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Role of angiogenesis on bone formation
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Summary. Angiogenesis and bone formation are
coupled during skeletal development and fracture
healing. This relationship, although known for some
time, has not been properly explored. Advances in the
discovery of how angiogenesis is regulated in
physiological processes like embryogenesis, endometrial
regeneration and wound healing or in pathologies such
as cancer have provided a deeper understanding of how
angiogenic factors may interact with bone cells to
improve bone formation and bone regeneration. The lack
of oxygen (hypoxia) and the subsequent generation of
angiogenic factors have been shown to be critical in the
development of a regular skeleton and achieving
successful bone regeneration and fracture healing. Given
that vascular status is important for a proper bone
homeostasis, defining the roles of osteoblasts,
osteoclasts, endothelial cells and angiogenic factors and
their interactions in bone is a key issue for the
development of new strategies to manage bone
pathologies and nonfused fractures.

Key words: Angiogenesis, Bone formation, Osteoblast,
Osteoclast, VEGF

Introduction

Angiogenesis is the process whereby a new blood
vessel is formed from a preexisting one, whereas
vasculogenesis is the formation of a vascular network
starting from an angioblastic stem cell (Risau, 1997;
Jain, 2003). The former process is important in
physiological events such as embryogenesis,
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organogenesis and wound healing, and also in
pathological settings such as inflammation and cancer.
One of the main players in angiogenesis is the
endothelial cell. During the angiogenic process,
endothelial cells proliferate, migrate, form tubes, and
finally produce a non-leaky conduct where blood flows.
This process must be properly coordinated in time and
space, which implies the action of several molecules that
are generally known as angiogenic factors. Different
mechanisms trigger angiogenesis, perhaps the most well
known is hypoxia through the stabilization of a
transcription factor called hypoxia inducible factor-1
(HIF-1). This factor drives the expression of the well-
characterized key factor for angiogenesis vascular
endothelial growth factor (VEGF).

The relationship between angiogenesis and bone
formation or fracture healing was demonstrated a long
time ago (Trueta and Trias, 1961; Trueta and Bubhr,
1963). However, how this relationship works is not
entirely understood, although studies trying to
understand the mechanisms by which angiogenesis
regulates bone formation are now experiencing a new
resurgence. In the present review, we will outline the
principal mechanisms that govern angiogenesis, the
relationship of this process with bone development and
bone formation, the influence of the main molecules
implicated in the angiogenic process in the biology of
bone cells (namely, osteoblasts and osteoclasts), and the
role of angiogenesis in bone formation and bone
regeneration in physiological and pathological
conditions.

HIF-1 and VEGF as master regulators of
angiogenesis

Before going deeper into the understanding of the
relationship between bone and angiogenesis, we will
describe current knowledge about how two of the main
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actors (HIF-1 and VEGF) in angiogenesis regulation
work.

