] 

(l)Bone graft physiology: 

Osteoinduction is the process by which mesenchymal stem cells (MSCs) 

and osteoprogenitor cells are induced after exposure to various molecules to 

differentiate into osteoblasts. This cascade of cellular events is mediated by 

a number of growth and differentiation factors, the most important of which 

are the Bone Morphogenetic Proteins (BMPs) which belong to the 

Transforming Growth Factor-beta (TGF~) superfamily. Osteogenesis is the 

actual new bone formation per se from MSCs or osteoprogenitor cells in the 
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graft (ABG) that survive the transplant, proliferate, and differentiate to 

osteoblasts; or cells of host origin. Osteoconduction is the graft's ability, due 

to its microscopic and/or macroscopic scaffolding to aid the healing process 

by enhancing the internal migration and vascular infiltration of cellular 

elements involved in bone formation (mesenchymal cells, osteoblasts, 

osteoclasts, etc.) and by allowing vascular ingrowth. Certainly, 

osteoconduction is efficient only if both osteoinductive substances and 

osteogenic elements are present in the same region. (26-31] In addition, a 

stable mechanical environment where any graft material is expected to act 

has equal significance to the biologic properties of the graft. Collectively, 

these 4 interacting factors are referred to as "The Diamond Concept Of Bone 

Healing" (Figure 1). (32, 33] 



Osteogenic 
Cells 

Stable Mechanical 
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Osteoinductive 
Growth Factors 

Osteoconductive 
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igure 1: The diamond model of bone healing interactions. 

(2)Autogenous bone grafts (ABGs): 

ABGs are grafts harvested from the same individual. They are considered 

the "Gold Standard" of all bone-grafting materials because they are the only 

bone graft materials that provide the three mechanisms of osteogenesis, 

osteoinduction, and osteoconduction required for bone regeneration. They 

could be cortical, cancellous or cortico-cancellous; harvested from 

intra/extraoral sites; vascularized or non-vascularized. [1, 13, 26] 
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The main difference between cortical and cancellous bone grafts is that 

cancellous bone grafts tend to be strengthened over time with the addition of 

new bone, meanwhile, cortical grafts have been shown to be 40 to 50% 

weaker than normal bone from 6 weeks to 6 months. This is mainly due to 

difference in incorporation of both graft types. Cancellous bone grafts 

incorporate by an appositional phase followed by a resorptive phase but 

cortical grafts incorporate by a resorptive phase followed by an appositional 

phase following transplantation (creeping substitution), a period in which the 

porosity of the graft increases approximately 15%. In addition, cancellous 

grafts vascularize much faster and are considered more osteoinductive and 

osteogenic than cortical grafts. [ 13, 26, 31] 

Harvesting ABGs from intra-oral sites is usually convenient for alveolar 

bone augmentation but not for segmental mandibular defects. These intra

oral sites include the symphysis area, the ramus, the coronoid process and 

the maxillary tuberosity. [13, 26] Meanwhile, when ABGs are harvested 

from extraoral sites, they are either VBGs or NVBGs. 

In order to improve graft incorporation and healing, cortical and cortico

cancellous grafts can be harvested with a vascular pedicle. Free VBGs offer 

the most predictable incorporation and are indicated for mandibular 

segmental bony defects >6 em. Another advantage of VBGs is that they 
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allow the immediate reconstruction of mandibular defects with the presence 

of compromised soft tissue coverage quality/or quantity as in cases of post

radiation reconstruction, management of ORN or severe cases of BIONJ. 

They are traditionally harvested from the iliac crest with its deep circumflex 

iliac artery [28, 34-36], the fibula with branches of the peroneal artery [28, 

34, 36, 37], the distal end of the radius with the supra-retinacular artery, or 

the ribs with the posterior intercostal artery (table 1). [38] More than 90% of 

the residual osteocytes can survive, making these grafts osteogenic. Success 

rates of free VBGs for the reconstruction of the mandible of 95% or higher 

have been previously reported. [39] Yet, the main disadvantages of VBGs 

are the donor site morbidity and the sophisticated surgical technique that 

requires highly trained surgical teams to effectively perform these surgeries. 

Furthermore, recurrences of oral cancer are common and may lead to loss of 

the entire reconstruction. [13, 31] However, when rehabilitation using dental 

implants was taken in consideration as an essential factor of success of 

mandibular reconstruction, the success rate of VBGs never exceeded half of 

the reconstructed mandibles. [39] 
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NVBGs are also harvested from extraoral sites to be used for segmental 

mandibular reconstruction. These sites include calvarial bone (cortical) [13], 

iliac crest (anterior/posterior, cancellous/cortico-cancellous) [2] and tibia 

(cancellous) [13, 40] NVBGs. The use ofNVBGs is usually recommended 

in immediate reconstruction of segmental mandibular defects with non

compromised soft tissue coverage and no contamination with the oral flora. 

If these conditions are not present, delayed reconstruction is a must to avoid 

the high rate of failure of immediate reconstruction of NVBGs. [ 12, 16, 23] 

Despite the fact that ABGs are still regarded as the gold standard for 

reconstruction of segmental defects, the limited supply of live bone available 

for grafting coupled with the additional surgical time needed for graft 

harvest and the morbidity associated with its collection has led to increasing 

use of allografts. [ 41] 
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(3) Allogenic bone grafts 

Allogenic bone grafts are defmed as grafts harvested from a genetically 

dissimilar host but both donor and recipient are within the same species. 

NUI'l1erous configurations of allograft bone are available, including powder, 

cortical chips, cancellous cubes, cortical struts, and others (table 2). [26] 

These grafts are processed using different physical and chemical means to 

remove the antigenic component and reduce the host's immune response 

while retaining the biologic characteristics of the graft. The main effector of 

the biological activity of allograft is de-mineralization. De-mineralization of 

the freeze-dried bone (FDB) exposes the osteoinductive bone morphogenetic 

proteins (BMPs) within the matrix. However, controversy still exists about 

the osteoinductive effects of De-mineralized FDB (DFDB). Some reports 

raise the question of variability in the concentration of BMPs in the 

commercially available grafts and conclude that the osteoinductive 

properties of DFDB are variable from one cadaver to another; in addition, 

the product fabrication process may have some effect on the osteoinductivity 

of the allograft as the demineralization process is very sensitive. [26, 27, 42] 

Furthermore, remodeling of allografts is another factor that is difference 

from ABGs. [ 41] Gene expression analysis showed that there is a substantial 

decrease in the genes encoding RANKL (Receptor Activated Nuclear factor 
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K~ Ligand) and VEGF (Vascular Endothelial Growth Factor) during 

allograft healing. When these 2 factors were rescued, complete vascular 

invasion and remodeling of cortical allografts were achieved. [43] This 

limited remodeling capacity results in compromised biomechanical 

properties, mainly, at the interface between host bone and allograft and is 

directly associated with a nearly 25% failure rate for structural allografts. 

[ 41] Thus, while allografts remain best choice when ABGs are unavailable, 

inherent problems with allografts highlight the need for improvements to 

current bone grafting options. [ 41] 

Table 2: A llografts. DFDB, Demineralized freeze-dried bone; FDB,freeze 
ried bone. 

Material Commercial Composition Bone Gro\\1h Resorption 
source Method Time 

Pacific Tissue Bank 
Molinly Ostooinducbon, Grafton Collll£ttl + Growth 

DFDB (Demineralized) 
MTr W:tOI'S 

'"llriC$~~CCCI'ding to ± 6 months 

DynaGraft 
proc:c:Wna method 

FOB (\<{incraliLed) MlncrOss Minerals + Collap Mainly Q,tcocoadnc:boo I year+ 
Puross 
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(4)Xenogenic bone grafts 

Xenogenic bone grafts are grafts derived from the inorganic portion of 

bone of a different species than the host. The transplantation of animal 

tissues into humans has been attempted since the time of Hippocrates. 

Evidence suggests that the ancient Egyptians undertook transplantation 

experiments; however, the first documented xenografts are attributed to 

Dutch surgeon Job van Mee'kren, who in the 1600s attempted to fill a defect 

in a soldier's cranium with a piece of dog's skull. [31] Currently, the most 

popularly used xenograft is bovine bone. The most frequently used 

commercially available xenografts are summarized in table 3 and are mainly 

used in reconstruction of alveolar defects/or as bone graft substitutes for 

implant dentistry. [26] 

With limitations of the conventional methods for bone grafting 

procedures, surgeons are looking for better innovative approaches that 

would fill in the gap of demand. The novel and emerging field of bone tissue 

engineering (BTE) holds great promise in driving the quest for methods that 

could be successfully adapted to treat challenging bone defects. 



able 3: Xenografts (HA: Hydroxyapatite) 

Deprotcinizcd 
Bio-Oss 

bo' inc bone mineral 

Inorganic ovine IIA PepGen P-15 

Cancellous or 
Cortical 

Peptide ~ Mieroporous HA 

Cell-binding pephde Ostcograft N Microporous - Macroporous 

Biocoral 
Coral (Ca carbonate) Intcrporc 200 Natural coral 

(Coralline) 

b) Bone Tissue Engineering {BTE): 
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Tissue engineering is "an interdisciplinary field that applies the principles 

of engineering and life sciences toward the development of biological 

substitutes that restore, maintain or improve tissue functions". (44] BTE is 

the effort to create bone de novo using mainly three core constituents: 

scaffolds, cells, and signals, however, distraction osteogenesis (DO) is 

considered as a promising modality in the field of BTE. In addition, blood 

supply is a key requisite for BTE efficacy. (45-48] 
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(!)Distraction osteogenesis (DO): 

DO is a method of generating new bone directly from the osteotomy site 

by gradual traction of the divided bone fragments. Ilizarov conducted 

pioneering laboratory studies and popularized the concept of DO in long 

bones as a method of limb lengthening and for the closure of bony defects. 

[49, 50] At New York University McCarthy and colleagues applied this 

technique to the craniofacial skeleton in a series of canine mandible studies, 

and clinical craniofacial distraction was introduced in 1989. A variation of 

the procedure is bone transport distraction osteogenesis (BTDO), in which a 

segment of bone is moved between two bony edges while regenerating a 

bone to bridge the gap (Figure 2). [51, 52] Currently, several bone transport 

distraction devices are available for mandibular reconstruction, with very 

promising results. Some of these devices can be applied extraorally through 

transcutaneous pins and others are intraoral devices buried under the 

mucosa. [53] 

The major disadvantages of this technique include the lengthy course of 

treatment required for distraction and consolidation in addition to osteopenia 

of the regenerated bone. The rate of distraction is the amount of activation 

for bone fragments to be stretched apart per day. The ideal rate for 

lengthening is widely accepted to be 1.0 mm/day. Slow distraction tends to 
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result in premature union, whereas rapid distraction may delay bone union or 

even give rise to fibrous union. [51] Osteopenia in the regenerated bone has 

been attributed to increased bone turnover and subsequently decreased bone 

formation. Many methods have been experimented to decrease bone 

resorption and enhance bone formation during DO to improve the quality of 

the regenerated bone and increase the distraction rate. Local application of 

nitrogen-containing Bisphosphonates at the distraction site is one of these 

methods. [54, 55] 

Additional limitations of BTDO of the mandible include difficult 

carrying of the transport disc across the midline along a curvilinear vector 

and non-union at the docking site. [52, 53, 56] A docking site is the terminus 

of travel of two segments of bone that are gradually brought into 

approximation, usually associated with the bone transport technique for 

dealing with bone loss. In the delay that ensues before the boundaries of the 

resected segment meet, the hematoma that fills the cavity is gradually 

replaced with fibro-cartilaginous tissue. Bone grafting is usually required 

after the transport segment has been ''docked," the fibrocartilage tissue 

resected, and the defect replaced by the graft. [53, 57] Currently, an active 

area of research is to develop especially designed devices able to solve these 

problems. 



ifocal 
BTDO) 

New Bone 

igure 2: Types of Distraction Osteogenesis (DO). BTDO: Bone 
ransport DO. The arrows designate the direction of the distraction 
strain) forces. 
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(2) Scaffolds: 

In essence, scaffolds used in BTE serve as a substrate for bone formation. 

An ideal biologic scaffold should not only have intrinsic strength but also 

should undergo complete replacement with autogenous bone over time. The 

number of available scaffolds has skyrocketed in recent years. Huge efforts 

have been made to optimize BTE scaffold docking properties, 

biocompatibility, osteoinductivity, osteoconductivity, mechanical resilience, 

and functional resorption while minimizing inflammation and foreign body 

reaction. Yet, most empty scaffolds have failed to improve bone healing. 

Therefore, investigators fill scaffolds with cells, growth factors, 

vasculogenic factors and cellular signaling molecules to serve the main 

purpose of BTE. [46, 48, 58] The most commonly used scaffolds are 

ceramic-based, polymer and collagen scaffolds. 

Regarding the bulk properties of a scaffolding material, porosity has been 

one of the most important issues. The ideal pore size that would allow 

osteoblast-colonization was speculated to be similar to that of cancellous 

bone. (27) It has been demonstrated that micro-porosity (pore size <10 f.Uil) 

allows body fluid circulation; whereas macro-porosity (pore size 100-200 

J.Ull) constituting 60-65% of the scaffold volume permits bone-cell 

colonization. [29, 59] However, within the last few years a conceptual shift 
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has taken place in the development of scaffolds for bone engineering, from a 

supportive role for bone-forming cells, to a scaffold that homes a vascular 

network. When the effect of pore size and inter-pore distance on Endothelial 

Cells (ECs) growth in 3D scaffolds was evaluated in vitro, it was found that 

cell growth was enhanced by a smaller pore size (5- 20 ~m) and lower inter

pore distance. On the contrary, the in vivo scenario is unique in that a higher 

porosity and pore size result in greater bone in-growth and vascularization. 

This is explained by the fact that when implanted, scaffolds with smaller 

pores tend to be hypoxic, favoring chondrogenesis, whereas in constructs 

with larger pores the higher oxygen tension promotes not only neovasclature 

but also the differentiation of MSCs into osteoblast lineage, favoring 

osteogenesis. [60, 61] 

Ceramic-based scaffolds are synthetic scaffolds made basically from 

calcium phosphate. They have been used extensively the past three decades 

as bone graft substitutes especially hydroxyapatite (HA) and ~ tricalcium 

phosphate (~ TCP). [27, 58] Table 4 summarizes the most frequently used 

calcium based scaffolds used for BTE purposes. Concerning mandibular 

reconstruction, combinations of these scaffold materials in addition to 

absorbable collagen sponge (ACS) are still being investigated as a delivery 

method for osteoinductive growth factors. [62] 



Table 4: Characteristics of frequently used scaffolds for BTE Purposes. 
(l Hydroxyapatiteltricalcium phosphate (HA/l'CP) ratio dependent. 

- "' " .. . . . 
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Scaffold ·rnatcr.ial Compositi_on ·Resorption ·rate Stiffness --. . . 
. . " .. ._ 

r .. • • - .. ' . • • .. • '~ ' 

~ tricalcium phosphate Very Slow(> 3 years) Sttff 

Hydroxyapatite Ca (PO ) (OH)~ Very Slow(~::: years) Sttff 

B1calcium pho phate Variable Rap1d (Day:.-wecks)• Sttff 

Octacalcium pbo. phatc Ca.li:(PO•) •H:O Slow(::: 6 -12 months) Stiff 

Calcium ulfatc CaS0 .. 2H:O Rapid (4 -12 "'eeks) Malleable 

Polymers (Polylactide (PLA) and polyglycolide (PGA) polymers) were 

initially used and successfully evaluated as biodegradable plates for pediatric 

cranio-maxillofacial fixation. [63, 64] These polymers have taken on 

innovative dimensions as biologic scaffolds. [27, 60, 65] Initially, poly 

(lactic acid) (PLA) was investigated as a carrier for BMP delivery but the 

material was considered ineffective due the release of acidic degradation by-

products. [66] Poly (lactic-co-glycolic acid) (PLGA) was found to be a more 

effective carrier of recombinant human BMP2 (rhBMP2) as it combines 

adsorptive stability ofPLA with the mechanical strength PGA. [67] Another 

biodegradable polymer [polylactic acid-p-dioxanone-polyethylene glycol 

(PLA- DX- PEG)] was introduced as an injectable polymeric scaffold and 
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delivery system for BMP2. The biodegradation of this polymer was 

synchronized with the release of BMP2 using a less invasive approach to 

bone surgery. [ 68] 

Moreover, new methodologies for creating bone scaffold materials have 

emerged through improvements in nanotechnology and advances in polymer 

chemistry. Some investigators claim that the 3D architecture of nano/micro

fiber-combined scaffolds is capable of simultaneously providing mechanical 

support for bone repair and mimicking the physical structure of the 

extracellular matrix (ECM). This architecture was found to be an effective 

guide of the three-dimentional distribution of ECs without compromising the 

structural requirements of a scaffold for bone regeneration. Thus creating 

what might be a solution for the formation of vascularized bone. [58, 60, 61] 

Collagen is the major non-mineral component of bone and also the most 

abundant protein in connective tissues of mammals. Collagen scaffolds have 

received much attention due to having good biocompatibility, degrading into 

physiologically compatible products and being both chemotactic and 

haptotactic for cells. [60, 67] these scaffolds are considered osteoconductive 

in they that significantly enhance graft incorporation and can be also be used 

as autograft extenders. Their use as bone graft substitutes is mostly as a 

carrier for growth and differentiation factors, especially BMPs. Collagen can 
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be used in combination with other osteoconductive carriers like HA or ~ 

TCA. These composites can be mixed with autologous bone marrow to 

provide osteogenic cells and osteoinductive agents. So far, studies have 

demonstrated its primary use as a delivery system for other osteoconductive, 

osteoinductive, or osteogenic factors with mixed clinical results, but not as a 

grafting material itself. [27] Absorbable collagen sponge (ACS) is composed 

of bovine type I collagen obtained from the Achilles tendon. At present, 

ACS is the only BMP2 delivery system approved by the US Food and Drug 

Administration. [ 48] The ACS carrier can incorporate adequate amounts of 

BMP and releases it at a rate capable of initiating bone formation and it, 

also, acts as a scaffold for new bone formation. [69] In addition to the 

potential immunogenicity, the main disadvantage of ACS is its inability to 

maintain the space due to its softness. [27, 70] 

It is worth noting that despite the diversity of scaffolds used for BTE, 

empty bone scaffolds are only osteoconductive and have led to 

unsatisfactory local cellular ingrowth and little if any systemic trafficking. 

