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Abstract Vascular endothelial growth factor-A (VEGF)
is a key regulator of physiological hemangiogenesis during
development, postnatal growth, and homeostasis. It is well
known that VEGF is required for effective coupling of
angiogenesis to endochondral and membranous bone for-
mation during skeletal development. However, less well
known are the roles of VEGF in regulating the differenti-
ation and/or functions of skeletal cells such as
chondrocytes, osteoblasts, and osteoclasts. In this review,
we discuss some of these functions. During early skeletal
development, VEGF is important for the survival of
chondrocytes in the hypoxic regions of the cartilage models
of future bones, the vascularization of developing bones
and proliferation and differentiation of osteoblastic cells.
Postnatally, osteoblast-derived VEGEF is critical for main-
taining bone homeostasis by stimulating the differentiation
of mesenchymal stem cells to osteoblasts and repressing
their differentiation to adipocytes. Recent data indicate that
these effects of VEGF on osteogenic/adipogenic stem cell
fates are based on an intracellular (intracrine) mechanism.
In contrast, osteoblast-derived VEGF is also known to
stimulate the differentiation of monocytes to osteoclasts by
a paracrine mechanism. Mice with VEGF-deficient osteo-
blastic lineage cells exhibit age-dependent loss of bone
mass and an increase in bone marrow fat. These changes
are similar to the changes associated with osteoporosis in
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humans. Thus, a better understanding of the intracellular
mechanisms by which VEGF regulates osteoblastic and
adipogenic differentiation may lead to the identification of
new targets for therapies to prevent osteoporotic bone loss.
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VEGF and Its Receptors

Vascular endothelial growth factor-A (VEGF) is a key
regulator of physiological hemangiogenesis during
embryonic development and postnatal growth and
homeostasis. VEGF enhances endothelial cell proliferation,
migration and survival and promotes vascular permeability
(Ferrara et al. 2003). The human VEGFA gene is organized
as eight exons separated by seven introns. Alternative exon
splicing results in the generation of six different isoforms
named according to the number of amino acid residues
after signal peptide cleavage (Conn et al. 1990; Pepper
et al. 1994). VEGF165 (human)/VEGF164 (mouse), the
predominant isoform, lacks the heparin-binding domain
encoded by exon 6, whereas VEGF121 (human)/VEGF120
(mouse) lacks the heparin-binding domains encoded by
exons 6 and 7 (Pepper et al. 1992). VEGF189 and
VEGF206 are highly basic and bind to heparin with high
affinity (Nicosia et al. 1994).

In vascular endothelial cells, VEGF primarily binds to
two tyrosine kinase receptors, VEGFR-1 and VEGFR-2. In
addition, endothelial cells express the co-receptor neuro-
pilin 1 (NRP1), which binds to VEGF165 and potentiates
VEGFR-2 activity (Soker et al. 1998). VEGFR-2 (or fetal
liver kinase-1: Flk-1) is a major mediator of the mitogenic,
angiogenic, and permeability-enhancing effects of VEGF
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(Ferrara et al. 2003). The key role of this receptor in
developmental angiogenesis and hematopoiesis is evident
by the lack of vasculogenesis and failure to develop blood
islands and organized blood vessels in Flkl-null mice,
resulting in embryonic lethality between embryonic
(E) days E8.5 and E9.5 (Shalaby et al. 1995). VEGFR-1 (or
fms-like tyrosine kinase-1: Flt-1) has minimal kinase
activity although it binds to VEGF with high affinity. Both
a membrane-bound form of VEGFR-1 and a soluble form,
generated by alternative splicing of the Fir-1 gene, are
“decoy” receptors that are able to negatively regulate the
activity of VEGF on the vascular endothelium by pre-
venting VEGF binding to VEGFR-2 (Park et al. 1994).
Homozygous Flt-1 null mice die in utero between E8.5 and
E9.5 due to vascular disorganization caused by over growth
of endothelial cells, indicating that VEGFR-1 is indeed a
negative regulator of VEGF action (Fong et al. 1999).

The Role of VEGF in Skeletal Development

In contrast to VEGF signaling in endothelial cells that has
been widely studied, VEGF signaling in osteoblasts
remains less well known. Osteoblasts express VEGF
receptors (VEGFR-1, VEGFR-2) and the VEGF binding
co-receptor neuropilin (Deckers et al. 2000; Harper et al.
2001). Expression of VEGF and its receptors in differen-
tiating osteoblasts has been detected in cultured cells
(Deckers et al. 2000), and in vivo by in situ hybridization
(Zelzer et al. 2002). In vitro cell culture studies suggested
that VEGFR-2 plays a role in both osteoblast differentia-
tion and survival (Alonso et al. 2008).

