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CHAPTER I 

INTRODUCTION 

Statement of The Problem 

Large bone defects in the oral and maxillofacial region are mostly 

secondary to tumor resection, gunshot wounds or craniofacial anomalies. 

Reconstruction of large bone defects remains a clinical challenge despite the 

ability of bone to regenerate itself after fracture, mainly because bone 

regeneration requires recruitment of new cells as well as development of 

new bone tissue in order to restore anatomical and mechanical functions. 

Several biological and mechanical factors regulate bone formation. 

Early vascularization plays a critical role in skeletal bone development and 

bone fracture repair, and without a vascular supply, osteogenesis is impaired 

(Glowacki 1998; Akeno, Czyzyk-Krzeska et al. 200 I; Carano and Filvaroff 

2003). Furthermore, in the treatment of bone defects, vascularized bone 

grafts show less bone remodeling when compared to non-vascularized bone 

grafts (Cutting and McCarthy 1983; Wang, Yamazaki et al. 1996). This 
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highlights the importance of angiogenesis m bone formation and 

remodeling. 

The close proximity of osteoblasts and osteoclasts to endothelial cells 

during bone formation suggests there is a cross-talk between these cells. 

Osteogenesis-inducing growth factors, such as bone morphogenetic proteins 

(BMPs), especially BMP-2 and -7, and vascular endothelial growth factor 

(VEGF) which is known to have a major role in angiogenesis, have been 

reported in many studies to play a major role in osteoblast-endothelial cell 

communication (Mayer, Bertram et al. 2005). 

The general goal of this study is to understand some of the molecular 

events that occur at the site of bone healing and the interaction of local 

growth factors produced by resident cells such as osteoprogenitor and 

endothelial cells. This will help us in developing techniques that enhance 

bone formation and provide better integration of bone grafts in the recipient 

site. Specifically, the aim of this study is to understand the mechanism by 

which recombinant bone morphogenetic protein-2 (rhBMP-2) induces bone 

formation and whether or not the effect of rhBMP-2 is through enhancing 

angiogenesis and inflammation. 
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Review of Literature 

Bone Development 

The human skeleton 1s formed by two different modes: 

intramembranous and endochondral ossification. In intramembranous 

ossification, mesenchymal cells differentiate into osteoblasts that lay down 

bone matrix, leading to the formation of bone spicules. This type of bone 

formation is seen in flat bones such as parts of pelvis, skull and clavicle. On 

the other hand, endochondral ossification starts by differentiation of 

chondrocytes from mesenchymal precursors. Chondrocytes form cartilage, 

which forms the bone scaffold of the long bones. In both types of 

osteogenesis vascular invasion is crucial at an early stage of the process 

(Gerber, Vu et al. 1999; De Spiegelaere, Comillie et al. 201 0). Vasculature 

plays an important role in bone formation through the production of growth 

factors that control the recruitment, proliferation, differentiation, function, or 

survival of various cells, including bone-forming osteoblasts and bone

resorbing osteoclasts (Midy and Plouet 1994; Mayr-Wohlfart, Waltenberger 

et al. 2002; Street, Bao et al. 2002). These bioactive factors, such as VEGF, 

are secreted by endothelial cells (ECs), the cell type that forms the inner 

lining of blood vessels, and osteoblasts. VEGF is required for blood vessel 

proliferation in bone growth and endochondral bone formation; inactivation 
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of this factor causes impairment of the endochondral ossification and 

disruption in the healing of femoral cortical defects in mice (Street, Bao et 

al. 2002). 

Bone Remodeling 

Bone remodeling is a continuous process of the metabolically active 

skeleton. The bone remodeling cycle comprises four main phases: first, 

activation of pre-osteoclasts and differentiation of osteoclasts; second, 

resorption of the mineralized bone by osteoclasts followed by the third 

reversal phase, where osteoblasts begin to replace osteoclasts at the site of 

bone turnover; and lastly, formation of bone matrix through the osteoblast 

(Figure 1 ). This cycle is referred to as "the Activation-Resorption-Formation 

(ARF) cycle" (Henriksen, Neutzsky-Wulff et al. 2009). This process is 

tightly controlled by the coupling action of osteoclasts and osteoblasts, 

which in tum maintain bone structure. 
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Figure I. Bone remodeling cycle. Activation Stage: osteoblast secretes RANKL which 

binds to RANK on osteoclasts, resulting in activation of osteoclasts. Resorption stage: 

mature osteoclasts release organic acids, and lysosomal enzymes break down mineral and 

organic components of the bone. Reversal stage: osteoblasts begin to replace osteoclasts 

at the site of bone turnover. Formation stage: Osteoblasts start to form bone on top of old 

bone. J Bone Miner Res (2005); 20:177 84. 

Bone forming and resorption cells are organized into distinct 

transitory anatomic structures called basic multicellular units (BMUs). These 

compartments are composed of osteoblasts, osteoclasts, and the blood 

vessels where remodeling takes place. In BMUs, osteoblasts induce 

osteoclasts to break down bone matrix. This occurs via the receptor activator 

for nuclear factor kappa B (RANK) signaling pathway. Receptor activator 
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for nuclear factor kappa B ligand (RANKL) secreted by osteoblasts binds to 

RANK receptors on the osteoclast cell membrane. During this phase, 

osteoprogenitor cells are recruited into BMUs for the deposition of new bone 

(Henriksen, Neutzsky-Wulff et al. 2009; Proff and Romer 2009). 

Vasculature plays an important role in bone remodeling. Blood 

vessels provide osteoblast and osteoclast precursors to the areas of bone 

undergoing remodeling. Moreover, angiogenic factors such as VEGF 

directly and indirectly activate osteoblasts and osteoclasts. Therefore, 

alterations of the microvascular supply network will ultimately affect bone 

formation (Gerber, Vu et al. 1999; Mayr-Wohlfart, Waltenberger et al. 

2002). 

Fracture Repair 

The bone has a unique ability to heal without forming scar tissue upon 

injury. Most bone fractures heal by a combination of intramembranous bone 

formation, endochondral bone formation, and bone remodeling. The process 

starts after injury with an immediate inflammatory reaction that leads to the 

recruitment of mesenchymal stem cells. This stage is characterized by 

hematoma formation due to disruption of the intraosseous vasculature, 

which in tum causes a decrease in the oxygen supply. The inflammatory 

6 



response and hypoxic environment at the fracture site are important to 

initiate the biological bone healing signaling (Komatsu and Hadjiargyrou 

2004). The hematoma formation provides osteoblast and chondrocyte 

precursors such as the white blood cells to the fracture site, which 

differentiate into osteoblasts and chondrocytes and produce matrix and 

cytokines. In addition to the white blood cells, platelets also are important 

components of the hematoma and produce growth factors that promote 

endothelial cell proliferation and angiogenesis. Restoration of the 

microvascular network at this stage aids in recruiting mesenchymal stem 

cells that subsequently differentiate into chondrocytes and osteoblasts 

(Kwong and Harris 2008). Fractures at the periosteum usually heal by 

osteoblasts laying down bone, while fractures that reach the endosteum heal 

by formation of cartilaginous matrix followed by mineralization (Colnot 

2009). The transition from mineralized cartilage to bone is initiated by 

invasion of blood vessels and resorption of mineralized cartilage. Bone 

formation is followed by remodeling, in which the initial bony callus is 

reshaped by secondary bone formation and resorption to restore the 

anatomical structure (Tsiridis, Upadhyay et al. 2007). Any impairment in the 

above-mentioned stages causes delay, fibrous union, or failure of bone 

healing. Deficiency of blood vessel formation has been shown in many 
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studies to be one of the main reasons for non-healing bone (Maes, Carmeliet 

et al. 2002). Therefore, the hypoxic environment and release of 

inflammatory cytokines and angiogenic growth factors such as VEGF are 

crucial for optimum angiogenesis, which leads to proper healing (Keramaris, 

Calori et al. 2008). 

Bone Morphogenetic Proteins 

Bone morphogenetic proteins (BMPs) originally were found in bone 

and cartilage, but recent studies show that endothelial cells produce BMPs as 

well (Imura, Tane et al. 2008). They are essential factors for embryonic 

vascular development (Hogan 1996). BMP-2 is one out of more than 20 

BMPs that have been identified to date and is considered a key regulator of 

bone induction, development and repair. 

BMPs are members of the transforming growth factor-~ (TGF-~) 

superfamily with the exception of BMP-1 , which is a metalloprotease that 

cleaves the C terminus of procollagen I, II and III. 

BMPs are extracellular proteins, and initiate their signaling by binding 

to BMP receptors type I and II, which in tum activate downstream 

transcription factors mainly Smad 1, 5 and 8. Activated Smad 1, 5 and 8 

proteins form a complex with Smad 4. They are then translocated into the 
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nucleus where they interact with other transcription factors, such as Runx2 

in osteoblasts (Chen, Zhao et al. 2004). 

BMPs are regulated through extracellular and intracellular 

mechanisms. Reversible extracellular antagonists control BMP signaling of 

molecules such as noggin and chordin. Noggin is a BMP antagonist, binds 

with BMP-2, 4 and 7, and blocks BMP signaling (Chen, Zhao et al. 2004). It 

has been found that BMPs can regulate their own inhibitors, suggesting a 

negative feedback mechanism that controls their effect (Lowery and de 

Caestecker 201 0). Smad ubiquitination regulatory factor (Smurf) 1-2, 

Smad6, Smad7 and Smad8b are among the intracellular inhibitors of the 

BMP pathway (Figure 2). They inhibit intracellular BMP signal transduction 

by interference with or degradation ofR-Smads (Javed, Bae et al. 2008). 
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BMP Pathway 

Figure 2. BMP signaling is initiated v. ith ligand-induced oligomerization of 

serine threonine receptor kina cs and phosphorylation of the cytoplasmic signaling 

molecules Smad l 5 8. Carboxy-terminal phosphorylation of Smads by activated 

receptors results in their partnering with the common signaling transducer Smad4, and 

translocation to the nucleus. (Qiagen,Valencia, CA). 
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BMPs have been known for their ability to induce ectopic bone (Kim, 

Kim et al. 2005). The cloning of the human BMP-2 sequence led to the 

ability to manufacture large quantities of rhBMP-2 for clinical use (Jones 

2006). There are two commercially available rhBMPs: 1) rhBMP-2 (InFuse 

Bone Graft, Medtronic Sofamor Danec USA, Inc) was approved by the Food 

and Drug Administration (FDA) for fusion of the lumbar spine, open tibial 

shaft fractures and oral and maxillofacial bone augmentation such as 

maxillary sinus lift; 2) rhBMP-7 (OP-1 Implant and OP-1 Putty, Stryker 

Biotech) was approved as an alternative to autograft in specific areas. 