Therefore, scientists, physicians, and engineers turned their attention to cell 

seeding or growth factor-mediated recruitment of cells on scaffolds. [71] 
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(3)Cells: 

Regeneration of bone is believed to be mediated via osteoblasts, 

osteoprogenitor cells and their ancestors [Mesenchymal Stem Cells (MSCs)] 

in addition to cells that promote vasculogenesis. [60, 71] That's why 

scientists have been struggling to adopt cell-based approaches in the field of 

BTE. As embryonic stem cell (SC) research has been hindered by moral and 

ethical considerations, adult SCs with osteogenic/or vasculogenic 

potentialities have been the main interest in this field. [ 48] These cell types 

include Bone Marrow Derived MSCs (BM-MSCs), Umbilical Vein MSCs 

(UV-MSCs), Adipose-Derived SCs (Ad-SCs), Periosteum Derived SCs (P

SCs), Dental Pulp Derived SCs, (DP-SCs) and Human Umbilical Vein ECs 

(HUVECs) (Table 5). [71] 
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jTable 5: Characteristics of cell types used in bone tissue engineering 

' 
' 

. Potential for 
Cell type Mult1potcncy BTE Drawbacks 

Bone Marrow 
Derived ~SCs 

Umb1llcal Vem 
MSCs 

Adipose 
Dcrhcd SCs 

I Iuman 

Multipotcnt 

Multi potent 

Multi potent 

Umbilical Vein Differentiated 
ECs 

Dental Pulp 
Demcd SCs 

Multipotcnt 

Osteogenic, 
Vasculogenic 

Osteogenic 

Osteogenic, 
Vasculogenic 

Vasculogcnic 

0 tcogcnie 

Some Donor morbidity 
fewer cells than other sources 

Not charnctcrucd as 
extensively 

Slight Donor morbidity 

• 'o Multi-lineage capacity 

Not eharactcri:.c.cd as 
cxtensi\'cly 

Initially, percutaneous or local administration of cell suspensions was 

used to deliver cells directly to the bone injury site. However, without 

scaffolding it is hard to imagine that cells could assume aggregate function, 

attract a blood supply, and build a higher-order structure. Nevertheless, 

investigators have injected ex-vivo expanded cellular suspensions into 

experimental bone defects, but this approach has not gained widespread use 

clinically. Therefore, scientists, physicians, and engineers turned their 
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attention to cell seeding or growth factor-mediated recruitment of cells on 

different types of scaffolds. [71] 

The bone marrow compartment contains a highly heterogeneous mixture 

of cells that includes both BM-MSCs and hematopoietic cells. Several 

markers have been identified as specific for native BM-MSCs, but they are 

absent on their cultured progeny. These markers include Stro-1, CD49a and 

CD271. The current lack of uniformly accepted, reliable markers that are 

expressed stably on both native and cultured BM-MSCs precludes their 

accurate tracing in development as well as during tissue regeneration. [72] 

Cultured BM-MSCs are largely used in experimental bone reconstruction in 

vitro and in vivo. With induction via osteogenic cytokines (e.g. BMPs, FGF-

2), BM-MSCs can be differentiated into osteoblasts in vitro. These induced, 

multipotent cell lineages are often delivered on biologic scaffolds. The 

limitations of BM-MSCs include a short life span and fmite quantity, in 

addition to requisite bone marrow harvest. The use of native BM-MSCs is 

usually restricted by the low number of extracted cells from marrow 

aspiration (most frequently form the iliac crest). In contrast, high numbers of 

MSCs could be extracted from trabecular bone cavities by enzymatic 

breakdown of marrow extracellular matrix. [ 48, 71, 72] 
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In mandibular reconstruction, recent studies have highlighted the 

effectiveness of BM-MSCs as the cellular component of BTE of critical size 

defects. BM-MSCs seeded on a Nano-hydroxyapatite-Polyamide Scaffold 

were effective in reconstruction of mandibular critical size defects in a rabbit 

model. The seeded cells were of particular importance in enhancing bone 

regeneration especially at marrow-poor sites (angle of the mandible). [73] 

Recently, Cella et al [74] reported the treatment of a single case of BIONJ 

stage 3 using autogenous bone marrow stem cells and platelet rich plasma 

(PRP). This case was followed for 30 month with complete resolution and 

without any signs of BIONJ. This report offers a simple and cost effective 

solution to a huge problem. More recently, a Spanish group reported the 

reconstruction of a recurrent ameloblastoma defect in the angle of the 

mandible. Based on a stereolithographic cast, a titanium mesh was adapted 

to accurately reconstruct the mandibular angle. The mesh was filled with 

two blocks of xenogenic graft loaded with rhBMP7 and BM-MSCs 

concentrate from the iliac crest. Using this technique sufficient quantity and 

quality of bone was regenerated to bridge the defect and allow for implant 

placement, with decreased patient morbidity and surgical time compared to 

conventional reconstructive methods. [75] These recent pre-clinical and 
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clinical studies clearly underline the great potentiality of BM-MSCs as an 

adjunctive aid in BTE of mandibular defects. 

Adipose tissue, like BM, is derived from embryonic mesenchyme. 

Surprisingly, subcutaneous fat contains more than 1 00 times as many SCs 

per gram of tissue compared with BM. Like BM-MSCs, Adipose-Derived 

SCs (Ad-SCs) are capable of differentiating into osteogenic, adipogenic, 

myogenic, and neurogenic lineages. [71] The earliest clinical report of use of 

Ad-SCs was in a 7-year-old girl with a critical size calvarial defect that had 

previously failed bone grafting. Adipose tissue was harvested from the 

gluteal region and processed for Ad-SCs. Clinical follow up at 3 months 

with computed tomography showed marked ossification of the treated area. 

[76] In 2009, Ad-SCs were successfully used in maxillary reconstruction. 

These cells were harvested and implanted into a custom titanium mesh with 

tricalcium phosphate in the rectus abdominus muscle and transferred as a 

free rectus/ectopic bone/ Ad-SCs flap. Postoperatively, the formed bone was 

satisfactory and dental implants were placed. [77] More recently, Taylor 

used BTE to treat [78] bilateral orbito-zygomatic deficiencies in a 14-year

old boy with Treacher-Collins syndrome. A combination of human bone 

allograft, Ad-SCs, and BMP-2 was used in a single-stage procedure. Biopsy 

of the engineered bone demonstrated a lamellar structure on histological 
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examination. [79] However, the exact contribution of AD-SCs in this 

successful BTE case was not evaluated. Ad-SCs, also, respond to rhBMP2 

treatment in vitro by secreting endogenous BMP2. [80] The mentioned facts, 

in addition to the abundance and easy harvesting of Ad-SCs, shed the light 

on the possibility of expanding the clinical applications of Ad-SCs in bone 

reconstruction and regeneration. 

Periosteum Derived SCs (P-SCs) and Dental Pulp Derived SCs (DP-SCs) 

are two cell types of particular importance to oral and maxillofacial 

surgeons. P-SCs can easily be harvested from the mandibular periosteum 

during minor oral surgery procedures. The periosteum represents a rich 

potential source of bone-forming cells for bone repair and tissue 

engineering. It is well known from clinical experience that the removal of 

the periosteum results in a significantly diminished capacity for bone repair. 

In 2006, De Bari and colleagues proved the multi-potency of periosteal 

single-cell-derived clonal populations isolated from adult human periosteum. 

This team reported the P-SCs osteogenic, chondrogenic, myogenic and 

adipogenic differentiation potential for the first time. [81] More recently, a 

German group reported that P-SCs were as effective as BM-MSCs and Ad

SCs (all seeded on a collagen sponge scaffold) in reconstruction of calvarial 

defects of a pig model. [82] Concerning DP-SCs, they have substantial 
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osteogenic potential. They could be easily isolated from extracted wisdom 

teeth through enzymatic breakdown of the ECM. In addition to their 

osteogenic potential, DP-SCs are capable of differentiating into 

odontoblasts, cementoblasts, adipocytes, and neuronal cells. [83] As a result 

of their osteogenic potential, proliferative capacity and ease of isolation from 

intra-oral sites, DP-SCs and P-SCs are promising tools for use oral and 

maxillofacial surgeons in BTE. 

As mentioned above, BTE is the effort to create bone de novo using 

mainly three core constituents: scaffolds, cells, and signals. As the currently 

available scaffolds are mainly osteoconductive and even when cells are 

seeded into these scaffolds they need to be guided to the 

osteogenic/angiogenic pathway (whether in vitro or in vivo); this is when the 

role of growth factors emerges as essential elements in the process ofBTE. 

(4)Signals: 

It was Urist, in 1965, who first observed the osteoinductive ability of de

mineralized bone matrix. [84, 85] Since then, considerable efforts have been 

made to purify, isolate and identify these osteoinductive proteins. This work 

was progressing hand in hand with advancements in understanding the 

molecular biology of bone development and healing. 
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Normal facture healing is considered a complex regenerative process that 

is well orchestrated both temporally and spatially. [86, 87] The entire 

process of bone healing is beyond the scope of this review; however, it is 

worth mentioning that when a fracture occurs, a set of signals is triggered. 

These are both local and systemic signals. [88] Local molecular signaling 

during fracture repair is regulated by several growth factors with varying 

osteogenic potential, such as TGF~s, platelet-derived growth factor (PDGF), 

insulin-like growth factor- I (IGF-1), BMPs and others. [87, 89] The overall 

conception to stimulate the local ·'biology" by applying growth factors as 

powerful osteoinductive molecules does sound advantageous. [27] Platelet 

Rich Plasma (PRP) constitutes an attractive autologous approach for the 

addition of growth factors to enhance bone regeneration. [88] In addition, 

the advancement in the field of recombinant technologies revolutionized the 

mass production of many purified human recombinant growth factors. 

However, in spite of all these efforts, the growth-factor-based FDA 

approved implant devices for BTE in the maxillofacial region are not only 

limited in number but also with limited on-label applications. These implant 

devices are GEM 21S® (Luitpold Pharmaceuticals, Inc.; NY, USA) and 

INFUSE® Bone Graft (Medtronic, Inc.; MN, USA). 
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PRP is a concentrate of platelets in a small volume of plasma from 

freshly drawn whole blood activated with a mixture of thrombin and 

calcium. The idea of using autologous blood components to enhance bone 

healing was innovated by Tayapongsak et al in 1994. [90] Then Marx et al 

launched their ftrst publication supporting the use of PRP as an autologous 

source of growth factors concentrate that significantly enhances bone 

healing. (91] Currently, small, compact office systems have been developed 

to produce approximately 6 mL of PRP from 45 to 60 mL of autologous 

blood. (92] Recently, other protocols for PRP preparation have been 

proposed that differ in the anticoagulants used, in leukocyte depletion and in 

platelet activators, however, the benefits from PRP in BTE are still 

controversial. [27, 46, 93-96] This is mainly due to absence of precise 

knowledge of the component in PRP that enhances bone formation, 

contradictory experimental results in different animal models and very 

limited case controlled studies regarding the effect of PRP on osteoinduction 

in humans. [27, 93] Nevertheless, recent data suggest that even ifPRPs may 

not be very useful when the lesions are limited in a healthy patient, their use 

may be more beneficial in patients with compromised healing potential as in 

cases ofBIONJ and post-irradiation maxillofacial defects. [74, 93] 
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GEM 21S® (Luitpold Pharmaceuticals, Inc.; NY, USA) is a completely 

synthetic grafting system for bone and periodontal regeneration composed of 

a purified recombinant platelet derived growth factor-BB (rhPDGF-BB) and 

a synthetic ~-TCP matrix. PDGF is considered one of the key regulators of 

general tissue repair. Its family consists of dimeric proteins encoded by four 

different genes (PDGF-A, -B, -C, and -D) that form homodimers (PDGF

AA, -BB, -CC, and -DD) and heterodimers (PDGF-AB). During the early 

phase of wound healing, platelets are the major source of PDGF. After 

injury and hemorrhage, platelets aggregate and release cytokine-loaded 

granules containing various amounts of PDGFs. Upon release, PDGFs 

stimulate the recruitment of neutrophils, macrophages, and mesenchymal 

cells, which then serve as an ongoing source of PDGFs during the healing 

process. PDGF also enhances proliferation of various bone cell types and 

enhances angiogenesis by its induction of sprouting from adjacent blood 

vessels and expression of VEGF. [87, 97] The FDA has approved this 

grafting system in 2005 for periodontal defects only. 



lnFUSETM Bone 
Graft component 

l T-CAGETr.t Lumbar 
Tapered Fusion DeVlce 
com nent 

igure 3: lnFUSEfM Bone Graft/LT-CAGEfM 
umbar Tapered Fusion Device. 
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The era of BMPs' use as bone graft materials started in 2001 when the 

FDA approved OP-1 ™ (Stryker Biotech; MA, USA) to promote healing of 

non-union fractures. OP-1 Implant is made of rhBMP7 powder and bovine 

ACS that are mixed with sterile saline solution to form a paste. The paste is 

then placed between the broken ends of the bone during surgery. The 

following year, InFUSE™ Bone Graft/L T -CAGE™ Lumbar Tapered Fusion 

Device (Medtronic Sofamor Danek, TN, USA) was approved as a device 

indicated to fuse spinal vertebrae to treat degenerative disc disease. This 

device consists of a metallic tapered spinal fusion cage (known as the LT-

CAGE™ Lumbar Tapered Fusion Device) and a bone graft substitute 
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(InFUSE™ Bone Graft), which consists of an rhBMP2/ACS (Bovine) 

placed inside the fusion cage (Figure 3). In 2004, a putty form of OP-1 

(Stryker Biotech; MA, USA) was approved as a spinal fusion devise. Within 

the same year the rhBMP2/ACS, under the trade name INFUSE® Bone 

Graft, was accepted by the FDA in open tibia fracture cases. Three years 

later (March 2007) the later graft material was approved in oral and 

maxillofacial surgery application only for sinus lift procedures and alveolar 

reconstruction and ridge augmentation to place dental implants (Figure 4). 

-

I 
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B. Bone Morphogenetic Protein-2 (BMP2): 

1. Introduction: 

Bone Morphogenetic Proteins (BMPs) comprise an extensive group of 

conserved growth factors of which over 30 members have been identified to 

date and constitute the largest subgroup of the Transforming Growth Factor 

Beta (TGFP) superfamily. [98, 99] BMPs were first detected in extracts of 

bone with abilities to direct ectopic bone formation (hence the name). [84, 

1 00] They are now known to be involved in so many developmental 

processes that several investigators have suggested changing the name to 

Body Morphogenetic Proteins. [99, 101, 102] In human, 19 BMP members 

are under the designation of BMPs. According to their gene homology, 

protein structure and functions, these 19 members are further subdivided into 

7 subgroups: BMP2/4, BMP3/3b, BMP5/6/7/8/8b, BMP9/10, 

BMP11/GDF8, BMP12/13/14 and BMP15/GDF9. Some BMP members 

have different names: next to BMPs, they are called osteogenic proteins 

(OPs), cartilage-derived morphogenetic proteins (CDMPs), and growth and 

differentiation factors (GDFs). [99] 
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2. BMP receptors (BMPRs): 

BMPRs are serine/threonine kinase receptors, composed of a short 

extracellular domain with 10-12 cysteine residues, a single transmembrane 

domain and the intracellular serine/threonine kinase domain. BMPs initiate 

signaling from the cell surface by interacting with two distinct 

serine/threonine kinase receptors. There are three BMP type I receptors: 

ALK2 (activin receptor-like kinase 2), ALK3 (BMPRIA) and ALK6 

(BMPR-IB), and three BMP type II receptors: BMP type IT receptor 

(BMPR-II) and activin type II receptors (ActRII and ActRlffi) (Figure 5). 

[103-109] 

BMPR-11 

Ac:IR-118 

AlK 1 Gtoup 

ALK2 
Smad1 

l.Jg8nds Type a Type I R -s.-:t c:o-Snwd 

igure 5: Relationships between BMP ligands, type II and type I 
eceptors, and Smad proteins in signal transduction. Concerning 
he binding of BMPs to type I receptors, BMP-214 bind to BMPR
A and BMPR-IB, whereas BMP-617 bind strongly to ALK-2, and 
eakly to BMPR-IB. BMP-9/10 bind to ALK-1 and ALK-2, and 
1JF-5 preferentially binds to BMPR-IB. 
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BMP2 is a dimeric protein. It is believed to bind mainly to BMPRIA and 

BMPR-ffi (ALK3 and 6) with high affmity. In addition, it has a low binding 

affinity to the three BMP type II receptors mainly BMPR-II. [109-112] It has 

also been reported to bind to ALK2 receptor. [104, 110] Binding ofBMP2 to 

type I receptor leads to recruitment of Type II receptor and results in an 

active BMP receptor complex able to initiate downstream signaling. Ligand 

engagement and assembly is followed by activation of the Type I kinase by 

phosphorylation of its cytoplasmic domain rich in glycine and serine 

residues, (GS box), by the constitutively active Type II kinase. [104] Type I 

and type II receptors are present on the cell surface as homomeric or 

heteromeric complexes, even before BMP activation. [103, 104] 

3. BMP2 Signaling: 

BMPs, generally, activate Smad-dependent and multiple Smad

independent signaling pathways to directly affect gene transcription. 

Interestingly, most detailed analyses of BMP signaling came from BMP2 

studies. [104, 112, 113] It is believed nowadays that BMP2 can either bind 

to its high affmity receptor BMPRIA, upon which BRII is recruited into the 

complex [termed BMP-induced signaling complex (BISC)] or it can bind to 

a preformed complex (PFC) ofBMPRIA and BMPR-II. Binding ofBMP2 to 
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preformed complex of BMPRIA and BMPR-II triggers Clathrin-dependent 

internalization and initiates the Smad pathway. On the other hand, the BMP

induced signaling complex results in internalization via caveolae and 

activation of non-Smad pathways, e.g. mitogen-activated protein kinase 

(MAPK) signaling. [104, 112-114] 

a) Smad-dependent pathways: 

The first description of Smad proteins was the flnding of Mothers 

Against Dpp (MAD) in Drosophila, which modifled the phenotype of 

decapentaplegic ( dpp; a BMP ligand) mutants. [ 115] Later studies identified 

Sma proteins in C. elegans as closely related to MAD, and both mediated 

signaling downstream of serine/threonine kinase receptors of TGFP 

superfamily proteins. [ 116] Therefore, homo logs of Mad and Sma have been 

named Smad. 

So far, 8 mammalian Smad proteins have been isolated, designated 

Smadl through Smad8. The Smad proteins are divided into three groups 

according to their functions. The flrst group is the receptor-regulated Smads 

(R-Smads), which include Smadsl , 2, 3, 5 and 8. These Smad proteins bind 

to membrane bound serine/threonine receptors, and are activated by the 

kinase activity of the receptors. The 2nd group includes only one member, 

Smad4. Smad4 acts as a co-factor that binds to the activated R-Smads to 
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form a complex that translocates into the nucleus. Therefore Smad4 has been 

considered the only Co-Smad for both TGF~ and BMP signaling. The third 

group comprises the inhibitory Smads (1-Smads), which includes Smads 6 

and 7. These two Smads exert an inhibitory effect on the signaling cascade 

by various mechanisms. [104, 106, 112, 117, 118] 

It is widely accepted that TGF~s signal through Smad2/3, while BMPs 

propagate signals via Smadl/5/8. [1 03, 117] However, more specifically, 

these 2 sets of R-Smads counter each other's activities. Examples of BMPs 

activating Smad1/5/8 include BMP-2, -4, -5, -6 and -7, whereas other BMPs 

including GDF-1 , BMP-3, BMP-11 and GDF-8 activate Smad2/3. [119] 

Smads 1/5/8 mediate BMP signaling by interacting with the BMP receptors 

ALKs 1, 2, 3, and 6, whereas Smads 2/3 mediate TGF~ and activin signaling 

through the TGF~/activin receptors ALKs 4 and 5. [103, 117, 119] 

In the resting state, R-Smads localize in the cytoplasm. They are known 

to have a lysine-rich nuclear localization sequence (NLS), and a leucine-rich 

nuclear export sequence (NES), '\\ hich control the nucleo-cytoplasmic 

shuttling of R-Smads. Without the ligand stimulation, the NES is fully 

operational and the NLS is partially functional, which results in a 

preferential cytoplasmic localization of R-Smads. Upon ligand stimulation, 

R-Smads are phosphorylated by activated type I receptors, which recruits 
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and forms a heteromeric complex with Co-Smads. This R-Smad/Co-Smad 

complex masks the NES on the R-Smad, leading to complete nuclear 

accumulation of the Smad complex. Within the nucleus, Smads could 

directly bind to regulatory elements of the genes with low affmity and 

specificity. Mostly, Smads together with other DNA-binding proteins 

synergistically regulate gene expression (Figure 6). [ 104, 106, 112, 117, 118, 

120] 

The BMPs/Smad-dependent pathway has been studied extensively in 

osteogenesis, whether during bone development or repair. (121 , 122] BMP-

2, 4, 5, 6, and 7 all have strong osteogenic capacity. [106] BMP2/Smad

dependent pathway has been shown to induce and regulate osteoblast 

differentiation and function. This function in osteogenesis is tightly related 

to runt related factor RUNX2 as it plays and essential role in the 

commitment-step to osteo-chondro progenitor cells. The interaction of 

RUNX2 with BMP signaling is bidirectional. Runx2 is induced by BMP2 in 

osteoblast and chondrocyte cultures. On the other hand, as will be mentioned 

later, RUNX2 also induces BMP2 and 4 expressions. In the process of 

osteogenic induction, RUNX2 works together with Smads through direct 

binding in a transcriptional activator complex. RUNX2 recruits R-Smads to 
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the complex to initiate BMP responsive gene transcription (Figure 7). [106, 

117, 122-125] 