In vertebrate development, there are two types of bone
formation: intramembranous bone formation and endo-
chondral bone formation. Bone formation begins when
mesenchymal cells form condensations in regions of the
future bones. In intramembranous bone formation, as in the
flat bones of the skull, the cells of these condensations
differentiate into bone-forming osteoblasts and lay down
an extracellular matrix (osteoid) rich in type I collagen. In
endochondral bone formation, the cells of the condensa-
tions differentiate to chondrocytes and form -cartilage
models of the future bones. As the cartilage models grow
through chondrocyte proliferation and extracellular matrix
production, the chondrocytes in their central regions stop
proliferating, enlarge (hypertrophy), and synthesize a type
X collagen-rich matrix. The hypertrophic chondrocytes
direct adjacent perichondrial cells to become osteoblasts
and form a bone collar around the central region of the
developing bone. They also express high levels of VEGF.
This acts as a chemotactic factor for invasion of osteo-
clasts, vascular endothelial cells, and hematopoietic
progenitors into the hypertrophic cartilage from the
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surrounding perichondrium/periosteum. The cartilage
matrix left behind provides a scaffold for osteoblastic
progenitor cell that invades the cartilage along with
sprouting blood vessels and lay down a mineralizing tra-
becular bone matrix (Karsenty 2003; Kronenberg 2003;
Zelzer and Olsen 2003). In mice that express only the
VEGF120 isoform, recruitment of blood vessels into the
perichondrium and the invasion of angiogenic sprouts,
osteoclasts and osteoblastic and hematopoietic progenitors
into the primary ossification center is severely delayed, and
bone mineralization is reduced (Zelzer et al. 2002). Inhi-
bition of VEGF by administration of soluble chimeric
VEGEFR protein to 24-day-old mice inhibited blood vessel
invasion into the hypertrophic zone of long bone growth
plates and resulted in impaired trabecular bone formation
and expansion of the hypertrophic zone (Gerber et al.
1999).

In addition to being required for bone vascularization,
VEGEF is also a critical factor for survival of chondrocytes.
The epiphyseal regions of some long bones in mice
expressing only the VEGF188 isoform have been reported
to contain areas of chondrocytic cell death (Maes et al.
2004). In mice with VEGF deficiency in chondrocytes
(produced by crossing mice carrying floxed VEGF alleles
with Col2a1-Cre mice), chondrocytes have been found to
undergo massive cell death in the central regions of the
skeletal elements, starting at an articular surface and
continuing through the resting to the proliferating zone of
growth plate chondrocytes, resulting in a misshapen growth
plate (Zelzer et al. 2004). A similar phenotype has been
described in epiphyseal cartilage of mice in which the
transcription factor HIF-1a is conditionally inactivated in
chondrocytes (Schipani et al. 2001). This suggests that
VEGF and HIF-1o are part of a chondrocyte survival
pathway. VEGF appears to be downstream of HIF-1a in
chondrocyte survival since VEGF expression in epiphyseal
cells depends on HIF-1a (Schipani et al. 2001; Zelzer et al.
2004).

The Role of VEGF in Osteoblast Function

Several factors with important roles in regulating bone
formation induce the expression of VEGF by osteoblasts,
such as BMP, FGF, TGF-, IGF, and vitamin D3 (Zelzer
and Olsen 2005). This raises the question of what role
osteoblast-derived VEGF plays in osteoblast function. In
support of an important role are data from studies of mice
that only express VEGF120. In these mice, mineralization
and expression of osteoblastic markers of intramembranous
bones were reduced (Zelzer et al. 2002). Furthermore,
VEGF induces differentiation of cultured osteoblasts
(Deckers et al. 2000; Midy and Plouet 1994) and stimulates
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chemotactic migration and proliferation of primary human
osteoblasts (Mayr-Wohlfart et al. 2002).

These findings suggest that VEGF may regulate bone
formation through an effect on osteoblasts in addition to its
role in coupling angiogenesis and endochondral bone for-
mation, but evidence for a role of osteoblast-derived VEGF
in bone development has only recently been obtained. This
evidence indicates that VEGF produced by osteoblastic
lineage cells helps to maintain postnatal bone homeostasis
by promoting osteoblast differentiation and inhibiting adi-
pocyte differentiation. Mice with conditional VEGF
deficiency in osteoblastic progenitor cells exhibit a pro-
gressive reduction in bone mass and an increase in bone
marrow fat, starting about 3 weeks after birth (Liu et al.
2012). Interestingly, these changes are similar to changes
that are associated with age-dependent osteoporosis. The
decrease in bone volume associated with osteoporosis and
age-related osteopenia is also accompanied by an increase
in marrow adipose tissue (Verma et al. 2002). Marrow
adipocytes share a common mesenchymal stem cell (MSC)
with bone-forming osteoblasts and a large degree of plas-
ticity exists between the osteoblastic and adipocytic
lineages (Beresford et al. 1992; Nuttall et al. 1998; Pitt-
enger et al. 1999). Human bone marrow-derived MSCs
have multi-lineage differentiation potential and fully dif-
ferentiated osteoblasts derived from human MSCs have
been reported to be capable of trans-differentiation into
adipocytes and chondrocytes, and vice versa (Song and
Tuan 2004). This plasticity has important therapeutic
implications. Understanding the factors and pathways that
control osteoblastic and adipocytic differentiation should
be of relevance to the development of therapies to control
bone loss in osteoporosis (Song and Tuan 2004).