Three different kinds of HIF (HIF-1, -2 and -3) have
been characterized (Gordan and Simon, 2007). HIF-3 is
not related to HIF-1 or HIF-2, and it has an unknown
role in angiogenesis (Weidemann and Johnson, 2008).
Although HIF-2 is also regulated under hypoxia
conditions and may have overlapping functions with
HIF-1 (Wang et al., 2007), we will focus on the latter.
HIF-1 is a heterodimer composed of two basic helix loop
helix proteins, HIF-1a and HIF-18, also called Arnt
(from aryl hydrocarbon receptor translocator), both
belonging to the Per/Arnt/Sim (PAS) protein subfamily
(Wang et al., 1995). HIF-1 requires binding to two co-
factors, p300 and CREB (cAMP response element
binding, a transcription factor) binding protein (CBP) for
its function (Kallio et al., 1998). HIF-1 protein
stabilization and action is regulated by O, levels, so that
two types of O, sensors have been deve%oped in nature
for HIF-1 regulation: 1) Prolyl-hydroxylase domain
proteins (PHDs) that hydroxylate two residues at the
oxigene-dependent degration domain (Berra et al.,
2003), and asparaginyl hydroxylase, also called factor-
inhibiting HIF-1 (FIH), which hydroxylates HIF-1 in an
asparragine residue (N803) (Lando et al., 2002). These
two enzymes are activated when the O, pressure in the
environment is normal (depending on the particular
tissue). PHD activation leads to HIF-1 ubiquitination and
degradation through the action of an E3 ligase called von
Hippen-Landau protein (VHL) (Kaelin, 2002); whereas
hydroxylation by FIH impinges the interaction of HIF-1
with p300 and CBP, resulting in a decreased HIF-1
function. Once the cells sense hypoxia (as mentioned
above, this may vary from tissue to tissue), HIF-1a is
stabilized and binds to HIF-18 forming HIF-1, and then
HIF1 is translocated to the nucleus, where it exerts its
function by activating gene transcription through binding
to hypoxia response elements with the consensus
sequence 5'-RCGTG-3"(where R is a purine residue)
(Kallio et al., 1999). Nowadays, more than 100 genes
have been reported to be regulated by HIF-1; these genes
are related to cell survival and other metabolic functions
(e.g., angiogenesis programs, apoptosis, glucose
transporter expression) (Semenza, 2003; Bishop et al.,
2004; Greijer et al., 2005). Among these genes, a key
angiogenesis-related gene is VEGF-A (Shweiki et al.,
1992; Semenza, 2009). Of note, hypoxia occurs in areas
of the epiphysis of long bones where it plays a key role
in promoting chondrocyte differentiation (Schipani et al.,
2009), bone remodelling and bone repair after a fracture
(Arnett et al., 2003; Wan et al., 2008). VEGF-A (usually
known as just VEGF) was initially described as a factor
that increases cellular permeability (Senger et al., 1983),
and for this reason it was originally called vascular
permeability factor (VPF). More recently, the angiogenic
actions of VEGF were independently discovered (Leung
et al., 1989), and it was demonstrated that VPF and
VEGF were indeed the same molecule (Keck et al.,

1989). VEGF belongs to the same family as placental
growth factor and VEGF-B, -C, -D. Different VEGF
isoforms have been described, the main ones being
VEGFHO, VEGF,,, and VEGF,¢; in mice (Robinson
and Stringer, 2001; %chipani etal., 5009).

VEGF isoforms interact with two receptors, VEGF
receptor-1 (VEGFR-1), also called fms-like tyrosine
kinase (FIt-1) (de Vries et al., 1992), and VEGF
receptor-2 (VEGFR-2), called KDR in humans and Flk-1
in mouse (Terman et al., 1991, 1992). Both receptors
belong to the receptor tyrosine kinase family and have
seven immunoglobin-like domains in the extracellular
region, a single pass domain, a tyrosine kinase receptor
region, and a kinase-insert domain (Shibuya et al., 1990;
Terman et al., 1991). Expression of VEGFR-1 is up-
regulated under hypoxia conditions (Gerber et al., 1997),
and this receptor also exists in a soluble form resulting
from alternative splicing, which inhibits VEGF action
(Kendall and Thomas, 1993). VEGFR-2 is recognized as
the main mediator of signal transduction upon VEGF
binding, with an approximate K, of 75-125 pM,
involving receptor dimerization and autophosphorylation
in several tyrosines (Terman et al., 1992). This
autophosphorylation leads to activation of different
molecular pathways — namely, phospholipase C-y, Ras
GTPase, Src kinases, and extracellular signal-regulated
kinases (ERKs) — in endothelial cells that trigger
migration, proliferation, differentiation and pro-survival
signals (Ferrara et al., 2003).

Data demonstrating that VEGF plays a key role in
bone development is extensive and compelling. Thus,
the embryonic avascular cartilage is not invaded by
blood vessels until the bony collar (periosteal bone
surrounding the initial cartilage) is already formed and
the perichondrium is vascularized. In this context, it has
also been demonstrated that the condensing
mesenchymal tissue in the developing skeleton regulates
vasculature invasion of cartilage and subsequently bone
development through VEGF signaling (Eshkar-Oren et
al., 2009). Furthermore, this vascular invasion can be
accelerated by overexpressing different VEGF isoforms
in mice (Takimoto et al., 2009).