Cytopla'>m 

Smurf112 -1 

Nucleus 

'figure 6: SMAD dependent pathway and its regulation. At the cell surface, 
lfJMP2/igand binds a complex oftransmembrane receptor serine/threonine 
'kinases {types I and II) and induces transphosphorylation of the type I 
receptor by the type II receptor kinases. The consequently activated type I 
receptors phosphorylate selected Smad 11518 at C-terminal serines, and 
'hese receptor-activated Smads (R-Smads) then form a complex with Smad4. 
'r4ctivated Smad complexes trans/ocate into the nucleus, where they regulate 
"ranscription of target genes, through physical interaction and functional 
cooperation with DNA-binding transcription factors (X) and CBP or p300 
roactivators. Activation of Smad 1/5/8 by type I receptor kinases is inhibited 
by Smad 6 or 7. Smad 11518 and Smad4 shuttle between nucleus and 
~ytoplasm. The E3 ubiquitin Iigases Smurfl and Smurf2 mediate 
~biquitination and consequent degradation of Smad 115/8. 
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Other mechanisms by which BMP2/Smad-dependent pathway promotes 

osteogenesis have been described. Osterix (OSX), an Sp 1 transcription 

family member, is essential for osteogenesis. It is believed to act mainly on 

the terminal differentiation of osteoblasts and on distinguishing the 

osteogenic pathway from the chondrogenic one. OSX is up-regulated by 

BMP2 during osteoblast differentiation and is considered to work 

downstream of RUNX2. In addition, the BMP2/Smad-dependent pathway 

can induce OSX expression through either Msx2 and Dlx5. Taken together, 

BMP2/Smad-dependent pathway mediate BMP function in osteogenesis by 

interacting with RUNX2 to activate target gene transcription, in parallel with 

direct induction of important osteogenic genes like Msx2 and Dlx5, leading 

to the induction of OSX (Figure 7). [99, 106, 117, 122, 124, 126] 

Concerning I-Smads, Smad6 is more specific for the inhibition of BMP 

signaling, whereas Smad7 has inhibitory effects on both BMP and TGF~ 

signaling. [1 03, 106, 108, 117] Smad6 antagonizes signaling by competing 

with Smad4 for complex formation with activated R-Smads. [127, 128] 

Meanwhile, Smad7 inhibits signal transduction by interacting with activated 

type I receptor thus, prevents R-Smads activation. [129] Latter research has 

shown that Smad6 or Smad7 interacts with, mainly, Smad ubiquitin 

regulatory factor 1 (Smurfl) and recruits them to type I receptors and 
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Smad4, resulting in receptor and co-Smads ubiquitination and degradation 

(Figure 6). [103, 105, 106, 109] 

Smad 1/5/8 
Smad4 

Smad 1/5/8 
Smad4 
Complex 

Osteoblast precursors 

igure 7: BMP2 regulated genes: BMP signa/in 
egulates important osteogenic genes through direc 

"nduction of Runx2, Msx2 and possibly Dlx5 in a Smad 
ependent manner. Then these molecules induce othe 

·mportant osteogenic gene expression, such as osterix. 
unx2 work with R-Smad in an activator complex t 
ctivate BMP responsive genes. Osterix also activat 
steogenic gene transcription, promoting the osteoblasti 
ifferenti ation. 
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b) Smad-independent pathways: 

The activation of non-Smad pathways, as mentioned above, occurs via 

BMP-induced signaling oligomerization of Type I and Type IT receptors 

resulting in internalization via caveolae. Activation of the BMP receptor, 

BMPRIA, can initiate other downstream signaling pathways such as nuclear 

factor kappa beta (NFKB), map kinase p38 (p38), and C-Jun N-terminal 

kinase (JNK) pathways. This occurs through formation of TGF-beta 

activated kinase 1 (TAK1) and TAK1 binding protein (TAB1) complex. 

This complex (TAK1!fAB1 complex) is docked to BMPRIA by either X

linked inhibitor of apoptosis protein (XIAP) or Bone morphogenetic protein 

Receptor Associated Molecule 1 (BRAMI). It is not known whether other 

BMP type I receptors activates downstream pathways through TAKl!fAB1. 

Activation of these pathways has been known to regulate BMP target genes, 

such as Osteopontin, alkaline phosphatase (ALP) or collagen I. In addition, 

activation ofT AKl leads to stimulation of mitogen activated protein kinase 

(MAPK) kinases (MKK3/4 or 7). This activates JNK or p38, both of which 

lead to apoptosis ofvarious cell types (Figure 8). [104, 106, 109, 112, 130] 



BMP2 

Figure 8: Stimulation of mitogen activated protein 
kinase (MAPK) kinases (MKK3/4 or 7) leading to 
apoptosis. (See text for details) 
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An interesting feature of non-Smad signaling pathway is that they also 

regulate Smad protein activities, which raised the possibility of cross talk 

between both pathways in skeletal genesis. For instance, TAKl deficient 

chondrocytes showed reduced activity of Smadl/5/8, and decreased 

expression level of multiple BMP target genes, which implies that 

Smadl/5/8 could act downstream ofTAKl/TABl complex. [131] 
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In addition, accumulating evidence connects the p38, ERK and JNK 

pathways to osteoblast differentiation in response to BMP-2, BMP-4 or 

BMP-7. Moreover, regulation of Runx2 expression by BMPs involves both 

Smad and p38 signaling. Contrasting effects of non-Smad signaling 

pathways have been also reported. Likewise, activation of extracellular 

signal-regulated kinase (ERK) pathway can lead to direct phosphorylation of 

specific serine residues in the linker domain of R-Smads, blocking their 

nuclear translocation and transcriptional output. Thus, this bidirectional 

crosstalk between both pathways seems to permeate many physiological 

processes. [106, 130, 132] 

Furthermore, BMPs are able to activate ERK, phosphoinositide 3-kinase 

(PI3 Kinase), Protein Kinase (PK) A, PKC, and PKD. However, the mode of 

initiation of these pathways is yet to be revealed. [103, 104, 112] 
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4. BMP2 transcription: 

The BMP2 gene is located on chromosome 20pl2. It is a 3584 bp gene 

that includes 3 exons. However exon 1 is a UTR (Un-Translated Region) 

and the BMP2 protein is coded on ex on 2 and 3. The encoded BMP2 protein 

consists of 396 aa with a single splice variant. [133] Due to the fact that 

BMP2 plays a crucial role in bone formation during embryonic development 

and postnatal bone healing and remodeling, BMP2 transcription is tightly 

regulated. Many factors are known to induce transcription of BMP2 

including: 

Transcription Factors (e.g. Ihh, RUNX2 and HIFla) 

Hormones (e.g. PTH and Estrogen) 

Cytokines (e.g. TNFa and Adiponectin) 

Other factors (e.g. High glucose) 
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a) Indian Hedghog Protein: (lhh) 

Ihh belongs to the hh protein family. It is specifically expressed by 

prehypertrophic and early hypertrophic chondrocytes within the 

endochondral cartilage primordium. It is known to be secreted by 

chondrocytes and perichondrial cells to promote osteoblast differentiation 

during endochondral ossification. Mice deficient in Ihh completely lack 

osteoblasts within the endochondral skeleton, although the intramembranous 

osteoblasts form. In the absence of Ihh signaling, the perichondrial 

progenitors failed to express RUNX2, which is indispensible for osteoblast 

differentiation. [122] 

In 2007 Shimoyama et al [134] reported that Ihh/Gli2 signaling promotes 

osteoblast differentiation of mesenchymal cells by up-regulating Runx2 

expression and stimulating the osteoblastogenic function of Runx2. Wang 

and colleagues [135] further highlighted the role ofihh in bone repair. They 

observed a strong Ihh expression evident as early as day 5 at the onset of 

healing in the callus periosteum. The timing and location of Ihh signaling 

suggested a crucial role in proliferation and differentiation of mesenchymal 

lineages at the early stages of endochondral bone repair. In addition, when 

they isolated periosteum-callus-derived mesenchymal stem cells from 

murine segmental bone graft site and subsequently treated these cells in vitro 
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with Punnorphamine (a potent agonist of HH) a significant increase in 

BMP-2 gene expression was observed. [135] These highlighted studies 

suggest an important role of hh signaling specially Ihh pathway in induction 

of BMP2 transcription not only during endochondral ossification but also 

during bone repair. 

b) Runt-related transcription factor 2: (RUNX2) 

Although RUNX2 is known as a key transcription factor associated with 

osteoblast differentiation that is stimulated downstream of BMP2 signaling 

during endochondral ossification, its role in suture closure during 

membranous ossification has been shown by Choi et al. [126] They 

suggested that FGF2 in the suture mesenchyme induces the expression of the 

RUNX2-I isoform which in turn triggers osteogenic commitment. 

Meanwhile, RUNX2-I triggers the expression of BMP2, which in turn 

stimulates the expression of RUNX2-II in a Dlx5 mediated manner. They 

concluded that RUNX2 plays an important role in the expression of BMP2 

in response to FGF2 signaling. [126] 

The facts that BMP2 can induce Runx2 expression, while overexpression 

of Runx2 can up-regulate Bmp2 suggest a positive feedback regulatory loop 

between BMP signaling and Runx2. Given these data, Chandler et al 

speculated that Runx2 binds to a distant osteoblast enhancer. This RUNX2 
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binding is a critical step during Bmp2 up-regulation during osteoblast 

differentiation. [ 136] 

c) Hypoxia Inducible Factor 1 Pathway: (HIF-1) 

A reduction in pericellular oxygen tension within bone occurs during 

bone development, exercise and fracture. Hypoxic regulation of gene 

expression generally involves activation of the hypoxia-inducible factor 

(HIF) transcription pathway. HIF -1 is a heterodimeric transcription factor 

composed of the basic helix-loop-helix-Per-Arnt-Sim-domain, containing 

the proteins HIF-1a and arylhydrocarbon receptor nuclear translocator (HIF-

1 ~). The availability of HIF -1 is determined primarily by HIF -1 a , which is 

regulated at the protein level in an oxygen-sensitive manner, in contrast to 

HIF -1 ~' which is stably expressed. During normoxia, HIF -1 a is efficiently 

degraded through an ubiquitin- proteasome pathway. Under hypoxia, HIF-la 

protein is markedly stabilized translocates to the nucleus, and 

heterodimerizes with HIF-1~. The HIF-1a/HIF-1~ complex can then bind to 

hypoxia response elements (HR.Es) located in gene promoters to regulate 

transcription of many genes that enhance the cellular adaptation to hypoxia 

(glycolytic enzymes) and other genes that induce angiogenesis (e.g. VEGF 

and iNOS). 
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In 2008 Zahm et al [137] proved that oxygen tension is essential for 

nonnal osteoblast mineralization. They also proved that silencing HIF 1 a. 

further impaired osteoblastic differentiation of pre-osteoblasts in hypoxic 

conditions. The role of HIF 1 a. in inducing transcription of BMP2 (a major 

inducer of osteogenic differentiation) has been studied by Tseng and co

workers. [138] They were the first to report that BMP2 transcription, under 

hypoxic conditions in Human Fetal Osteoblasts, primary osteoblasts and an 

osteoblast cell line, are regulated in a HIF -dependent manner involving 

activation of the ILK/Akt/mTOR pathway. However, they assumed that 

HIF1 may bind to HRE-like sequence as they did not fmd this sequence on 

BMP2 promoter-by-promoter analysis. More recently hypoxia has been 

proved to increase the expression of HIF 1 a., BMP2, Runx2, ALP and Bone 

Sialoprotein at the protein level in cultured rat periosteal cells. [139] 

d) Parathyroid Hormone: (PTH) 

PTH is known to play an important role in skeletal metabolism. Although 

hyperparathyroidism leads to osteoporosis, intennittent administration of 

PTH has anabolic effects on bone mass and bone fonnation. [140] Most 

recently, some authors recommend Teriparatide (rhPTH) as first line 

treatment for postmenopausal osteoporosis. [ 141] 
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In osteoblasts, PTH binds to a PTH receptor and induces formation of 

cAMP, leading to activation of PKA, which in turn phosphorylates and 

activates cAMP response element binding protein (CREB). Activated CREB 

has been shown to bind to BMP2 promoter inducing BMP2 transcription in 

osteoblasts. However PKA-inhibitor failed to completely abolish the 

capacity of CREB to increase BMP2 transcription in osteoblasts, suggesting 

that other protein kinases, in addition to PKA (such as protein kinase C) may 

be also involved in this process. (140] 

BMP2 is regarded nowadays as a promising candidate gene in treatment 

of osteoporosis due to its critical role in bone formation and osteoblast 

differentiation. Additionally, one osteoporosis susceptibility locus was 

mapped to 20p12.3. BMP2 is one of 4 genes contained in this region and all 

are expressed in bone marrow and osteoblasts. [142] 

e) Estrogen: 

Estrogen deficiency in postmenopausal women results in enhanced bone 

resorption that leads to osteoporosis. Long-term hormone replacement 

therapy at appropriate doses maintain bone mass in postmenopausal women 

by restoring the balance between osteoblastic bone formation and 

osteoclastic bone resorption The protective effect of estrogens on bone in 

postmenopausal women is considered to be primarily mediated by the 
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suppression of bone resorption. However, Zhou and colleagues [143] have 

demonstrated the anabolic effect of Estradiol (E2) in 2003. They reported 

that E2 induces BMP2 transcription by interacting with Estrogen Receptors 

a and ~ (ERa and ER~ are members of the ligand-regulated nuclear 

transcription factors). Both ERa and ER~ were able to bind to BMP2 

promoter inducing BMP2 transcription in mouse MSCs. 

f) Tumor Necrosis Factor a: (TNFa) 

Although TNFa is regarded as a negative regulator of osteoblastic 

differentiation, it has been reported by Hess et al to increase BMP2 

expression in hMSCs through NFKB signaling pathway in early osteogenic 

differentiation. They claimed that inducing the NFKB pathway in hMSCs 

during initial osteogenic differentiation promotes differentiation by 

increasing expression of BMP-2 and osteogenic regulators including 

RUNX2 and OSX. [144] 

g) Adiponectin: 

Adiponectin is a cytokine secreted by adipocytes. It has been shown to 

increase osteoblast proliferation and differentiation whilst inhibiting 

osteoclastogenesis in vitro. In addition, transient overexpression of 

adiponectin in mice increased trabecular bone mass and inhibited osteoclast 

number and bone resorption. [145] Recently it has described to induce 
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BMP2 transcription through an AdipoRl receptor, AMPK, p38 and NFk~ 

signaling pathway.[146) 

h) High Glucose: 

Hyperglycemia plays a key role in the regulation of the vascular 

inflammatory response by activating the recruitment of inflammatory cells to 

injured arteries and is also capable of promoting inflammation indirectly 

through the stimulation of several transcription factors. NFKB is an 

oncogenic protein that regulates transcription of a variety of cellular genes, 

including immune and inflammatory response and growth control. NFKB is 

known to be up-regulated in high glucose concentrations. [147) 

In 2008, Zhang et al [148) reported that high glucose induced the 

transcription of BMP2 in HUVECs. They suggested that the BMP2 up

regulation could be related to NFk~ activation as both BMP2 and NFk~ were 

down-regulated when these cells were treated with Pioglitazone [a 

hypoglycemic drug of the class thiazolidinedione (TZD)]. 
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5. BMP2 Synthesis and Secretion: 

BMPs are synthesized (synthesis and secretion summarized in Figure 9) 

as large precursors of about 400-500 amino acids consisting of an N

terminal signal peptide directing secretion, a prodomain for proper folding, 

and a C-terminal mature peptide. Carboxyterminal mature proteins are 

known to be proteolytically cleaved upon dimerization from the prodomain 

at an Arg-X-X-Arg sequence by serine endoproteases. Active BMPs are 

composed of 50-100 amino acids with seven cysteines, six of them forming 

three intramolecular disulfide bonds, known as cysteine knots. The seventh 

cysteine is used for dimerization with another monomer by forming a 

covalent disulfide bond, thus forming the biologically active signaling 

molecule. With the exceptions ofBMP3, GDF9, and BMP15, which lack the 

seventh cysteine, but appear to be biologically active as monomers, all 

BMPs form either homodimers or heterodimers. Heterodimerization of 

BMP2/ 5, BMP2/ 6, BMP2/ 7, and BMP4/ 7 have been observed both in 

vivo and in vitro, and appear to be more effective activators of the signaling 

pathways than their respective homodimers. [99, 104] 
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igure 9: Summary of the secretion and bioavailability of BMPs and th 
racellular regulations: 

~) Process leading to the secretion of BMPs: (1) Transcription of BMP 
nucleus). (2) Translation (ER). (3) Post-translational modification 
Golgi). (4) Proteolytic cleavage of the prodomain and dimerization o 
onomers. (5) Secretion of BMPs from the releasing cell in dimeric for 
ith or without the prodomain, or packaged into vesicles. 
~ Fate of BMP molecules after secretion from the releasing cell: Secrete 
MPs (1) in dimerized form linked with the prodomain or not, and thei 

·nteractions with their own ECM (fibril/in) , (2) in matrix vesicles, (3) int 
he bloodstream, (4) interact with neighboring cells ECM and (5) dimer. 
associated and non-associated with prodomain) bind to receptors an 
·nitiate signaling. (6) Antagonists to BMPs can interact directly with BM 
r its receptor producing no signal. • 
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C. Reconstruction of mandibular defects using rhBMP2/ACS 

An important progress in reconstructing large segmental bone defects has 

been the introduction of bone morphogenetic protein 2 (BMP-2), which 

induces osteogenic cell differentiation in vitro, as well as bone defect 

healing in vivo. [149] We previously mentioned the FDA-approved use of 

rhBMP2/ ACS (Infuse; Medtronic, Inc. Memphis, TN) in oral and 

maxillofacial surgery has been limited to maxillary sinus and alveolar ridge 

augmentation. [150] However, off-label trials of BMP2 in reconstruction of 

mandibular segmental defects with or without the addition of other bone 

grafting materials have been also reported with variable results. [151 , 152] 

Reconstruction of large segmental defects in the craniofacial skeleton has 

classically been challenging, especially in secondary reconstruction, where 

definitive bone reconstruction is attempted at a later time than that of defect 

creation. [ 16] 

Many investigators have used rhBMP2 in different animal models since 

interspecies homology is almost 100% jn mammalian species sequenced to 

date. [153-159] In 1991, Toriumi and coworkers [160] performed immediate 

reconstruction of 30 mm canine mandibular defect using 0.25 mg rhBMP2 

added to 500 mg inactive dog bone matrix and 5mM/L aminocaproic acid. 
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The study reported very promising results and was followed by a series of 

studies testing different concentrations of rhBMP2 in canine and non-human 

primate models. [153-156] 

In contrast to the very promising experimental results, clinical results of 

rhBMP2/ACS have been variable. [161] Moghadam et al were the first to 

report the application of BMP2 in human mandibular reconstruction. [162] 

They reconstructed a 6 em segmental mandibular defect using poloxamer

based gel (DynaGraft Gel, GenSci Regeneration Sciences, Irvine, CA) 

soaked with 200 mg of native human BMP. The material was sculpted along 

the medial surface of the reconstruction plate in an attempt to recreate the 

form of the lower jaw. To reproduce the inferior border of the mandible, 

three pieces of allogenic bone impregnated with native human BMP were 

placed below the reconstruction plate. Bone formation was observed at 3 

months and increased over 9 months of follow-up. A biopsy performed 9 

months postoperatively demonstrated viable bone with numerous osteocytes. 

The researchers concluded that osteogenic cytokines, such as BMP-2, are an 

alternative to traditional autogenous grafting of the mandible. 

Herford and colleagues reported the successful regeneration of 6 different 

cases (in 2 different papers) using different concentrations of rhBMP2/ ACS. 

These cases included mandibular segmental defects, maxillary and 
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mandibular ridge augmentation, one gunshot wound case and fmally an 

alveolar cleft case. The variation in the concentrations used and the inclusion 

of other graft substitutes in some of these cases made these studies 

inconclusive. [70, 163] The same group described a series of 14 patients 

with 4- 8 em lateral segmental mandibular defects. All were treated for 

benign odontogenic tumors or osteonecrosis. Following resection, rhBMP-2 

in a collagen carrier (without bone grafts) was placed in the defect. The bone 

segments were ftxed with a reconstruction plate, and a miniplate or titanium 

mesh was used to 'tent up' the periosteum and mucosa to maintain the space 

for osseous regeneration. All 14 patients had osseous regeneration, 

evidenced clinically and radiographically by 6 months postoperatively. The 

patients in this series were all immediately reconstructed and had minimal 

soft tissue defects, which is certainly not the case with all patients requiring 

mandibular reconstruction. [152] More recently, a case report of successful 

immediate mandibular reconstruction has also been reported. [164] 

Contradictory to the later reports, inability of rhBMP2 to regenerate bone 

in mandibular defects has been reported by Carter and coworkers. [151] Five 

cases treated with rhBMP2 were presented in their study where two patients 

required secondary bone graft procedures. Both cases were non-union cases; 

thus, could be considered delayed reconstruction situations. In other studies, 
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BMP2 did not improve bone healing in treatment of non-union fractures. 

