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As early as 1763, the importance of blood
vessels in bone formation was noted: ‘the ori-
gin of bone is the artery carrying the blood
and in it the mineral elements’ [1]. Around
the same time, Hunter suggested that blood
vessels are key contributors to the process of
osteogenesis, both in development and dur-
ing repair [2]. During the following 150 years,
studies of osteogenesis focused on the role of
bone-forming osteoblasts, rather than on
blood vessels. In 1963, Trueta revived interest
in bone vasculature by publishing data that
was based on years of bone studies. Building
on Levander’s proposal in 1938 that tissues
produce substance(s) that initiate osteogenesis,
Trueta suggested the existence of a ‘vascular
stimulating factor (VSF)’ operating at sites of
bone damage [3].

These early predictions have proven to be
remarkably accurate. Inadequate or inappro-
priate bone vascularity is associated with
decreased bone formation and bone mass
[4,5]. Of the 6 million bone fractures reported
annually in the United States, 5–10% have
impaired healing, causing pain and disability,
and, in some cases, deformity, with atrophic
fracture non-unions representing the vast
majority (up to 80%) of non-unions [6,7].
Accordingly, inhibition of angiogenesis
during fracture repair in animals results in the
formation of fibrous tissue, reminiscent of
human atrophic non-unions [8]. Risk factors

for impaired bone healing include: poor
blood supply, poor apposition of fractured
bone ends, interposition of soft tissues or
necrotic bone between bone fragments,
inadequate immobilization, infection, drug
use (e.g. corticosteroid therapy or nicotine),
advanced age, and systemic disorders, such as
diabetes or poor nutrition [7]. Negative effects
on the vascular system might be the mecha-
nism whereby many other risk factors delay
or impair bone healing [5].

Bone healing
The soft-tissue healing of a wound creates a
fibrous scar but bone is unique in its scarless
regenerative capacity [5]. Repair of fractures by
callus production occurs in four overlapping
phases [7,9–12] (Figure 1). Following damage
to the musculoskeletal system, disruption of
blood vessels leads to activation of the coagu-
lation cascade and formation of a hematoma,
which encloses the fracture area (Figure 1a).
Removal of the hematoma significantly at-
tenuates repair, and transplantation of the
hematoma produces new bone [13,14],
consistent with the angiogenic activity of
the hematoma [15,16]. Inflammatory cells,
fibroblasts, and stem cells are recruited to
the site, and new blood vessels are formed
from pre-existing ones (i.e. angiogenesis). The
inflammatory response is associated with
pain, heat, swelling, and the release of several
growth factors and cytokines that have
important roles in repair [7,10,12,17,18].
Initially, granulation tissue forms at the ends
of bones, gradually being replaced by fibro-
cartilage, in a manner seemingly related to
the vascular pattern [3]. Meanwhile, the pe-
riosteum undergoes direct bone formation, or
intramembranous ossification, to create an
external callus (Figure 1b). Subsequently, the
internal callus becomes mineralized with
calcium hydroxyapatite, to form a hard callus
of woven bone (Figure 1c). In the final, re-
modeling phase of bone regeneration, the
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large fracture callus is replaced by secondary lamellar bone;
the size of the callus is reduced to that of pre-existing bone
at the damage site, and the vascular supply reverts to a nor-
mal state (Figure 1d). This temporal progression of repair
can been recapitulated in animal models, such as those of
long bone fractures [19,20] (Figure 2).

The blood supply of mammalian long bones has been
studied in many different bones and species [5,21,22].
Generally, long bones receive blood from several groups of
arteries: proximal/distal metaphyseal arteries, proximal/
distal epiphyseal arteries, diaphyseal nutrient arteries and
periosteal arteries [5]. Bone fracture results in disruption of
the marrow architecture and blood vessels within and
around the fracture site [5,21,22]. During bone repair, the
three components of the normal bone blood supply –
medullary, periosteal, and osseous – can be enhanced ac-
cording to physiological need [5,21]. The newly generated
blood supply to the callus and cortical bone appears to per-
sist until the medullary blood supply is fully regenerated
[21]. The heterogeneity in vascularity after bone damage
could help to explain local differences in bone formation in
normal, delayed, and mal- unions [23].

