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Abstract

The repair of large bone defects remains a major clinical
orthopaedic challenge. Bone is a highly vascularised tissue
reliant on the close spatial and temporal connection between
blood vessels and bone cells to maintain skeletal integrity.
Angiogenesis thus plays a pivotal role in skeletal
development and bone fracture repair. Current procedures
to repair bone defects and to provide structural and
mechanical support include the use of grafts (autologous,
allogeneic) or implants (polymeric or metallic). These
approaches face significant limitations due to insufficient
supply, potential disease transmission, rejection, cost and
the inability to integrate with the surrounding host tissue.

The engineering of bone tissue offers new therapeutic
strategies to aid musculoskeletal healing. Various scaffold
constructs have been employed in the development of
tissue-engineered bone; however, an active blood vessel
network is an essential pre-requisite for these to survive
and integrate with existing host tissue. Combination
therapies of stem cells and polymeric growth factor release
scaffolds tailored to promote angiogenesis and osteogenesis
are under evaluation and development to actively stimulate
bone regeneration. An understanding of the cellular and
molecular interactions of blood vessels and bone cells will
enhance and aid the successful development of future
vascularised bone scaffold constructs, enabling survival and
integration of bioengineered bone with the host tissue. The
role of angiogenic and osteogenic factors in the adaptive
response and interaction of osteoblasts and endothelial cells
during the multi step process of bone development and
repair will be highlighted in this review, with consideration
of how some of these key mechanisms can be combined
with new developments in tissue engineering to enable
repair and growth of skeletal fractures. Elucidation of the
processes of angiogenesis, osteogenesis and tissue
engineering strategies offer exciting future therapeutic
opportunities for skeletal repair and regeneration in
orthopaedics.

Key Words: human bone marrow stromal cells, bone tissue
regeneration, polylactic acid scaffolds, vascular endothelial
growth factor, osteogenesis, angiogenesis, segmental
defect.
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Introduction

Skeletal development and fracture repair includes the co-
ordination of multiple events such as migration,
differentiation, and activation of multiple cell types and
tissues (Colnot et al., 2005). The development of a
microvasculature and microcirculation is critical for the
homeostasis and regeneration of living bone, without
which, the tissue would simply degenerate and die
(Schmid et al., 1997). The importance of blood vessels in
the formation of the skeleton and in bone repair was
documented as early as the 1700s, (Haller, 1763; Hunter,
1794). However, the research into osteogenesis over the
next century or so concentrated mainly on the role and
function of the osteoblast. In 1963, Trueta published data
that revived interest in the functions of the vasculature in
osteogenesis proposing that there was a vascular
stimulating factor (VSF) which was released at the fracture
sites of bone (Trueta, 1963). Recent developments using
in vitro and in vivo models of osteogenesis and fracture
repair have provided a better understanding of the
recruitment nature of the vasculature in skeletal
development and repair (Brandi and Collin-Osdoby,
2006).

The vasculature transports oxygen, nutrients, soluble
factors and numerous cell types to all tissues in the body.
The growth and development of a mature vascular
structure is one of the earliest events in organogenesis
(Coultas et al., 2005). In mammalian embryonic
development, the nascent vascular networks develop by
aggregation of de novo forming angioblasts into a
primitive vascular plexus (vasculogenesis). This
undergoes a complex remodelling process in which
sprouting, bridging and growth from existing vessels
(angiogenesis) leads to the onset of a functional circulatory
system (Jain, 2003).
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The factors and events that lead to the normal
development of the embryonic vasculature are
recapitulated during situations of neoangiogenesis in the
adult (Carmeliet, 2003). There are a number of factors
involved in neoangiogenesis, the main protagonists are;
Vascular Endothelial Growth Factor (VEGF), basic
Fibroblast Growth Factor (bFGF), various members of the
Transforming Growth factor beta (TGFB) family and
hypoxia (Hypoxia-inducible transcription factor, HIF).
Other factors that have angiogenic properties include the
angiopoietins, (Ang-1); hepatocyte growth factor (HGF);
Platelet-derived growth factor (PDGF-BB); Insulin-like
growth factor family (IGF-1, IGF-2) and the Neurotrophins
(NGF) (Madeddu, 2005).

The VEGFs and their corresponding receptors are key
regulators in a cascade of molecular and cellular events
that ultimately lead to the development of the vascular
system, either by vasculogenesis, angiogenesis or in the
formation of the lymphatic vascular system. (Tammela et
al., 2005; Ferrara and Gerber, 2001; Carmeliet and Collen,
2000; Yancopoulos et al., 2000; Rossant and Howard,
2002). Although VEGF is a critical regulator in
physiological angiogenesis it also plays a significant role
in skeletal growth (Zelzer et al., 2002; Gerber et al., 1999;
Haigh et al., 2000; Ryan et al., 1999) and repair (Street et
al., 2002; Chu et al., 2002; Peng et al., 2002).