[165, 166] Moreover, uncomplicated cases were not always the case when 

rhBMP2/ ACS was used in reconstruction of craniofacial defects. In the 

maxillofacial applications, it has been recognized that 60% of complications 

reported to the FDA's MAUDE were related to off label use of 

rhBMP2/ACS. The reported complications associated with mandibular 

reconstruction constitute 30.1% of all maxillofacial complications. [167] 

Postoperative large swelling at the surgical site has been the main 

complication associated with the use of BMP2/ ACS m maxillofacial 

applications. Alonso and co-workers [ 168] reported that a significant 

swelling occurred in 37.5% of cleft cases treated with rhBMP2. Carter et al 

[ 151] found that 80% of his cases treated with rhBMP2/ ACS developed a 

more significant facial swelling than that usually seen with autogenous bone 

grafts. In addition, dysphagia and respiratory compromise were described as 

significant problems associated with the Off-label use of rhBMP2 in the 

anterior cervical spine. [169, 170] Other investigators reported the potential 

of rhBMP-2 to induce a serious local adverse reaction of soft-tissue swelling 

beyond that involving the anterior cervical spine. [ 171] The scalp and facial 

swelling reported in this later case did not resolve except after the implant 
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was removed suggesting an inherent association with rhBMP-2 and its 

capacity for inducing an immune-mediated response. 

Many reviewers have highlighted this discrepancy in the results and the 

need for fme-tuning of the use of rhBMP2/ACS in reconstruction of 

segmental bony defects. [3, 29, 172] Blokhuis and Arts stated "A major 

drawback in the evidence surrounding BMP efficacy is the sponsoring of 

trials by industry, suggesting biased outcomes. Still, the size and costs of 

these large trials make it virtually impossible for public institutions to 

undertake such studies, so in general industrial involvement is difficult to 

avoid." [29] Another explanation of the contrast between the very promising 

experimental results and the variable clinical results reported with the use of 

rhBMP2/ ACS was emphasized by Cooper et al. [78] They criticized the 

concept of critical sized defect used in experimental craniofacial bone defect 

models and claimed that this concept has limited clinical applicability and 

currently only serves to standardize the research methodology. They also 

stated "The future of bone research will lie in the development of treatment 

modalities that are tailored to specific clinical applications.'' 

As we discussed previously in this review, very often, delayed 

reconstruction becomes the setting of choice in the reconstruction of large 

segmental defects in the mandible in human patients. Meanwhile, 
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experimental trials have been testing immediate rhBMP2 delivery, where 

implantation is done at the same setting when the defect is created. In many 

clinical instances, on the other hand, the implantation is done at a delayed 

setting, during secondary reconstruction. (3, 10, 16, 173] As a non

vascularized construct, delaying the reconstruction may provide more 

appropriate conditions for the use ofrhBMP-2/ACS in the human mandible. 

Meanwhile, efficacy of rhBMP2 in delayed reconstruction of mandibular 

segmental defects has not been experimentally tested before. 

In theory, delayed reconstruction of large segmental defects in the 

mandible is expected to be more taxing than immediate reconstruction. In 

immediate reconstruction, the biological process of graft incorporation is 

comparable to that of fracture repair. (174] The healing cascade starts with 

the surgical hematoma into which an inflammatory response is triggered. 

This inflammatory reaction is crucial for the healing process. [175] If the 

fracture hematoma subsides the osteogenic stem cell population at the 

fracture site is diminished, retarding the early healing process of these 

fractures. (174, 176] It has been reported that a 4 days old fracture 

hematoma has osteoinductive potential while peripheral blood hematoma 

doesn't. Thus, absence of acute fracture hematoma can impair callus 

formation, which may result in delayed union or non-union. [ 177] In delayed 
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reconstruction of critical size defects, the bony hematoma is minimal. 

Therefore, the endogenous microenvironment during delayed reconstruction 

could be less conductive to rhBMP2-induced bone regeneration than that of 

the immediate reconstruction. 

Another possible explanation to the observed deficiency of rhBMP2 

effect in some large segmental bone defects is that rhBMP2 is effective in

situ for only up to two weeks after delivery (based on the manufacturer' s 

information). About 60% to 75% of the initial dose of rhBMP2 is lost 

within the 1st week of its application when using ACS as a carrier. [178] 

Therefore, the effect of the delivered rhBMP2 needs to be sustained by 

endogenous mechanisms. During the remodeling phase, bone formation 

needs to be maintained at a higher rate than bone resorption until the optimal 

quantity and quality of bone regenerate is achieved. Such endogenous 

responses within the soft tissue bed of the defect have not yet been 

investigated. 



II. Hypothesis and Specific aims: 
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A. Hypothesis: 

My hypothesis was that rhBMP2 delivery would elicit endogenous 

expression of BMP2 and VEGF in the soft tissue bed of the defect. Such 

response was expected to be more pronounced in the immediate than the 

delayed reconstruction, which would correlate with the quantity and quality 

of bone formation in the two settings. We also hypothesized that vascular 

endothelial cells (ECs) of the surrounding soft tissue would contribute to the 

endogenous production of BMP2. 

B. Specific Aims: 

1. Comparison of regenerate bone quantity and quality between 

immediate and delayed reconstruction using rhBMP2/ACS in critical size 

defects in canine model: 

Bone volume, architecture, and mechanical properties were compared 

benveen the three conditions using micro CT scanning, histomorphometry, 

and mechanical testing with micro-indentation. We expected that bone 

quality and quantity would be deficient in delayed reconstruction. 
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2. Investigate whether better quality and quantity of bone formation is 

associated with the production of endogenous BMP2 from the soft tissue 

bed at different reconstruction settings: 

We examined gene expression and protein secretion of BMP2 and VEGF 

in the soft-tissue bed surrounding the defects after immediate versus delayed 

reconstruction using rhBMP2/ACS. We anticipated fmding strong 

correlation between the degree of bone formation and gene expression and 

protein secretion of endogenous BMP2 and VEGF-A in the soft-tissue bed 

of the treated defects. 

3. Exploration of the source of rhBMP2-induced endogenous BMP2 

production during critical size defect reconstruction: 

We hypothesized that ECs within the defect bed express and release 

endogenous BMP2 and VEGF-A triggered by the delivery of exogenous 

rhBMP2. We addressed this hypothesis both in-vivo and in-vitro. 
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a) In-vivo: 

Co-localization of BMP2 and ECs in the defect bed: co-localization of 

Anti-acetylated Low-Density Lipoprotein (AcLDL) (ECs marker) 

with BMP2 secretion was tested with immunofluorescence. We 

expected the co-localization of ECs with BMP2. 

b) In-vitro: 

Treatment of ECs with rhBMP2: Human Umbilical Vein Endothelial 

Cells (HUVECs) cell line were cultured and treated with serial 

concentrations of rhBMP2 (25ng, 50ng and 1 OOng) and the effect of 

this treatment on endogenous BMP2 secretion by these cells was 

evaluated. 
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III. Animals and methods: 
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A. Study Design: 

This study included 16 skeletally mature (age > 2 years) foxhound dogs 

weighting at least 31.5 kg. In all animals, a unilateral, 35-mm-long, linear 

segmental osteo-periosteal defect was created in the left side of the body of 

the mandible. Animals were randomly divided into three groups: Group 1 

(Gp1, immediate reconstruction group; n = 6), Group 2 (Gp2, delayed 

reconstruction group; n = 5), and Group 3 (Gp3, control group; n=5) (Figure 

10). 

The study protocol was reviewed and approved by the Institutional 

Animal Care and Use Committee (IACUC) of the Georgia Health and 

Sciences University (GHSU). One week prior to surgery, dental prophylaxis 

was performed on all the animals and oral hygiene was maintained by daily 

Chlorhexidine intraoral irrigation. 





Figure 10: Study design: Group 1: The defect was 
created and reconstructed at the same time using 
rhBMP2/ACS. Necropsy was ca"ied out 12 weeks 
after reconstruction. Group 2: The defect was 
created and the space was maintained using 
reconstruction plate and mesh for 4 weeks then 
rhBMP2/ACS was applied through an intraoral 
access. Necropsy was carried out 12 weeks after 
application ofrhBMP2/ACS. Group 3: The defect 
was created and reconstructed at the same time 
using ACS soaked with buffer devoid of rhBMP2. 
Sacrifice was ca"ied out 12 weeks after 
reconstruction. 
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B. Surgical Procedure: 

Anesthesia was performed using endotracheal Isoflurane anesthesia after 

pre-anesthetic of Diazepam 0.5 mglkg IM to calm the animal and facilitate 

restraint. The mandibular teeth bordering the osteotomy site (third and fourth 

premolar and second molar) as well as the maxillary teeth (4th premolar, 1st 

and 2nd molars) opposing the potential defect were extracted (Figure 11). 

Decapitation of the mandibular left canine followed by root canal treatment 

was performed due to the close proximity of its root to the site of drilling to 

secure the reconstruction plate. The left side of the mandible was accessed 

through a 20 em submandibular incision. Supra-periosteal dissection was 

done in the area overlying the potential defect, so that the bone would be 

excised with the enveloping periosteum both buccally and lingually (Figure 

12). 



' 



Figure 11: Surgical procedure where A) indicates 
sectioned crowns of maxillary 41

h premolar, JS1 

and second molars to facilitate extraction of teeth 
opposing the potential defect. White arrows 
indicate sectioning grooves. B) showing sectioned 
crowns of mandibular 3rd and 4'h premolars in 
addttion to the 2nd molar. The first molar was 
included in the resected bony segment, White 
arrows indicate sectioning grooves. Green arrow 
pointing to decapitated root canal treated 
mandibular canine to avoid infection as its root 
may lie in the path of the anterior bicortical 
screws stabilizing the custom made titanium plate 
intended to stabilize the potential detect. Dotted 
circle indicates the surgical site after extraction of 
maxillary teeth. 
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Figure 12: Supraperiosteal dissection . A
Periosteum overlying the bony segment to be 
resected. B- Stop cuts outlining a 3.5 mm 
potential defect. C- Guiding holes for a custom 
made 2.7 mm reconstruction plate that was 
adapted and stabilized (3 screws on each site of 
the defect) to the lateral surface of the body and 
ramus of the mandible before resection to mark 
the screw sites. 



77 



78 

After exposure of the body and ramus of the mandible, a custom made 

2.7 mm reconstruction plate (Craniotech ACR Devices, LLC; Dallas, TX) 

was adapted to the lateral surface of the mandible using 3 screws on each 

side of the potential defect. The adapted plate was then removed and two 

bicortical osteotomies were carried. The inferior alveolar neurovascular 

bundle was left intact during osteotomy then it was ligated both proximally 

and distally before it was incised to allow removal of the resected bony 

segment. Intra-oral dissection of the attached gingiva was needed to 

completely free the bony segment. After creation of the defect, the pre

adapted reconstruction plate was re-secured in place using the 3 predrilled 

guiding holes on each site of the defect. A titanium mesh was adapted to the 

defect, held underneath the plate and fixed with 2mm screws on each side. 

The defect was then thoroughly irrigated with sterile saline. 

In Gp l the titanium mesh was packed with a total of 8 ccs of rhBMP2 

(Medtronic, Inc. Memphis, TN), at a concentration of 0.2 mg/ml infused into 

a 51 X 76 mm (2 x 3 inch) ACS at least 15 minutes before loading. Then, 

the rhBMP2/ ACS composite was rolled and loaded into the mesh, 

immediately after defect creation (Figure 13). The extra oral wound was 

closed in layers using 3/0 PTFE and 3/0 Silk for skin. This was followed by 

closure of the intraoral wound with watertight sutures using 3/0 PTFE. 
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In Gp2 animals, the defect was created and stabilized with plate and 

mesh in the same way as in Gpl but the rhBMP2/ACS (same dose as in 

Gp 1) was loaded into the defect four weeks later through an intra-oral 

incision and after minor freshening of the bony edges (Figure 14). In the 

control group (Gp3) the defect was created in the same way and loaded 

immediately with ACS soaked with 8mL of buffer free of rhBMP2. 





Figure 13: Surgical procedure in the immediate 
reconstruction group (Gpl). A- representing a 35 mm 
segmental defect created and stabilized using a custom 
made 2. 7 reconstruction plate and a titanium mesh 
adapted and secured underneath the plate using two 
mono-cortical 2. 0 mm screws on each side of the 
defect B) In Gpl (the immediate reconstruction 
group) the rhBMP2/ACS (Red arrow) soaked with 1.6 
mglml total dose of rhBMP2 is shown after its 
immediate loading into the titanium mesh through the 
extraoral incision. 
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Figure 13: 





Figure 14: Gp2 (the delayed reconstruction group) 
second surgery. A) Represents the intraoral access to 
the defect that was created and stabilized 4 weeks 
earlier. B) Delayed reconstruction using of 
rhBMP2/ACS (Red arrow) soaked with 1.6 mglml total 
dose (same dose as in Gpl). 
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Figure 14: 



) 
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Postoperatively, all the animals were carefully monitored till fully 

recovered. Post-operative antibiotics were administrated for two weeks and 

extended or restarted for another week when needed. Non-steroidal anti

inflammatory analgesics were used for only one week for all the animals. 

Animals were maintained on soft diet and were followed up daily for signs 

of pain, discomfort or change in their food intake or weight. Daily 

Chlorhexidine intraoral irrigation was performed to maintain good oral 

hygiene throughout the study. Every week in the first two months after 

surgery, each animal was sedated for detailed intra-oral and radiographic 

examinations. 

After 12 weeks of delivering the rhBMP2 in Gpl and Gp2 and buffer 

without rhBMP2 in Gp3, animals were sacrificed. Soft tissue samples 

immediately outside the mesh in the three groups and from the intact 

periosteum, of the contralateral side, were collected and properly preserved 

for different procedures [RNA Later for RNA preservation, freezing media 

(50% UL TRACUL TURE + 40% Fetal Bovine Serum (FBS) and 10% 

DMSO added immediately before freezing the samples) for ex-vivo 

experiments and Formalin to fix tissues for histological processing]. The 

regenerates with the bordering bone as well as the corresponding segment 
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from contralateral sides were resected and immediately preserved m 

Formalin before the animal received a lethal dose of Pentobarbital 

(Euthasol). 
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C. Addressing specific aims: 

1. Specific aim 1: 

Comparison of regenerate bone quantity and quality between immediate 

and delayed reconstruction using rhBMP2/ACS in critical size defects in 

canine model: 

Rationale: The ability of rhBMP2 to regenerate bone in immediate 

reconstruction has been well established. However, the effect of delaying 

treatment on the quantity and quality of bone regeneration has not yet been 

studied. We compared the quantity and quality of rhBMP2-induced bone 

formation in immediate and delayed settings. 

Methods used to assess bone quantity: 

a) Physical dimensions of the regenerates 

b) Morphometric analysis using micro-CT (J.1CT) 

c) Histomorphometric analysis 

Methods used to assess bone quality: 

d) Bone Mineral Density (BMD) 

e) Micro-hardness Testing ()lHV) 
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a) Physical dimensions ofthe regenerates: 

To assess the regenerate dimensions in relation to potential implant 

placement, we measured the thickness and height of the formed regenerate 

within both groups using a digital caliber (Mitutoyo, Inc.). The mesial, 

middle and distal heights (Figure 15a) as well as the crestal, middle and 

basal thicknesses of bone in the mesial, middle and distal zones of 

regenerates (Figure 15b) were measured. The same regions (Height and 

thickness zones) were measured in the resected pieces of bone. Values were 

recorded in mm and direct comparison between each group regenerate and 

its resected bone was carried out. In addition, the absolute measurement 

values in mm were directly compared between the three groups regenerates. 

Furthermore, percentages of the bony dimensions of each regenerate relative 

to corresponding dimensions in the resected bony segments were calculated. 

Finally, These percentages were compared between the three groups. 
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b) Morphometric analysis using micro-CT (pCT): 
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For 3D bone morphometric analysis, samples were scanned in water, 

within the same container using a J.LCT system (Skyscan 1174; Micro 

Photonics Inc.; PA, USA). An oversize scan was performed at an image 

pixel size of 66 J.Lm. Reconstruction was done using Sky scan 

NRecon/NRecon server software (Micro Photonics Inc.; PA, USA). 
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Reconstruction parameters were standardized in all the scanned samples 

using a single reconstruction log file. Datasets were loaded into Skyscan 

CTanalyzer software (Micro Photonics Inc.; P A, USA) for measurement of 

3D bone morphometric parameters. The 3D bone morphometric parameters 

measured included percent bone volume (BV !fV), trabecular thickness 

(Tb.Th), trabecular number/mm (Tb.N), trabecular separation (Tb.Sp), and 

degree of anisotropy (DA). The normal control side was used to adjust the 

grey scale ranging from 60 to 170. This range allowed viewing of the normal 

bone architecture seen in the raw images. All reconstructed images were 

adjusted to this grey scale before running the 3D analysis. 

A standardized region of interest (ROI) yielding a standardized volume 

of interest (VOl) (1776mm3) was used for the 3D morphometric analysis in 

three different zones within the same regenerate (anterior, middle, and 

posterior) of each dog. Each of the mentioned parameters was measured in 

the anterior, middle, and posterior zones of the regenerates. Within each 

group, comparison between the three zones was carried out. In addition, 

comparison of the corresponding zones in between groups was done. 

Finally, the mean of the 3 zones was plotted as a value of each regenerate 

and compared between the three groups. The same VOl was uploaded to the 

scanned contralateral normal control side. We were cautious to avoid roots 
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of teeth in measurements made only in bone. Within each group, means of 

the measured parameters of the regenerates were compared between groups 

and with the parameters of the contralateral control side. Nomenclatures 

used were based on standards of the American Society of Bone and Mineral 

Research (ASBMR) for bone histomorphometric parameters. (179] 

c) Histomorphometric analysis: 

After regenerate mapping and scanning, the bony regenerates were 

divided into 6 regions A-F (Figure 16). The bony samples of region E of 

each dog within both groups were used for histological examination. 

Matching regions in the controlateral side were used as control samples. Un

decalcified bony samples were plastic embedded and sections were cut at 

100 J..Lm thick and stained with Masson's Trichrome stain. Digital images of 

3 slides of each animal were taken at 20X magnification from both the 

control bone and the bony regenerate. Quantification of vital bone was done 

by a blind operator using the imaging analysis software program Bioquant 

NOV A PRIME version 6 (R&M Biometrics). The percent bone area within 

the examined sections was calculated and compared between regenerates of 

both groups. In addition, the formed bony regenerate was calculated, within 

each group, as a percentage of the normal control side (percent defect 

filling). 
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d) Bone mineral density (BMD): 

The reconstructed 3D samples were used to calculate BMD. Using the 

Hounsfield Unit method, calibration was done using 0.25 and 0.75 mg/cc 

hydroxyapatite phantoms (0.8-mm diameter) provided by Micro Photonics 

Inc.; P A, USA. A standardized region of interest (ROI) including only bone 

was used to calculate the BMD in the mesial. middle and distal zones of the 

regenerates. The mean was used as the BMD value of each regenerate to 

compare it with the BMD of the normal contralateral side and in between 
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both groups. As previously mentioned, all the samples were scanned within 

the same container and with the same scanning parameters. Reconstruction 

parameters were also standardized in between all the samples that were 

analyzed. 

e) Micro-hardness testing: 

The regenerate samples of region B (Figure c), from three randomly 

chosen dogs from each group, were used for micro-hardness testing. In 

control samples, from each animal, part of the basal bone was used to 

measure the micro-hardness of nonnal dog bone. The micro-indentation 

protocol used was a modification of previous studies. [180-182] Samples 

were embedded in epoxy resin [BUEHLER0 EpoxicureTM Resin (PN: 20-

8130-128) mixed with BUEHLER0 EpoxicureTM Hardner (PN: 20-8132-

032)] in plastic containers [BUEHLER0 SampleKup0 PN: 20-9178]. To 

standardize tissue orientation along the samples to be tested [182], samples 

were placed so that the crestal border of the samples was perpendicular to 

the surface to be tested. Polishing of the embedded samples was done under 

continuous water irrigation using sand paper with grid size ending at 

1200/P2500. [BUEHLER0 Abrasive paper PN: 305-118-102, BUEHLER0 

Microcut Discs PN: 30-5528-800-100 and fmally BUEHLER0 Microcut 

Discs PN: 30-5528-012-100]. Finished samples were then stored in 70% 
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ethyl alcohol I saline: 1/1 solution to avoid sample dehydration. 