Systemic and local responses
Many growth factors/cytokines, expressed during fetal
skeletal development and induced in response to injury,
are believed to have a significant role in the process of
repair [7,10,12,17,18]. These include members of the
fibroblast growth factor (FGF), transforming growth factor
(TGF), bone morphogenetic protein (BMP), insulin-like
growth factor (IGF) and platelet derived growth factor
(PDGF) families [9,10,12,17], as well as vascular endothe-
lial growth factor, VEGF [24,25] (Table 1). These factors are

produced by and/or responded to by
many cell types present at the fracture
site [12,17,24,25]. Other angiogenic
[12] and anti-angiogenic factors, such
as those expressed in the growth plate
of developing bones [26], might simi-
larly be expressed and active in the
fracture callus during endochondral
ossification. Skeletal injury in humans
is characterized by local (injury site)
and systemic angiogenic responses
[15,16,27]. Accordingly, systemic
factors - such as parathyroid hormone
(PTH), growth hormone, steroids,
calcitonin and Vitamin D – can also
modulate  bone metabol ism and
vascularity [10] (Table 1).

Vascular endothelial growth factor
Previous studies have shown that endogenous VEGF is im-
portant for endochondral bone formation [28–31]. VEGF is
expressed before blood vessels are detected in developing
mouse bones, and this expression is tightly associated with
cells involved in bone formation (osteoblasts) [28].
Inhibition of VEGF leads to expansion of the hypertrophic
zone, loss of metaphyseal blood vessels and impaired
trabecular bone formation in developing mice [29,30] and
monkeys [31]. Thus, during development, VEGF is essen-
tial for blood vessel invasion of hyaline cartilage, growth
plate morphogenesis, and cartilage remodeling.

Endogenous VEGF also plays a key role in bone repair
[19,32,33]. VEGF is expressed in much the same temporal
and spatial pattern in the fracture callus as that that occurs
during long bone development [12,24,25]. Notably, the
human fracture hematoma, present after injury but not
during development, has potent angiogenic activity that
appears to be predominantly due to VEGF [15,16]. Similarly,
the angiogenic activity of injured patient plasma (systemic
response) is primarily VEGF dependent, an effect particu-
larly obvious in elderly patients, in whom the incidence of
delayed and aberrant fracture repair is increased [15,16].
Inhibition of VEGF activity disrupts repair of femoral frac-
tures and cortical bone defects in mice [19], and decreases
blood flow and leads to non-unions in rabbit radial frac-
tures [32]. Thus, VEGF activity is essential for normal
angiogenesis and appropriate callus architecture and miner-
alization in response to bone injury. These findings support
the hypothesis that blood vessel invasion has a key role
in tissue repair, and suggest that VEGF production is the
major mechanism by which angiogenesis and osteogenesis
are tightly coupled during bone repair [19,32,33].
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Figure 1. The stages of fracture repair. (a) Hematoma formation: following injury,
disruption of blood vessels leads to formation of a hematoma; (b) Soft callus formation:
this stage involves the formation of new blood vessels from pre-existing ones
(angiogenesis), the external callus (intramembranous ossification) and the internal callus
(fibrocartilage); (c) Hard callus formation: the callus becomes mineralized, forming a hard
callus of woven bone; (d) Bone remodeling: the large fracture callus is replaced with
secondary lamellar bone, and the vascular supply returns to normal.

Drug Discovery Today 

(a) Hematoma
formation

(b) Soft callus
formation

(c) Hard callus
formation

(d) Bone
remodeling

Hematoma

External
callus

Internal
callusNew

blood
vessels

Bony
callus

Periosteum



VEGF expression is induced by most osteoinductive
growth factors (Table 1) as well as prostaglandins [34] and
ultrasound [35]. In fact, inhibition of VEGF blocks FGF-2-
[36] or BMP-2-induced [37] angiogenesis, BMP-7 (OP-1) in-
duction of primary osteoblast differentiation [38], and
BMP-4-induced bone formation [33]. Thus, the ability of
these factors to stimulate bone repair in animal models or
clinical trials might be mediated, at least partly, by VEGF.
VEGF, in turn, regulates recruitment, survival and activity
of endothelial cells [39], osteoblasts [16,19,27,28,40–42]
and osteoclasts [43–45].