The reduction in bone mass and the increase in bone
marrow fat in VEGF conditional knockout mice (VEGF is
specifically deleted in osteoblast lineage cells) (Liu et al.
2012) raises the question of whether VEGF or VEGF sig-
naling would be a target for therapy to treat osteoporosis.
Interestingly, postmenopausal women with polymorphisms
associated with high or low VEGF production have been
reported to have higher or lower lumbar spine bone mineral
density, respectively (Costa et al. 2009). However, there
appears to be no significant association between levels of
circulating VEGF and bone mineral density (Costa et al.
2009). A possible explanation for these observations is
provided by the findings that VEGF appears to stimulate
osteoblastic differentiation and suppress adipocytic differ-
entiation by an intracellular mechanism rather than by
paracrine signaling (Liu et al. 2012). Treatment with
recombinant VEGF or neutralizing antibodies against
VEGF does not affect osteoblastic and adipocytic differ-
entiation in bone marrow-derived MSC cultures. Also,
addition of recombinant VEGF to cultures of VEGF-

deficient MSCs, even at very high concentrations, has no
effect on the differentiation properties of the mutant cells
(Liu et al. 2012). However, virus-mediated expression of
VEGF in VEGF-deficient MSCs normalizes both osteo-
blast and adipocyte differentiation. This suggests that
VEGF controls osteoblastogenesis and adipogenesis via
mechanisms that are resistant to the effects of extracellular
VEGEF or antibodies against VEGF.

The concept of an intracrine signaling loop for VEGF
has been previously suggested in the case of bone marrow
hematopoietic stem cells (HSC) (Gerber et al. 2002). A
reduction in survival, colony formation, and in vivo
repopulation rates of HSCs was observed after ablation of
the VEGF gene in mice. Intracellularly acting small-mol-
ecule inhibitors of VEGFR tyrosine kinase dramatically
reduced colony formation of HSCs, thus mimicking dele-
tion of the VEGF gene. However, blocking VEGF activity
by administering a soluble form of VEGFR-1, which acts
extracellularly, induced only minor effects. These findings
support the involvement of VEGF in HSC survival by an
internal autocrine loop mechanism (that is, the mechanism
is resistant to inhibitors that fail to penetrate the intracel-
lular compartment). A similar phenomenon has been
reported in studies in which VEGF was specifically deleted
in endothelial cells (Lee et al. 2007). This led to loss of
postnatal endothelial cell survival but this loss could not be
prevented by exogenous VEGF.

When the VEGEF receptors Fit-1 and Flk-1 were condi-
tionally targeted in osteoblastic lineage cells in mice (Liu
et al. 2012), examination of mutant skeletons suggested
that both receptors may be required for the stimulatory
effect of VEGF on osteoblastogenesis, but they are not
critical for the ability of VEGF to repress adipocyte dif-
ferentiation. Consistent with a role for VEGF receptors in
osteoblast differentiation is the finding that bones of mice
lacking the Flt-1 intracellular tyrosine kinase domain have
reduced trabecular bone volume (Otomo et al. 2007). How
VEGFR-2 affects osteoblast development is not clear, but
in vitro cell culture studies indicated that VEGFR-2 plays a
role in osteoblast differentiation and survival (Alonso et al.
2008).

A large body of conflicting evidence exists in the studies
of VEGFR expression by osteoblasts, depending on the use
of different osteoblastic cells from different species and the
use of different methods to detect VEGFR expression.
Expression of VEGFR-1 and VEGFR-2 in addition to
NRP1 has been reported in a murine preosteoblast cell line
(KS483) using RT-PCR (Deckers et al. 2000) and VEGFR-
1 expression in osteoblasts was reported using in situ
hybridization (Gerber et al. 1999). In contrast, Harper et al.
(2001) found that MC3T3-El osteoblasts do not express
VEGFR-1 and VEGFR-2 using Northern blotting for
detection. Instead, NRP1 was found to be expressed in
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these cells and could be cross-linked with VEGFI165,
suggesting that NRP1 is a major VEGFR in MC3T3-El
osteoblasts. Further studies using primary human and rat
long bone-derived osteoblast-like cells suggested that only
weak ERK 1/2 activation and Cox-2 induction could be
elicited in response to exogenous VEGF although VEGFR-
2 expression was detectable by immunofluorescence
(Clarkin et al. 2008), raising the possibility that intracrine
VEGEF signaling may play a role in these cells. Expression
levels of VEGF and VEGEF receptors in osteoblasts is also
regulated by mechanotransduction and MicroRNAs (Gao
et al. 2011; Thi et al. 2010).