Although rhBMP-2 was successfully used for maxillary smus 

augmentation and in complicated fractures of the mandible, swelling and 

inflammation of the site of the graft were major drawbacks to its use (Robin, 

Chaput et al. 201 0). 

Clinical trials showed that formation of bone using rhBMP-2 & 7 is 

equivalent to autogenous bone grafts and its ability to form bone is partly 

mediated through VEGF production (Garrison, Donell et al. 2007). Recent 

studies showed that rhBMP-2 may play a role in tumor metastasis and 

growth by promoting angiogenesis (Raida, Clement et al. 2005). The exact 

mechanism by which BMP-2 enhances angiogenesis is still controversial. 

However, a study done on pre-osteoblastic-like mouse KS483 cells 

11 



demonstrated the ability of BMP-2 to increase VEGF protein levels, 

suggesting that BMP-2 induces angiogenesis though VEGF production 

(Deckers, van Bezooijen et al. 2002). This effect of BMP-2 also has been 

shown in chondrocytes (Bluteau, Julien et al. 2007). These findings highlight 

the role of VEGF in bone healing and regeneration. 

Vascular Endothelial Growth Factor 

VEGF is a sub-family of growth factors and plays an important role in 

angiogenesis and vasculogenesis. VEGF has five different VEGF isoforms 

VEGF-A, VEGF-B, VEGF-C, VEGF-D and placenta growth factor (PlGF). 

VEGF-A and VEGF-B are key regulators in angiogenesis whereas VEGF-C 

and VEGF-D stimulate lymphangiogenesis (Ferrara 2004). 

Angiogenesis has been well documented to be a key factor essential 

for bone healing in fracture and bone formation (Carano and Filvaroff 2003). 

Studying the growth factors that promote initial vascularization of bone 

grafts and their autocrine and paracrine functions on the resident bone cells 

will give us a novel way to treat critical size defects, particularly when it is 

combined with recent developments in bioengineered bone. Since VEGF is a 

major angiogenic factor produced by many cells such as endothelial cells 

and osteoprogenitor cells, one aim of this study was to explore modulators of 
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its expression and function during bone healing. BMPs play a crucial role in 

induction of bone by several cell-signaling mechanisms including enhancing 

angiogenesis; however, their link to VEGF is not yet well established 

(Raida, Clement et al. 2005) 

VEGF is a potent angiogenic factor, that is regulated by the 

transcription factor, hypoxia-inducible factor-la (IIlF-lo.) (Komatsu and 

Hadjiargyrou 2004). However, it can be activated in osteogenic cells by 

several factors such as HIFs, prostaglandins, TGF- ~' fibroblast growth 

factor 2 (FGF-2), insulin-like growth factor 1 (IGF-1 ), endothelin-1, and 

vitamin D3, but HIFs act as a key mediator in all of these pathways. 

HIF is an alpha and beta heterodimeric transcription factor. HIF has 

three alpha subunits: HIF-1o., HIF-2o., and HIF-3o.. HIF-lo. is considered a 

transcription factor for VEGF. In embryogenesis, differentiation and 

migration are regulated mainly by hypoxia-driven diffusion of oxygen (Wan, 

Shao et al. 201 0). Oxygen gradients stimulate hypoxia-sensitive cells to 

maintain a sufficient vascular supply and ensure proper differentiation 

during development (Akeno, Czyzyk-Krzeska et al.). HIF-1 o. is stabilized 

under hypoxia and up-regulates expression of genes required for cell 

differentiation and survival. The induced growth factors and cytokines play 
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a role in bone modeling and remodeling by mediating interactions between 

endothelial cells, osteoblasts, osteoclasts, and mesencyhmal cells. 

The fracture healing process mimics endochondral bone formation 

during development. The process involves transient hypoxia and activation 

of HIF -1 a, which in tum can stimulate pro-angiogenic factors such as 

VEGF. Thus, HIF-1 a & VEGF might have the ability to mediate 

angiogenesis/osteogenesis coupling during fracture healing (Wang, Wan et 

al. 2007). 

VEGF plays a role in osteogenesis indirectly by inducing 

angiogenesis or acting more directly on osteoblasts and ostcoclasts (Mayr

Wohlfart, Waltenberger et al. 2002). It is required for blood vessel 

proliferation in bone growth and endochondral bone formation; inactivation 

of this factor causes impairment of the endochondral ossification and 

disruption in the healing of femoral cortical defects in mice (Street, Bao et 

al. 2002). VEGF is mainly produced by endothelial cells, osteoblasts, 

chondrocytes, and human mesenchymal stem cells (Gerber, Vu et al. 1999; 

Mayer, Bertram et al. 2005). VEGF receptors (VEGFR-1, VEGFR-2, 

VEGFR-3, neuropilin-1 and -2) are expressed in osteoblasts and 

chondrocytes (Deckers, Karperien et al. 2000; Bluteau, Julien et al. 2007). 
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Studies have shown that VEGF can stimulate osteoblasts chemotactic 

migration and differentiation in direct and indirect pathways through 

stimulation of endothelial cells to secrete osteoanabolic factors such as 

BMP-2 (Midy and Plouet 1994; Wang, Yamazaki et al. 1996; Mayr

Wohlfart, Waltenberger et al. 2002). Furthermore, VEGF directly increases 

osteoprogenitor cell activity in n autocrine fashion and enhances the healing 

of fractures in animal studies (Street, Bao et al. 2002; Mayer, Bertram et al. 

2005). 

Our understanding of the phases of bone formation during fracture 

and development suggest that rhBMP-2-induced osteogenesis recapitulates 

the normal process by stimulating HIF-la and VEGF. 

P ro-inflammatory Cytokines and Reactive Oxygen Species 

In fracture sites, an initial accumulation of pro-inflammatory 

cytokines is believed to be essential for bone repair (Hauser, Zhou et al. 

1997). This has been supported by the observation that osteogenesis at a 

fracture site can be interrupted by the use of non steroidal anti-inflammatory 

drugs (NSAIDs) (Wang, Wan et al.) The increase in pro-inflammatory 

cytokines is due to several factors. The hematoma formed after bone injury 
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is the main source of the growth factors and inflammatory cytokines such as 

interleukin 6 (IL6) needed to initiate the fracture-healing cascade. 

IL6 is considered to be a pleiotropic factor that affects many 

biological processes in several organs especially the immune system. The 

IL6 family of cytokines uses the type I cytokine receptor complex consisting 

of the ligand-binding interleukin 6 receptor alpha (IL6Ra) and the signal

transducing component gp 130, to exert its function. IL6 plays an important 

role in bone remodeling by coordinating the functions of osteoblasts and 

osteoclasts (Franchimont, Wertz et al. 2005). Lack of IL6 significantly 

reduces osteoclastogenesis and impairs callus strength during early fracture 

healing in mice (Wallace, Cooney et aJ. 201 1). Moreover, numerous studies 

have shown that when IL6 is combined with IL6R, enhancement of 

osteoblast differentiation can be achieved in vitro (Heymann and Rousselle 

2000; Franchimont, Wertz et al. 2005; Liu, Kirschenbaum et al. 2006). 

These findings emphasize the crucial role of IL6 during the early phase of 

the fracture healing. I Iowever, some studies have shown that the formation 

of seroma in patients after rhBMP-2 treatment might be due to the increase 

in IL6 levels (Robin, Chaput et al. 201 0; Lee, Taghavi et al. 2011 ). The 

exact role of rhBMP-2 in inducing IL6 production is not well understood. 
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Reactive Oxygen Species 

Reactive oxygen species (ROS) are chemically reactive molecules, 

free radicals, and ions containing oxygen and generated as by-products of 

cellular metabolism. ROS are intermediaries in various biological events 

including the activation of osteoclasts and may play a role in bone resorption 

and impairment of fracture healing (Akeno, Czyzyk-Krzeska et al. 2001). 

There are several studies that have investigated the impact of ROS 

generation on bone formation. In particular, bone fractures are characterized 

by excess production of ROS because of the associated inflammation and 

ischemia (Komatsu and Hadjiargyrou 2004; Cetinus, Kilinc et al. 2005). 

Different investigators have previously reported the regulatory role of ROS 

on VEGF expression and function. Recent studies in vascular calcification 

showed that rhBMP-2 could stimulate the production of ROS in endothelial 

cells, which have been shown to play a role in VEGF production and 

function (Csiszar, Ahmad et al. 2006) 

rhBMP-2 has been used extensively m spinal fusion and 

reconstruction of maxillofacial bone defects. However, the effect of rhBMP-

2 on ROS and whether it plays any role in mediating the bone-inducing 

capability of rhBMP-2 is still unclear. Hence it was important to investigate 

the interaction between rhBMP-2 and ROS production. 
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Hypothesis 

This study was designed to test the hypothesis that recombinant bone 

morphogenetic protein-2 regulates the expression of the angiogenic and 

inflammatory mediators such as vascular endothelial growth factor and 

Interleukin-6 in pre-osteoblasts via generating excess reactive oxygen 

spec1es. 
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Specific Aims 

Specific Aim 1 

To characterize the effect of rhBMP-2 on angiogenic and inflammatory 

mediators 

This a1m was tested by exammmg the effect of rhBMP-2 on 

angiogenesis and inflammatory transcripts in comparison with untreated pre

osteoblasts. 

Specific Aim 2 

To investigate the role ofROS and HIF-la in rhBMP-2-induced VEGF 

and IL6 expression 

VEGF expression has been reported to be modu Ia ted by ROS through 

HIF-1 a transcription factor. The current study evaluated the effect of 

rhBMP-2 on ROS formation and stability of HIF-1 a in cultured osteoblasts. 

This was followed by examining the effect of antioxidant on rhBMP-2-

induced VEGF expression. 
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Specific Aim 3 

To evaluate the angiogenic effect of rhBMP-2 during the healing of a 

critical size defect. 