Given the importance of VEGF in normal bone repair,
treatment with exogenous VEGF might be expected to
promote angiogenesis and bone formation after injury – a
hypothesis that is supported by several studies. Local
administration of exogenous VEGF, in the absence of a
scaffold or progenitor cells, enhances bone formation in
mouse femur fractures and rabbit radial critical-sized
defects [19]. Studies using muscle-derived stem cells have
shown that VEGF acts synergistically with BMP-4 to
enhance bone formation through stimulation of cell re-
cruitment, survival, and cartilage formation and resorption
[33]. VEGF treatment increases bone blood flow in rabbit

radial fractures [32] and in rabbit tibiae
during distraction osteogenesis (i.e.
gradual separation of bony fronts to
stimulate new bone formation) [46].
Local adenoviral delivery of VEGF in-
creases bone formation and decreases
bone resorption in intact rabbit femurs
[47], and stimulates angiogenesis and
bone formation in rat femur defects
[48]. In tibial fractures in matrix met-
alloproteinase 9 (MMP-9) knockout
mice, VEGF treatment overcomes the
skeletal repair defect that resembles
human hypertrophic non-unions [49].

As might be expected with growth
factor treatments, the timing, dose and
cellular context can affect VEGF activity.
In terms of timing, delivery of VEGF
during the latency (time of rest after
creation of bony defects) and distrac-
tion phase (period of separation of
bone ends) of distraction osteogenesis
does not increase blood flow in the
regenerate [46]. Given the highly im-
mature state of the early blood supply
of the regenerate [50,51], and that
bone formation is at a high level in the
first week of the consolidation phase

(period after completion of distraction), this phase might
be an optimal time for treatments such as VEGF [46]. In
terms of dose, the ratio of VEGF- to BMP-4- transduced
muscle-derived stem cells was found to be important for
enhanced bone formation in a critical size mouse skull
defect [33]. These results - together with findings that
VEGF-expressing muscle-derived stem cells do not promote
repair of critical size skull defects in mice – might be due to
increased differentiation of stem cells along the endothe-
lial lineage, at the expense of cells becoming cartilage or
bone cells [33]. Alternatively, such results might indicate
that this timing and dose of VEGF (i.e. continuous exposure
of cells to relatively high levels of VEGF during the 21-day
repair process [33]), are not optimal to induce bone forma-
tion, because local levels of endogenous VEGF peak at 5
days and decrease towards normal levels after day 10 after
fracture [52] or bony injury [53] in rodents. VEGF does not
appear to drive progenitor cell differentiation into the
chondro- or osteo-genic lineages. Therefore, combination
therapies with BMPs [33], which have such activity, might
be beneficial in specific types of defects, especially those in
patients with a limited number of committed osteoblasts
and/or those involving the use of stem cells.
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Figure 2. Ex vivo micro-computed tomography (µCT) of mouse femurs at different times
(3, 6, or 12 weeks), after creation of challenged fractures [19]. 3D surface renderings
(top row) and coronal µCT images through the center of each femur (bottom row). 
3D renderings show calcified structures above a bone density threshold of 
0.48 g-hydroxyapatite/cm3. Soft tissues, such as fibrous tissue and cartilage, which bridge
the gap at early timepoints (e.g. at 3 weeks), appear dark in µCT images. Images were
acquired at a resolution of 16×16×16 microns.
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Besides the paracrine effects of VEGF (i.e. stimulation of
endothelial cell secretion of osteogenic molecules [54–56],
VEGF can act directly on osteoblasts. Osteoblasts both syn-
thesize VEGF in response to various stimuli [55–59] and
respond to VEGF itself [19,28,40–42]. VEGF receptors
(VEGFR-1, VEGFR-2, VEGFR-3, neuropilin-1 and -2) are
expressed in cells of the osteoblast lineage [41,42,60] and
during mouse fracture repair [49]. VEGF increases chemo-
taxis, proliferation, differentiation, and basal and PTH-in-
duced cAMP production in osteoblasts [19,28,40–42].
VEGF also induces bone formation in organ cultures [28]
and in vivo, due in part to direct recruitment and stimula-
tion of osteoblasts [47]. Inhibition of VEGF decreases
primary osteoblast differentiation in vitro [19]. Mice that
express only the freely diffusible isoform of VEGF
(VEGF120) exhibit reduced osteoblast activity; VEGF inhi-
bition decreases growth of cultured mouse skull bones [28].