Actions of VEGF in bone cells

Besides the angiogenic effects of VEGF on
endothelial cells, VEGF exerts actions on bone cells,
including osteoblasts and osteoclasts. Expression of
VEGF and its receptors has been reported in both of
these cell types (Tombran-Tink and Barnstable, 2004).
Accordingly, it has been demonstrated that VEGF can
affect osteoblast differentiation. Human-derived
mesenchymal cells from trabecular bone express VEGF
and VEGFR-1 during their differentiation (Mayer et al.,
2005). VEGF overexpression in these cells induces
mineralization, which was impaired by overexpression
of the aforementioned secreted form of VEGFR-1,
suggesting that VEGF acts in an autocrine fashion in this
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setting (Mayer et al., 2005). Moreover, VEGF increases
nodule formation and alkaline phosphatase activity, two
well-known markers of osteoblast differentiation, in a
dose-dependent manner in primary human osteoblastic
cells (Street et al., 2002). In the latter study, it was
shown that hypoxia increases the expression of VEGF,
but not that of basic fibroblast growth factor (bFGF) -
another major angiogenesis regulator - in these cells.
These aggregated findings point to VEGF as a possible
therapy in fracture healing.

Chemotaxis is one of the hallmarks of tissue
formation and wound healing. Evidence that VEGF acts
as a chemoattractant for endothelial cells is extensive
and compelling (Grunewald et al., 2006; Roodhart et al.,
2010). In addition, it has been shown that several
angiogenic factors, including secreted VEGF, ., direct
human osteoblastic cell migration in vitro (L1 et al.,
2005), suggesting that this might also occur in vivo in
bone remodelling and bone fracture areas (as described
below).

VEGF also promotes chondroprogenitor
differentiation to chondrocytes in bone tissue.
Chondrocytes originate from mesenchymal-
chondroprogenitor cells in avascular bone areas and
express and secrete collagen2al and aggrecan.
Differentiation of these cells depends on a genetic
program driven, at least in part, by the transcription
factor Sox9 (Akiyama et al., 2002). In fact, using a
mouse model expressing only the VEGF ¢, isoform, it
was shown that the latter is not sufficient for the
development of long bones, related to a lack of proper
chondrocyte function (Maes et al., 2002). However,
deletion of this VEGF isoform in mice produced
dwarfism, disruption of metaphyseal and secondary
ossification centers development and joint dysplasia, in
part due to lack of proper vascularization (Maes et al.,
2004). Moreover, mice deficient in both VEGF ., and
VEGF 44 have a disturbed vascular pattern, reduced
bone growth and a decrease in trabecular number,
together with a reduction in the expression of bone-
related genes and chondrocyte differentiation (Maes et
al., 2002). In addition, in another study, the mice
expressing only VEGF,,, isoform have a delayed
recruitment of blood vessel in the perichodrium which
hampers primary ossification in the embryo (Zelzer et
al., 2002). Specific chondrocyte VEGF deletion (using
col2al to drive the expression of Cre recombinase) in
mice results in a decreased survival of chondrocytes in
epiphyseal and joint areas of endochondral ossification
together with a delayed vascularization (Zelzer et al.,
2004).

The osteoclast as an important cell for angiogenesis
In adult life, the skeleton is in constant remodeling

to repair the regular micro-cracks caused by routine
activities. It is known that this remodeling takes place in

a specialized structure known as “bone remodeling
compartment” (BRC) (Hauge et al., 2001a). In this
context, vasculature plays a major role in the
maintenance of the adult bone since it supplies nutrients
and O, and facilitates both osteoprogenitors and
osteoc%ast precursors to reach the BRC (Eghbali-
Fatourechi et al., 2005). It has been demonstrated that
osteoclasts - multinucleated cells derived from
hematopoietic cells of the monocytic lineage which
resorb bone - have VEGF receptors (Sawano et al.,
2001; Tombran-Tink and Barnstable, 2004), and VEGF
acts as a chemoattractant for osteoclasts (Engsig et al.,
2000). It has also been shown that VEGF may replace
macrophage colony stimulating factor (M-CSF) for
inducing osteoclast differentiation in rabbits and rats
(Niida et al., 1999; Nakagawa et al., 2000). Moreover,
injection of recombinant VEGF in op/op (osteopetrotic)
mice increases the recruitment of osteoclasts, and this
effect was neutralized by an anti-VEGF antibody (Niida
et al., 1999). In vitro studies have suggested that
VEGFR-1 may have a predominant role in the
differentiation and function of osteoclasts (Aldridge et
al., 2005).