Micro-indentation was done using Leco0 Microhardness Tester 

LM300AT with Vickers diamond micro-indenter. The maximum time any 

sample was left outside the storage solution was no longer than 45 minutes. 

The load used was 25 grams and the dwell time was 15 seconds for all 

samples. The load was applied to the cortical bone of all samples. The 

diagonals of the Vickers micro-indenter were manually marked and the 

Vickers Micro Hardness (J.!HV) was automatically computed using 

ConfiDent Hardness Tester program Version 2.6.0 from Leco0 . 

Indentations were one diagonal was 15% longer than the other diagonal were 

repeated in a different area. For each sample, seven indentations were 

performed in different areas. The highest and lowest J.!HV values were 

excluded and the mean of the remaining 5 values were used for comparison 

between groups. Comparison was performed between each regenerate and 

its control bone and in between regenerates of both groups. 
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2. Specific aim 2: 

Investigate whether better quantity and quality of bone formation is 

associated with the production of endogenous BMP2 from the soft tissue 

bed at different reconstruction settings: 

Rationale: There is a significant variation in the response to rhBMP2 

delivery both experimental and clinically, even at the same delivery site, 

concentration, total dose, and defect size. Therefore, in specific aim 2, we 

tested the hypothesis that while the exogenous rhBMP2 initiates bone 

regeneration within the defect, the soft tissue bordering the defect responds 

by expressing and secreting endogenous BMP2 and other osteogenic and 

angiogenic factors. This soft tissue response would explain the cause of 

impaired response to the same dose of rhBMP2 observed in some subjects. 

Therefore, we expect that the production of endogenous BMP2, for several 

months after initial delivery of exogenous rhBMP2, would be essential for 

the long-term maintenance of the bone regeneration activity. 

Methods used to detects BMP2 and VEGF-A gene expression: 

a) Osteogenic pathway gene expression array: 

b) BMP2 and VEGF-A gene expression: 
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Methods used to detects BMP2 and VEGF-A protein expression: 

c) Western Blot: 

d) Immunohistochemistry: 

a) Osteogenic pathway gene expression array: 

(l)RNA isolation and purification: 

In order to compare the gene expression between the immediate and the 

delayed reconstruction groups, RNA isolation was carried out from three 

soft tissue pieces harvested from the tissues outside the mesh (treated side). 

Each piece was roughly 5 X 5 mm. Three randomly chosen dogs were 

selected from Gp1 and Gp2. Thus in Gp1, n = 9 and in Gp2 n = 9. We 

combined the TRizol0 reagent (Invitrogen) and RNeasy spin columns 

(QIAGEN, Inc.) methods for RNA isolation. Each sample was snap frozen 

in liquid nitrogen then grinded followed by treatment with 600 mL TRizol0 

reagent for 10 min then centrifuged at 10,000 rpm for 10 min. The lysates 

were centrifuged at 10,000 rpm for 1 0 min. Ethanol (70%) was added to the 

lysate which was mixed by pipetting. Samples were then transferred to 

RNeasy spin columns placed in 2 ml collection tubes. The samples were 

centrifuged at 10,000 rpm for 15 seconds. The flow-through was discarded 

and 700 f..d buffer R W 1 was added to the spin column. The samples were 
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centrifuged at 10,000 rpm for 15 s. The flow-through was discarded and 500 

~1 buffer RBE added to the spin column. The buffer RBE step was repeated, 

and then the spin column was placed in a 1.5 ml collection tube. RNA-free 

water (30 ~1) was added directly to the spin column membrane, and the 

samples were centrifuged at 10,000 rpm for 1 min. Samples then were stored 

at -80°C. All steps of the procedure were performed at room temperature, in 

a standard micro-centrifuge. 

Quality and concentration of the RNA was assessed from 1 ~l samples on 

a Bioanalyzer (Agilent 21 00). The accepted ratio of absorbance at 260 and 

280 nm was 2.0- 2.1, with an RNA integrity number (RIN) of 9.8- 10.0. 

Samples that did not meet these requirements were excluded from analysis. 

After validation of the combined TRlzol0 /RNeasy method, a Thermo 

Scientific NanoDrop™ 1000 Spectrophotometer, was used to routinely 

measure RNA quantity and purity. Two-step RT-PCR was performed in two 

separate reactions: first, total RNA is reverse transcribed into eDNA, and 

then the eDNA is amplified by PCR. This method is useful for detecting 

multiple transcripts from a single eDNA template or for storing eDNA 

aliquots for later use. 
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(2) eDNA synthesis: 

Purified RNA {2J.tg) was used for each 20 ul of eDNA synthesis reaction. 

The High-Capacity eDNA Reverse Transcription Kitll (Applied Biosystems) 

was used with random primers according to the manufacturer's instructions. 

The selection of this kit was based on the fact that exceeding the capacity of 

a reverse transcription reaction could lead to significant errors in the RNA 

quantification results; the High Capacity eDNA Reverse Transcription Kit 

should prevent that type of error. The High Capacity Kit also uses random 

priming, which significantly benefits linearity. Linearity is defined as the 

degree that the reverse transcription chemistry maintains a constant 

efficiency for all genes. With poor linearity, reverse transcription 

efficiencies would be sample-dependent, resulting in inaccurate data. 

(3)Real time PCR (qrt-PCR) Osteogenic pathway gene expression 

arrays: 

The PCR array system combines the quantitative performance real-time 

PCR with the multiple gene profiling capabilities of microarray. Customize 

TaqMan"' Express Plates (Applied Biosystems) were used. The eDNA was 

then amplified in real-time (ABI 7300) using TaqMan"' Gene Expression 

Master Mix reagents (Applied Biosystems) in 96 well plates and target genes 

were customized in 32 formats (Figure 17). Each well in the plates contains 
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a single TaqMan Assay for one 20-J.tL reaction. The plate included primers 

assay for 29 target genes (Figure 17) and 3 housekeeping genes. Analysis of 

gene expression in the Gp2 versus Gp 1 using Ct (cycle threshold) values 

calculation carried out by ~Ct and ~~Ct method. [ 183] The formula for 

quantification was: 

~Ct = 2 ct (housekeeping)/ 2 ct (Target) 

~~Ct = 2 6ct (Gp2) I 2 6ct (Gpl ) 

After performing PCR, the relative expression determined using the 

~~Ct method to calculate results, expressed as ''fold regulation" of genes. 

[ 184] In these arrays the plotted results will be of Gp 1 relative to Gp2. 





Figure 17: Customized TaqMan® Express Plate for 
dogs: plate design to detect gene expression of 29 
genes in the Osteogenic pathway. Each 96 well plate 
can analyze 3 samples (32 format) detecting 29 target 
genes (grey). Each sample has 3 endogenous control 
genes. 
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b)BMP2 and VEGF-A gene expression: 

In order to detect both BMP2 and VEGF-A relative expression in the 3 

groups, RNA isolation was carried out from three soft tissue pieces 

harvested from the tissues outside the mesh (treated side) and three pieces 

from the contralateral periosteum side (control side). Each piece was roughly 

5 X 5 mm. Thus in each group, n =number of dogs within group X3, that is, 

Gp1, n = 18; Gp2, n = 15; and Gp3, n = 15. 

This experiment included the following controls: 

- The right side normal periosteum as a base line of BMP2 and VEGF

A expression within each dog 

- The endogenous control for the ~Ct (~Ct = 2c1 (bousekeepmg) 1 2ct (farget~ 

calculation 

- The control group (Gp3) were rhBMP2 was not added to ACS 

The inclusion of these controls was to exclude any variability between 

the dogs included in this study and to make sure that any difference in 

relative gene expression of BMP2 and VEGF -A would be in fact due to 

treatment with rhBMP2/ACS. 

RNA isolation and purification and eDNA synthesis were performed as 

described above. Real time PCR was done using 50 ng I well. Individual 

TaqMan~ primers for BMP2 and VEGF-A were used in 25 J.Ll reaction 
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volume. Again, analysis of gene expression was done usmg the ~Ct 

method described above and results were expressed as fold regulation of 

each gene within each group relative to the control normal periosteum. 

c) Western Blot: 

Soft tissues just outside the mesh in addition to normal periosteum were 

harvested from the right side of the body of the mandible just before 

necropsy and stored in freezing media as previously mentioned. 

( 1) Sample lysis and preparation: 

Tissues were dissected with sterile instruments into small pieces to 

facilitate homogenization. Samples were placed in 1.5 ml Eppendorf tubes 

and 300 ~l of ice-cold Radio Immuno Precipitation Assay (RIP A) lysis 

buffer (with 1% protease inhibitor cocktail was freshly added to RIP A 

buffer) was added to homogenize tissue samples using an electric 

homogenizer. This was followed by placing tubes at 4°C for 2 hours under 

constant agitation. Then, centrifuge for 20 min at 10,000 rpm at 4°C in a 

microcentrifuge was carried out. The supernatant was aspirated and stored in 

-80°C while the formed pellet was discarded. BCA assay was used for 

determination of protein concentration. The harvested tissues were difficult 

to homogenize and the protein concentration never exceed 0.5-1.0 mg/ml. 
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As antibodies typically recognize a small portion of the protein of interest 

(referred to as the epitope) and this domain may reside within the 3D 

conformation of the protein, unfolding (Denaturing) and reducing proteins 

are essential to enable access of the antibody to this portion. Laemmli buffer, 

6X or lOX (to minimize further dilution of the samples), was added to 

samples after standardization of the total amount of protein to be loaded 

followed by boiling the samples at 1 00°C for 5 minutes. 

(2) Gel electrophoresis and transfer: 

We used one-dimensional electrophoresis to separate proteins. Samples 

and molecular weight markers were loaded in precast gels 10% (Mini

Protean® TGX™ Gels). Running was done using lX Tris/Glycine/SDS 

buffer (BIO-RAD, CA, USA) at 100 Volt constant for 1 hour. After ending 

the running, wet transfer was performed where the gel and PVDF membrane 

(freshly soaked in 100% Methanol for 2 minutes then rinsed with ultrapure 

water) were sandwiched between sponge and paper 

(sponge/paper/geVmembrane/paper/sponge) and all are clamped tightly 

together after ensuring no air bubbles have formed between the gel and 

membrane. The sandwich is submerged in 1 X Tris Glycine transfer buffer 

(BIO-RAD, CA, USA) with the addition of 20% methanol. Transfer was 

done using Criterion™ Blotter (BIO-RAD, CA, USA), which allows rapid 
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transfer ( 15 to 30 minutes) at 130 Voltage constant. Blocking of the blotted 

membrane was done using 5% Bovine Serum Albumin (BSA) in 0.1% Tris 

Buffer Saline Tween20 (TBST) buffer for 2 hours at room temperature and 

constant shacking. 

(3)1dentification ofBMP2 and VEGF proteins on blotted membrane: 

The blocked membrane was incubated with 1/200 mouse monoclonal anti 

Human BMP2 antibody (Santa Cruz Biotechnology Catalog# sc-57040) or 

Goat anti-canine VEGF (R&D Systems Catalog# AF 1603). The BMP2 

antibody used was antihuman as no anti-canine BMP2 antibodies were 

commercially available at that time. The loading control used was ~-Actin 

detected using 1/ 500 Goat polyclonal anti ~-Actin antibody (Abeam 

Catalog# ab8229) diluted in blocking buffer. Incubation was done at 4 °C 

overnight for BMP2 and VEGF and at room temperature for 2 hours for ~

Actin. 

After incubation of the membrane with the primary antibody rinsing was 

done for 5 times (5 minutes each) using 0.1% TBST to remove any residual 

antibodies. Then the membrane was incubated with the corresponding HRP

conjugated secondary antibodies ( 1 :2000 in 0.1% TBST) for 2 hour. The 

detection kit used was ECL+ detection kit and the resultant x-ray ftlm was 

automatically developed. Finally, quantification of the proteins of interest 
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was done relative to ~-Actin using Image J software. 

d) Immunohistochemistry: 

As immunohistochemistry allows the detection and localization of well

characterized cellular structures and extracellular matrix components, we 

used it to detect both BMP2 and VEGF proteins within the soft tissue bed of 

the defects created in the three experimental groups. The soft tissue samples 

adjacent to the outer surface of the mesh from three dogs in the 3 

experimental groups were paraffm-embedded. Sectioning and staining was 

performed in 4 mm serial sections of fixed tissues. The primary antibodies 

used were mouse antihuman BMP2 (catalog# sc-57040; Santa Cruz 

Biotechnology, Inc.) and goat anti-canine VEGF (catalog# AF1603; R&D 

Systems). Random three slides of each group were examined using bright 

field light microscope. Ten randomly chosen representative digital images 

(2584X1936 flm) of each slide were taken from each sample at 20X 

magnification. Quantification of immuno-staining was done by a blind 

operator using the imaging analysis software program Bioquant NOV A 

PRIME version 6 (R&M Biometrics). 
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3. Specific Aim 3: 

Exploration of the source of rhBMP2-induced endogenous BMP2 

production during critical size defect reconstruction: 

Rationale: To understand the mechanism of rhBMP2-induced defect 

regeneration and identifying causes of its failure in some subjects, we 

needed to identify the cells that respond to rhBMP2 delivery by production 

of endogenous BMP2. BMP2 has been shown to induce the differentiation 

of microvascular endothelial cells from their progenitor cells. In addition 

ECs are a known source ofBMP2. [185] We investigated the potentiality of 

ECs to release endogenous BMP2 triggered by the delivery of rhBMP2 both 

in-vivo and in-vitro as follows: 

a) In-vivo: 

- Co-localization of BMP2 and microvascular ECs in the soft tissue 

bed of the defect using immunofluorescence: 

Frozen sections (10 J.ltll) from the soft tissue bed surrounding the defect 

were prepared for immunofluorescence co-localization of both anti BMP2 

antibody (catalog# sc-57040; Santa Cruz Biotechnology, Inc.) and 

BODIP~ FL Anti-acetylated Low-Density Lipoprotein (AcLDL) antibody 
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(catalog# L3485; Invitrogen) (microvascular ECs marker). Sections were 

fixed with 5% paraformaldehyde for 5min, followed by washing with PBS 

and blocking with 5% normal mouse serum for 30 min. Slides were 

incubated with BMP2 antibody (catalog# sc-57040; Santa Cruz 

Biotechnology, Inc.) and the BODIPY FL AcLDL (catalog# L3485; 

Invitrogen) for 2 h at room temperature followed by Texas Red® goat anti

mouse IgG secondary antibody (catalog# T862; Invitrogen). Immuno

stained slides were covered and examined by confocal microscopy (LSM 

510; Carl Zeiss). We expected the co-localization ofECs with BMP2. 

b) In-vitro: 

- Treatment of Human Umbilical Vein Endothelial Cells (HUVECs) 

with rhBMP2: 

Human Umbilical Vein Endothelial Cells (HUVECs) (LONZA; Catalog# 

cc-2517) were cultured in Endothelial Cell Basal Medium-2 (EBM-2™; 

Catalog# CC-3156; LONZA) supplemented with Endothelial Growth 

Medium-2 SingleQuot Kit Suppl (EGM-2™ SingleQuot Kit Suppl, Catalog# 

CC-4176; LONZA). VEGF was excluded from the growth factors included 

in the EGM-2™ SingleQuot Kit, as it is known to induce ECs to secrete 

BMP2. HUVECs were maintained in culture till 90% confluence, and media 

was regularly changed every other day. 
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Cells used in experiment were between passages 3-5. Before adding 

rhBMP2 (R&D Systems, Catalog# 355-BM-050) treatment to the culture 

media, cells were serum starved for 24 hours before starting treatment and 

throughout the whole experiment. HUVECs were treated at time point zero 

and for only 3 hours with serial doses of rhBMP2 (25ng, SOng and lOOng). 

By the end of treatment, media was aspirated and wells were rinsed with 

warm Phosphate Buffered Saline (PBS) to remove any residues of rhBMP2 

used for treatment. Serum free, rhBMP2 free media was then added to the 

cultured cells and the culture was maintained for 12 hours (Figure 18). 

1 Hours 

6Hours 

UHoun 

No 
~1tment 

SOn&/ml lOOrc/ml 
ri\8MP2 ri\8MP2 

BMP2 and VEGF Gene 
express1on usmg qrtPCR 

igure 18: In-vitro experiment design: HUVECs were treated witl 
erial Concentrations of rhBMP2 for 3 hours and cells wer 
aintained for 12 hours. 
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(1)BMP2 and VEGF gene expression: 

BMP2 and VEGF gene expression were detected using qrtPCR at the 

3 hours; 6 hours and 12 hours time points. RNA isolation and purification 

was done using RNeasy- QIAshredder Kit (QIAGEN, Inc.). RLT buffer was 

used to homogenize cells. The lysate was centrifuged through 

QIAshredder spin column for 15 seconds at 10,000 rpm and Ethanol (70%) 

was added to the flow-through then was mixed by pipetting. Samples were 

then transferred to RNeasy spin columns placed in 2 ml collection tubes and 

the procedure of RNA isolation and purification, eDNA synthesis and 

qrtPCR were done as described above using 50 ng I well. Individual 

TaqMan® primers for BMP2 and VEGF-A were used in 25 Jll reaction 

volume. Again, analysis of gene expression was done using the ~Ct 

method describe above and results were expressed as fold regulation of each 

gene within each group relative to the control untreated experimental group. 

(2) BMP2 and VEGF protein expression: 

BMP2 and VEGF protein expression were detected in the supernatant 

using ELISA kits in the 6 and 12 hours time points. Cell culture supernatants 

were collected at the mentioned time points, centrifuged for 10 minutes at 

10,000 rpm to remove any particulates then stored at -80°C. Endogenous 

secretion of both BMP2 and VEGF by stimulated HUVECs were detected 
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using Human BMP-2 Quantikine ELISA Kit (R&D system, catalog# 

DBP200) and Human VEGF Quantikine ELISA Kit (R&D system, catalog# 

DVEOO), respectively. 

ELISA protocol BMP2 and VEGF: 

All reagents and standards were prepared as directed by the 

manufacturer. First, Assay Diluent was added to each well (100 J.Ll of Assay 

Diluent RDl-19, 50 J.Ll of Assay Diluent RDl W; for BMP2 and VEGF 

respectively). Then, the standards and samples were added in each well (50 

J.Ll and 200 J.Ll; for BMP2 and VEGF respectively). Plates were covered with 

adhesive strips and incubated for 2 hours at room temperature. Wells were 

aspirated and washed by filling each well with Wash Buffer (400 J.Ll). 

Washing was repeated 3 times. After the last wash, inverting the plate and 

blotting it against clean paper towels was done to remove any remaining 

Wash Buffer. Conjugates were then added (200 J.Ll) to each well. The plate 

was covered with a new adhesive strip and incubated for 2 hours at room 

temperature. The aspiration/wash step was repeated. Substrate Solution was 

added (200 J.Ll) to each well and protected from light. Incubation with 

substrate was done at room temperature (30 and 20 minutes; for BMP2 and 

VEGF respectively). Finally, 50 J.Ll of Stop Solution was added to each well. 
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The optical density was detected in each sample (well) within 30 minutes, 

using a microplate reader set to 450 run and corrected at 540 nm. 

D. Statistical analysis: 

Results were expressed as the means ± standard deviation. 

Significance level was set at p<0.05. Concerning the physical dimensions, 

when regenerated bone was compared to resected bony dimensions within 

the same group paired student t-test was used. Meanwhile, the absolute 

values of regenerate dimensions and the percentiles of bony dimensions 

within different zones of the regenerates were compared using one-way 

ANOVA test (Tukey-Kramer Multiple-Comparison Test). The same test was 

used to assess the immuno-staining and the 3D morphometric parameters 

differences between various zones (Anterior, middle, posterior) within the 

regenerates of the same group and the mean of these 3 zones were compared 

between the 3 groups. Comparisons between the regenerate and contra

lateral bone were made using paired student t-test. The BMD and J.LHV of 

Gp 1 and Gp2 were compared to each other using a student t-test and each of 

these groups was compared to its normal side using a paired t-test. 
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Concerning the qrt-PCR results, the results were expressed as fold 

regulation relative to the control group. Regarding the array results, they 

were expressed as fold regulation of Gpl relative to Gp2. Statistical 

significance was tested for each group using a paired student t-test between 

the ~Ct of the treated side and the control side within each group 

individually. All statistical analysis was done using NCSS©2007 (NCSS, 

Inc., Salt Lake City, Utah). 