Bone-resorbing osteoclasts are also responsive to VEGF.
VEGF is required for normal osteoclastic resorption during
endochondral ossification in development and for the age-
dependent recovery of osteoclasts in osteopetrotic (op/op)
mice that lack functional macrophage colony-stimulating
factor (M-CSF or CSF-1) [29,43,44]. VEGF stimulates osteoclast
recruitment, survival and activity [43–45,61], and osteoclast
differentiation in vitro in combination with osteoprotegerin

ligand (OPGL)/receptor activator of NF-κB ligand (RANKL)
[43]. The lack of lamellar bone remodeling and osteoclastic
‘cutting cones’ in fractured mouse femurs following VEGF
inhibition suggests that VEGF is important for osteoclast
activity during bone repair [19]. Surprisingly, adenovirus-
mediated VEGF overexpression in intact rabbit femurs does
not appear to increase osteoclast activity [47].

VEGF has also been implicated in cartilage maturation
and resorption [28–30,33,49,62]. More specifically, mice
that express only the freely diffusible VEGF isoform
(VEGF120) [28,62] or have conditional inactivation of
VEGF in areas of collagen 2α1 expression [30] have im-
paired endochondral bone formation. Inhibition of VEGF
decreases cartilage formation and delays cartilage resorp-
tion during ectopic bone formation induced by BMP-4-
transduced muscle-derived stem cells [33]. Overexpression
of VEGF increases cartilage formation by BMP-4-transduced
muscle-derived stem cells [33]. The effects of VEGF on carti-
lage cells might be direct. VEGF stimulation of hyper-
trophic chick chondrocytes in vitro leads to phosphoryla-
tion of VEGF-R2/KDR (kinase-insert domain receptor)/Flk-1
(fetal liver kinase 1) [63]. Inhibition of VEGF in developing
mice appears to delay or inhibit chondrocyte death,
without affecting chondrocyte growth or maturation [29].
Indirect effects of VEGF on cartilage during development
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Table 1. Factors influencing bone repair

Treatmenta

Osteoblasticb Angiogenicc

Induction of
VEGFd

Activins + [134] f f ND

Bone Morphogenetic Proteins 2 and 4 + [17] + [37] + [37]

Osteogenic Protein-1e + [17] + [128] + [38]

Fibroblast Growth Factor 1 and 2 + [139] + [64,77] + [140]

Growth and Differentiation Factor-5 g + [129] ND ND

Growth Hormone + [141] + [142] ND ND

Insulin-like Growth Factor-1 + [143] + [144] + [57,58]

Parathyroid hormone + [145] + [146] + [58]

Platelet-derived Growth Factors + [10] + [147] + [56]

Prostaglandins + [34] + [148] + [34]

Transforming Growth Factor βs + [113,114,120] + [149] + [59]

Vascular Endothelial Growth Factor + [19,40–42] + [19,39]

aFactors that can enhance bone repair.
b'Osteoblastic' is defined as having direct effects on committed (pre)osteoblasts.
c'Angiogenic' is defined as the ability to form blood vessels in vivo and includes both direct and indirect mechanisms.
dInduction of VEGF in vitro and/or in vivo
eAlso known as bone morphogenetic protein-7.
fActivin might be anti-angiogenic, at least in the context of cancer [150].
gGrowth and Differentiation Factor 5 (GDF-5) induces ectopic cartilage and bone in vivo [92,131) and promotes spinal fusion [151,152]; in vitro studies indicate that
GDF-5 stimulates formation of chondrogenic nodules by calvarial cells [92,131,151].
ND – not yet determined



include changes in vascularity, and recruitment and/or
differentiation of cells that resorb cartilage [28,29,33,44,49].