This aim was tested in vivo by examining the effect of rhBMP-2 on 

vascularization in the presence or absence of anti-VEGF antibody in a rat 

critical size calvarial defect model. 
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CHAPTER II 

MATERIALS & METHODS 

Specific Aim 1: To characterize the effect of rhBMP-2 on angiogenic 

and inflammatory mediators 

The inflammatory reaction and relative hypoxia at the site of bone 

injury are the first stages of fracture repair. Macrophages and other immune 

cells are recruited to the fracture site and release several factors including 

ROS and HIFs. ROS and HIF-la are key modulators ofVEGF expression in 

different cells (Li and Dai 2004). Moreover, rhBMP-2 has been shown to 

elicit pro-inflammatory and oxidative effects in endothelial cells (Csiszar, 

Ahmad et al. 2006). We were interested in exploring whether rhBMP-2 

induces the same effect on pre-osteoblasts. First, we examined the effect of 

rhBMP-2 on angiogenesis genes using PCR array to give us a broad scheme 

of major changes in the angiogenic genes. Second, we focused on the ability 

of rhBMP-2 to stimulate VEGF and IL6 expression and ROS generation in 

vitro using pre-osteoblasts. We also chose to examine VEGF and IL6 
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proteins smce they represent the maJor angiogenesis and inflammatory 

factors and cytokines. 

Cell Culture 

Normal human immature osteoblasts (NHOst) (pre-osteoblasts) from 

passages 3 to 7 from Lonza (Walkersville, MD) were used in our 

experiments. We preferred to use human pre-osteoblasts to examine our 

hypothesis in the early proliferation phase to be able to determine early 

changes in gene and protein expression (Luket al., 1974). The cells were 

plated using osteoblast growth media (OGM) with l 0% FBS according to 

the manufacturer's instructions without adding differentiation media. The 

media were replaced by serum-free media ( 1% FBS) when the cells were 

80% confluent for 24 hrs then treated with or without different 

concentrations of rhBMP-2 (10- 50 ng/ml) (R&D Systems, Wiesbaden, 

Germany). NIIOst were incubated at37 °C at 5% C02 and 95% 0 2 at all 

times except for the hypoxia condition, when cells were incubated at 1% 0 2 

using a specific oxygen chamber (ProOx 110, Biospherix, Lacona, NY). The 

immature osteoblasts were confirmed using alkaline phosphatase (ALP) and 

osteocalcin immunofluorescence (Figure 3). 
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Figure 3. Mature O~tcoblasts vs. immature ostcoblasts. The top images show ALP 

activity plus osteocalcin, indicating the cells arc mature osteoblasts, while the bottom 

images showed only ostcocalcin immunofluorescence. The images were collected using a 

Zeiss Confocal Imager M I Microscope. The lens was a 40x EC Neofluar and a numerical 

aperture of 1.3 excitation \\as achieved using a diode 405nm laser and a DP S 561 laser. 

23 



ELISA 

We chose to use ELISA instead of Western blotting to measure VEGF 

& IL6 levels because it is the preferred method for quantification 

comparisons. VEGF & IL6 expression was determined by a commercially 

available ELISA kit (R&D Systems, Wiesbaden, Germany) according to the 

manufacturer's instructions. Briefly, standards or conditioned media samples 

(200J.Ll for VEGF & l OOJ.Ll for IL6) were pi petted into an antibody-coated 

96-well plate containing 50 J.Ll (for VEGF) or l OOJ.Ll (for IL6) of assay 

diluent. Plates were incubated for 2 hrs on a shaker. The wells were washed 

five times with washing buffer, then 200 J.Ll of detection conjugate was 

added, and the samples were incubated for 2 hrs at room temperature. 

Samples were then washed five times with 200 J.Ll of substrate buffer and 

incubated for 30 minutes. The reaction was then stopped, and the absorption 

was measured with an ELISA reader at 450 nm with correction at 570 nm. 

Gene Expression 

In our initial screening of angiogenic genes affected by rhBMP-2 

stimulation, we used a real time polymerase chain reaction (PCR) array to 

highlight the early changes in the gene. We focused on the VEGF and IL6 

genes using three different time points by using quantitative real time PCR 
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which is more specific and has greater sensitivity for the VEGF and IL6 

genes. 

RNA isolation and Real Time PCR: 

Total RNA was isolated from cultured NHOst on culture plates using 

the QIA RNA isolation kit (Qiagen, SantaClarita, CA, USA) and then 

purified using the RNAeasy kit (Qiagen). Purified total RNA was reverse 

transcribed with the High-Capacity eDNA Kit (Applied Biosystems, Foster 

City, CA, USA). All PCR reactions were carried out using the TaqMan 

Universal PCR Master Mix on a 7300 real-time PCR system (Applied 

Biosystems, Foster City, CA, USA). The pre-formulated assay primers (20x 

mix) used in this study were individual TaqMan® Gene Expression Assays. 

A) RNA Isolation and Purification: 

Direct lysis of cells from the 6-well system was achieved by adding 

400 !J.l ofQiagen's buffer RLT. The isolation of RNA was done in different 

cell groups treated with or without rhBMP-2 ( 10-50 ng/ml) for 3, 8 and 18 

hrs. The lysates were collected and pipetted directly into the Qiashredder 

spin column. Ethanol (70%) was added to the lysates which were mixed by 

pipetting. Samples then were transferred to RNeasy spin columns placed in 2 
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ml collection tubes. The samples were centrifuged at 10,000 rpm for 15 

seconds. The flow-through was discarded and 700 J . .d buffer R W 1 was added 

to the spin column. The samples were centrifuged at 1 0,000 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; the spin column was then placed 

in a 1.5 ml collection tube. RNA-free water (30 ~I) 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, and all centrifugation was performed 

at 20-25°C in a standard microcentrifuge. 

B) Reverse Transcription (eDNA synthesis): 

Purified total RNA was reverse transcribed with the High-Capacity 

eDNA Kit (Applied Biosystems, Foster City, CA, USA). 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 
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efficiency for all genes. With poor linearity, reverse transcription 

efficiencies would be sample-dependent, resulting in inaccurate data. 

Two-step RT -PCR was performed in two separate reactions: frrst, 

total RNA was reverse transcribed into eDNA, and then the eDNA was 

amplified by PCR. This method is useful for detecting multiple transcripts 

from a single eDNA template, or for storing eDNA aliquots for later use. 

Purified RNA (1 - 2J..Lg) was used for each 20 J..ll of eDNA synthesis reaction 

mixture. The High-Capacity eDNA Reverse Transcription Kit® was used 

with random primers according to the manufacturer's instructions. 

Quantitative Real time PCR ( qRT -PCR) 

A) Selecting the PCR Chemistry: 

For real time PCR reactions, 5J..ll of the eDNA sample, 25J..Ll TaqMan® 

universal PCR master mix (2x) and 2.5J..ll TaqMan® gene expression assay 

buffer were mixed. All PCR reactions were performed in duplicate. Table 1 

summarizes the PCR program conditions. 

B) Target genes and primers: 

TaqMan™ reagent-based chemistry uses a fluorogenic probe that 

enables detection of a specific PCR product as it accumulates during PCR 

cycles. While Sybr Green fluorescence binds nonspecifically to all double-
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stranded DNA sequences, the specificity of TaqMan increases because of a 

probe which results in specific hybridization between probe and target, 

which generates a fluorescent signal. 

Hypoxanthine phosphoribosyltransferase (HPRT) was used as the 

endogenous control (also called "housekeeping" gene) for all experiments. 

HPRT was validated by testing the absolute quantification of the gene in 

serial di lutions and calculating a standard curve. Quantification of transcript 

levels of the target genes (Table 2) was normalized by the use of HPRT as 

the endogenous control. The Ct (cycle threshold) values calculation was 

performed by the LlCt and MCt method. The formula for quantification 

was: 

LlCt = 2Ct (housekeeping) I 2Ct (Target) 

LlLlCt - 2Llct (control) I 2LlCt (treated) 
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Table 1: PCR Program Conditions: 

Time and Temperature (Two-step RT -PCR) 

Hold Ilold llold 
RT step (1) 

10 min @ 25°C 120 min @ 37°C 5 seconds @ 85°C 

Initial Steps PCR (Each of 40 
cycles) 

AmpErase© UNO AmpliTaq Gold© Melt Anneal 
PCR step (2) Activation DNA Extend 

Activation 

Hold Hold Cycle 

10 min @ 25°C 120 min @ 37°C 5 seconds @ 85°C 

Table 2: Individualized Real-Time PCR Primers 

Primers Task ID number Ref Seq 

Hypoxanthine 
Housek 

phosphoribosy ltra IIPRT Hs99999909 m 1 NM 0001942 

nsferase I 
eepmg 

Vascular 
NM 003376 

Endothelial VEGF-A Target Hs.73793 

Growth Factor 

Interleukin 6 IL6 Target Hs00985639 m 1 NM 0006002 

29 



Real time PCR (qRT-PCR) Arrays 

The PCR array system combines the quantitative performance of Sybr 

Green-based real-time PCR with the multiple gene profiling capabilities of a 

microarray. The PCR array is a 96-well p late containing primer assays for a 

set of 84 genes, plus five housekeeping genes and 3 controls. The controls 

include a DNA contamination control, triplicate reverse transcription 

controls and triplicate positive PCR controls. In this study we used an 

angiogenesis PCR array, RT2 ProfilerTM PCR Arrays (SABiosciences, 

Frederick, MD, USA). The array profiles the expression of 84 genes known 

to be important for angiogenesis (Table 3) 

A) RNA Isolation and Purification 

The same procedures for RNA isolation described above for gene 

expression were used to prepare samples for the PCR array procedures. 

The ratio of sample absorbance at 260 nm to 280 nm is used to assess 

the purity of RNA. A ratio of - 2.0 is generally accepted as "pure" for RNA. 

Sample concentration in ng/~.tl is based on absorbance at 260 nm and the 

selected analysis constant. These measurements were carried out on the 

NanoDropTM l 000 Spectrophotometer (Thermo Scientific, Location, USA) 

The instrument measures 1 J..Ll samples, which allows preservation of most of 
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the RNA sample. The full spectrum (220 nm-750 nm) spectrophotometer 

utilizes a sample retention technology that employs surface tension alone to 

hold the sample in place. 

This design eliminates the need for cumbersome cuvettes and other 

sample containment devices and allows for clean-up between samples. In 

addition, the instrument enables measurement of highly concentrated 

samples without di lution (50x higher concentrations than the samples 

measured by a standard cuvette spectrophotometer). For PCR arrays we used 

purified RNA samples representing each group. RNA quantity, quality and 

integrity were checked in a Bioanalyzer (Agilent 2100 Bioanalyzer, Foster 

City, CA, USA) run with the nano RNA chip. The ratio of absorbance at 260 

and 280 nm was 2.0 2.1, and the RNA integrity number (RIN) was 9.8 -

l 0, both values indicating excellent quality RNA. 