In the mature established vasculature, the endothelium
plays a pivotal role in the maintenance of homeostasis of
the surrounding tissue providing the communicative
network to neighbouring tissues to respond to requirements
as needed. Furthermore, the vasculature provides the
necessary factors such as growth factors, hormones,
cytokines, chemokines and metabolites needed by the
surrounding tissue and acts, when needed, as a barrier to
limit the movement of molecules and cells. Signals and
attractant factors expressed on the bone endothelium help
recruit circulating cells, particularly haematopoietic cells
to the bone marrow and coordinate with metastatic cells
to target them to skeletal regions (Brandi and Collin-
Osdoby, 2006). Thus, any alteration in the vascular supply
to the bone tissue can lead to skeletal pathologies such as
osteonecrosis (Childs, 2005); osteomylitis (Lazzerini et
al., 2004); and osteoporosis (Burkhardt et al., 1987;
Alagiakrishnan et al., 2003). A number of factors have
been found to have a prominent effect on the pathology of
the vasculature and skeleton, including Osteoprotegerin
(OPG), which inhibits Receptor Activator of NF-"B
Ligand (RANKL) induced osteoclastogenic bone
resorption (Bucay et al., 1998). Transgenic mice over
expressing OPG display a marked increase in bone density
(osteopetrosis) with very few active osteoclasts (Simonet
et al., 1997). Additionally, mice deficient in OPG exhibit
an osteoporotic phenotype characterised by a decrease in
bone density, severe trabecular and cortical porosity and
high incidence of fractures. However, OPG-deficient mice
also exhibit medial calcification of the aorta and renal
arteries, indicating a role for OPG in the association
between osteoporosis and vascular calcification (Bucay
et al., 1998).

Osteogenesis, angiogenesis and bone tissue engineering

The role of angiogenesis in bone development

Intramembranous and endochondral ossification
Development and formation of the skeleton (ossification)
occurs by two distinct processes: intramembraneous and
endochondral ossification. Both intramembraneous and
endochondral bone ossification occur in close proximity
to vascular ingrowth. Intramembraneous ossification is
characterised by invasion of capillaries into the
mesenchymal zone, and the emergence and differentiation
of mesenchymal cells into mature osteoblasts. These
osteoblasts constitutively deposit bone matrix leading to
the formation of bone spicules. These spicules grow and
develop eventually fusing with other spicules to form
trabeculae. As the trabeculae increase in size and number
they become interconnected forming woven bone (a
disorganized weak structure with a high proportion of
osteocytes), which eventually is replaced by more
organised, stronger, lamellar bone. This type of ossification
occurs during embryonic development and is involved in
the development of flat bones in the cranium, various facial
bones, parts of the mandible and clavicle and the addition
of new bone to the shafts of most other bones. In contrast,
bones of load bearing joints form by endochondral
formation (Marks and Hermey, 1996).

Endochondral ossification utilises the functional
properties of cartilage and bone to provide a mechanism
for the formation and growth of the skeleton. The coupling
of chondrogenesis and osteogenesis to determine the rate
of bone ossification is dependent on the level of
vascularisation of the growth plate (Gerber and Ferrara,
2000). Indeed, vascular endothelial growth (VEGF) factor
isoforms are essential in coordinating metaphyseal and
epiphyseal vascularization, cartilage formation, and
ossification duringendochondral bone development (Maes
et al., 2004).

The vascularisation of cartilage regions in long bones
occurs at different stages of development. Initially, in early
embryonic development, blood vessels that originate from
the perichondrium invaginate into the cartilage structures.
Secondly, during elevated postnatal growth, capillaries
invade the growth plate of long bones and thirdly, in
adulthood, angiogenesis can be periodically switched on
during bone remodelling in response to bone trauma or
pathophysiological conditions such as rheumatoid arthritis
(RA) and osteoarthritis (OA) (Gerber and Ferrara, 2000).

The role of angiogenic factors in early bone
development

In the embryonic limb bud, during foetal development,
mesenchymal precursors differentiate into cartilage cells
through a process known as mesenchymal precartilage
condensation (Gerber and Ferrara, 2000). This process
allows the mesenchymal precursor cells to expand resulting
in the development of a structure similar to that of long
bones. Vascular invasion of the cartilage template structure
is concomitant with hypertrophic differentiation of
chondrocytes in the diaphysis of the bone. Subsequently,
these chondrocytes in the central region of the cartilage
undergo hypertrophy and synthesize an extracellular matrix
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Figure 1. Aschematic diagram of endochondral bone formation. (A) Mesenchymal cells condense and (B) differentiate
into chondrocytes forming an avascular cartilage model of the future bone. (C) At the centre of condensation the
chondrocytes cease proliferating and become hypertrophic. (D) Perichondral cells adjacent to the hypertrophic
chondrocytes differentiate into osteoblasts forming a bone collar. The hypertrophic cartilage regulates the formation
of mineralised matrix; the release of angiogenic factors to attract blood vessels and undergoes apoptosis. (E) The
coordination of osteoblasts and vascular invasion form the primary spongiosa. The chondrocytes continue to proliferate
with concomitant vascularisation resulting in a coordinated process that lengthens the bone. Osteoblasts of the bone
collar will eventually form cortical bone; while osteoblasts precursors located in the primary spongiosa will eventually
form trabecular bone. (F) At the ends of the bone, secondary ossification centres develop through cycles of chondrocyte
hypertrophy, vascular invasion and osteoblast activity. Columns of proliferating chondrocytes form in the growth
plate beneath the secondary ossification centre. Finally, expansion of stromal cells and hematopoietic marrow starts

to take place in the marrow space (Adapted from Kronenberg, 2003 and Horton, 1990).

that is different in composition from that of the proliferating
cartilage of which Collagen Type X is a unique component
(lyama et al., 1991). Vascular Endothelial Growth Factor
A(VEGF A), a 34-46kD homodimeric glycoprotein, which
acts through its high affinity receptor VEGF R2 (Flk-1/
KDR), and a critical signalling molecule involved in early
blood vessel development is secreted by the hypertrophic
chondrocytes inducing sprouting angiogenesis from the
perichondrium leading to the recruitment of osteoblasts,
osteoclasts and haematopoietic cells. These sequences of
events lead to the development of the primary ossification
centres. The hypertrophic matrix within these centres then
degrades, and the recruited osteoblasts replace the degraded
cartilage with trabecular bone and a bone marrow is thus
formed (Hall et al., 2006; Gerber and Ferrara, 2000; Collin-
Osdoby, 1994). Simultaneously, osteoblasts in the
perichondrium form a collar of compact bone around the
middle portion (diaphysis) of the cartilage; as a result, the
primary ossification centre ends up within a tube of bone.
At both ends (epiphyses) of the cartilage, secondary
ossification centres are formed, creating a cartilaginous
plate (growth plate) between epiphysis and diaphysis
(Figure 1).