Fibroblast growth factors
Members of the fibroblast growth factor (FGF) family regu-
late cell proliferation, migration and differentiation as well
as musculo-skeletal development [64,65]. Within this fam-
ily, most bone studies have focused on FGF-2 or basic FGF
(bFGF). The injection of FGF-2 into intact bone stimulates
bone formation [66–68]. However, early bone repair studies
provided conflicting results [69–71]. Treatment with a single
dose of FGF-2 (2µg) at the time of injury increases callus
formation and mechanical strength in a fibula fracture
model in normal and diabetic rats [69]. By contrast, a single
dose of FGF-2 (1µg) in a hydroxyapatite (HA) graft tran-
siently reduces the mechanical strength of a rat segmental
defect [71]. FGF-2 (3µg) applied four days after creation of
a rabbit tibial defect does not affect the size or amount of
cartilage or bone in the callus [70].

These initial differences in results with FGF-2 could be
explained, at least partly, by findings that positive effects
of FGF-2 on bone repair are dose- and time- dependent
[69,72,73] and by the use of different species, carriers, and
model systems. More specifically, in a rabbit tibial defect
model, 100 µg of FGF-2 is required to increase the volume
and density of new bone [73]. Use of a slow-release formu-
lation allows for lower effective doses (as low as 1.4µg) of
FGF-2 in a rabbit segmental gap six weeks after treatment,
when a single injection of 2µg of FGF-2 is not sufficient to
promote repair [72]. Studies in larger animals support the
proposed bone repair function of FGF-2. In a canine tibial
fracture model, 200µg of FGF-2 injected at the fracture site
increases callus area, bone mineral content, and biome-
chanical strength [74]. FGF-2 can also accelerate repair in
nonhuman primates [75,76]. FGF-2 (in hyaluronic acid)
increases callus area, mechanical strength and vascularity
in baboon fibula osteotomies [75].

The exact mechanism by which FGF-2 stimulates bone
repair remains uncertain, but FGF-2 induces angiogenesis
[77–79], and stimulates mitogenesis of mesenchymal cells
and osteoblasts [80], which might be mediated and modu-
lated by TGF-β [66,80]. The ability of FGF-2 to promote the
formation of a larger callus at early stages of fracture repair
[71,81], and thus, improve mechanical stability during this
stage, could be one of the primary benefits of FGF-2 treat-
ment [76]. FGF-2 increases osteoclastic bone remodeling
[74,79,82–85] and down-regulates at least one BMP antag-
onist (noggin) [86]. Finally, FGF-2 might prove to be a useful
systemic treatment for osteoporosis because it increases
connections between neighboring trabeculae in ovariec-
tomized rodents [67,68,87].

The transforming growth factor superfamily
In 1965, Marshall Urist demonstrated that demineralized
bone matrix induces cartilage and bone formation when
implanted at extra-skeletal sites [88]. Based on these studies,
Urist proposed the existence of a substance(s) within bone
matrix that induces differentiation of precursor cells into
bone-forming cells. Subsequent protein purification and
cloning [89,90] led to the identification of proteins within
TGF-β superfamily [91,92].

This superfamily includes most factors known to induce
cartilage and bone formation during development, including
TGF-βs, BMPs, growth and differentiation factors (GDFs) and
activins [92]. By virtue of shared receptors and structural
homology, many of the members of this large family have
overlapping activities, including stimulation of mesenchymal
stem cell differentiation into chondrocytes or osteoblasts.
However, their distinct expression pattern during bone repair
[12,93], the developmental phenotypes observed when the
genes are mutated or deleted [92] and their activities when
added exogenously in animal models or humans [10, 94–112]
suggest subtly distinct roles in the process of bone repair.