B) eDNA synthesis 

Two Jlg of total purified RNA was reverse transcribed with the RT2 

First Strand Kit (SABiosciences, Frederick, MD, USA). The RT mix was 

prepared according to the manufacturer's manual, and the total eDNA was 

used for the 96-well RT2 Profiler TM PCR Array. After performing PCR, the 

manufacturer's Web-based software determined the relative expression 
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using the .1.1Ct method to calculate results, expressed as "fold regulation" of 

genes. 

C) Array Plate Layout (Table 4) 

Wells A 1 through G 12 each contained a real-time PCR assay for 

Human Angiogenesis genes. Wells Hl through H5 contained a 

housekeeping gene panel, used to normalize PCR Array data. Note that this 

panel included the HPRT gene used above in the single-gene PCR tests plus 

4 other "housekeeping" genes. Well H6 contained the Genomic DNA 

Control (GDC). Wells H7 through H9 contained replicate Reverse 

Transcription Controls (RTC). Wells HlO through H12 contained replicate 

Positive PCR Controls (PPC) (Table 4). 
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Table 3: Angiogenesis Array (SABiosciences, Frederick, MD, USA) 

(ieiH' . . Gene . . 
S
. 1 1 De.\cnptwn S h 

1 
De\£Ttf11um ym w y 111 o 

AKTI 
V-akt munne thymoma \iral 

II NG Interferon, gamma 
oncogene homolog I 

ANGPTI Angiopoietin I IGFI 
Insulin-like growth factor I 

(somatomedin C) 

ANGPT2 Angiopoictin 2 ILI B lnterleukin I, beta 
NGPTL3 Angiopoietin-like 3 IL6 lntcrlcukin 6 (interferon, beta 2) 
NGPTL4 Angiopoietin-like 4 11.8 lnterleukin 8 

Alanyl (membrane) lntegrin, alpha V (vitronectin 
ANPl<:P 

ammopeptidase 
ITGAV receptor, alpha polypeptide, 

antigen CD 51) 

8 .\11 Bram-specific angiogenesis 
ITGB3 

lntegrin, beta 3 (platelet 
mhibitor 1 glycoprotein Ilia, antigen CD61) 

CCLII Chemokine (C-C motif) ligand II JAG I Jagged I (Aiagtlle syndrome) 

CCL2 Chemokme (C-C motif) ltgand 2 KDR 
Ktnase msert domatn receptor (a 
type Ill receptor tyrosme kinase) 

COliS 
Cadhenn 5, type 2 (vascular 

LAMAS Lamtntn, alpha 5 endothelium) 

COLI8\I Collagen, type XVIII, alpha I u:cn Leukocyte cell denved chemotaxi 
I 

COL4A3 
Collagen, type IV, alpha 3 

LEP Leptin (Goodpasture antigen) 
Chemokine (C-X-C motif) ligand 

Mtdkine (neurite growth-C XCLI I (melanoma growth stimulating MDK 
activity, alpha) promoting factor 2) 

Chemokine (C-X-C motif) ligand Matrix mctallopeptidase 2 
CXCLIO MMP2 (gelatinase A, 72k0a gelatinase, 10 

72k0a type IV collagenase) 

Chemokine (C-X-C motif) ligand Matrix metallopeptidase 9 
CXC L3 MM P9 (gelatinase B, 92k0a gelatinase, 

3 
92k0a type IV collagenase) 

CXC LS 
Chemokine (C-X-C motif) ligand 

OTCII4 Notch homolog 4 (Drosophila) 5 
Chemokme (C-X-C motif) ligand 

CXCL6 6 (granulocyte chemotactic NRPJ Neuropilin I 
protein 2) 

C\.Cl.9 
Chemokine (C-X-C motif) ligand 

NRP2 Neuroptltn 2 
9 

TYMP Thymidine phosphorylase PDGFA 
Platelet-denved growth factor 

alpha polypeptide 

S IPRI 
Sphingosmc-1-phosphate recepto 

PECAMl 
Platclet/endotheltal cell adhesion 

I molecule 
EF~ \I Ephrin-Al PF4 Platelet factor 4 
EFNA3 Ephrin-A3 PGr Placental growth factor 
EF!\82 Ephrin-82 Pl AU Plasmmogcn activator, urokinase 

EG F Epidcnnal growth factor (beta- Pl G Plasminogen 
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urogastrone) 
ENG Endoglin PLXDCI Plexin domain containing l 

EPHB4 EPH receptor B4 PROK2 Prokineticin 2 
Prostaglandin-endoperoxide 

EREG Epiregulin PTGSI synthase I (prostaglandin GIH 
synthase and cyclooxygenase) 

Serpin peptidase inhibitor, clade F 

FGFI Fibroblast growth factor I 
SERPINFI 

(alpha-2 antiplasmin, pigment 
(acidic) epithelium derived factor), 

member I 
FGF2 Fibroblast growth factor 2 (basic) SPHKI Sphingosine kinase I 

FGFR3 
Fibroblast growth factor receptor 

STAB I Stabilin I 
3 

C-fos induced growth factor 
FIGF (vascular endothelial growth TEK TEK tyrosine kinase, endothelial 

factor D) 
Fms-related tyrosine kinase I 

FLTI 
(vascular endothelial growth 

TGFA Transforming growth factor, alpha 
factor/vascular permeability 

factor receptor) 

HAN02 
Heart and neural crest derivatives 

TGFBl Transforming growth factor, beta l 
expressed 2 

HGF 
Hepatocyte growth factor 

TGFB2 Transforming growth factor, beta 2 
(hepapoietin A; scatter factor) 

Hypoxia inducible factor 1, alpha 
Transforming growth factor, beta HIFIA subunit (basic helix-loop-helix TGFBRI 

transcription factor) 
receptor 1 

IIPSE Heparanase THBSI Thrombospondin I 
101 Inhibitor of DNA binding I, THBS2 Thrombospondin 2 

dominant negative helix-loop-
helix protein 

103 Inhibitor of DNA binding 3, TIM P I TIMP metallopeptidase inhibitor I 
dominant negative helix-loop-

helix protein 
IFNAI Interferon, alpha I TIMP2 TIMP metallopeptidase inhibitor 2 
IFNBI Interferon, beta 1, fibroblast TIMP3 TIMP metallopeptidase inhibitor 3 

VEGFC Vascular endothelial growth TNF Tumor necrosis factor (TNF 
factor C superfamily, member 2) 

B2M Beta-2-microglobulin TNFAIP2 Tumor necrosis factor, alpha-
induced protein 2 

IIPRTI Hypoxanthine VEGFA Vascular endothelial growth factor 
phosphoribosyltransferase 1 A 

VEGFC Vascular endothelial growth 
factor C 
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Table 4: Angiogenesis Array Plate Layout: 

CCL11 CCL2 

CXCL1 CXCL10 CXCL3 CXCL5 CXCL6 CXCL9 TYMP S1PR1 EFNA1 EFNA3 EFNB2 EGF 

EPHB4 EREG FGF1 FGF2 FGFR3 FIGF FLT1 HAN02 HGF HIF1A HPSE 

101 103 IFNA1 IFNB1 IFNG IGF1 IL1B IL6 ILS ITGAV ITGB3 JAG1 

LAMAS LECT1 LEP MOK MMP2 NRP1 NRP2 POGFA AM1 

PF4 PLAU PLG PLXOC1 PROK2 PTGS1 
SERPIN 

SPHK1 STAB1 TEK TGFA PGF 
F1 

TGFB2 TGFBR1 THBS1 THBS2 TIMP1 TIMP2 TIMP3 TNF VEGFA VEGFC 

HPRT1 RPL GAPOH ACTS HGOC RTC RTC RTC PPC 
PPC PPC 

Human Angiogenesis Genes (Table 4) 

Growth factors and receptors: ANGPTl , ANGPT2, ANPEP, TYMP, EREG, 

FGFI, FGF2, FIGF, FLTI , JAG!, KDR, LAMAS, NRPl, NRP2, PGF, 

PLXDC 1, STAB 1, VEGF A, VEGFC. 

Adhesion molecules: ANGPTL3, BAI 1, COL4A3, IL8, LAMAS, NRP 1, 

NRP2, STAB 1. 

Proteascs, inhibitors and other matrix proteins: ANGPTL4, PECAMI , PF4, 

PROK2, SERPINF 1, TNFAIP2. 

Transcription factors and others: HAND2, SPI IK 1. 
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Cytokines and chemokines: CCLII, CCL2, CXCLI, CXCLIO, CXCL3, 

CXCL5, CXCL6, CXCL9, IFNAI, IFNBl, IFNG, ILIB, IL6, MDK, TNF. 

Other growth factors and receptors: SlPR1, EFNAI, EFNA3, EFNB2, EGF, 

EPHB4, FGFR3, HGF, IGFI, ITGB3, PDGFA, TEK, TGFA, TGFB1, 

TGFB2, TGFBRl. 

Adhesion molecules: CCLll, CCL2, CDH5, COL18A1, S1PR1, ENG, 

ITGAV, ITGB3, THBSI, THBS2. 

Proteases, inhibitors and other matrix proteins: LECT 1, LEP, MMP2, 

MMP9, PLAU, PLG, TIMPI, TIMP2, TIMP3. 

Transcription factors and others: AKTI, HIF 1 A, HPSE, ID 1, ID3, 

NOTCH4, PTGS 1. 
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Specific Aim 2: To investigate the role of ROS and HIF-la in rhBMP-2 

induced VEGF and IL6 expression 

After we tested the effect of rhBMP-2 on angiogenic and 

inflammatory genes and proteins, we were interested in exploring whether 

rhBMP-2 induces HIF-la expressions and ROS generation in vitro. We then 

examined VEGF and IL6 protein levels with or without an antioxidant. 

Assessment of ROS Generation 

Production of ROS in NHOst treated with or without rhBMP-2 (1 0-50 

ng/ml) was examined using dihydroethidium (DHE) staining, lipid 

peroxidation assay, and intracellular ROS a say kits (Cellbiolabs, San 

Diago, CA). We used DHE to visualize ROS production under the 

microscope and then we used dichlorofluorescein (DCF) and lipid 

peroxidation methods for better quantification of the effect of rhBMP-2 on 

ROS generation. 

Superoxide Measurement by DHE Fluorescence 

Digital imaging microfluorometry of the oxidation of DHE into 

ethidium bromide, which binds to DNA in the nucleus and fluoresces red, 

was used to measure superoxide generation in NHOst in the presence or 

absence of rhBMP-2. Briefly, cells were washed with 1% PBS, followed by 
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addition of 3 J..lM of DHE. The plate then was placed in the dark for 30 

minutes at 37°C. Cells were rinsed and images were taken using a camera 

mounted on a fluorescence microscope. MetaMorph Imaging Program 

(Molecular Devices, Downingtown, PA) was used for analysis (Al

Shabrawey, Rojas et al.). Threshold color was used to highlight stained 

nuclei. 