A synchronized sequence within the growth plate of
chondrocyte proliferation, hypertrophy, apoptosis and
vascular invasion results in longitudinal growth of long
bones (Hunziker, 1994). The balance of cartilage formation
and vascular invasion is critical for the elongation of long
bones. Disruption of this coordinated balance and the
uncoupling of the tightly regulated vascular invasion will
lead to growth plate thickening and a reduction in bone
formation (Yabsley and Harris, 1965). The coordination
of these processes leads to the growth of the epiphysis
and radial growth of the diaphysis. The immature and
proliferating chondrocytes in early osteogenesis express
and secrete angiogenic inhibitors (Moses et al., 1990;
Hayami et al., 2003) and ECM rich in type 1 collagen and
aggrecan (Orth, 1999). These cells differentiate into
hypertrophic chondrocytes and control ossification by an
expression cascade of angiogenic factors VEGF, acidic
Fibroblast Growth Factor (aFGF), basic Fibroblast Growth
Factor (bFGF) and, Type X collagen, MMP13 and alkaline
phosphatase (Baron et al., 1994; Nagai and Aoki, 2002;
Gerber et al., 1999; Horner et al., 1999; Carlevaro et al.,
2000; Maes et al., 2002; Alini et al., 1994; Ivkovic et al.,
2003; Vaanénen, 1980). A combination of hypertrophic
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chondrocytes and migrating cells from the newly formed
marrow degrade the extracellular matrix by secreting
matrix metalloproteinases 2, 9, & 13. This degradation of
the matrix leads to the loss of the transverse septum within
the chondro-osseous junction. This septum is a barrier
between the hypertrophic chondrocytes undergoing
apoptosis and the blood vessel invading region (Hall et
al., 2006).

Hypertrophic chondrocytes express and synthesize a
number of VEGF isoforms, VEGF-A, VEGF-B, VEGF-
C, VEGF-D and also express neuropilin-1, VEGF receptor-
2 and VEGF receptor-3 (Bluteau et al., 2007). This
autocrine/paracrine system will further encourage inwards
penetration of the vascular endothelium (Peterson et al.,
2002). The apoptotic chondrocytes lay down a mineralised
cartilage scaffold, which becomes the template for bone
modelling by invading osteoblasts and osteoclasts. The
osteoblasts differentiate on these scaffold templates in
between columns of hypertrophic chondrocytes forming
primary trabeculae bone. Infiltration of the endothelium
into the empty lacunae of terminal hypertrophic
chondrocytes enhances the functional differentiation of
other VEGFR expressing cells particularly osteoblasts and
osteoclasts (Midy and Plouét, 1994; Deckers et al., 2000;
Engsig et al., 2000; Maes et al., 2002).

In vivo studies have shown that inhibition of VEGF
signalling leads to i) a dose-dependent increase in the
femoro-tibial epiphyseal growth plate zone of hypertrophy
(Wedge et al., 2002), ii) reduced angiogenesis in growth
plates, iii) loss of metaphyseal blood vessels and, iv) a
reduction in trabecular bone formation (Haigh et al., 2000;
Gerber et al., 1999) and a stimulation in trabecular
resorption (Yao et al., 2004). VEGF has multifarious
activities in bone development, regulating the survival and
activity of endothelial, chondrogenic and osteogenic cells,
and promoting vascularisation during endochondral bone
formation (Coultas et al., 2005). In the developing long
bones VEGF is expressed before any blood vessels are
detected and this expression is linked to the bone formation
process (Carano and Filvaroff, 2003; Zelzer et al., 2002).
Indeed, the Hypoxia Inducible Factor-o. (HIF-o)) pathway
has been demonstrated to be critical in coupling
angiogenesis and osteogenesis during long bone formation.
This increase in bone formation is due to enhanced
angiogenic activity, which is mediated by elevated levels
of VEGF in HIF-a overexpressing osteoblasts (Wang et
al., 2007).

Although VEGFs’ main effects are on endothelial cells,
they also bind to VEGF receptors expressed on monocytes,
neurons, chondrocytes and osteoblasts (Ferrara et al., 2003;
Storkebaum and Carmeliet, 2004; Bluteau et al., 2007).
Apart from VEGFs’ potent angiogenic effects they can
induce haematopoietic stem cell recruitment from the bone
marrow, monocyte chemoattraction, neuronal protection
as well as bone formation (Ferrara et al., 2003; Storkebaum
and Carmeliet, 2004; Geiger et al., 2005; Peng et al., 2005).
VEGF and matrix metalloproteinase-9 (MMP-9) are
critical for early bone development (Engsig et al., 2000).
Mice completely lacking in MMP-9 (gelatinase B) have
delayed endochondral ossification and an abnormally large
hypertrophic cartilage zone in growth plates (Vu et al.,
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1998) indicating that MMP-9 and possibly other
metalloproteinases play a critical role in normal apoptosis
of hypertrophic chondrocytes. VEGF binds to the
extracellular matrix and is made available by MMP-9
(Bergers et al., 2000). It has been hypothesized that MMP-
9 makes VEGF bioavailable from hypertrophic cartilage,
functionalizing as a chemoattractant to promote vascular
invasion.