IV. Results: 
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A. Clinical observations: 

All animals tolerated the surgery and post-operative period well. In Gpl , 

the defect within one dog was accidentally larger (- 40 mm) and, thus, was 

excluded from the study. Three weeks after surgery, one dog developed two 

intraoral fluctuant seromas on top of the alveolus, each measuring lOxlO 

mm (Figure 19A). Postoperative antibiotics were extended for a third week 

till the inflammatory signs subsided and the size of the swelling diminished. 

However, one of the two (anterior) swellings developed a bony shell 

(evident radiographically) that persisted until sacrifice (Figure 19A). 

A different dog developed an extra oral swelling (Figure 19B) one week 

postoperatively that diminished a week later, coexistent with development of 

a painless intraoral granuloma of 2x2 mm over the anterior part of the 

defect. The X-Ray taken at that time showed that one of the screws holding 

the mesh was protruding under the mucosa and seemed to be causing the 

granuloma. After 3 weeks the extra oral swelling totally disappeared but the 

intra oral granuloma remained uncomplicated until sacrifice. Another animal 

developed multiple small erythematous seromas in the mucosa overlying the 

defect one week after surgery (Figure 19C). Antibiotic was extended for an 

additional week and the lesions resolved by the end of the third 
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postoperative week. One week later, the animal developed a small 

granuloma at the anterior part of the defect. At the seventh postoperative 

week, the mucosa overlying the granuloma dehisced, exposing about 5 mm 

of the plate. Dehiscence persisted until sacrifice with no sign of infection. 

A fourth dog developed a tiny crestal seroma (Figure 19D) that was 

uncomplicated and resolved within one week. Finally, a fifth dog developed 

a 15x 10 mm crestal intraoral seroma (Figure 19E). The sutures bordering the 

seroma were left in place during suture removal to avoid perforation. 

Antibiotics were extended for two week until the swelling resolved. 

In Gp2, the rate of complications was much higher. However most of the 

complications were before reconstruction with rhBMP2/ ACS and could be 

summarized in dehiscence of the intraoral crestal mucosa exposing the edges 

of the titanium mesh. Throughout the second surgeries sharp edges of the 

titanium mesh were bent to avoid friction with the undersurface of the flap. 

Also, care was taken to undermine the buccal tissues to be able to close the 

gap over the mesh. All the animals tolerated the second surgery well except 

for one dog which had to be taken to the operating room twice to trim the 

edges of the mesh that were projecting lingually and injuring the under 

surface of the tongue. 





Figure: 19: Post-operative swellings that developed within 
the immediate reconstruction group animals (Gpl). White 
arrows indicate boundaries of the swelling. See text for 
details. 



Figure 19 
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B. Gross examination of regenerates: 

At necropsy, it was conspicuous that new bone in Gp 1 defects followed 

the contour of the mesh. In most dogs the formed bone did not project 

beyond the titanium mesh except for one dog where bone formed within the 

seroma (Figure 1 OA). However in Gp2, it was noticeable that bone had a 

tendency to form outside the mesh at the junction with normal bone. It was 

very hard to identify the peripheries of the mesh without removing these 

pieces of bone. This was evident histologically by increased sub-periosteal 

bone formation in the area of normal bone bordering the defect (Figure 

20B). Furthermore, within this group the formed bone did not follow the 

shape of its titanium housing but had the tendency to taper towards the 

center of the defect (Hourglass appearance). 





Figure 20: Gross examination A) Post-operative 
radiograph at the 8th postoperative week of one of 
the dogs of Gpl (Same dog shown in figure 4A) 
showing projection of the bony regenerate beyond the 
titanium mesh (White arrows). The 2 bony shells 
shown in this X-ray are related to the crestal 
1 OXl Omm seromas that formed earlier in the same 
dog. These bony shells persisted uncomplicated until 
sacrifice. B) Gp2 regenerates showed increased sub
periosteal bone formation in the area of normal bone 
bordering the defect. White arrows: the junction 
between normal bone and sub-periosteal bone 
deposition. Yellow arrow: the junction between 
normal bone and regenerated bone in the created 
segmental defect (Scale bar: 500 p.m) 



Figure 20 
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C. Specific aim 1: 

Comparison of regenerate bone quality and quantity between 
immediate and delayed reconstruction using rhBMP2/ ACS in critical 
size defects in canine model: 

1. Physical dimensions of the regenerates: 

When Gp 1 regenerates were compared to their respective resected bony 

segments (Figure 21 ), a significant height deficiency showed in the middle 

and distal heights (Gp1 regenerated bone: Middle Height (M_H) mean: 18.0 

mm (±7.1); Distal Height (Ds_H) mean: 20.4 rnm, (±2.7); Gp1 resected 

bone: Middle Height (M_H) mean: 27.8 mm (±1.6); Distal Height (Ds_H) 

mean: 28.5 (±0.8); p Value: 0.01 and 0.001 respectively). Concerning the 

thickness zones bony regenerates in Gp 1 had significantly lower 

measurements in the Middle Crestal Thickness (M_ C _ Th), Middle Middle 

Thickness (M_M_Th) and Distal Crestal Thickness (Ds_C_Th) (Gpl 

regenerated bone: M_C_Th mean: 5.0 rnm (±2.9); M_M_Th mean: 7.8 mm 

(±2.0); Ds_C_Th mean: 6.0 mm (±1.8), Gp1 resected bone: Ms_C_Th mean: 

7.2 mm, (±1.4); M_M_Th mean: 10.8 mm, (±1.2); Ds_C_Th mean: 8.6 mm 

(±0.9); p Value: 0.03, 0.02 and 0.03 respectively). 

Meanwhile Gp2 regenerates when compared to their respective resected 

bony segments (Figure 22). showed much more deficient measurements in 

most of the measured height and thickness zones (Gp2 regenerated bone: 
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Mesial Height (Ms_H) mean: 12.6 nun (±3.4); M_H mean: 5.9 mm (±0.5); 

Ds_H mean: 13.3 rnm (±4.4); Mesial Middle Thickness (Ms_M_Th) mean: 

5.1 mm (±2.9); M_M_Th mean: 0.7 mm (±1.5); Middle Basal Thickness 

(M_B_Th) mean: 0.9 mm (±1.9); Ds_C_Th mean: 5.4 mm (±2.1); Distal 

Middle Thickness (Ds_M_Th) mean: 5.0 mm (±2.8); Distal Basal Thickness 

(Ds_B_Th) mean: 2.7 mm (±2.5); Gp2 resected bone: Ms_H mean: 24.8 nun 

(±1.3); M_H mean: 25.6 mm (±2.4); Ds_H mean: 25.2 nun (±2.2); 

Ms_M_Th mean: 10.3 mm (±1.5); M_M_Th mean: 10.8 nun (± 1.4) ; 

M_B_Th mean: 6.4 mm (±1.0) ; Ds_C_Th mean: 8.8 mm (±1.1); Ds_M_Th 

mean: 10.8 mm (±1.4); Ds_B_Th mean: 6.6 mm (±1.8); p Value: < 0.001 , < 

0.001 , < 0.001 , < 0.02, < 0.001 , < 0.01 , 0.04, 0.01 and 0.01 respectively). It 

is worth noting that the M _ M _ Th and the M _ B _ Th were 0 mm in 4 of the 5 

regenerates of Gp2. 

On the other hand, Gp3 (Control group) showed almost no regeneration 

of bone (Figure 23). All the measured zones were significantly lower in 

comparison to the resected bone. The M_M_Th and the M_B_Th regenerate 

measurements were 0 mm in all dogs. The M_H was 0 mm in 4 of the 5 

groups. 





Figure 21: Bar graph showing Gpl regenerated bone 
versus Gpl resected bone physical dimension: H: 
height, Th: thickness, Ms: Mesial, M: middle, Ds: 
Distal, C: Crestal, B: Basal. (a: p Value< 0.05) 
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Figure 22: Bar graph showing Gp2 regenerated bone 
versus Gp2 resected bone physical dimension: H: 
height, Th: thickness, Ms: Mesial, M: middle, Ds: 
Distal, C: Crestal, B: Basal. (a: p Value< 0.05, aa: p 
Value< 0.001) 
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Figure: 23: Bar graph showing Gp3 regenerated 
bone versus Gp3 resected bone physical dimension: 
H: height, Th: thickness, Ms: Mesial, M: middle, Ds: 
Distal, C: Crestal, B: Basal. (aa: p Value< 0.001) 



5 

0 

Figure 23 

Gp3 (Control Group) 
• Regenerated Bone 
• Resected Bone 

M H Os H Ms C Th Ms M Th Ms B Th M C Th M M Th M B Th Os C Th Os M Th Os B Th 

..... 
N 
0 



121 

When the physical dimensions of the regenerates of the 3 groups were 

directly compared as absolute values, Gp 1 surpassed Gp2 and Gp3 in most 

of the measured zones. Concerning the height, immediate reconstruction 

yielded significantly better regenerates in the mesial, middle and distal 

heights [Ms_H (Gp1 mean: 21.2 mm (± 4.9 mm); Gp2 mean: 12.6 mm (± 

3.5 mm) and Gp3 mean: 10.5 mm (± 6.4 mm), M_H (Gpl mean: 18.1 mm 

(± 7.1 mm); Gp2 mean: 5.9 mm (± 0.5 mm) and Gp3 mean: 1.2 mm (± 2.7 

mm), Ds_H (Gp1 mean: 20.4 mm (± 2.8 mm); Gp2 mean: 13.3 mm (± 4.4 

mm) and Gp3 mean: 9.4 mm (± 3.1 mm)]. Regarding the thickness, Gp1 

regenerates were significantly thicker than Gp2 and Gp3 regenerates in the 

Ms_M_Th, Ms_B_Th, M_M_Th, and M_B_Th. Gpl also exceeded the 

dimensions of Gp3 only in the Ds _M _ Th and Ds _ B _ Th. On the other hand, 

Gp2 did not outdo Gp 1 or even the control group in any of the measured 

regions. (Figure 24) 





Figure 24: Bar graph showing the absolute values of 
regenerated in all groups: H: height, Th: thickness, 
Ms: Mesial, M: middle, Ds: Distal, C: Crestal, B: 
Basal. (a: p Value< 0.05 between Gp1 and Gp3; b: p 
< 0.05 between Gp1 and Gp2, aa: p Value < 0.001 
between Gp1 and Gp3 and bb: p < 0.001 between Gp1 
andGp2 
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Concerning physical dimension of bony regenerates m each group 

relative to the resected bony segments, Gp 1 showed more supenor 

regenerates in comparison with both groups (Figure 25). Gpl showed more 

superior physical dimensions in comparison to both groups. It showed 

significant difference between Gp2 and Gp3 in the all height zones (Ms _ H, 

M_H and Ds_H) in addition to many thickness zones (M_M_Th, M_B_Th 

and Ds B Th). 

The immediate reconstruction group (Gpl) was also significantly 

superior to the control group (Gp3) only in the Ms_M_Th, Ms_B_Th and 

the Ds_M_Th. Meanwhile, Gp2 showed no significant differences with Gp3 

in all measured zones. Table 6 summarizes the relative bone regeneration 

physical dimensions in all groups. 





Figure 25: Bar graph representing % of physical 
dimensions of bony regenerates in relation to the 
resected bony segments. Gpl: immediate 
reconstruction group, Gp2: delayed reconstruction 
group, and Gp3: control group. H: height, Th: 
thickness, Ms: Mesial, M: middle, Ds: Distal, C: 
Crestal, B: Basal. (a: p Value< 0.05 between Gpl and 
Gp3; b: p < 0.05 between Gpl and Gp2). 
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Table 6: Means(± SD) of the percentage of the bony 
dimensions within each regenerate in relation to their 
resected piece of bone: H=Height, Th=Thickness, 
Ms=Mesial, M~Middle, Ds-Distal, C- Crestal, 

B-'Basal. 
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Table 6: 

'lt•a,u n ·mt·nt 
(;p I (;p 2 (;p J 

,1111(.' ' Pklll ± SJ)) ( 'lt·an ± SU) Pit-an ± SU) 

Ms_H 84.3 (± 18.5) 45.1 (± 17.1) 39.6 (± 23.4) 

MH 64.4 (± 24.9) 23.5 (± 3.3) 4.4 (± 9.9) 

Ds_H 71.6 (± 1 0.4) 45.1 (± 21.3) 34.5 (± 11.9) 

Ms_C_Th 94.9 (± 41.5) 67.0(± 19.7) 49.5 (± 33.3) 

Ms_M_TII 87.0 (± 21.4) 45.6 (± 29.9) 15.2 (± 25) 

Ms_B_T h 101.2 (± 35.7) 47.4 (±41.2) 7.5 (± 16.8) 

M_C_TII 59.4 (± 33.4) 46.0 (± 41.4) 7.4 (± 16.5) 

M_M_Th 70.0 (± 19.2) 9.2 (± 15.3) 0.0 (± 0) 

M B Th 92.9 (± 58) 22.8 (± 35.9) 0.0 (± 0) 

Ds_C_Th 70.4 (± 24.2) 56.0 (± 26.8) 35.0 (± 22.9) 

Ds_M_Tb 84.3 (± 23.4) 42.5 (± 26.3) 29.4 (± 32.3) 

Ds_B_Th 90.2 (±31.3) 37.2 (± 32.3) 18.9 (± 28.8) 

Total Mean 80.9 {±13) 40.6 (±16) 20.1(±17) 
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2. Morphometric analysis using micro-CT (JJCT): 

Three-dimensional reconstructions of regenerates of the three 

experimental groups are shown in Figure 26. When we compared the 

anterior middle and posterior regions within each group, no significant 

differences were seen except in the DA of the Gp2 regenerates where the 

posterior and anterior zones were significantly different that the middle zone 

(Figures 27-29). However, when each zone was compared in between all 

groups (Figures 30-32), the immediate reconstruction regenerates exceeded 

the delayed reconstruction and the control groups in the BV!fV, Tb.N, and 

Tb.Sp in the anterior, middle and posterior zones. In addition, the DA, 

measured in the posterior region, was significantly different in Gp 1 than 

both the other groups. 





Figure 26: 3D pCT reconstructed images of (A-F) 
Gpl: Immediate reconstruction group regenerates, (G
K) Gp2: delayed reconstruction group regenerates. (L

P) and Gp3: Control group. 
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Figure 26 





Figure 27: 3D p.CT bone morphometric analysis of the 
different zones of the immediate reconstruction Group 
(Gpl): Ant: Anterior zone, Mid: Middle zone, Post: 
Posterior zone, BV/ TV: % bone volume, Tb.Th: 
Trabecular thickness, Tb.N: Trabecular number, 
Tb.Sp: Trabecular separation, DA: Degree of 
anisotropy. 

Figure 28: 3D p.CT bone morphometric analysis of the 
different zones of the Delayed reconstruction Group 
(Gp2): Ant: Anterior zone, Mid: Middle zone, Post: 
Posterior zone, BVITV: % bone volume, Tb.Th: 
Trabecular thickness, Tb.N: Trabecular number, 
Tb.Sp: Trabecular separation, DA: Degree of 
anisotropy. 
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Figure 29: 3D pCT bone morphometric analysis of 
the different zones of the Control Group (Gp3): Ant: 
Anterior zone, Mid: Middle zone, Post: Posterior zone, 
BVnV:% bone volume, Tb.Th: Trabecular thickness, 
Tb.N: Trabecular number, Tb.Sp: Trabecular 
separation, DA: Degree of anisotropy. 

Figure 30: 3D pCT bone morphometric analysis of the 
anterior zone of the three reconstruction Groups: 
BVITV:% bone volume, Tb.Th: Trabecular thickness, 
Tb.N: Trabecular number, Tb.Sp: Trabecular 
separation, DA: Degree of anisotropy. (a: p Value < 

0.05 between Gpl and Gp3; b: p < 0.05 between Gpl 
and Gp2 and aa: p Value< 0.001 between Gpl and 
Gp3) 
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Figure 31: 3D pCT bone morphometric analysis of the 
Middle zone of the three reconstruction Groups: 
BVnV:% bone volume, Tb.Th: Trabecular thickness, 
Tb.N: Trabecular number, Tb.Sp: Trabecular 
separation, DA: Degree of anisotropy. (aa: p Value< 
0.001 between Gp1 and Gp3 and bb: p < 0.001 between 
Gp1 andGp2) 

Figure 32: 3D pCT bone morphometric analysis of the 
Posterior zone of the three reconstruction Groups: 
BVnV:% bone volume, Tb.Th: Trabecular thickness, 
Tb.N: Trabecular number, Tb.Sp: Trabecular 
separation, DA: Degree of anisotropy. (a: p Value < 
0.05 between Gp1 and Gp3; b: p < 0.05 between Gp1 
and Gp2, aa: p Value< 0.001 between Gp1 and Gp3 
and bb: p < 0.001 between Gp1 and Gp2) 



130 

A fiYITY B lb.Th c lb.H .. 1 .. ... •• .. •• .. ... OA .. 
:Iii Eu Eu 

~ .. E ! 
'P ,. OA Cl.2 

10 ... 0.1 

D Tb.Sp E DA 

• Gp1_Mid 
E • Gp2_Mid E • Gp3_Mid 

0 

Figure 31 

Figure 32 

A BVITY B lb.Th c lb.H .. 1.0 ... .. .. 
•• .. 

10 
... OA 

:Iii I ... j u 
~ .. 

'P ,. &A u 

10 
u 0.1 

D E ... 

• Gp1_Post 

I . Gp2_Post 
Gp3_Post 

t 

• 



131 

When the regenerates were compared to their respective contralateral 

control bone using J.LCT, Gpl showed no significant differences with their 

normal control bone in quantitative and qualitative parameters (Table 7). 

Meanwhile, all morphometric parameters of Gp2 were different compared to 

normal bone except for DA (Table 7). 

When the means of different zones of the regenerates of the three groups 

were directly compare~ Gp 1 regenerates parameters surpassed Gp2 and 

Gp3 in BVffV, Tb.N, and Tb.Sp (Figure 34). To validate the intergroup 

differences, we also compared the normal contralateral bone of the three 

groups and they showed no statistical significant differences concerning all 

3D morphometric parameters. 





Table 7: 3D pCT bone morphometric analysis of the 
Posterior zone of the three reconstruction Groups: 
BVffV:% bone volume, Tb.Th: Trabecular thickness, 
Tb.N: Trabecular number, Tb.Sp: Trabecular 
separation, DA: Degree of anisotropy. (a: p Value < 
0.05 between Gp1 and Gp3; b: p < 0.05 between Gp1 
and Gp2, aa: p Value < 0.001 between Gp1 and Gp3 
and bb: p < 0.001 between Gp1 and Gp2) 

Figure 33: Bar graph representing 3D bone 
morphometric analysis using pCT. Gp1: immediate 
reconstruction group, Gp2: Delayed reconstruction 
group and Gp 3: control group. BV/TV: % bone 
volume, Tb. Th: Trabecular Thickness, Tb.N: 
Trabecular number, Tb.Sp: Trabecular separation, 
DA: degree of anisotropy (a) indicates p<0.05 between 
Gp1 and Gp3,· (b) indicates p<0.05 between Gp1 and 
Gp2). 
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Table 7 

(.pI ( nil p <.p:! ( nl:! p <.p.\ ( nl.\ p 

(\h·an (\h·an \ ahll' ( \ll':lll ( \ll·an \ aiUl' ( \h·an ( \ll':lll \ ahH· 
~ -..u, "' "UI ~ -..u, ! -..u, ! -..u, ~ -..u, 

BVffV 22.2 25.3 0.37 54 261 <0.01 3.7 25.6 <0.001 
(:1:8.1) (±1.5) (± 1.2) (±3.1) (±2.3) (±4.01) 

Tb.Th 0.7 0.8 0.37 0.6 0.9 0,03 0.5 0.9 <0.00 1 
(±0. 1) (±0.2) (±0.3) (±0.05) (±0.2) (±0. 14) 

Tb.N 0.3 0.4 0.62 0.1 0.3 <0.01 0.05 0.3 <0.001 
( 0.1) (±0.2) (±0.04) (:1::004) (±0.03) (±0.1) 

Tb.Sp 3.8 3.3 0.23 5.6 3.6 <0.01 5.7 3.7 <0.001 

(±0.5) (±0.4) (±0.6) (±0.4) (±0.4) (±0.52) 

DA 0.7 0.3 0 .74 0 .4 0 .3 0 .09 0 .34 0.3 <0.001 
(±0.1) (±0.03) (±0.02) (±0 I) (±0.04) (±0.04) 
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3. Histomorphometric analysis 

The percent bone area of Gp 1 was significantly higher than that of Gp2 

(Gp1: mean 52.4% (±5.6%); Gp2: mean 36.6% (± 11.2%); p value= 0.02). 