Mice with loss of function mutation in M-CSF gene
have an osteopetrotic phenotype with impaired
osteoclast maturation but no angiogenic alterations in the
axial skeleton, suggesting that osteoclasts are not
required for angiogenesis in this setting (Marks and
Lane, 1976; Deckers et al., 2002). However, various
studies support the idea that osteoclasts exert an
important role in angiogenesis. Thus, osteoclasts in the
BRC are located close to blood vessels (Hauge et al.,
2001b), and medium conditioned by osteoclasts
promotes angiogenesis (Tanaka et al., 2007). Recently,
Cackowski and co-workers, using an in vitro explant
model of mouse metatarsals, have demonstrated that
angiogenesis occurs associated with osteoclastogenesis
(Cackowski et al., 2010). When these explants were
treated with the N-terminal fragment of parathyroid
hormone-related protein (PTHrP) - a factor which
stimulates osteoclastogenesis through induction of
receptor activator of nuclear factor-kB ligand (RANKL)
in osteoblasts (Liao and McCauley, 2006) - angiogenesis
was enhanced, and osteoprotegerin (a RANKL
antagonist) abolished this response. This angiogenic
effect may be mediated through the expression of matrix
metaloproteinase 9 (MMP-9) and the subsequent release
of VEGF from the extracellular matrix, and also by
alternative mechanisms (e.g., production of ostepontin
by osteoclasts) (Tanaka et al., 2007; Cackowski et al.,
2010).

Taken together, these studies support the notion that
osteoclasts influence angiogenesis and that a deeper
understanding of the molecular mechanisms behind this
relationship might help to design new approaches in the
management of pathological conditions associated with a
poor bone vascularization.
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Vasculature and bone

The skeleton is formed by two different
mechanisms: 1) intramembranous ossification; and 2)
endochondral ossification. Briefly, the first mechanism
takes place during the development of flat bones such as
the skull and facial bones. Intramembranous ossification
occurs by direct differentiation of mesenchymal cells to
form new bone - a process which does not seem to
depend on angiogenesis - (Wang et al., 2007).
Endochondral ossification occurs in the formation of
long bones (e.g., femur and tibia) during embryo
development, and it is also the predominant mechanism
in fracture healing by callus formation. In this type of
bone formation, hypoxic areas in avascular cartilage
allows HIF-1 stabilization and VEGF production, which
stimulates angiogenesis; it is subsequently replaced by a
network of blood vessels followed by the invasion of
bone-forming cells leading to new bone formation
(Gerber and Ferrara, 2000). Interestingly, the embryonic
avascular cartilage is not invaded by blood vessels until
the bony collar (periosteal bone surrounding the initial
cartilage) is already formed and the perichondrium
becomes vascularized. At this stage, overexpression of
VEGF isoforms has failed to induce blood vessel
formation in such avascular cartilage in mice (Takimoto
et al., 2009). Thus, once the vascularized bony collar is
formed, anti-angiogenic properties in the perichondrium
are lost, and vascular invasion of the cartilage can be
accelerated by overexpression of major VEGF isoforms
(Takimoto et al., 2009).