Measurement of Lipid Peroxidation 

Lipid peroxide concentration was determined by the OxiSelect™ 8-

iso-Prostaglandin F2a ELISA Kit (Cellbiolabs, San Diageo, CA). The 

quantity of 8-iso-PGF2a in samples was determined by comparing its 

absorbance with that of a known 8-iso-PGF2a standard curve. Cell lysates 

were prepared according to the manufacturer's instructions. A 100 J..lL 

aliquot of the diluted Anti-8-iso-PGF2a Antibody was added to the Goat 

Anti-Rabbit Antibody-Coated Plate and incubated for an hour at 25°C on an 

orbital shaker. The antibody solution was removed from the wells and 

washed 5 times with 300 J..lL IX wash buffer per well. After the last wash, 

the wells were emptied and the microwell plate was tapped on absorbent pad 

or paper towel to remove excess wash solution. A 55 J..lL aliquot of the 8-iso

PGF2a standard or sample and 55 J..lL of 8-iso-PGF2a-HRP conjugate were 

combined in a microtube and mixed thoroughly. A l 00 J..lL aliquot of the 
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combined solution was transferred to the well and incubated for an hour at 

25°C on an orbital shaker. The combined solution was removed from the 

wells and washed 5 times with 300 JlL of 1 X wash buffer per well. A 1 00 JlL 

aliquot of substrate solution was added to each well and incubated at room 

temperature for 10-30 minutes on an orbital shaker. The enzyme reaction 

was stopped by adding 100 JlL of stop solution to each well. 

Intracellular ROS Measurement by DCF Fluorescence 

Cells were seeded in a 96-well plate. After they reached 80% 

confluence, cells were washed gently with HBSS 2-3 times. 100 JlL of 

( lmM) DCFH-DA/media solution were added to the cells and incubated at 

37°C for 30 minutes. DCFH-DA-loaded cells were treated with rhBMP-2-

containing medium in the presence or absence of the antioxidant N-acetyl 

cysteine (50 JlM) for 60 minutes at 37°C (Trebec-Reynolds, Voronov et al. 

20 1 0). The fluorescence was read with a fluoromctric plate reader at 480 

nm/530 nm after adding 100 JlL of the cell lysis buffer to both standards and 

cell samples and incubating5 minutes (Figure 4). Fluorescence analysis was 

done according to the manufacturer's instructions (BioTek, Winooski, VT). 
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DCFH- OA 
(Non-Fluorescent) 

~~~Penetration of 

~~~Cell Membrane 

c o ~ OCFH-DA 

0~0 (Non-Fluorescent) 

O..)....CH, O..).._CH, 

I Cellular 
Esterase 

I ROS 

Q:io 
CI:C()ccO ~ Cl 

I I 
~0 0 OH 

DCFH 
(Non-Fluorescent) 

DCF 
(Fluorescent) 

Figure 4. The dichlorodihydrofluorescein fluorescence assay employs the 

cell-permeable fluorogenic probe 2 ', 7' -Dichlorodihydrofluorescin diacetate 

(DCFII-DA). DCFH-DA diffuses into cel ls and is deacetylated by cellular 

csterases to non-fluorescent 2', 7' -Dichlorodihydrofluorescin (DCFH), 

which ts rapidly oxidized to highly fluorescent 2' 
' 

7'-

Dichlorodihydrofluore cein (DCF) by ROS. 
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HIF-la. immunofluorescence staining 

HIF -1 a Immunoreactivity was tested in NHOst treated with or without 

rhBMP-2. Cells were seeded in 8-chamber slides at equal density of 5x 104 

cells per chamber. After 3hrs incubation under normoxic or hypoxic 

conditions in the presence or absence of rhBMP-2, cells were fixed using 4% 

forma lin in PBS for 10 mins at 37 °C. Non-specific reaction was blocked by 

normal goat serum for 30 min. Cells were then treated with IIIF-1a antibody 

for 1 hr in a humidifying chamber at room temperature. Cells then were 

washed three times with 0.1% Triton X-1 00 followed by incubation in a 

1:500 dilution of Oregon Green-conjugated secondary antibody (Molecular 

Probes) for 30 minutes. This was followed by covering the cells with cover 

slips using mounting medium (Vector). Cells were imaged by fluorescence 

microscopy and immunoreactivity was analyzed by the Metamorph Imaging 

System (Molecular Devices, Downingtown, PA). 
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Specific Aim 3: To evaluate the angiogenic effect of rhBMP-2 during the 

healing of a critical size defect 

A critical size defect is a bony defect, which does not heal or the 

healing is delayed during the lifetime of the animal (McKay, Peckham et al. 

2007). We were interested to test our hypothesis in an in vivo setting and we 

chose the rat critical size calvarial defect because it can be consistent, 

reproducible and standardized; it can be easily examined and compared by 

micro-CT and histological analysis; and the surgical access 1s 

straightforward and can be done with minimal complications. To evaluate 

angiogenesis, we perfused the rat with radiopaque methyl methacrylate 

because it has low viscosity, fast setting time and adequate radiopacity for 

micro-CT analysis. 

Animals 

Male Sprague-Dawley rats from Harlan Laboratories (Indianapolis, 

IN) were used in accordance with the guidelines for the care and use o 

animals established by Georgia Health Sciences University. Rats were 

housed in 12: 12-h light-dark cycle and temperature-monitored facilities. 

Rats weighing between 400-450g were used for our experiments. The 

experimental rats were divided into 4 groups (n= 5 in each). Group (1) rats 
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were treated with an absorbable collagen sponge (ACS) only and served as a 

negative control, while Group (2) rats received VEGF (0.24flg/ mm3
) and 

served as a positive control. Group (3) rats received BMP-2 (240 ng/mm3
) 

only, and Group (4) rats received BMP-2 (240 nglmm3) and anti-VEGF (25 

mg/kg) (Figure 5). All treatments were delivered to the site of the defect 

using an ACS (Figure 6) 

Rats were anesthetized using rodent cocktail which contains Ketamine 

Hcl 100 mglml and Xylazine HCl 20 mglml. This was given 

intramuscularly at a dosage of 0.6 ml/kg (0.1 eel 1 OOgbw). Animals needing 

a booster dose was given 0.1 eel 1 OOgbw of Ketamine. Animal craniums were 

shaved, scrubbed with Betadyne and a full thickness flap was elevated. 

Trephine defects of 8 mm diameter were created with care in the calvaria 

under constant irrigation to avoid injury to the dura .The remaining bone was 

dissected gently and flushed with saline. The surgical site was closed using 

continuous interlocking suture (Figure 7). Three weeks after treatment, 

analysis of bone formation and angiogenesis were performed using Micro

CT and radiopaque methyl methacrylate material for perfusion as described 

below. 
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Figure 6. Infusion of rhBMP-2 with absorbable college sponge (ACS). 
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Figure 7. Critical size defect in the rat cranium. a. Midline incision through 

the skin b. Outline of the defect was created using 8mm trephine bur c. 

Removal of bone inside the defect. 
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Vascular Perfusion of Rat with Radiopaque Methyl Methacrylate 

The chest and neck of the animal were shaved. The dissection was 

performed until the common carotid and jugular veins were needed 

bilaterally, taking great care not to inadvertently nick these structures. Silk 

sutures were placed above and below the intended perfusion points on the 

common carotid artery. The suture was then tied below the intended 

perfusion point. A 24G %" IV catheter was carefully inserted into each 

carotid and secured into place using suture above the perfusion points. The 

jugular vein was nicked to create an exit point for excess fluid. Extension 

tubing to both catheters was attached (Figure 8). 

The fo llowing fluids were perfused into the rat vasculature at a 

perfusion rate of 2 mill 0 sec: 

1. 50 ml PBS + 0.08 ml ( 1000 U) heparin 

2. 50 ml formalin, neutral buffered, 10% 

3. 50 ml PBS 

4. Methyl methacrylate with 35% triphenylbismuth (6.30 g 

triphenylbismuth + 18 ml methyl methacrylate) 

The rats were decapitated after 5 minutes. 
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Figure 8. Vascular perfusion of the rat with radiopaque methyl methacrylate. 

a. Dissection of the common carotid artery. 

b. Insertion of angiocatheter into the common carotid artery. 

c. Backflow of the blood into angiocatheter. 

d. Perfusion of radiopaque triphenylbismuth in methyl methacrylate. 

(Courtesy of Dr. Chestine Guevarra). 

Analysis of Bone and Vessel Formation in the Critical Size Defect 

Micro-CT Analysis: 

X-ray microcomputed tomography (cut) images were acquired using a 

SkyScan 1174 compact micro-CT (Aartselaar, Belgium) at 33.2 urn 

resolution 50 kV and 800 microamperes. 

For Bone Mineral Density (BMD) and 3-D bone morphometry, a scan 

was performed at an image pixel size of 33.2Km. Reconstruction was done 

using the Sky scan Nrecon program. Datasets were loaded into Skyscan CT-

analyzer software for measurement of 3-D bone morphometric parameters. 

The 3-D bone morphometric parameters measured included bone volume 

(BV). All reconstructed images were adjusted to this grey scale before 

running the 3D analysis. A standardized region of interest (ROI) covering 

the cranium defect yielding a standardized volume of interest (VOl) (8 mrn3
) 

was used for the 3D morphometric analysis. Standardization of all the 
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scannmg and reconstruction parameters was done for all the scanned 

samples. Nomenclatures used were based on standards of the American 

Society of Bone and Mineral Research {ASBMR) for bone 

histomorphometric parameters. 

The 3-D bone morphometric parameters were measured twice for 

each sample, the first to analyze the sample before decalcification to 

measure bone volume, and the second to measure vascular volume after 

decalcification. 

Specimens were decalcified in a citric acid/formic acid working solution 20 

times their volume. The solution was changed to fresh solution each day 

until decalcification was complete. Specimens were left in the decalcifying 

solution for 4 days. Once the decalcification was complete, specimens were 

rinsed in water briefly and incubated for 30 minutes in ammonia solution to 

neutralize acids left in specimens. 