Concerning the percent defect filling (the percent of regenerated bone in 

relation to the normal controlateral side), Gp 1 was also superior to Gp2 

(Gp1: mean 56.3% (±5.5%); Gp2: mean 38.5% (± 10.8%); p value= 0.01). 

(Figures 34 - 35). Group three was not included in the analysis due to 

deficient bone formation in its regenerates as evident by the )lCT pictures 

and 3D analysis results. 





Figure 34: Histomorphometry of Gpl versus Gp2. 
Representative section of Masson's trichrome stained 
slides from Gpl (A) and Gp2 (B). 

Figure 35: Bar graph representing the quantification 
of vital bone percent bone area and percent defect 
filling. (a) Indicates a significant difference between 
regenerates of both Groups (p Value < 0. 05) (%: 
Percent) 
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4. Bone Mineral Density (BMD) 

Gp 1 showed higher BMD values than Gp2 despite the fact that the 

difference was not statistically significant (Figure 36). When the regenerates 

BMD of each group was compared to their normal contralateral control 

sides, both groups showed significantly lower BMD values than normal 

bone (Gp1: mean 0.7 mg/cm3 (± 0.3); Gp2: mean 0.4 mg/cm3 (± 0.1); 

Control side ofGp1 (Cntl): mean 1.3 mg/cm3 (± 0.12); Control side ofGp2 

(Cnt2): mean 1.3 mg/cm3 (± 0.15); pValue of Gp1 Versus Cntl = 0.01; 

pValue ofGp2 Versus Cnt2 < 0.001, pValue ofGp1 Versus Gp2 = 0.1). 

5. Micro-hardness Testing: 

Gp 1 showed significantly higher JlHV values than Gp2. When the micro

hardness of regenerates in each group were compared to their normal 

contralateral control sides, both groups showed significantly lower JlHV 

values than normal bone (Gp1: mean 20.3 JlHV (±2.6); Gp2: mean 13.2 

JlHV (± 2.4); Cnt1: mean 28.5 JlHV (± 2.2); Cnt2: mean 28.9 JlHV (± 4.3); p 

value of Gpl Versus Cntl = 0.03; p value of Gp2 Versus Cnt2 = 0.03, p 

value ofGpl Versus Gp2 = 0.01). (Figure 37) 





Figure 36: Bar graph representing the bone mineral 
density (BMD): Gpl: immediate reconstruction group, 
Gp2: delayed reconstruction group, Cntl: contra 
lateral normal bone of Gpl, Cnt2: contra lateral 
normal bone of Gp2 (a) indicates a signifiCant 
difference between regenerates and their control bone 
within the same group (p Value< 0.05). (a a) indicates 
a significant difference between regenerates and their 
control bone within the same group (p Value< 0.01). 

Figure 37: Bar graph representing the Micro
hardness (p.HV): Gpl: immediate reconstruction 
group, Gp2: delayed reconstruction group, Cntl: 
contra lateral normal bone of Gpl, Cnt2: contra 
lateral normal bone of Gp2 (a) indicates a signifiCant 
difference between regenerates and their control bone 
within the same group (p Value < 0.05). (b) Indicates a 
significant difference between regenerates of Gpl and 
Gp2 (p Value< 0.05). 
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D. Specific aim 2: 

Investigate whether better quality and quantity of bone formation is 

associated with the production of endogenous BMP2 from the soft tissue 
bed at different reconstruction settings: 

1. Osteogenic pathway gene expression array: 

When the soft tissue envelope of Gp 1 was compared relative to Gp2, 

most of the genes tested were significantly higher in Gp 1. Among these up-

regulated genes, BMP2 showed the most significant (p value < 0.00001) up-

regulation (51-fold). SMAD5 was also significantly (p Value: 0.03) up-

regulated (8.6 folds). Other genes related to TGF~ family were also up-

regulated in the immediate reconstruction group (TGF~l: Fold regulation: 

7.2, pValue: 0.028; TGF~Rl: Fold regulation: 14, pValue: 0.004). VEGF-A 

was also significantly (pValue: 0.03) up-regulated. In addition, it was 

noticeable that many inflammatory cytokines were significantly up-regulated 

in Gpl relative to Gp2 (ILl~: Fold regulation: 4.9, pValue: 0.01; IL6: Fold 

regulation: 15.7, pValue < 0.001; MMP2: Fold regulation: 12.8, pValue: 

0.01; MMP9: Fold regulation: 16.5, pValue < 0.001). The list of detected 

genes with their respective fold regulation and level of significance are 

shown in table 8. 





Table 8: Osteogenic pathway gene expression array 
results: 



Gene Fold p Value Regulation 

J. ALCA.\J 6.1 0.063222 

2. ALPL 139.6 0.000062 

3, ASP~ l7.S 0.000640 

4. BGLAP 19.S 0.000140 

s. n~1r2 Sl 0.000000 

ti. R\IP' 61.9 0.()07~80 

7. 8)1P7 19 0.040359 

8. CD44 6.1 0.090711 

9. CDllll ·~-7 0.000564 

IO.COLJAI 16.8 0.00-&136 

II. COI.IA2 21.5 0.000'71B 

U.COL2Al 13.9 0.000164 

13. CO~lP 4.4 0.011985 

14. ILIB 4.9 0.012032 

1S. lL6 15.7 0.000022 

Table 8 

Gene 

16. t.OC" 

17. ~I)IPl 

18. ~f)JP9 

19. S~tADl 

20. ~)1:\DJ 

21. S\1A05 

22. S~1AD6 

2J.SPP1 

24. TGFBI 

25. TGFB2 

26. TGFRRI 

27. TliYI 

28. T;\F 

29. \ 'EGr-A 

Fold 
RE!Rll J.a tion 

4.7 

12.8 

16.5 

7.4 

7.3 

Jl.f\ 

12 

10 

7.2 

8.2 

14 

5.5 

3.6 

7 

p Value 

0.119664 

0.010911 

0.000145 

0.073164 

0.067903 

0.039101 

0.000860 

0.039102 

0.028517 

0.074823 

O.Oo.l219 

0.124270 

OJ190S4 

0.031118 

.... 
w 
00 
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2. BMP2 and VEGF-A gene expression: 

In the soft tissue bed of the defect, the mRNA expression of BMP2 was 

up-regulated in Gp1 (mean fold regulation: +7.3 fold change; pValue= 

0.001), non-significantly down-regulated in Gp2 (mean fold regulation: -1.2, 

pValue=0.91) and not changed in Gp3 (mean fold regulation: - 0.27, 

pValue=0.74) (Figure 38A). Concerning the VEGF it was significantly up

regulated in Gp1 (mean fold regulation: +1.53 and pValue=0.001), non

significantly down-regulated in Gp2 and no fold change in Gp3 (mean fold 

regulation: -1.3 and pValue=0.6; mean fold regulation: - 0.96 and 

pValue=0.09 respectively) (Figure 38B). 

3. Western Blot: 

Concerning BMP2-protein expression in the soft tissue bed of the defect 

relative to the normal untreated side, results were obtained only from Gp1 

(Immediate reconstruction group). The soft tissue envelope in Gp 1 showed 

over-expression of BMP2 on the protein level from the normal periosteum of 

the control sides (Figure 39). However, comparison with either both groups 

was not possible, as homogenization of tissues never yielded enough protein 

concentrations to run these samples. 





Figure 38: Bar graph showing mRNA expression of 
(A) BMP2 and (B) VEGF in all groups. The grey area 
between the dotted lines represents no fold change (-1 
to +1). (a) indicates a significant difference with 
regenerates of Gp3 (p Value < 0.05). (b) indicates a 
significant difference with regenerates of Gp2 (p 
Value < 0.05). 
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Figure 39: Western Blot results of Gpl samples: a) 
right side control periosteum, b) left side BMP2 
treated defect's soft tissue bed. 
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4. Immunohistochemistry: 

Immunohistochemistry against BMP2 in soft tissue samples enveloping 

the regenerates of all groups revealed that Bmp2 staining was detected in 

higher concentrations in Gp1. It was noticeable that there is a consistent co

localization of BMP2 (Brown Stain) and structures that look like blood 

vessels within of Gp1 throughout the sections examined (Figure 40 B and 

C). Quantification of BMP2 immuno-staining signal is shown in Figure 41. 

In thirty randomly chosen representative digital images (2584X1936 J.tm) of 

each group the mean of brown stain (BMP2) in Gp1, Gp2 and Gp3 was 423, 

112 and 61 respectively. The negative control sections (Figure 43A), which 

were actually negative for BMP2 stain, indicate that this was true BMP2 

signal not an artifact of the secondary antibody. On the other hand, VEGF 

was undetected in all samples of all groups. 





Figure 40: Immunohistochemistry of BMP2 
expression in soft tissue samples enveloping the 
regenerates of all groups. (A) Negative control; (B) 
and (C) Gpl: White arrows indicates concentration of 
brown stains (BMP2) in relation to blood vessels 
within Gpl; (D) Gp2: showing much less intensity of 
BMP2 (brown stains); (E) Gp3: showing very few 
BMP2 staining. 



Figure40 





Figure 41: Immuno-staining quantification of BMP2 
in soft tissue samples enveloping the regenerates of all 
groups. (a a): indicates statistical significant 
difference with Gp3 (Control group) pValue < 0.001. 
(b b): indicates statistical significant difference with 
Gp2 (Delayed reconstruction group) p Value< 0.001. 
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E. Specific Aim 3: 

Exploration of the source of endogenous BMP2 produced during critical 
size defect reconstruction: 

1. In-vivo: 

- Immunofluorescence co-localization of BMP2 and microvascular 

ECs in the soft tissue bed of the defect: 

To detect the source of endogenous BMP2, which was up-regulated in 

the immediate reconstruction group (Gpl), we stained the soft tissue samples 

enveloping the regenerates of three of Gp 1 animals with immuno-fluorescent 

stain to detect co-localization of both anti BMP2 antibody (catalog# sc-

57040; Santa Cruz Biotechnology, Inc.) and BODIP~ FL Anti- AcLDL 

antibody (catalog# L3485; Invitrogen) (microvascular EC marker). It was 

noticeable that Bmp2 was detected in higher concentrations related to blood 

vessels, with obvious co-localization of both BMP2 and AcLDL throughout 

the sections examined (Figure 42). 





Figure 42: Immunofluorescence showing co
localization of AcLDL (Endothelial cell marker) and 
BMP2. (A) Green Stain BODIPY® FL AcLDL 
(Invitrogen, Catalog# L3485) (B) Red stain indicates 
BMP2 with Texas Red® goat anti-mouse IgG 
(Invitrogen, catalog# T862). (C) Dapi stain (Blue). (D) 

Merging AcLDL (Green) and BMP2 (Red) the co
localization areas are yellow. 
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Figure 42 
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2. In-vitro: 

- Treatment of Human Umbilical Vein Endothelial Cells (HUVECs) 

with rhBMP2: 

a) BMP2 and VEGF gene expression: 

When HUVECs were treated with 25 ng/ml of rhBMP2, this induced an 

initial (at 3 Hours time point) significant up-regulation of BMP2 mRNA 

(mean Fold regulation: 3.4 and pValue: 0.012). However, this was followed 

by significant down regulation of BMP2 at the 6 Hours and 12 Hours time 

points (mean Fold regulation: -1.5; pValue: 0.04 and mean Fold regulation: 

-1.5, pValue: 0.03 for the 6 Hours and 12 Hours time points respectively). 

Concerning VEGF-A, it was undetected in all time points at this rhBMP2 

concentration (Figure 43). 

On the other hand, treating HUVECs with 50 ng/ml of rhBMP2 produced 

a consistent down regulation of BMP2 mRNA at all the examined time 

points. At the 3 hours time point a non-significant down-regulation was 

noted (mean Fold regulation: -1.3 and pValue: 0.02). However, this was 

followed by significant down regulation of BMP2 at the 6 Hours and 12 

Hours time points (mean Fold regulation: -1.6; pValue: 0.04 and Fold 

regulation: -1.2, pValue: 0.02; respectively). Concerning VEGF-A, it was 

undetected in all time points at this rhBMP2 concentration (Figure 43). 
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Finally. HUVECs treated with the highest dose of rhBMP2 used in this 

experiment ( 100 ng/ml) showed a gradual up-regulation of BMP2 mRNA 

expression along the examined time points. At the 3 hours time point, no 

change in BMP2 expression was observed (Fold regulation: -0.5 and pValue: 

0.3). However, this was followed by non-significant up-regulation at the 6 

Hours time point (Fold regulation: 1.9, pValue: 0.05). Lastly, the 12 hours 

time showed a significant up-regulation of BMP2 gene expression (Fold 

regulation: 3.0, pValue: 0.001). Concerning VEGF-A, it was undetected in 

all time points at this rhBMP2 concentration (Figure 43). 

b) BMP2 and VEGF protein expression: 

When HUVECs were treated with 25 ng/ml of rhBMP2, this induced a 

non-significant up-regulation of endogenous BMP2 secretion in the 6 hours 

and 12 hours time points. [6 hours: mean=l195.5 pg/ml (± 444.6) and 12 

hours: mean=1411.8 pg/ml (± 449.2)]. Concerning VEGF-A, it was 

undetected in all time points at this rhBMP2 concentration (Figure 44). 

On the other hand, treating HUVECs with 50 ng/ml of rhBMP2 created 

secretion of BMP2 in the supernatant. This up-regulation of BMP2 protein 

secretion was significantly higher than the control group (untreated 

HUVECs) at the 6 and 12 hours time points [6 hours: mean=2579.3 pg/ml (± 

261.2); pValue: <0.01 with both control time points]. However, at the 12 
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hours time point treating HUVECs with 50 ng/ml rhBMP2 induced secretion 

of endogenous BMP2 but non-significantly higher than the 12 hours control 

group [12 hours: mean=1918.5 pg/ml (± 487.2); pValue: <0.05 with control 

group at the 6 hours time point and > 0.05 control group at he 12 hours time 

point]. Concerning VEGF-A, it was undetected in all time points at this 

rhBMP2 concentration (Figure 44). 

Lastly, HUVECs treated with the highest dose of rhBMP2 used in this 

experiment ( 100 ng/ml) stimulated these cells to secrete a sustained high 

dose of endogenous BMP2 in both of the examined time points. At the 6 

hours time point, BMP2 secretion by stimulated HUVECs was significantly 

higher than that secreted at all groups and at all the examined time points [6 

hours: mean=4740.8 pg/ml (± 1011.6); pValue: <0.001 with all other 

experimental groups at all time points]. Furthermore, at the 12 hours time 

point, the endogenous BMP2 secretion slightly increased than at the 6 hours 

time point and still significantly higher than that secreted at all groups and at 

all the examined time points [12 hours: mean=4855.1 pg/ml (± 1290.1); 

pValue: <0.001 with all other experimental groups at all time points]. 

Meanwhile, VEGF-A was still undetected in all time points at this rhBMP2 

concentration (Figure 44). 





Figure 43: Bar graph showing fold change of mRNA 
of BMP2 in HUVECs upon treatment with serial 
dilutions with rhBMP2 at 3, 6 and 12 hours time 
points. The grey area between the dotted lines 
represents no fold change (-1 to +1).fa: significant 
fold change (p< 0. 05); a a: highly significant fold 
chatJge (p< 0.01)] 

Figure 44: Bar graph showing BMP2 secreted in in 
the supernatant of HUVECs treated with serial 
dilutions with rhBMP2 at 6 and 12 hours time points. 
{*: significant difference with all other groups at all 
time points (p < 0.001); #: significant difference with 
control groups at both time points. $: significant 
difference with control groups at the 6 hours time 
point. 
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V. Discussion: 
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This study demonstrated that rhBMP2 delivery is more effective in 

immediate than delayed reconstruction of large mandibular segmental 

defects. Although new bone formation was evident in both the immediate 

and delayed delivery groups, immediate delivery of rhBMP2 yielded more 

adequate reconstruction of the defect after 12 weeks, evident by the quantity 

and quality of the bone regenerate. The advantageous bone parameters 

recorded in Gpl were associated with significant up-regulation ofBMP2 and 

VEGF mRNA expression that was not detected in the delayed or control 

groups. However, on the protein level, BMP2 was higher in Gpl while 

VEGF was undetected in all groups. This suggests that endogenous, soft

tissue based, osteo-inductive mechanisms may be important in maintaining 

the otherwise short-acting effect of the delivered rhBMP2. 

This novel mechanism is therefore expected to play critical role in 

determining the outcome of the reconstruction of large segmental defect, in 

which active bone regeneration needs to be sustained for several months. In 

this study, this endogenous soft tissue osteo-inductive mechanism was 

triggered only when rhBMP2 was delivered immediately after defect 

creation. In contrast, delayed rhBMP2 delivery did not produce similar soft 

tissue response and was also in association with less robust bone 

regeneration within the defect. 



153 

Regarding the source of the endogenous BMP2 secreted in response to 

exogenous application of rhBMP2, protein co-localization with ECs marker 

suggested that these cells could be the source for the endogenous BMP2 

secretion in response to rhBMP2 treatment. This was confirmed by the in

vitro results. HUVECs treated with rhBMP2 (1 00 ng/ml) showed gradual 

increase in expression of BMP2 mRNA and significant up-regulation of 

secreted BMP2 protein upon stimulation of HUVEs with 1 00-ng/ml 

rhBMP2 suggested a new mechanism of positive feed back response of ECs 

in response to BMP2 treatment. 

The canine model is ideal for studying regeneration of mandibular 

segmental defects. It is widely accepted to use rhBMP2 in canine models 

due to the fact that interspecies homology is 100% in mammalian species 

sequenced so far. [157-159] In addition, the canine mandible allows the 

creation of large defects comparable to those created in human patients. The 

critical size of mandibular defects in dogs depends on length of the defect in 

addition to the presence or absence of periosteum. Huh and co-investigators 

(2005) [ 186], suggested that a 15 mm defect with excision of periosteum is 

considered a critical size defect. Other authors, [153) used larger defects (30 

mm). Based on our lab experience with this model and supported by 
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previous studies, a 35m.m segmental mandibular defect with excision of 

overlying periosteum will not heal spontaneously in dogs. [ 187, 188] 

The untreated control group in this study was used to confirm that under 

the same treatment conditions and fixation methods of the experimental 

animals, the unloaded ACS scaffold would not cause significant 

regeneration within the defect. The control animals were also necessary to 

verify control gene expression around the defect. 

In an attempt to revisit the concept of critical size defect, Cooper et al 

[78] recommended that the future of bone research would rely on the 

development of treatment modalities that are tailored to specific clinical 

applications. Therefore in this study we tried to make a more challenging 

model, the size of the defect was made larger than the recommended size of 

a critical size defect, periosteum was excised and also the delayed 

reconstruction group was included in this study. This group was introduced 

to reflect the clinical situation of delayed reconstruction of mandibular 

segmental bony defects. 

Very often, delayed reconstruction becomes the option of choice in the 

reconstruction of large segmental defects in the mandible in human patients. 

During the primary surgery, when the defect is surgically created, intra-
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operative communication between the oral cavity and the skin is often 

present, raising the incidence of failure and complications if a non

vascularized construct is used for immediate bone reconstruction. [3, 16] 

According to van Gemret and colleagues [16], immediate use of non

vascularized bone grafting should be limited to cases where only an extra

oral approach is used to avoid intraoral wound contamination with oral 

microorganisms. Other factors may necessitate the delay of definitive bone 

reconstruction, including planned radiotherapy and soft tissue restrictions. 

[3, 173] Delayed mandibular reconstruction is also recommended in 

management of Bisphosphonate-Induced Osteonecrosis of the jaws. [10] 

Therefore, delaying the reconstruction may provide more appropriate 

conditions for the use of rhBMP-2/ACS constructs in the human mandible. 

However, efficacy of rhBMP2 in delayed reconstruction of mandibular 

segmental defects was not previously experimentally tested. 