The molecular pathways regulating VEGF expression
in hypertrophic cartilage are not clear, however, it is been
determined that in Runx2 (transcription factor associated
with osteoblast differentiation) homozygous null mice, no
blood vessel ingrowth into the cartilage occurs, not even
in regions where there is notable chondrocyte hypertrophy
(Otto et al., 1997). Hence, expression of Runx2 may
regulate VEGF expression and angiogenesis at the junction
between growth plates and the trabeculae in long bones
by upregulating VEGF or down regulating anti-angiogenic
factors.

Vascularisation in bone

Vascularisation of the cartilaginous region in the primary
ossification centre during embryogenesis differs from the
vascular invasion of the growth plate region during
postnatal periods of rapid skeletal growth. In embryos,
endothelial cells develop into immature vascular networks
that enter the bone structure via cartilage canals already
established in the expanding cortical bone (Burkus et al.,
1993). Whereas, during postnatal bone growth, canal
formation for blood vessels develops in unison with vessel
formation at the growth plate region (Gerber and Ferrara,
2000).

The main vessel supply networks to long bones are the
nutrient artery, the metaphyseal, epiphyseal and periosteal
arterial networks (Clemens, 1996). The bone vasculature
comprises of an arteriole, which divides into a complex
anastomising network of capillaries (Visco et al., 1989)
and sinusoidal vessels. The sinusoids in the bone marrow
are characterized by a highly permeable thin wall
consisting of a single layer of endothelial cells, which are
supported in part by a vascular membrane, pericytes, and
reticular cells (Nikolova et al., 2006a). Sinusoids
surrounded by reticular cells secrete high amounts of a
chemokine, CXCL12 (SDF-1), which is required for the
maintenance of human stem cells (Sugiyama et al., 2006).
These capillaries then double back and connect to a single
venule, which follows the arteriole route returning to the
perichondral plexus (Hayashi, 1992). These vascular
networks supply nutrients required by the chondrocytes,
and mesenchymal cells for chondrogenesis and
osteogenesis in order to maintain a functional secondary
ossification centre (Ytrehus et al., 2004; Marotti and
Zallone, 1980; Kugler et al., 1979). Therefore, the
development of these vessel networks is integral to the
homeostasis of bone.

Interaction of endothelium and bone

The microvascular endothelium is an essential part of
skeletal tissue, where the intercellular signalling between
endothelium and bone cells plays a critical role in the
homeostasis of bone integrity. Human Umbilical Vein
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Endothelial Cells (HUVEC) conditioned medium enhances
the proliferation of Human Bone Marrow Stromal cells
(HBMSC) and when HBMSC and HUVEC are co-cultured
in vitro, the expression and activity of the early osteoblastic
marker Alkaline Phosphatase (AP) is elevated, but only in
direct contact with each of the cell types (Villars et al.,
2000). Both HBMSC and the endothelial network express
connexion 43 (Cx43) a specific gap junction protein. These
two cell types can therefore communicate via a gap
junctional channel constituted at least by Cx43 (Villars et
al., 2002). Conversely, Meury et al., 2006 showed HUVEC
to affect dexamethasone-induced HBMSC differentiation
into osteoblasts, by inhibiting the expression of Osterix
(OSX). Thus, the rate of differentiation of bone marrow
stromal cells (HBMSC) to osteoblasts maybe controlled
by endothelial cells, by initiating the recruitment of
osteoprogenitor cells at sites of bone remodelling and
maintaining them in a pre-osteoblastic stage, hence
avoiding mineral deposition within the vessel. Once these
osteoblast precursors have migrated from the vessels
towards a remodelling/bone forming site, the onset of rapid
differentiation should occur into mature functional
osteoblasts intent on laying down new osteoid.

The intercellular signalling pathways of endothelial
cells have also been implicated in the functions of the
osteoclastic lineage. For the recruitment of osteoclasts to
areas of bone resorption, osteoclast precursors need to
adhere and migrate through the endothelium in a tightly
regulated mechanism similar to that of the systematic
process of transendothelial migration of leukocytes and
monocytes (Imhof and Dunon, 1997). It has been
hypothesised that the endothelium may direct osteoclast
precursor to specific areas of bone to help tightly control
the resorptive process (Parfitt, 2000). Therefore, alterations
in the micro-vascular supply network will ultimately affect
the tightly regulated resorption sequence resulting in
decreases in bone formation, regeneration and repair as
well as altered osteointegration of orthopaedic and dental
implants (Glowacki, 1998; Burkhardt et al., 1987).

Bone endothelial cells display their own distinctive
characteristics, with a capacity to respond to bone
regulators such as cytokines, estrogen and PTH (Streeten
etal., 1989; Streeten and Brandi, 1990; Brandi et al., 1993).
In addition, bone endothelial cells secrete high levels of
hormone B-type Natriuretic peptide (Bordenave et al.,
2002) and express the chemoattractant, stromal cell-
derived factor-1 (SDF-1) (Imai et al., 1999). Differences
have also been noted in the sulphation patterns of heparan-
sulphate derived from human bone endothelial cells and
HUVECs (Netelenbos et al., 2001), the adhesion of
hematopoietic progenitor cells to human bone marrow or
HUVEC, (Rood et al., 1999) and the selective secretion
of chemoattractants for hematopoietic progenitor cells by
bone marrow endothelial cells (Imai et al., 1999). These
specific signals lead to hematopoietic progenitor cell
homing maintaining a constant supply of precursor cells
into bone (Brandi and Collin-Osdoby, 2006).