Vascular invasion of the cartilage also depends on
the action of MMPs, namely MMP-9 and MMP-13
which thus play an important role in endochondral
ossification (Ortega et al., 2004). VEGF can also be
provided by its release from the extracellular matrix by
the action of MMPs (Bergers et al., 2000). In this
scenario, blood vessels supply chondrocytes and bone
cells with nutrients and mesenchymal cells (Gerber et
al., 1999; Brandi and Collin-Osdoby, 2006). In fact,
hypoxia - a key trigger of angiogenesis as described
above - has been shown to be essential for the normal
development of chondrocytes and the regular formation
of the growth plate (Schipani et al., 2001). Of note, the
existence of circulating osteoblast-lineage cells has been
demonstrated in humans, which are abundant at puberty
when bone formation is reaching its peak, correlating
with the serum levels of bone formation markers
(Eghbali-Fatourechi et al., 2005).

The complex mechanisms behind angiogenesis and
bone development had been poorly known for a long
time. However, advances in molecular and cell biology
gave researchers the opportunity to characterize this link.
Thus, a recent study has shed light and provided
valuable data on this relationship. By using a genetic
approach in mice, it has been shown that accumulation
of HIF-1 (through specific osteoblast deletion of the
gene that encodes VHL protein) resulted in an increased

bone volume to tissue volume ratio that was concomitant
with an increase in vasculature (Wang et al., 2007). The
same authors also created a mouse lacking HIF-1 in
osteoblasts; these mice had a reduced vasculature and,
accordingly, long bones were thinner. Moreover, mice
lacking both VHL and HIF-la genes have an
intermediate phenotype, which suggests that HIF-2
might be compensating for the lack of this important
pathway. Consistent with what was previously
mentioned about the important role of angiogenesis in
endochondral bone formation, only the latter bone
formation mechanism was impaired in HIF-1 knockout
mice, whereas mesenchymal cell condensation in
calvaria and clavicles (intramembranous bone
formation) were not altered in these mice (Wang et al.,
2007). In vitro hypoxia also inhibits the differentiation of
primary rat osteoblastic cells, inducing a quiescence
status without entering apoptosis (Utting et al., 2006).
This might represent a mechanism to preserve osteoblast
viability until bone homeostasis has been restored.

Recently, HIF-1 has been associated with activation
of the canonical Wnt/B-catenin pathway, which promotes
osteoblast growth and differentiation (Khosla et al.,
2008; Deschaseaux et al., 2009). Treatment of
pluripotent human mesenchymal cells and the murine
mesenchymal cell line C3HI10T1/2 with deferroxamine
(DFO), a well known hypoxia mimetic, increases the
osteogenic marker alkaline phosphatase and calcium
depositum (Qu et al., 2008). In addition, DFO treatment
induces phosphorylation (inactivation) of glycogen
synthase kinase-3-8, which leads to an increase of B-
catenin (the main transcription factor of the canonical
Whnt-pathway) (Qu et al., 2008). On the other hand,
knocking down B-catenin expression through RNA
interference technology decreases alkaline phosphatase
and reduces calcium depositum in this setting,
supporting the dependence of these effects on the Wnt/[3-
catenin pathway activation. Furthermore, it has recently
been demonstrated that hypoxia decreases the expression
of Sost/sclerostin - a well characterized inhibitor of this
pathway- in mature osteoblasts and osteocytes in a
VEGF-independent fashion, thus increasing these cells’
growth and/or differentiation (Li et al., 2005b; Genetos
et al., 2010).

Angiogenesis and bone regeneration

There is growing evidence that angiogenesis plays a
key role in bone regeneration and fracture healing
(Hunsuck, 1969; Rhinelander, 1974a,b; Colnot and
Helms, 2001). However, the mechanisms by which
angiogenesis and osteogenesis are coupled in this
situation are not fully understood. One of the main
models used to study this relationship is distraction
osteogenesis (DO) in rodents. DO essentially consists of
an osteotomy in which bone is separated by a device that
controls the process of new bone formation. Although
initially described by Codivilla (1905), years later
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Ilizarov (1990) extended this practice as a regular
technique in orthopedic and maxillofacial intervention
(Codivilla, 1905; Ilizarov, 1990). DO occurs in three
phases: latency (just after osteotomy); a distraction step
that parallels bone generation; and a consolidation phase
after stopping the distraction procedure (Isefuku et al.,
2000; Aronson et al., 2001). This type of bone
generation appears to be characterized by a major
demand for blood supply.