It is currently very difficult to identify a universal reconstruction method 

for mandibular continuity defects that provides acceptable functional and 

esthetic results. Yet, autogenous bone grafting is considered the gold 

standard for mandibular reconstruction. A recent clinical study [189] using 

autogenous bone grafts for mandibular reconstruction yielded a success rate 

of 82.6%. rhBMP2/ACS showed great experimental results concerning its 
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ability to reconstruct bony defects. [62, 153, 160] However, clinically the 

results have been variable since it has been used in reconstruction of 

different craniofacial defects on off-label basis and usually after failure of 

the conventional treatment options. [3] This might be attributed to the fact 

that the clinical settings where rhBMP2/ACS is often used are different than 

most of the experimental settings where it has been tested. 

It is well known that the successful reconstruction of segmental 

mandibular defects requires the establishment of both mandibular continuity 

and dentoalveolar restoration. [2] In our study, these 2 requirements were 

achieved in 5 (one dog with discontinuity defect) of the 6 dogs of Gpl 

(83.3%) and none of the 5 dogs of Gp2 (three dogs with discontinuity 

defects, in one dog bony union occurred only in the basal third and the last 

dog showed union with only a shell of bone). This success rate is almost 

equivalent to the autogenous bone grafting results reported recently by Rana 

M and colleagues. [189] Meanwhile, none of Gp2 regenerates could be 

considered successful. It has been conveyed, by the FDA's Manufacturer 

and User Facility Device Experience (MAUDE), that following the use of 

rhBMP2/ACS, 30.1 % of reported complications included the need for 

additional surgery to address similar complications. [167] 
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Furthermore, the reported complications associated with mandibular 

reconstruction constitute 30.1% of all maxillofacial complications. [167] 

Postoperative large swelling at the surgical site has been the mam 

complication associated with the use of BMP2/ ACS m maxillofacial 

applications. Alonso and co-workers [168] reported that a significant 

swelling occurred in 37.5% of cleft cases treated with rhBMP2. Carter et al 

[151] accounted that 80% of his cases treated with rhBMP2/ACS developed 

a more significant facial swelling than that usually seen with autogenous 

bone grafts. In addition, dysphagia and respiratory complications were 

described as significant problems associated with the off-label use of 

rhBMP2 in the anterior cervical spine. [169, 170] 

Within Gp2, only one case of swelling occurred but was actually a case 

of traumatic hematoma. This was due to traumatic injury of the undersurface 

of the tongue by the sharp mesh edges and was not related to the inserted 

rhBMP2/ ACS implant. However, although local edema complications were 

more frequent in the immediate reconstruction group (Gp1: 66.6% 

developed local edema) the quantity and quality of the formed bone were 

much better than the delayed group. Lee KB et al [ 190] described this fluid 

collection, triggered by rhBMP2 application, as sterile seroma formation. 

They also labeled rhBMP2 as a pro-inflammatory substance as it induced the 
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up-regulation of IL6, ILlO and TNFa both in vivo and in vitro and 

considered several factors in the etiology of postoperative seroma formation 

as a side effect of rhBMP2 treatment. Some of these include the 

concentration ofBMP-2 per unit volume of the carrier, total dose ofrhBMP-

2 per unit volume of the wound, release kinetics of rhBMP-2 of the delivery 

vehicle, and local tissue environment. [190] Since all these factors were 

standardized in our study, the only explanation of the increased seroma 

formation in Gp 1 in relation to Gp2 would be the different local tissue 

environment; the acute versus the chronic bony wound environment 

respectively. Within the acute reconstruction setting, the pro-inflammatory 

cytokines compared with the delayed reconstruction setting showed a 

significant up-regulation of both IL6 and ILl~ and an up-regulation ofTNFa 

(although non significant). These results are in agreement with in-vitro and 

in-vivo results [190, 191] as well as with laboratory analysis of human 

seromas. [192] Our gene expression array results also show a significant up

regulation of both MMP2 and MMP9, which are known to cleave and 

activate both ILl~ and TNFa. [193] 

Periosteum plays a key role in bone growth and repair because it as a 

reservoir of mesenchymal and osteogenic progenitor cells. In addition, the 

alkaline phosphatase activity in the periosteum precedes that in fracture site. 
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In absence of periosteum, the adjacent soft tissues including muscles, fascia 

and blood vessels are expected to be the major sources of osteogenic cells. 

[194, 195] In our study we analyzed mRNA expression of both B:MP2 and 

VEGF within the soft tissue bed of the defect compared to the normal 

periosteum of the contra-lateral side within the same animal. The delivered 

rhBMP2 has a much shorter effective time, at the site of delivery, than the 

time needed to regenerate a large defect. [149] Endogenous BMP2 

expression detected 12 weeks after delivery of rhBMP2 suggests that 

endogenous BMP2 may play a role in sustaining the effect of the delivered 

rhBMP2. However, the up-regulation of BMP2 mRNA was only seen in the 

immediate reconstruction group (Figure 43). This was confirmed on the 

protein level where Gp 1 immuno-staining of BMP2 was significantly higher 

than Gp2 (Figure 44). This may be due to scarcity of the responsive cells 

population due to subsidence of the bony surgical hematoma. The 

endogenous up-regulation of BMP2 in the immediate reconstruction group 

was also concomitant with better quantity and quality of bony regenerates 

compared to the delayed and control groups. 

The height and thickness of regenerated bone are of immediate relevance 

to functional rehabilitation using osseointegrated dental implants. In this 

study we are reporting the absolute values of the regenerates in all groups. 
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Although we did not place dental implants in regenerates of this study, the 

absolute values of the regenerated segments in addition to the 3D BVffV, 

the histomorphometric analysis and the estimated bone quality 3D 

morphometric parameters, BMD and micro-hardness, allow a detailed 

estimate of the possibility of rehabilitating these reconstructed defects using 

dental implants. 

The absolute values of regenerates' dimensions measured in different 

zones compared to their respective resected bony segments revealed that 

immediate reconstruction yielded better quantity of bone. Concerning the 

height zones, the three groups M_H was significantly less than their 

respective resected bony segments. However, in Gpl the average height in 

the middle zone of the regenerate was 18.0 mm (±7.1) compared to 5.9 mm 

(±0.5) in Gp2. This clearly reflects the deficient bone formation within the 

center of the defects in the delayed reconstruction setting and is in harmony 

with the gross examination observation that Gp2 regenerates showed an 

hourglass appearance. Regarding the mesial and distal crestal thicknesses 

regenerates in both groups showed no significant differences. This might be 

attributed to the histological finding that sub-periosteal bone formation was 

increased in the borders of regenerates of Gp2. This increased thickness at 

the peripheries of the delayed reconstruction group regenerates was not of 
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great help in bridging these segmental defect due to the fact that the middle 

thicknesses was zero in 3 of the 5 dogs of this group. 

When the physical dimensions were averaged, they were around 81%, 

41% and 20% of the excised normal bone segment in Gp 1, Gp2 and Gp3 

respectively. In Gp 1, thickness exceeded 90% of the normal in several 

zones. Therefore, ridge dimensions in Gp 1 animals were optimal for dental 

implant placement. On the other hand, none of Gp2 regenerates could allow 

restoration of function using dental implants at the examined time point, 

mainly due to insufficient bone dimensions in different zones of the formed 

regenerates. The untreated control defects showed either deficient or absent 

bone regeneration, especially within the center of the defect. 

In our study we used J.!CT as the main evaluator of bone volume and 

microarchitecture. Micro-CT is an excellent alternative approach to image 

and quantify cancellous bone in three dimensions. [196] First introduced by 

Feldkamp and colleagues in the late 1980s [197], it has become the "gold 

standard'' for evaluation of bone morphology and microarchitecture in 

different animal models. The excellent reproducibility and accuracy of J.!CT 

measurements of bone morphology have been established in several studies. 

The accuracy of J.!CT morphology measurements has been evaluated by 

comparing them with traditional measures from 2D histomorphometry both 
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in animal [198] and in human specimens. [196] These studies show that 2D 

and 3D morphologic measurements by J!CT generally are highly correlated 

with those from 2D histomorphometry. According to Bouxsein and 

coworkers, [199] there are numerous advantages to using J!CT for 

assessment of bone mass and morphology in examined specimens. It allows 

for direct 3D measurement of trabecular morphology, such as trabecular 

thickness and separation, rather than inferring these values based on 2D 

stereologic models, as is done with standard histologic evaluations. In 

addition, J!CT allows the analysis of a significantly larger volume of interest 

when compared with 2D histology and measurements can be performed with 

a much faster throughput than typical histologic analyses of 

histomorphometric parameters using un-decalcified bone specimens. Finally, 

the assessment of bone morphology by J!CT scanning is nondestructive 

which allows the subsequent use of the same samples for further assays, 

such as histology or mechanical testing. 

The J!CT results in this study show that bone quantity and quality were 

comparable to the control bone only in Gpl. Ruffoni and co-workers [200] 

recently highlighted the impact of trabecular thinning on implant stability. 

They developed a computational cellular solids model for trabecular bone to 

investigate the role of peri-implant trabecular architecture on the mechanics 
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of the bone-implant system. They concluded that the pullout strength 

behavior was dictated by the thickness of the trabeculae in contact with the 

implant. Similar fmding about the effect of Tb.Th and the pullout strength 

and osseo integrated implants were reported earlier in trabecular bone of rats. 

[201] 

Furthermore, when the three groups were directly compared in different 

zones and with the mean of the measured zones, BV!fV, Tb.Sp and Tb.N 

were significantly deficient in both Gp2 and Gp3. In addition, delayed 

reconstruction (Gp2) did not have any significant differences with the 

control group (Gp3). If Gp 1 results were significantly higher than both 

groups only in BV!fV, this would have not accurately predicted the 

regenerates bone strength. However, having lower Tb.Th and higher Tb.N 

in the immediate reconstruction group clearly up-scales the regenerates of 

Gp1 over Gp2 and Gp3. It is well known that there is an inverse relation 

between Tb.Th and Tb.Sp in relation to Tb.N. [200] Stauber et al 

demonstrated that an increased Tb.Sp yields a decrease in bone stiffness and 

strength. [202] The increase in Tb.Sp can be due to a general increase in the 

inter-trabecular distance or by the occurrence of larger areas with no 

trabeculae at all ''wholes". Both cases potentially reduce bone strength 

because of a reduction in bone material. [202] Thus, delaying the rhBMP2 
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delivery negatively affected all quantitative and qualitative parameters of the 

regenerate. The reduction in all the measured parameters has a direct impact 

on the ability of these regenerates to allow rehabilitation using 

osseointegrated dental implants, not only from the BV/TV and/or physical 

dimensions prospective but also due to the severe deficiency in bone quality. 

Our histomorhometric results show that the ability of rhBMP2/ ACS to 

induce bone formation, in the delayed setting, is impaired as Gp2 mean % 

bone area was significantly lower than that of Gp 1. In addition, Gp 1 

regenerates were superior to Gp2 regenerates in their ability to fill the 

defects (percent defect filling). These results are comparable to the ~CT 

results. However, it is obvious that the histomorphometric results are less 

than the BV/TV results of micro CT analysis. This correlates with BonnetN. 

et al [198] observations that histomorphometry data underestimates 

parameters of bone morphometry when compared to 3D morphometric 

results obtained through ~Ct scanning. This underestimation lowers the 

sensitivity of the histomorphometry to detect minute differences between 

specimens when compared to ~CT 3D morphometric analysis. 

In an attempt to further investigate bone quality; we utilized both BMD 

and micro-hardness as determinants of mechanical properties at tissue level. 

BMD is known as an important factor in the prediction of mechanical 
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behavior of bone. [202] Micro-indentation has been previously proven to 

discriminate between highly damaged and intact tissue in both trabecular 

and cortical bone extracted from human vertebral bodies in vitro. [181] We 

used the Vickers indenter because it is considered more appropriate than the 

Knoop indenter for testing micro-hardness of bone. [203] Our results show 

that Gp1 BMD and micro-hardness were superior to Gp2. These results 

(Figure 36 and 37) confirm the correlation between micro-hardness and 

degree of bone mineralization previously reported by Bovin G. et al. [203] 

Although the differences in BMD between both groups were not statistically 

significant we can expect that as bone remodeling continues, BMD would 

continue to increase as well, given an optimal loading environment. [204, 

205] 

Although, the application of rhBMP2/ ACS has been extensively studied 

in different animal models for the immediate reconstruction of critical size 

defects; this study was the first to report results related to delayed 

reconstruction of ~elayed mandibular segmental defects reconstruction using 

the same construct. However, other investigators described the use of 

rhBMP2/ACS in different animal models with varying results. In 2004 

Barboza EP et al [206] reported that rhBMP2/ACS was able to reconstruct 

chronic alveolar defects (application of rhBMP2/ACS was delayed for 8 
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weeks). Our explanation is that their study did not include an acute defect 

group for comparison, the defects created were only alveolar defects (not 

segmental defects) and fmally periosteum was preserved. Another recent 

study [207] reported successful bone regeneration in scared subtotal 

calvariectomy (rhB:MP2/ACS application was delayed for 6 weeks) created 

in rabbits. The presence of Dura in these calvarial defects is a major 

difference with our study. The Dura mater is known to be not only the 

primary source of osteogenic cells but also the source of osteo-inductive 

factors during calvarial wound healing. [5, 78] 

The role of ECs in bone regeneration has been extensively studied. In 

addition to their important role in forming blood vessels, they are now 

considered as main coordinators of osteogenesis through direct and indirect 

cross talk with bone forming cells (osteoblasts). [60] 

VEGF is thought to be involved in osteogenesis angiogenesis coupling. It 

is a potent and specific growth factor produced at the fracture site by 

numerous cell types, including osteoblasts. [86] Besides being an EC

specific mitogen, VEGF also induces increased vascular permeability and 

monocyte migration through endothelial layers. The main orchestrator of 

this angiogenesis osteogenesis coupling in fracture is mF 1 a. Mature 

osteoblasts (located on the bone surface) respond to low oxygen 
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environment by up-regulating IDF 1 a. that induces VEGF secretion from 

osteoblasts. The secreted VEGF has both an autocrine and a paracrine effect 

on osteoblasts and ECs respectively. Osteoblasts respond to VEGF by its 

direct effect on osteogenesis. ECs secrete BMP2 in response to their 

stimulation with VEGF. [154] In addition, when BM-MSCs were modified 

by a constitutively active form of HIF 1 o., osteogenesis was promoted both 

in-vitro and in-vivo. [149] A recent in vitro study [191] has shed some light 

on the VEGF -dependent osteoblast- ECs crosstalk by confirming that VEGF 

is released by human osteoblasts upon stimulation with BMP2. Another 

study [208] established that VEGF transcription in osteoblasts occurs 

downstream from Osterix (OSX). Thus, osteoblasts secrete VEGF in the 

process of their terminal differentiation, which clearly highlights the crucial 

role of angiogenesis for bone regeneration. 

On the other hand, direct cell-cell contact is another way ECs and 

Osteoblasts communicate. When human bone marrow stem cells (HBMSC) 

and HUVEC were co-cultured in vitro, the expression and activity of the 

early osteoblastic marker Alkaline Phosphatase was elevated, but only in 

direct contact with each of the cell types. [209, 210] In addition, HUVEC 

can affect the dexamethasone-induced HBMSC differentiation into 

osteoblasts, by inhibiting the expression of Osterix (OSX). The rate of 
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differentiation of bone marrow stromal cells (HBMSC) to osteoblasts maybe 

controlled by ECs, by initiating the recruitment of osteoprogenitor cells at 

sites of bone remodeling and maintaining them in a pre-osteoblastic stage, to 

avoid mineral deposition within the vessel. [124] 

To further emphasize the importance of direct cell to cell contact between 

osteoprogenitor cells and ECs, Corrieia and co-workers [211] developed a 

unique model of vascularized bone where human mesenchymal stem cells 

(hMSCs) were co-cultured with HUVECs and tested the osteogenic and 

angiogenic potential of this model both in vivo and in vitro. Their results 

proved that vascular development needs to be induced prior to osteogenesis, 

and the addition of hMSCs at the osteogenic induction stage improves both 

tissue outcomes. They also proposed that this developed model can mimic 

various aspects of endothelial cell - osteogenic precursor interactions in 

vivo, and could fmd utility as a model for studies of heterotypic cellular 

interactions that couple blood vessel formation with osteogenesis. 

AcLDL was used, in this study, as a marker of ECs. Labeling ECs with 

this marker has numerous advantages over other ECs specific markers such 

as anti-factor VTII R:Ag and anti-angiotensin converting enzymes. It is 

specific to capillary as well as aortic microvascular ECs but not pericytes or 

smooth muscle cells. [212) The localization of Bl\1P2 protein related to 
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structures that looked like blood vessels in the immuno-stained sections, 

suggested that the source of endogenous BMP2 could be the ECs within the 

soft tissue bed of the defects created and immediately treated with 

rhBMP2/ ACS. In attempt to confirm this suggestion we used immuno

fluorescent co-localization of both AcLDL and BMP2. From the biological 

point of view, co-localization is the presence of at least two molecules in the 

same spatial position. When one of these co-localized molecules is a cell 

marker (AcLDL) and the other molecule is a secreted protein, this usually 

implies that this cell type (In our case ECs) expresses this protein (BMP2). 

[213] Although we did not quantify the co-localization of AcLDL with 

BMP2, we confirmed this proposition in the in-vitro experiments. 

As ECs are a known source of BMP2 in response to hypoxia and VEGF, 

[214] we deprived the culture media of our HUVECs cell culture from the 

VEGF supplement provided with the Endothelial Growth Medium-2 

SingleQuot Kit Suppl (EGM-2™ SingleQuot Kit Suppl, Catalog# CC-4176; 

LONZA). The results of both BMP2 gene and protein expression in response 

to 1 OOng/ml rhBMP2 treatment suggest a novel mechanism of positive feed 

back response of ECs in response to BMP2 treatment. This positive response 

to exogenous BMP2 has been observed previously in human adipose derived 

stromal cells. [80] Panetta and his colleagues [80] concluded that 
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endogenously produced BMP2 in response to exogenous rhBMP2 treatment 

appears to play an important role in the osteogenic differentiation of human 

adipose-derived stromal cells. 



VI. Summary and conclusions: 
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This study demonstrated that rhBMP2 delivery is more effective in 

immediate than delayed reconstruction of large mandibular segmental 

defects. Although new bone formation was evident in both the immediate 

and delayed delivery groups, immediate delivery of rhBMP2 yielded more 

adequate reconstruction of the defect after 12 weeks, evident by the quantity 

and quality of the bone regenerate. The advantageous bone parameters 

recorded in Gpl were associated with significant up-regulation ofBMP2 and 

VEGF mRNA expression that was not detected in the delayed or control 

groups. However, on the protein level, BMP2 was higher in Gp 1 while 

VEGF was undetected in all groups. This suggests that endogenous, soft

tissue based, osteo-inductive mechanisms may be important in maintaining 

the otherwise short-acting effect of the delivered rhBMP2. 

This novel mechanism is therefore expected to play critical role in 

determining the outcome of the reconstruction of large segmental defect, in 

which active bone regeneration needs to be sustained for several months. In 

this study, this endogenous soft tissue osteo-inductive mechanism was 

triggered only when rhBMP2 was delivered immediately after defect 

creation. In contrast, delayed rhBMP2 delivery did not produce similar soft 

tissue response and was also in association with less robust bone 

regeneration within the defect. 
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Regarding the source of the endogenous BMP2 secreted in response to 

exogenous application of rhBMP2, protein co-localization with ECs marker 

suggested that these cells could be the source for the endogenous BMP2 

secretion in response to rhBMP2 treatment. This was confirmed by the in

vitro results. HUVECs treated with rhBMP2 (100 ng/ml) showed gradual 

increase in expression of BMP2 mRNA and significant up-regulation of 

secreted BMP2 protein upon stimulation of HUVEs with 1 00-ng/ml 

rhBMP2 suggested a new mechanism of positive feed back response of ECs 

in response to BMP2 treatment. 

In a conclusion, delaying the rhBMP-2 delivery for one month after the 

creation of the defect, in large segmental osteo-periosteal mandibular 

defects, negatively affects its efficacy the quantitative and qualitative 

parameters ofthe formed regenerates. While immediate delivery ofrhBMP2 

stimulated endogenous BMP2 expression, delayed delivery failed to elicit 

such response, a difference that may explain the relative deficiency of bone 

regeneration in the delayed setting. Finally, ECs are recognized as source of 

in this endogenous BMP2 release mechanism in addition to their earlier role 

in angiogenesis. 
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