Furthermore, Macrophage Colony Stimulating Factor
(MCSF), Receptor activating NF-xB ligand (RANKL)
Osteoprotegerin (OPG) are all expressed by endothelial
cells, particularly OPG which co-localises with P-selectin
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and von Willebrand factor within the Weibel-Palade bodies
of HUVEC (Yoshida et al., 1990; Collin-Osdoby et al.,
2001; Zannettino et al., 2005). Similarly, factors involved
in bone remodelling and repair can alter osteoblastic
activity. These include Bone Morphogenic Proteins (BMP),
fibroblast growth factors, prostaglandins, VEGF, platelet
derived growth factors, PTH, insulin growth factor-1,
reactive oxygen and nitrogen species (Carano and
Filvaroff, 2003; Kanczler et al., 2003, Zheng et al., 2006).
Indirectly, osteogenic factors such as BMP-2 can stimulate
osteoblast VEGF and hence modulate vascularisation
(Deckers et al., 2000). Additionally, BMP-2 has the
capability to inhibit hypoxia-induced cell apoptosis and
promote vascularisation and possibly tumour angiogeneis
(Raida et al., 2006). Whilst, transient changes in oxygen
tension and oscillatory shear stress can induce BMP-2
growth factor expression in endothelial cells (Salim et al.,
2004, Sorescu et al., 2003).

Hypoxia and VEGF lead to an upregulation of BMP-2
in microvascular endothelial cells (Bouletreau et al., 2002)
demonstrating the intricate signalling pathways affecting
the interactive relationship of endothelial cells and cells
of the osteoblastic lineage. These stress/strain and oxygen
sensitive pathways may play a role in the response of
endothelial cells at a fracture site and hence be at the
forefront of the repairing mechanistic cascade producing
numerous factors such as BMPs that can act reciprocally
on the osteoblast lineage and affect the rate of fracture
repair

Angiogenesis and bone fracture repair

Bone has the unique capacity to regenerate without the
development of a fibrous scar, which is symptomatic of
soft tissue healing of wounds. This is achieved through
the complex interdependent stages of the healing process,
which mimics the tightly regulated development of the
skeleton. Hence, if fibrous scars were to develop in bone
it would ultimately compromise the mechanical properties
of the skeleton. Following trauma with damage to the
musculoskeletal system, disruption of the vasculature leads
to acute necrosis and hypoxia of the surrounding tissue
(Glowacki, 1998). This disruption of the circulation leads
to the activation of thrombotic factors in a coagulation
cascade leading to the formation of a haematoma. The
inflammatory response and tissue breakdown activate
factors such as cytokines and growth factors that recruit
osteoprogenitor and mesenchymal cells to the fracture site.
The stimulation of the endosteal circulation in the fractured
bone (Rhinelander, 1974) allows mesenchymal cells
associated with growing capillaries to invade the wound
region from the endosteum and bone marrow (Uchida et
al., 2003). At the edge of the bone fractures, the transiently
formed granulation tissue is replaced by fibrocartilage.
Concomitantly, the periosteum directly undergoes
intramembranous bone formation leading the formation
of an external callus (Carano and Filvaroff, 2003); while
internally, the tissue is being mineralised to form woven
bone. After stabilisation of the bone tissue and vasculature
in the bone fracture, the cell mediated remodelling cascade
is activated where osteoclastic removal of necrotic bone
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tissue is accompanied by angiogenesis, which in turn is
followed by the replacement of the large fracture callus
by lamellar bone. The callus size is reduced and the normal
vascular supply is restored.

A plethora of mediators associated with foetal and
postnatal bone development play a prominent role in the
cascade response in bone fracture repair. These include
BMP-2 & 4 (Barnes et al., 1999; Deckers et al., 2002;
Kloen et al., 2003), VEGF (Midy and Plouet, 1994;
Deckers et al., 2000; Street et al., 2002; Ferrara et al.,
2003), bFGF (Rodan et al., 1989; Montesano et al., 1986),
TGF-B (Rosier et al., 1998; Bostrom and Asnis, 1998;
Erlebacher et al., 1998), PDGF (Mandrachia et al., 2001;
Risau et al., 1992). VEGF expression is detected on
chondroblasts, chondrocytes (Pufe et al., 2001),
osteoprogenitor cells and osteoblasts in the fracture callus
(Tatsuyama et al., 2000) where it is highly expressed in
angioblasts, osteoprogenitor and osteoblast cells during
the first seven days of healing but decreases after eleven
days (Uchida et al., 2003). Additionally, osteoclasts release
heparinase that induces the release of the active form of
VEGF from heparin, activating not only angiogenesis but
also osteoclast recruitment, differentiation and activity
leading to the remodelling of the fracture callus during
endochondral ossification (Saijo et al., 2003; Niida et al.,
1999; Engsig et al., 2000; Nakagawa et al., 2000). In the
bone remodelling sequence Niida et al., (1999) showed
VEGF can act with sSRANKL to promote osteo-
clastogenesis and that a single injection of recombinant
human VEGF can similarly induce osteoclast recruitment
in op/op mice, suggesting that VEGF can act as a substitute
for M-CSF in osteoclastogenesis. Street and colleagues
(Street et al., 2000; Street et al., 2002; Ryan et al., 1999;
Gerber et al., 1999) have demonstrated that the inhibition
of VEGF in fractured mouse femurs results in a decrease
in blood vessel invasion with a reduction in osteoclastic
bone remodelling, impaired callus mineralization and
reduced trabecular bone healing.