Light Microscopic Images 

Images of the calvarial defect were taken to visualize the micro

vessels formed in the defect area and to compare them with controls under 

the light microscopic. In this method, we depended on the reflection of light 

under each specimen and the opacity of our perfused material. This gave us 
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a very good visualization of the microvessels in the defect; however, 

quantification of the vessels for statistical analysis was not valid, mainly 

because differences in the thickness of specimens led to variations in the 

grey scale. We used a Zeiss AxioCam MRc5 camera to obtain the images. 
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Statistical Analysis 

Differences among groups were determined by one-way ANOV A for 

multiple comparisons followed by Tukey's posthoc test. At least 3 dishes 

were prepared for each treatment group (n=3-6), and each experiment was 

replicated twice. Data are represented as mean± SEM. 

For VEGF and IL6 gene expression, fo ld changes were calculated 

using the 2-.Ll.LlCT method where fold change is the normalized gene 

expression 2-.LlCT in the control group divided by the normalized gene 

expression 2-.LlCT in the treated groups (Akeno, Czyzyk-Krzeska et al.). A 

one sample /-test, which accounts for the calculated difference (fold 

regulation) between control and treated groups, was used to evaluate the 

difference between the samples. The results were considered to be 

significantly different if P < 0.05. 

Real-time PCR array statistical analysis was performed using Web

based analysis software. This Web-based software for the PCR-array system 

automatically performed all MCt-based fold-change calculations from 

uploaded raw Ct data. This software also performed pair-wise comparisons 

among groups of experimental replicates and defined fold-change and 

statistical significance thresholds. Comparisons of the fold increases for 
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gene expression were considered significant if these values were at least 

two-fold increased or decreased in comparison to the control, with P <0.05. 

Final bone volume obtained from micro-CT 3D analysis was 

measured by subtracting the vascular volume of the specimen after 

decalcification from the bone volume of the specimen before decalcification. 

Differences among groups were determined by one-way ANOVA for 

multiple comparisons followed by Tukey's posthoc test. 
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CHAPTER III 

RESULTS 

1) rhBMP-2 Up-regulates Angiogenesis and Inflammatory Transcripts 

Comparing the expression of angiogenesis and inflammatory genes in 

rhBMP-2-stimulated NHOst and the control group by real-time PCR arrays 

revealed a significant up-regulation in genes involved in angiogenesis and 

inflammation. For example, significant increases in critical angiogenic genes 

such as VEGF, angiopoietin-like 4 (ANGPTL4) and epidermal growth factor 

(EGF) and inflammatory cytokines and chemokines such as IL8, IL6, CCL2, 

and CXCLI-3 were seen. The list of up-regulated genes is shown in Table 5 

and Figure 9 (Akeel, El-Awady et al. 2012). 
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Figure 9. Angiogenesis Array. Volcano plot shows log 2 fold changes in gene expression 

be~veen control and rhBMP-2 (50 ng/ml)-treated groups for 8 h plotted against P values 

fort tests. Each point represents the average fold regulation from three arrays for control 

compared to the same average for treated groups. All values above the dashed line (P 

<0.05) indicate differences that were significant. Genes with the largest changes in gene 

expression are plotted the furthest from the central axis, which represents zero fold 

changes. The up-regulated and down-regulated genes are listed in Table 1. Statistical 

analyses were performed using Web-based PCR-array data analysis. 
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Table 5. Summary of Angiogenesis PCR Arrays 

Gene S. - gene symbol; Refseq = reference sequence. Statistical analyses were 

performed using Web-based PCR-array data analysis, and responses are presented as the 

fold regulation. rhBMP-2 50 ng/ml vs. Control (n 3). P values <0.05 (in bold type) 

were considered significant. 

ANGPTL4 Angiopoietin-like 4 14.3103 0.036703NM 001039667 

CCL2 
Chemokine (C-C motit) 

2.165 1 0.171106 NM 002982 
ligand 2 

COL4A3 
Collagen, type IV, alpha 3 

2.2827 0.253484 NM 000091 
(Goodpasture antigen) 

Chemokine (C-X-C motif) 
CXCLl ligand 1 (melanoma growth 4.3278 0.034661 NM 001511 

stimulating activity, alpha) 

CXCL3 
Chemokine (C-X-C motit) 

7.2329 0.075145 NM 002090 
ligand 3 

Chemokine (C-X-C motit) 
CXCL6 ligand 6 (granulocyte I 0.0 II 0.063975 NM 002993 

chemotactic protein 2) 

S IPRl 
Sphingosine-1-phosphate 

3.5004 0.931727 NM 001400 
receptor 1 

EGF 
Epidermal growth factor 

5.2124 0.015092 M 001963 
(beta-urogastrone) 

EREG Epiregulin 4.0872 0.034893 NM 001432 

FGF2 
Fibroblast growth factor 2 

2.6096 0.063197 NM 002006 
(basic) 

Inhibitor of DNA binding l , 
IDl dominant negative helix-loop- 2.379 0.066761 NM 002165 

helix protein 
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Inhibitor of DNA binding 3, 
ID3 dominant negative helix- 3.507 0.01232 NM 002167 

loop-helix protein 

IL6 
Interleukin 6 (interferon, beta 

2.91 19 0.237038 NM 000600 
2) 

IL8 Interleukin 8 20.5772 0.031928 NM 000584 
PGF Placental growth factor 7.3001 0.019448 NM 002632 
PLG Plasminogen 4.5351 0.033179 NM 000301 

PROK2 Prokineticin 2 2.2 103 0.166828 NM 021935 
SPHKI Sphingosine kinase 1 3.1903 0.081291 NM 021972 

TGFA 
Transforming growth 

7.8663 0.042104 NM 003236 
factor, alpha 

IFNA I Interferon, alpha 1 2.0345 0.184079 NM 0240 13 

VEGFA 
Vascular endothelial growth 

5.7789 0.025243 NM 003376 
factor A 

Down-regulated Genes 

AKTI 
V -akt murine thymoma viral 

-2.2387 0.312952 NM 005163 
oncogene homolog 1 

ANGPT2 Angiopoietin 2 -2.493 1 0.060367 NM 001147 
EFNA3 Ephrin-A3 -2.3387 0.1 13801 NM 004952 
EPHB4 EPH receptor B4 -2.4213 0.02318 NM 004444 

FGFR3 
Fibroblast growth factor 

-4.4863 0.00813 NM 000142 
receptor 3 

HGF 
Hepatocyte growth factor 

-3. 1108 0.052713 NM 000214 
(hepapoietin A; scatter factor) 

JAG1 
Jagged 1 (Alagille 

-3.1021 0.014701 NM 005560 
syndrome) 

LAMAS Laminin, alpha 5 -3.1182 0.00266 NM 002391 

MDK 
Midkine (neurite growth-

-2.3867 0.107549 NM 003873 
promoting factor 2) 

NPR1 Neuropilin 1 -10.5472 0.035622 NM 000214 
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2) rhBMP-2 induces ROS generation in NHOst 

ROS are crucial intracellular signaling molecules that trigger different 

signaling pathways, including angiogenesis and inflammation (Al

Shabrawey, Bartoli et al.), both of which are crucial for bone regeneration 

(Fahim, Whitehead et al. 2010). We tested whether rhBMP-2 has any impact 

on ROS generation in NHOst. In situ dihydrocthidium imaging 

demonstrated a significant increase in superoxide generation by rhBMP-2 in 

comparison to control (5.25 ± 0.01 vs. 4.412 ± 0.58) (Figure. 1 OA). This 

finding was supported by lipid peroxidation and DCF assays, which showed 

similar results (8.15 ± 0.99 vs. 5.05± 0.5 and 110.3 ± 11.2 vs. 56.33 ± 11.9 

respectively) (Figure 1 OB, C). Moreover, the effect of rhBMP-2 on ROS 

generation was inhibited in NHOst treated with 50J.!M of N-Acetyl-Cysteine 

(NAC) (34.5 ± 7.3 vs. 110.3 ± 11.2 (Figure I OC) (Akeel, El-Awady et al. 

20 12). 
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Figure 10. Evaluation of ROS in NHOst using DHE staining (A), lipid peroxidation (B), 

DCF assay (C). Treatment with rhBMP-2 ( 10 ng, 50 ng ml) for 60 min caused a 

significant increase in ROS production in NHOst. This increase was inhibited by the ROS 

inhibitor 50 J.!M NAC. *P < 0.05 vs. C; #P < 0.05 vs. rhBMP-2+ NAC. 
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3) Effect of ROS scavenger on rhBMP-2-induced VEGF and IL6 

expression 

Since VEGF and IL6 are suggested to play a role in the angiogenic 

and inflammatory effect of rhBMP-2 (Akeno, Czyzyk-Krzeska et al.), we 

focused on analyzing the changes in mRNA levels of VEGF and IL6 in 

NHOst treated by rhBMP-2 at different time points (3, 8 and 18 hrs) and 

concentrations (1 0 and 50ng/ml). VEGF and IL6 mRNA consistently 

showed from 4-6 fold up-regulation at different time points by 10 and 

50ng/ml rhBMP-2; however the amount of up-regulation decreased with 

time (Figure II). 

We also evaluated changes in VEGF and IL6 protein levels using 

ELISA. Our experiment showed an increase in VEGF and IL6 protein 

expressions by the concentrations of rhBMP-2 tested. While VEGF was 

most significantly increased by 10 ng/ml ofrhBMP-2 (1493 ± 74 vs. 1037 ± 

93 pg/ml) (Figure. 12A), IL6 showed the most significant increase by 50 

ng/ml of rhBMP-2 (128 ± 5 vs. 79 ± 5 pg/ml) (Figure 12B). Since our 

hypothesis predicts that rhBMP-2-mediated VEGF and IL6 expression are 

dependent on ROS generation, we tested if inhibition of ROS production can 

prevent this effect. Our experiments revealed that blocking ROS generation 

by NAC attenuated the levels of VEGF and IL6 in rhBMP-2 treated NHOst 

62 



(1149 ± 99, 99 vs. 1493 ± 74 pg/ml and 76 ± 5.42 vs. 128 ± 5 respectively) 

(Figure 12), indicating that ROS generation is required for the angiogenic 

and inflammatory effect ofrhBMP-2 (Akeel, El-Awady et al. 2012). 
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Figure 11. QRT-PCR analysis ofVEGF (A) and IL6 (B) mRNA expression. Significant 

increases in the levels ofVEGF and IL6 mRNA were observed in NHOst. The increase 

was noticed 3, 8 and 18 h after addition ofrhBMP-2. *P < 0.05 vs. C (3 h); #P < 0.05 vs. 