Transforming growth factor-β
Of the five isoforms of TGF-β [92], TGF-β−1 and TGF-β−2 are
the most studied in bone [93,94,113,114]. All isoforms will
be referred to, here, as TGF-β. Early studies indicated that
TGF-β stimulates bone formation when injected into
rodent bones [94,100,115] or rabbit skull defects [105] and
also increases callus volume and strength in tibial fractures
[95,99]. Despite a few studies to the contrary [98,116,117],
most reports indicate positive (if weak) effects of TGF-β on
bone repair [113], [114]. TGF-β might also be useful for
implant fixation [118,119].

Consistnet with its pleiotropic activities and pattern of
expression during development and repair [93,94,113–115],
TGF-β can affect the repair process in multiple ways. In
fractured bones, TGF-β is released by degranulating platelets
in the hematoma and by extracellular matrix at the site of
damage. At this stage (Figure 1a), TGF-β could stimulate
recruitment and proliferation of mesenchymal cells (stem
cells, chondroblasts, and osteoprogenitors), and might af-
fect inflammation and angiogenesis. At later stages of repair
(Figure 1b and 1c), chondrocytes, osteoblasts, and osteo-
clasts synthesize and respond to TGF-β [93,94,115]. During
these stages, TGF-β can regulate chondrocyte and osteoblast
differentiation, extracellular matrix production and osteo-
blast/osteoclast coupling [120].

Bone morphogenetic proteins
Consistent with Urist’s initial work, several BMPs have
been found to induce ectopic bone, due, at least partly, to
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stimulation of mesenchymal and osteoprogenitor cell
proliferation and differentiation [121,17,112]. Many studies
have shown that BMP-2 promotes bone repair [112,122].
Early pre-clinical studies indicated that BMP-2 stimulates
bone formation in critical size defects [123], fractures
[104,124] and spinal fusions [97,125]. In a rabbit ulna
model, BMP-2 in a collagen sponge accelerates repair [126]
and overcomes the inhibitory effects of chronic glucocorti-
coid therapy on bone repair [124]. In rabbit tibial fractures,
BMP-2 accelerates repair only in non-stable fractures, not
in stable fractures [104].

Based on positive data in pre-clinical models, BMP-2 was
tested in humans [111,112,122]. Consistent with animal
studies, BMP-2 is effective in human fractures and was re-
cently approved for this indication (Wyeth Pharmaceuticals;
http://www.wyeth.com/news/Pressed_and_Released/pr11_
21_2002_15_57_08.asp). BMP-2 in a collagen sponge and
implant cage device (InFUSE™ bone graft) promotes lumbar
interbody spinal fusion in humans [127]. Patients treated
with InFUSE™ exhibit higher rates of fusion, improved
neurological status, and reduced back and leg pain in com-
parison with patients undergoing autogenous iliac crest
bone graft [127]. The InFUSE™ bone graft device has
been approved in America for lumbar interbody spinal
fusion(Medtronic Sofamor Danek; http://sofamordanek.
com/about-press-fda.html).

Like BMP-2, BMP-7 or osteogenic protein 1 (OP-1) induces
ectopic bone formation in vivo [102] and enhances bone
repair in preclinical models [96,101,106–108] and clinical
studies [109,110]. OP-1 promotes bone repair of critical de-
fects in the rabbit ulna [107], long bones of dogs [106] and
calvarial defects in adult male baboons [101]. Clinically,
OP-1, delivered with a type-1 collagen carrier, promotes
bridging of a critical defect in the fibula of patients under-
going an upper tibial osteotomy [110]. Based on clinical
and radiographic endpoints, OP-1-induced repair was
found to be equivalent to the ‘gold-standard’, autogenous
bone graft, in a clinical trial of patients with tibial
nonunions [109]. Furthermore, OP-1 treatment avoids the
potential problems that accompany autografts, namely, the
need for an additional operative site and the associated
morbidity at that location [109]. Although OP-1 did not ini-
tially receive FDA approval, OP-1 was subsequently granted
a humanitarian device exemption, for the treatment of
established non-unions (Stryker; http://www.op1.com).