Fractures in some cases fail to repair or unite resulting
in fibrous filled pseudoarthrosis. Anumber of contributing
factors can lead to non-union or delayed union of bone
fractures, such as anti-inflammatory drugs, steroids,
Vitamin C, D and calcium deficiencies (Glowacki, 1998).
The absence of a functional vascular network is also a
fundamental factor in the lack of bone healing in non-union
fractures. With this in mind researchers have shown that
angiogenic factors released from biomimetic scaffolds can
enhance bone regeneration (Murphy et al., 2004) and,
furthermore, that combination strategies that release both
angiogenic and osteogenic factors can further enhance the
regenerative capacity of bone (Geiger et al., 2005; Peng
et al., 2005).

The critical sequential timing of osteoclast
differentiation and activation, angiogenesis, recruitment
of osteoprogenitor cells and the release of growth factors
such as BMP-2 in osteogenesis and fracture repair maybe
enhanced by the synchronized endogenous production of
angiogenic and osteogenic mediators (Glowacki, 1998).
Studies in the rat femoral drill-hole injury have shown
differential expression of VEGF splicing isoforms along
with its receptors indicating an important role in the bone
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healing process (Uchida et al., 2003). Also, Sojo et al.
(2005) demonstrated that angiogenesis occurs
predominantly before the onset of osteogenesis in bone
lengthening in an osteodistraction model.

Another angiogenic inducing growth factor, FGF-2,
(Coffinetal., 1995; Montero et al., 2000) has the capability
to accelerate fracture repair when added exogenously to
the early healing stage of a bone. (Kawaguchi et al., 1994;
Nakamuraetal., 1997; Inui et al., 1998; Kawaguchi et al.,
2001, Chen et al., 2004). Although the mechanism has not
been fully elucidated, it has the ability to stimulate
angiogenesis (Montesano et al., 1986; Hayek et al., 1987;
Collin-Osdoby et al., 2002) and, the proliferation and
differentiation of osteoblasts (Globus et al., 1988;
Nakamuraet al., 1995; Walsh et al., 2000; Pun et al., 2001)
to possibly aid the repair of bone fractures.

Disruption of the normal bone vasculature can result
in skeletal problems such as osteopetrosis (Aharinejad et
al., 1995; Aharinejad et al., 1999), metastatic bone disease
(Taichman et al., 2002) and inflammatory bone loss in
rheumatoid arthritis and periodontal disease (Findlay and
Haynes, 2005; Walsh and Mapp, 1998; Schwartz et al.,
2000). Thus, we are now beginning to understand the
intimate relationship between the vasculature and bone,
and the important role played in maintaining bone
homeostasis, offering the possibility of novel new
approaches to solving the problems of fracture healing,
particularly in delayed and non-union pathologies.

Skeletal tissue engineering, the clinical need for new
bone

With an increasing aging population the numbers of hip
fractures worldwide are projected to increase from 1.7
million in 1990 to 6.3 million in 2050 (Johnell, 1997).
Indeed, in the United States alone, 6 million fractures occur
annually of which 5-10% will require further treatment
for the loss of bone, failed fracture fixation, infection, and
the inhibition of a blood supply (Praemer et al., 1992;
Cheung, 2005).

Graft material such as autologus, allogeneic bone and
metallic implants are currently used to address these
challenging clinical bone loss pathologies. Unfortunately,
these techniques face serious limitations due the possible
risk of infection and rejection, limited stock supplies and
cost (Oreffo and Triffitt, 1999; Bauer and Muschler, 2000).
Hence, the ability to generate new bone graft substitutes
for skeletal use is a major clinical need.

A variety of porous scaffold polymers (naturally
derived or synthetic matrices) have shown promising
potential for bone tissue engineering applications. Natural
polymers such as collagen are of a major interest because
they are biodegradable and biocompatable, allowing cells
to adhere, proliferate and differentiate without the problems
of inflammatory reactions and cytotoxicity which are often
associated with synthetic polymers. (Lu et al., 2004;
Lubiatowski et al., 2006; Domaschke et al., 2006).
However, natural polymers are structurally complex
compared to synthetic polymers therefore, technical
manipulation is complicated and more elaborate causing
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variation in the processing of consistent scaffold matrices.
Additionally, these polymers lack the mechanical
properties, which are required to withstand the forces,
which for example exist in the bone environment. Synthetic
polymer matrices, polylactic acid (PLA) polyglycolic acid
(PGA and poly(lactic-co-glycolic) (PLGA) acid
polyorthoesters, polycaprolactones, polycarbonates, and
polyfumerates which are free of potential contamination,
can be readily engineered (Agrawal and Ray, 2001; Sachlos
and Czernuszka, 2003). These have proven versatility and
can be developed as 3D porous monolithic structures that
can be custom-designed to fit the anatomical bone defect
in an individual patient (Popov et al., 2004; Antonov et
al., 2005). However, one of the major problems with these
types of scaffolds is the lack of osteoconductivity compared
to the current gold standard of allograft. Researchers have
tried to overcome these problems by combining ceramics
such as hydroxyapaptite (HA) and calcium phosphate with
the synthetic polymers PLA or PLGA (Popov et al., 2004;
Khan et al., 2004; Wei and Ma, 2004; Ruhe et al., 2005a).
With the fabrication of the osteoconductive/osteoinductive
scaffolds, novel approaches are being developed to
enhance the engineered scaffolds by the addition of growth
factors and osteoprogenitor cells to promote bone growth.