C (8 h); and **P < 0.05 vs. C (18 h). 
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Figure 12. ELISA assay ofVEGF (A) and IL6 (B) protein levels in NHOst. VEGF and 

1L6 protein expression were significantly increased in NI lOst by treatment with l 0 ng 

and 50 ng rhBMP- for 12 hr respectively. This increase was blocked by addition ofNAC 

(50 ~M). *P < 0.05 rhBMP-2 vs. C; and #P < 0.05 vs. rhBMP-2+ NAC. 
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4) Effect of rhBMP-2 on HIF-la 

HIF-1 a is a VEGF transcription factor under that is activated hypoxic 

conditions. Therefore, we tested the effect ofrhBMP-2 on HIF-la in NHOst. 

Our data showed significant increase in HIF-1 a immunoreactivity especially 

in the nuclei of NHOst by hypoxia compared to the normoxia (8.18 ± 0.23 

vs. 6.68 ± 0.4). Additionally, both concentrations of rhBMP-2 (10, 50ng/ml) 

showed significantly increased HIF-1 a immunoreactivity under normoxic 

condition (8.37 ± 0.4 and 8.07 ± 0.67 vs. 6.68 ± 0.4 respectively), which 

enhanced the effect of hypoxia (Figure 13) (Akeel, El-Awady et al. 2012). 
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Figure 13. JIIF-la immunoreactivity in NHOst. A marked increase in JIIF-1 a nuclear 

immunoreactivity was seen NHOst groups treated with rhBMP-2 ( 10 ng, 50 ng/ml) for 

3 hr under normoxia, which was increased under hypoxia IllF-1 a nuclear staining 

compared to the control normoxia group. P < 0.05 vs. C. N Normoxia, H = Hypoxia. 
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5) Effect of rhBMP-2 on bone formation and angiogenesis in rat critical 

size defects 

The rhBMP-2 molecule is known to have the ability to induce 

osteogenesis in critical size defects (Garrison, Donell et al. 2007). However, 

the mechanism by which rhBMP-2 is able to form bone is not fully 

understood. We hypothesize that the rhBMP-2 osteogenic effect is via up

regulation of VEGF which enhances angiogenesis. Thus, blocking VEGF 

should inhibit rhBMP-2-induced osteogenesis. We tested the effect of 

rhBMP-2 on angiogenesis using a rat critical size defect model. In 

agreement with the previous published studies, our micro-CT of bone 

volume showed that the most significant increase in bone volume was in the 

rhBMP-2 and VEGF groups compared to the control group (11.5 ± 6.6, 11.2 

± 4.45 vs. 2.2± 1.3) respectively (Figure 14). Contrary to our expectation, 

however we also observed an increase in bone volume in the rhBMP-2 plus 

anti-VEGF group (8.899 ± 2.625 vs. 2.243± 1.3145). 

We next studied the changes in vascular formation using micro-CT 

reconstruction and imaging by light microscopy. 

An interesting finding was that the increase m bone volume was 

associated with a marked increase in blood vessel volume in rhBMP-2, 

rhBMP-2, plus anti-VEGF antibody, and VEGF groups compared the 
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control (4.2± 2.1, 4.3 ± 2.2, 4.5 ± 2.1 vs. 0.94± 0.4) using micro-CT 3D 

analysis (Figure 15). 

Three-dimensional reconstruction of the defect was done using Sky 

Scan software, and light microscopic images showing the bone and vessel 

formation of different groups (Figure 16, 17) 
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Figure 14. Micro-CT measurement of the bone volume of the rat critical-size calvarial 

defect. A marked increase in bone volume was observed in the groups treated with 

rhBMP-2 and YEGF compared to the control only treated group. P < 0.05 vs. C. 
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Figure 15. Micro-CT measurement of the vascular volume of the rat critical-size calvarial 

defect. An increase in bone volume was seen in the groups treated with rhBMP-2, 

rhBMP-2 r- AntiVEGF-and VEGF compared to the control-treated group. 
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Figure 16. Three-dimcn!>ional reconstruction of the m1cro-CT images of the bony defect. 

rhBMP-2 showed an increase in blood \essel formation compared to the control group. 

Th1s result is comparable to the VEGF-treated group. AntiVEGF group showed an 

increase or blood \esse I formation as well but this increase is not as significant as seen in 

rhBMP-2 and VEGF groups. 
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Figure 17. Light microscopic images of the bony defect. The magnification used to obtain 

these 1mages 1s 2.5 x 1.25. rhBMP-2 increased \esse! fom1ation espec1ally m the center 

of the defect compared to control group. VEGF group showed similar results to the 

rhBMP-2 to group \\lth less connectivit) of blood \essel m the center of the defect. 

rhBMP-2 + Ant1\'l G~ group shO\\ed also a slight increase 111 \essel formation compared 

to the control but this increase is not as significant as seen in rhBMP-2 and VEGF 

groups. 
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CHAPTER IV 

DICUSSION 

The major findings of the current study were the following: 1) up

regulation of major angiogenic and inflammatory genes by rhBMP-2 

treatment; 2) overproduction of ROS in NHOst by rhBMP-2 treatment and 

inhibition of rhBMP-2-induced VEGF and IL6 expression by the ROS 

scavenger NAC; 3) stimulation of angiogenesis by rhBMP-2 in the rat 

critical size calvarial defect, which was comparable to the angiogenic effect 

ofVEGF treatment. 

Bone fracture healing involves a complex interaction of cells, biologic 

pathways, and molecules. The healing process starts with an inflammatory 

and angiogenesis response at the fracture site and is characterized by low 

oxygen tension, generation of ROS, migration of a wide array of cells, and 

release of VEGF and cytokines (Garrett, Boyce et al. 1990; Komatsu and 

Hadjiargyrou 2004; Salim, Nacamuli et al. 2004). 
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The main challenge in today's reconstruction of bony defects is trying 

to find a treatment that mimics the biological events known to occur during 

fracture healing or embryological development without the need of a bone 

donor grat site and with minimal side effects. 

The rhBMP-2 molecule is one of the extensively researched growth 

factors that arc frequently used for inducing bone formation (Delloye, 

Suratwala et al. 2004; Fahim, Whitehead ct al. 20 1 0). The FDA has 

approved restricted use of rhBMP-2 in two skeletal regions, which are the 

spinal and the maxillofacial region, However many clinicians use it in 

different skeletal locations. rhBMP-2 is marketed as INFUSE bone graft 

(McKay, Peckham et al. 2007). A common observation seen in patients 

treated with rhBMP-2 is an inflammatory reaction, which may be required 

for the initial step of bone healing. However, it can also cause significant 

morbidity such as seroma (Robin, Chaput et al. 201 0; Woo 20 12). 

Understanding the mechanism by which rhBMP-2 induces bone formation 

and causes an inflammatory reaction should help us to maximize 

osteogenesis with minimal morbidity. 

The goals of the current study were to explore whether rhBMP-2 

regulates the expression of angiogenic and inflammatory mediators such as 

YEGF and IL6 in pre-osteoblasts. We also sought to determine the 
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generation of excess ROS, and also to examine its effect on angiogenesis in 

vivo in rat critical size calvarial defect. 

To test the hypothesis that rhBMP-2 contributed to bone formation 

partially through promoting angiogenesis and inflammatory pathways, we 

used human pre-osteoblasts in our in vitro experiments. The pre-osteoblasts 

are precursors of osteoblasts and are located behind the osteoblasts in the 

region of active bone matrix formation. Pre-osteoblasts morphologically 

look like osteoblasts and show some alkaline phosphatase activity but do not 

lay down bone matrix. We preferred to examine our hypothesis in the early 

proliferation phase to be able to determine early changes in gene and protein 

expression (Luket al., 1974). 

To the best of our knowledge, the current study demonstrates for the 

first time, that rhBMP-2 up-regulates crucial pro-angiogenic and -

inflammatory transcripts in NHOst and that ROS generation may be a key 

player in mediating the rhBMP-2 enhancing effect on VEGF and IL6 

expressiOn. 

BMPs play a crucial role in induction of bone formation by several 

cell signaling mechanisms, which may include enhancement of the early 

inflammatory and angiogenic responses. It has been shown that impairment 

of angiogenesis (Maes, Carmeliet et al. 2002) or the use of non-steroidal 
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anti-inflammatory drugs (NSAIDs) such as indomethacin and Parecoxib 

cause delayed or lack of osteogenesis in fracture site (Dimmen, Nordsletten 

et al. 2009). This reflects the important role of angiogenesis and 

inflammation in fracture healing. The pro-angiogenic effect of rhBMP-2 has 

been linked to its bone formation effect (Raida, Clement et al. 2005; Zhang, 

Qiu et al. 2009). Here, we investigated changes in the levels of genes 

encoding for crucial angiogenic factors. Our data demonstrated a marked 

increase in VEGF, angiopoietin-like 4 (ANGPTL4), epidermal growth factor 

(EGF), epiregulin (EREG), and placental growth factor (PGF). 

ANGPTL4 is a secreted protein and a recently identified adipokine 

that if a peroxisome proliferator-activated receptor gamma (PPARy) target 

gene. It has been detected in the liver, adipose tissue, and placenta. 

Moreover, ANGPTL4 is involved in lipid metabolism, adaptation to fasting, 

and adipose tissue differentiation. Recent studies showed that the human 

form of this protein enhances angiogenesis and the survival of endothelial 

cells (Nakayama, Hirakawa et al. 2011). 

In the current study, the ANGPTL4 gene was up-regulated fourteen 

fold compared to the control group, which may explain why, in our in vivo 

experiment, rhBMP-2 did not inhibit the angiogenic process in the critical

size rat calvarial defect in the presence of Anti-VEGF antibody. 
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EGF, EREG and PGF are other angiogenic genes that are up-regulated 

by rhBMP-2-stimulated pre-osteoblasts. PGF, in particular, was shown to 

have limited function under physiological conditions although it can play a 

major role under pathologic conditions such as in ischemia and 

inflammation. It can accentuate VEGF function by moving VEGF from the 

VEGFR-1 to be unbound and available to activate VEGFR-2 (Carmeliet, 

Moons et al. 2001 ). Therefore, rhBMP-2 may also enhance angiogenesis 

indirectly by stimulating PGF, which in turn can amplify VEGF and switch 

on the angiogenic process. This result is in agreement with a previous study 

by Marrony, Bassilana et al. (2003) that showed that rhBMP-2 up-regulated 

PGF in mesenchymal stem cells and in a human osteosarcoma cell line. 

Since VEGF has been reported to contribute to the pro-angiogenic 

effect of rhBMP-2 and is an essential mediator of angiogenesis, we focused 

more on the changes in VEGF expression induced by rhBMP-2 (Deckers, 

van Bezooijen et al. 2002; Raida, Clement et al. 2005; Zhang, Qiu et al. 