It has been shown that angiogenic molecules,
namely VEGF, angiopoetin-1 and 2 and bFGF, are
overexpressed during DO (Pacicca et al., 2003). In fact,
DO is impaired by the use of antibodies against VEGFR-
1 and 2 (Jacobsen et al., 2008). Moreover, a general
angiogenesis inhibitor such as TNP-470 (a synthetic
analog of fumagillin, a well known anti-angiogenic
compound) also prevents bone regeneration in a rat DO
model (Fang et al., 2005). On the other hand, Wan and
co-workers (Wan et al., 2008) have shown that imposing
a hypoxic insult through administration of DFO into the
gap of the distraction cavity in mice with knock-in VHL
in osteoblasts accelerates bone regeneration
concomitantly with an increased angiogenesis.
Accordingly, inactivation of VEGF action (by injecting
VEGFR-1 and -2 antibodies) or impairing HIF-1 activity
(through genetic manipulation) leads to a failure in bone
regeneration after DO in mice (Wan et al., 2008).
Fracture healing, in which endochondral ossification
predominates, also appears to depend on the expression
of angiogenic factors, namely VEGF, and inhibition of
VEGF activity abolishes callus formation and repair
(Ferguson et al., 1999; Tatsuyama et al., 2000).
Moreover, patients with fractures and a decrease in
VEGF production might have a poor prognosis (Street et
al.,2002).

Recently, we showed that the osteogenic action of
PTHrP by systemic administration was associated with
an increase in both the VEGF system and angiogenesis
in the bone marrow-ablated tibia — another well
characterized model of bone regeneration- of mice with
diabetes — or glucocorticoid-induced osteopenia (Lozano
et al., 2009; de Castro et al., 2010). In addition, the
osteointegration of implanted silica-based mesoporous
ceramics loaded with a PTHrP-derived into a cavitary
defect in the rabbit femur was related to dramatic VEGF
immunostaining and revascularization in the healing
bone tissue surrounding the implant (Trejo et al., 2010).

Collectively, these data support the notion that
improving the expression of angiogenic factors at the
place of bone tissue damage would increase the chances
of adequate bone regeneration. To establish this
hypothesis definitely, further studies addressing the fine
tuning regulation of angiogenesis in several
pathophysiological conditions are needed.

Conclusions

Bone formation and angiogenesis are two processes

that are intimately linked and thus cannot be
independently understood (Fig. 1). A major trigger of
angiogenesis in the bone microenvironment consists of
hypoxia-mediated HIF-1 stabilization leading to
subsequent VEGF expression and formation of a
complex network of blood vessels. This process is
critical for bone formation and bone regeneration and
repair. Both processes (bone formation and
angiogenesis) must be regulated in time and space and
properly coupled in order to achieve an adequate bone
homeostasis. We have advanced in our understanding of
these regulations, but still many mechanisms and
interactions among all of the implicated factors are
hidden. How osteocytes (terminally differentiated
osteoblasts that are embedded in the calcified bone
matrix) may regulate angiogenesis is a new field that
must be explored. How the use of angiogenic factors
might help to heal non fused fractures that do not
respond properly to regular therapies is another topic
that should be addressed. Here, we have outlined some
important aspects that influence the relationship between
bone formation and angiogenesis. A deeper and better
knowledge of all the underlying mechanisms in this
relationship is necessary in order to improve the
development of suitable therapies in bone diseases.
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Fig. 1. Angiogenesis is intrinsically linked to bone formation and healing.
Pre-osteoblasts, pre-osteoclasts and chondroprogenitors (under
hypoxia) produce VEGF that promotes differentiation into osteoblasts
(some of them become osteocytes), osteoclasts and chondrocytes,
respectively. Collectively, these cells are the major players that govern
bone maintenance and bone fracture repair. VEGF also controls
endothelial migration, proliferation and tube formation. Endothelial cells
will form new blood vessels which, together with the aforementioned
bone cells, contribute to the process of bone formation and bone
healing. Dotted arrows denote VEGF production.
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