Bone marrow derived human mesenchymal or skeletal
stem cells (SSC) when seeded on to nanofibrous poly (e-
caprolactone) scaffolds can be differentiated into an
osteogenic lineage (Li et al., 2005). Ruhe et al. (2005b)
showed bioactive factors to be incorporated into (PLGA/
Ca-P cement) composites and could be slowly released.
Furthermore, the combination of osteogenic growth factor
release (BMP-2) from polymer scaffolds such as PLA and
the addition of preosteogenic cells have further increased
the possibility of engineering bone (Rose et al., 2004; Yang
et al., 2004; Montjovent et al., 2005; Montjovent et al.,
2007; Georgiou et al., 2007), whilst Jansen et al. (2005)
demonstrated orthotopic bone formation in a rabbit cranial
defect model stimulated in rhTGFB1 and rhBMP-2 CaP
cement and Titanium-fibre mesh scaffolds.

However, unlike organ transplants where there is a pre-
existing vascular supply, synthetic bone constructs are
devoid of a pre-existing vasculature. Researchers are now
trying to address this problem of whether it is a pre-
vascularised scaffold developed in vitro or the release of
angiogenic factors from scaffolds that promote
angiogenesis in situ that will optimally enhance bone
morphogenesis in situ. Development of these bone
scaffolds requires an internal interconnecting
microarchitecture sufficiently porous to promote cell-
ingrowth and significantly strong enough to withstand the
exerted forces on bone (Logeart-Avramoglou et al., 2005).
Enhanced migration of endothelial cells into the matrix to
develop vascular beds will be critical to the survival of
these implanted bone constructs. At first, the implants will
depend on surrounding diffusive nutrient supply and waste
removal processes until the engineered tissue becomes
vascularised. This is critical, as bone defects are often large
and nutrient diffusion is optimally effective within 150-
200um from the blood supply source (Sutherland et al.,
1986; Colton, 1995). The efficacy of cells such as
osteoprogenitors seeded onto these scaffolds and
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transplanted will depend upon local vasculature and the
speed at which a fully functional vascular supply can be
developed. Temporary exposure of SSCs to hypoxia,
results in the down-regulation of Chfa-1/Runx2,
osteocalcin and type | collagen, and the up-regulation of
osteopontin and VEGF (Potier et al., 2007a). Prolonged
concomitant hypoxic regions and lack of nutrients will
ultimately lead to significant cell death (Potier et al.,
2007h). Vogelin et al., (2005) demonstrated the importance
of the vasculature in bone repair. Their engineered scaffold
(polylactic acid-Hyaluronan acid matrix and BMP-2)
provided good bone formation in a critical rat femur defect.
However, when they added a vascularised periosteal flap
to the scaffold/defect there was a significant increase in
bone formation within the boundaries of the defect and a
prevention of any heterotopic ossification.

Recent studies show that primitive vascular networks
derived from endothelial cells that were implanted in vivo
remain immature and do not survive. However, the addition
of the anti-apoptotic Bcl2 gene into endothelial cells can
increase survival and formation of blood-perfused blood
vessels that differentiate and develop into arteries, veins
and capillaries (Schechner et al., 2000). It is not known
how long these vessels continue to function or the
oncogenic potential these genetic manipulations may cause.
Additionally, retroviral-mediated transduction of hnTERT
in human dermal microvascular endothelial cells
(HDMEC) when implanted subcutaneously results in the
development of microvascular structures (Yang et al.,
2001).

Co-implantation of perivascular cell precursors and
endothelial cells in engineered constructs leads to long-
lasting, stable microvessels in vivo; which are fully
functional for more than one year (Koike et al., 2004).
The seeding of relevant cells has led to the successful bio-
engineering of muscle and blood vessels. In 2005,
Levenberg et al. demonstrated using a tri-culture system
consisting of endothelial cells, myoblasts and embryonic
fibroblasts for tissue engineered muscle that the
development of vascular networks was of a higher density
compared to a co-culture system of endothelial cells and
myoblasts. An increase in VEGF expression was identified
as the factor, which mediated these elevated levels in vessel
density.

Typically, therapeutic strategies for the regeneration
of tissue have relied on the bolus delivery of single growth
factors. Although this has been successful in animal models
of therapeutic angiogenesis (Takeshiti et al., 1994) this
success has not, to date, been able to be translated to the
clinic (Simons et al., 2000). Recent developments in bio-
engineering scaffold design have led to growth factors to
be incorporated onto or entrapped within the scaffolds.
(Murphy et al., 2000; Murphy et al., 2004; Yang et al.,
2004; Huang et al., 2005a; Huang et al., 2005b; Jansen et
al., 2005; Kaigler et al., 2006a; Leach et al., 2006; Oest et
al., 2007; Jeon et al., 2007; Kanczler et al., 2007; Hou et
al., 2007; Wei et al., 2007; Tai et al., 2007; Chang et al.,
2007). As these scaffolds are biodegradable, bioactive
factors can be released locally over a period of time. Kaigler
etal. (2006a) demonstrated VEGF scaffolds could enhance
neovascularization and bone regeneration in irradiated
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Figure 2. Micro-CT images of murine segmental femur (5 mm) defects at 4 weeks post operation. (A) Represents
a control segmental femur defect, (B) represents encapsulated VEGF and BMP-2 in a composite alginate / Poly (D-
L) lactic acid scaffold with seeded HBMSC implanted within the femur defect. Bar = 1.5 mm.

osseous defects. Whereas, load-bearing BMP-2 scaffolds
can maintain bone length and enhance regeneration of bone
in a critical sized defect (Chu et al., 2007). BMP-2 and
TGF-B3, combined with RGD-alginate hydrogel co-
delivered to critical sized femoral defects (8mm) within
polymer scaffolds showed an increase in bone formation
(Oest et al., 2007).