2009). Along with previous reports by other investigators, we noticed 

significant increases in VEGF levels in the medium collected from rhBMP-

2-treated NHOst compared to the control group (Deckers, van Bezooijen et 

al. 2002). Several reports have shown that VEGF can stimulate osteoblasts 

chemotactic migration and differentiation in direct and indirect pathways 
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through stimulation of endothelial cells to secrete osteoanabolic cytokines 

(Midy and Plouet 1994; Wang, Yamazaki et al. 1996; Mayr-Wohlfart, 

Waltenberger et al. 2002). The VEGF gene can be activated in osteogenic 

cells by several factors. mainly by hypoxia-inducible factors (HIFs), which 

are known to be transcription factors involved in regulating VEGF 

expression under hypoxic conditions (Garcia-Roman, lbarra-Sanchez et al. 

201 0). 

In bone fracture sites, HIF-1 a is stimulated by transient hypoxia, 

which in tum can stimulate pro-angiogenic factors such as VEGF (Komatsu 

and Hadjiargyrou 2004). Abrogation of the HIF-1 a and VEGF levels has 

been shown to be associated with impairment of fracture healing in diabetic 

patients (Kloting, Follak et al. 2005; Botolin and McCabe 2006). Consistent 

with these reports our experiments demonstrated that rhBMP-2 increased the 

levels of HIF-1 a in cultured NHOst, mimicking the effect of hypoxia. This 

led us to suggest that the effect of rhBMP-2 on VEGF expression might be 

HIF-la dependent. Further studies are needed to confirm this pathway. 

The inflammatory reaction and relative hypoxia at sites of bone injury 

also play an important role to initiate bone healing in which multipotent 

cells, macrophages and other immune cells are recruited to the injured site 
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and release several factors including IL6, IL8 and HIF-la (Kwong and 

Harris 2008; Kolar, Gaber et al. 2011; Wallace, Cooney et al. 2011) 

Interleukins mainly regulate the immune system but they are also 

involved in hematopoiesis and cell differentiation. IL6 is a key 

inflammatory mediator, that plays an important role in bone formation and 

remodeling. It has the ability to differentiate hematopoietic osteoclast 

precursors into mature osteoclasts (Kurihara, Bertolini et al. 1990). 

JL8 is another major inflammatory cytokinc and is considered be a 

chemoattractant, and a potent angiogenic factor. Interestingly, IL8 has been 

shown to be sensitive to ROS production, which can be reduced by 

antioxidant (Vlahopoulos, Boldogh et al. 1999). We observed here a similar 

effect on IL6 protein level, which can be induced by rhBMP-2 and is 

sensitive to antioxidants such as NAC. We found that rhBMP-2 induced a 

significant increase in the level of IL6 in NIIOst by higher dose (50ng/rnl) 

than VEGF which was prominently up-regulated at a dose of 1 Ong/ml. This 

suggests a higher dose of rhBMP-2, may be required to induce an 

inflammatory response. Along with this study, a case report has shown local 

treatment with rhBMP-2 particularly at higher doses can induce seroma 

formation, a common complication in patients treated with rhBMP-2. 
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Seroma has also been linked to an increased release of IL6 and IL8 caused 

by rhBMP-2 (Robin, Chaput et al. 201 0) 

Recent studies in vascular calcification showed that rhBMP-2 could 

stimulate the production of ROS in endothelial cells (Csiszar, Ahmad et al. 

2006). Moreover, ROS induced by rhBMP-2 is important for osteoblast 

differentiation (Mandai, Ganapathy et al. 201 0). Previous studies 

demonstrated that VEGF expression and the inflammatory pathway are 

regulated by ROS generation (Al-Shabrawey, Bartoli et al. 2005; Tawfik, 

Sanders et al. 2009). Furthermore, several studies have suggested a 

relationship between fracture healing and ROS (Garrett, Boyce et al. 1990· 

Steinbeck, Appel et al. 1994; Gokturk, Turgut et al. 1995; Petrovich, 

Podorozhnaya et al. 2004; Turk, Halici et al. 2004; Yeler, Tahtabas et al. 

2005). 

In the present study, rh-BMP-2 elicited a significant pro-oxidative 

effect by increasing ROS generation in NIIOst, suggesting a possible role 

for ROS in regulating rhBMP-2 signaling effects. Interestingly, our data 

showed that rhBMP-2-induced VEGF and IL6 expression is blocked by the 

ROS scavenger NAC, indicating that the pro-oxidative effect of rhBMP-2 

may be required for mediating its angiogenic and inflammatory effects and 

subsequent bone formation enhancing effect. However, several studies have 
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reported that ROS generation impairs bone formation and that antioxidants 

may improve fracture healing (Garrett, Boyce et al. 1990; Steinbeck, Appel 

et al. 1994; Gokturk, Turgut et al. 1995; Petrovich, Podorozhnaya et al. 

2004; Turk, Halici et al. 2004; Yeler, Tahtabas et al. 2005). According to our 

data ROS generation might be important for bone formation via triggering 

angiogenic and inflammatory signaling pathways. However, sustained ROS 

production may impair bone formation. 

Many studies showed the critical role of VEGF in osteogenesis, 

mainly through a direct effect on bone cells such as osteoblasts and 

osteoclasts. Osteoblasts are a well known source for VEGF, which in turn 

acts in an autocrine and paracrine manner on the osteoblastic and endothelial 

cells. It is believed that VEGF plays an important role in osteoblast survival 

and activity (Deckers, Karperien et a1. 2000; Street, Bao et al. 2002). Of 

interest in our in vivo study, we found a considerable correlation between the 

bone volume and blood vessel volume in all of the groups of the rat critical 

size defect. There was a simultaneous increase in bone and blood vessel 

formation in rats treated with VEGF or rhBMP-2, suggesting there is 

coupling between the osteogenesis and angiogenesis signal pathways during 

bone formation. This result supports previous studies (Gerber, Vu et al. 
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1999; Carano and Filvaroff 2003) that showed the coupling of angiogenesis 

and ossification during endochondral bone formation and bone repair. 

The main focus in our in vivo experiment was to evaluate blood vessel 

formation under the effects of rhBMP-2, and then associate the amount of 

angiogenesis with osteogenesis. A critical size defect is a bony defect, that 

does not heal, or where the healing is delayed during the lifetime of the 

animal (McKay, Peckham et al. 2007). Previous studies showed that by the 

8-week time point, 98-100% of a bony defect had been restored after the 

application of rhBMP-2 (Lee, Kim et al. 201 0). In order for us to correlate 

between these two processes in the same setting without adding more 

variables and because angiogenesis is an early event before bone formation, 

we decided to examine bone defects 3 weeks post-treatment with or without 

rhBMP-2 and YEGF. This gave us the opportunity to evaluate partial bone 

formation and compare the results with the amount of angiogenesis. 

A rat critical size calvarial bone defect was chosen to conduct the in 

vivo experiment, for the following reasons: the defect is consistent, 

reproducible and standardized; it can be easily examined and compared by 

micro-CT and histological analysis; the surgical access is straightforward 

and can be done with minimal complications; and the rat model has been 
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extensively used and researched, making the comparison between different 

treatments possible and constructive. 

One of the primary goals of this study was to assess the effect of 

rhBMP-2 on angiogenesis. However, because of the resolution limitation of 

micro-CT, we only evaluated these vessels with an internal diameter greater 

than 33!lm. 

M icro-CT analysis showed that angiogenesis was enhanced markedly 

m rhBMP-2 and VEGF groups compared to the control (Figure 15). 

However, in this rat model, we did not see significant reduction of 

angiogenesis in the anti-VEGF group. The blocking of VEGF did not 

attenuate the effect of rhBMP-2 on osteogenesis or angiogenesis. This led us 

to suggest that rhBMP-2 can work through up-regulating other pro

angiogenic factors other than VEGF as shown in our in vitro PCR array data 

in pre-osteoblasts. Another explanation is that the systemic delivery of anti

VEGF antibody was not sufficient to maintain an effective concentration at 

the site of the defect. This could be resolved by sustained local delivery or 

by increasing the number of injections. Another consideration in our future 

studies in order to obtain sustained inhibition of VEGF, will be to use 

soluble flt-1 adenovirus to overexpress soluble flt-1, which is known to 

block the biological effect of VEGF. The light microscopy images obtained 
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from the critical size calvarial defect showed similar results to the micro-CT 

images. However, in these images we noticed a slight reduction of 

angiogenesis in the anti-VEGF group when compared to the VEGF and 

rhBMP-2 groups. 

In conclusion, the osteogenic effect of rhBMP-2, in addition to its 

known effect causing differentiation of ostcoprogenitor cells to osteoblasts 

might be partially attributed to the enhancement of pro-angiogenic and 

inflammatory pathways. This could be mediated by a ROS-dependent 

mechanism. It thus seems that the pro-oxidant effect of rhBMP-2 may play a 

role in its osteogenic and angiogenic effect. 
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CHAPTER V 

SUMMARY 

There 1s a coordinated, spatio-temporal coupling between 

angiogenesis and osteogenesis during bone repair. This coupling involves 

interaction between major osteogenic and angiogenic factors such as BMPs 

and VEGF BMPs and VEGF have been reported in many studies to play a 

major role in the communication between endothelial cells and osteoblasts. 

The inflammatory reaction and relative hypoxia at the site of bone injury are 

the first stages of the fracture repair process. rhBMP-2 has been used 

extensively in spinal fusion and reconstruction of maxillofacial bone defects 

with great success~ however, one of the consistent complications is the 

formation of seroma. 

Our data showed that rhBMP2 up-regulated several angiogenic genes 

such as VEGF, ANGPTL4, PGF, IL6, IL8 & EGF in NHOst. VEGF and IL6 

protein expression was stimulated as well by rhBMP-2 treatment compared 
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to the control. rhBMP-2 treated groups also showed a significant change in 

HIF-1 a and ROS production compared to the control. The increase in 

VEGF and IL6 was blocked by the ROS scavenger NAC. 

Micro-CT analysis of bone and vascular volume in the critical size 

defect demonstrated a significant increase by rhBMP2 and VEGF compared 

to the control. Interestingly, the osteogenic and angiogenic effects of 

rhBMP2 were not significantly altered by anti-VEGF treatment as 

anticipated. 

In conclusion, the osteogenic effect of rhBMP-2 might be partially 

attributed to the enhancement of pro-angiogenic and inflammatory 

pathways. This could be mediated by a ROS-dependent mechanism. It thus 

seems that the pro-oxidant effect of rhBMP-2 plays a role in its osteogenic 

and angiogenic effect. 
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