The fracture repair benefits of BMP-2 and OP-1 have
been attributed to their ability to stimulate proliferation
and differentiation of mesenchymal and osteoprogenitor
cells [17,112,122]. Interestingly, effects of OP-1 on osteo-
blasts might be mediated, at least in part, by VEGF [38].
In addition, both BMP-2 and OP-1 are angiogenic. OP-1

induces angiogenesis in a baboon calvarial defect model
[101] and the chick chorioallantoic membrane (CAM)
assay [128], and synergistically enhances the angiogenic
activity of FGF or TGFβ [128]. Although BMP-2 does not
induce angiogenesis in the CAM or rabbit cornea assay
[129], BMP-2 can induce new vessel formation through
stimulation of VEGF [37].

Summary
Most osteogenic factors stimulate angiogenesis, if not di-
rectly, then indirectly, through production of angiogenic
molecules, such as VEGF (Table 1). Similarly, most factors
that promote bone formation have direct, yet distinct, ef-
fects on osteoblasts. For example, both VEGF and BMP-2
stimulate osteoblast differentiation, yet VEGF inhibits [27]
and BMP-2 stimulates [130] osteoblast apoptosis. VEGF
stimulates osteoblast differentiation but only BMPs, such as
BMP-2 or OP-1, convert mesenchymal cells to committed
osteoblasts. Both FGF-2 and TGF-β are angiogenic but
FGF-2 does not induce osteoblast differentiation, and TGF-β
is not a potent inducer of fracture repair. Factors that can
couple the activity of endothelial cells (angiogenesis) with
that of osteoblasts (bone formation) are likely to have a clear
advantage if used as single agents to enhance bone repair.

Many growth factors have been shown to promote bone
repair in animal models [7,9,10,17,131]. However, activity
in young, healthy animals might not be predictive of that
in older animals nor translate to the more complex clinical
situation. For example, TGF-β and BMP-2 are less active in
older animals [132,133], perhaps due to changes in the
number of responsive cells, and the stimulatory effect of
activin on rat fibular fracture repair occurs only in older
growing rats [134]. Despite the potential limitations of
preclinical studies, at least two molecules, BMP-2 and OP-1,
have given positive results in clinical trials.

The past 250 years of bone studies have attempted to
address fundamental questions [1–3]. Intravital microscopy
and angiographic analysis in bone chamber models indi-
cate that angiogenesis temporally precedes osteogenesis
[135], as predicted by Trueta’s early work [3]. Molecular and
cellular biology, together with improvements in imaging
and histological techniques, have resulted in the identifi-
cation of molecules with osteogenic and angiogenic activity
(Table 1). The role of these molecules in the intimate con-
versation between endothelial cells and bone cells is still
being elucidated, but their reciprocal relationship [54,55]
and the potential synergism between potent pro-angiogenic
factors (such as VEGF) and strong osteoinductive factors
(such as BMP-4 [33]), suggest that combination therapies
might produce optimum results, particularly for individuals
at risk for delayed repair or non-unions.
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The next 250 years of research on bone repair are likely
to begin with studies aimed at understanding the respon-
siveness of different cell types (inflammatory cells,
endothelial cells, chondrocytes, osteoblasts, osteoclasts)
to various treatments and the relative contribution of
these cell types to clinical indices of repair. Optimizing
drug delivery – through improved carriers, stem cells,
gene therapy and/or slow-release formulations – is likely
to allow for lower effective doses [72] and fewer side
effects. Ongoing and future molecular, cellular, chemical
and clinical studies might uncover additional molecules,
such as angiopoietins [12], small-molecule mimetics
[136] or inhibitors, to treat the complications associated
with skeletal injuries. As science and technology con-
verge, superior methods, such as advanced non-invasive
imaging techniques, transcription [11] and protein profil-
ing, and identification of biomarkers for safety and effi-
cacy, could enable clinicians to identify when and with
which drug(s) to treat each patient. In addition, doctors
might be able to monitor pharmacokinetic profiles and
therapeutic outcomes during the course of treatment. The
study of fossilized bones believed to be ~160 000-years-
old has shown how our skeletons can provide infor-
mation to help bridge evolutionary gaps [137,138]. In the
future, we might determine how to use the protein
messages that are embedded within our bones as seeds for
bone regeneration.
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