Recent studies have shown that the combination of
angiogenic and osteogenic factors can stimulate bone
healing and regeneration (Geiger et al., 2005; Peng et al.,
2005). Therefore, the ability to deliver acombined delivery
system of growth factors at different rate kinetics locally
from biodegradable scaffolds could enhance the reparative
mechanism of critical sized bone defects; thus, mimicking
the in vivo bone repair conditions. Richardson et al. (2001)
developed a polymeric system for tissue specific controlled
release delivery from a structural polymer scaffold of two
or more growth factors, PDGF-BB and VEGF-165. This
combination of PDGF-BB and VEGF-165 initiated
formation and maturation of a significant number of blood
vessels. Amultiple release of growth factors such as VEGF

and BMP-2 may in fact be able to mimic the conditions in
bone fracture repair. Hence, a scaffold able to release an
active angiogenic factor will promote early vascularisation
and attract osteogenic precursor cells. Dual release growth
factor (VEGF & BMP-2) fabricated scaffolds developed
by Shakesheff, Howdle and colleagues at the University
of Nottingham have shown the efficacy of use of these
types of scaffolds in a critical sized murine femur bone
defect model. Figure 2 demonstrates the significant effect
of the release of angiogenic (VEGF) and osteogenic (BMP-
2) factors from a biodegradable scaffold seeded with
human bone marrow stromal cells on the regeneration of
bone in a critical sized mouse femur defect. Hence, the
combined effect of human bone marrow stromal or
enriched mesenchymal stem cells seeded onto these new
generation of growth factor encapsulated scaffolds could
result in the co-development of vessels and bone in situ,
providing a reciprocal approach to the fast development
of vascularised engineered bone constructs. Conversely,
transplantation of endothelial cells can enhance bone
marrow stromal-cell-mediated bone regeneration in an
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osseous defect (Kaigler et al., 2006b). PLGA scaffolds
containing a combination of plasmids encoding DNA for
BMP-4, VEGF and human bone marrow stromal cells
promoted greater bone formation when implanted into the
subcutaneous tissue of SCID mice relative to a single factor
or a combination of two factors (Huang et al., 2005a).
Previously, Yang and colleagues demonstrated that BMP-
2 growth factor can be incorporated into biodegradable
Poly (DL-lactic acid) scaffolds by a method of supercritical
carbon dioxide (scCO,) fluid mixing technology without
the loss of activity. These generated scaffolds have the
ability to release active BMP-2 and promote
osteoprogenitor differentiation and bone formation in vitro
and in vivo (Yang et al., 2004). Development of complex
biomimetic scaffolds has resulted in the ability Kinetically
to release VEGF quickly followed by slow release of BMP-
2 mimicking the sequences these growth factors are
released in fracture repair process. The addition of seeded
human bone marrow cells or progenitor cells onto these
dual release scaffolds will produce some of the key
components to enhance the repair of delayed or non-union
delayed fractures.

In conclusion, the ability to deliver, over time, a
combination of cells and growth factors in a regulated
manner from biocompatible scaffolds to sites of tissue
regeneration that promote angiogenesis and osteogenesis
offers significant therapeutic opportunities for a variety
of tissue engineered scaffolds

Conclusion

Angiogenesis plays a critical role in the systematic growth
and repair of bone. With the progression of new research
tools osteogenic and angiogenic molecules involved in the
signalling pathway cascade in the development of bone
are slowly being elucidated. Understanding the paracrine
relationship between bone cells and endothelial cells and
the signalling molecules therein will undoubtedly unveil
key mechanisms involved in bone morphogenesis, and
offer insights into the development and of new strategies
for the delivery of targeted therapies to bone related
diseases particularly individuals at risk for delayed repair
or non-unions.

Increasing our understanding will ultimately help in
devising new approaches in vascularised engineered tissue
constructs. Optimising drug delivery to angiogenic and
antiangiogenic molecules that effect vessel growth in the
bone environment may prove beneficial for targeting either
bone destruction or inducing bone growth. Slow release
growth factor/scaffold formulations, gene therapy and stem
cells are all currently being used to enhance bone fracture
repair and regeneration. Groups have now developed
intelligent scaffolds that can now release growth factors
with appropriate release kinetics to induce angiogenesis
and bone morphogenesis. These new generations of
scaffolds allow for the angiogenesis to be switched on and
halted therefore stimulating the right amount of
angiogenesis to repair bone and avoiding a chronic
inflammatory reaction. The addition of stem cell based
therapies to these scaffold designs will, ultimately, provide
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vascular and osteogenic precursors that will enhance the
development of the tissue- engineered construct.

A better understanding of the interaction of bone
vascular biology and osteogenesis will enhance our
knowledge and help in the design of novel rational
strategies for the treatment of bone diseases. Harnessing
the cellular and molecular interactions between endothelial
populations and bone cell populations has already
enhanced and augmented the process of skeletal tissue
engineering. The development of bioengineered bone
remains an exciting promising alternative approach to
skeletal repair, with the potential, to impact on daily clinical
practice.
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