In addition to intracrine mechanisms, it is possible that
osteoblast-derived VEGF also affects bone formation
through enhanced angiogenesis since it has been reported
that HIF-1o promotes angiogenesis and osteogenesis by
elevating VEGF levels in osteoblasts (Wang et al. 2007).
During bone regeneration induced by the technique of
distraction osteogenesis, immunohistological and gRT-
PCR analysis showed that VEGFR-2 appeared to be pre-
dominantly expressed by vascular endothelial and
hematopoietic cells (Matsubara et al. 2012). It will be
interesting to investigate whether and how osteoblast-
derived VEGEF affects the interaction between osteoblasts
and endothelial cells in bone marrow since it has been
reported that direct contact between endothelial cells and
osteoprogenitors supports osteoblast function in vitro
(Guillotin et al. 2008).

Osteoblast-Derived VEGF Stimulates Osteoclast
Formation

Osteoclasts are terminally differentiated cells derived from
the monocyte/macrophage lineage and serve a critical
function in bone resorption. The differentiation, activation,
and survival of osteoclasts are primarily regulated by col-
ony-stimulating factor 1/macrophage colony-stimulating

Fig. 1 VEGF regulates bone
homeostasis via both intracrine
and paracrine functions. VEGF
stimulates osteoblast
differentiation and inhibits
adipocyte differentiation via
intracrine function. Osteoblast-
derived VEGF exerts paracrine
function on osteoclast
differentiation
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factor (M-CSF) and RANK (receptor activator of nuclear
factor of NF-kB) ligand (RANKL) (Tanaka et al. 1993).
The op/op mouse (homozygous for the recessive oste-
opetrosis mutation) exhibits a severe deficiency of
osteoclasts, monocytes, and tissue macrophages due to lack
of M-CSF function (Kodama et al. 1991). VEGF can
substitute for M-CSF in osteoclast formation in op/op mice
since administration of VEGF ameliorated osteoclasto-
genesis and bone resorption and a VEGF antagonist
suppressed the increase in osteoclast formation that occurs
in op/op mice with age (Niida et al. 1999). Bone marrow
cell culture experiments demonstrate that VEGF can sub-
stitute for M-CSF and cooperate with RANKL to support
osteoclast differentiation (Niida et al. 1999). Furthermore,
VEGEF can directly enhance osteoclastic bone resorption
and survival of mature osteoclasts via VEGFR-2 signaling
(Nakagawa et al. 2000; Yang et al. 2008). In our recent
studies of osteoblast-derived VEGF (Liu et al. 2012), we
confirmed that VEGF is a stimulator of osteoclastogenesis.
However, in contrast to the intracellular mechanism by
which osteoblast-derived VEGF stimulates osteoblastic
differentiation, this effect of osteoblast-derived VEGF on
osteoclast formation is based on a paracrine mechanism.
Consistent with such a paracrine effect of VEGF on
osteoclast formation is our finding that osteoclast formation
with bone marrow cells from mice lacking VEGFR-1 in
osteoblastic cells is dramatically increased compared to
control mice. Since VEGFR-1 can act as a decoy receptor
for VEGF (Park et al. 1994), this increased osteoclast
formation in the mutant cultures may be the result of
excessive amounts of VEGF available for signaling
through VEGFR-2 receptors on osteoclast progenitor cells.

Summary and Future Directions

VEGF plays an important role in skeletal development.
Postnatally, osteoblast-derived VEGF regulates the balance

Osteoblast
e 2
<> <> paracrine
<>0 <
Extracellular Osteoclast
VEGF

\

Intracrine VEGF
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between osteoblastogenesis and adipogenesis in bone
marrow and it stimulates osteoclast differentiation (Fig. 1).
VEGF appears to control the differentiation of MSCs by
stimulating the transcription factor RUNX2 and repressing
the transcription factor PPARY2 (Liu et al. 2012). Inter-
estingly, the data also suggest that there is a functional
interaction between VEGF and the nuclear envelope pro-
tein lamin A/C, but further investigations are needed to
elucidate the detailed mechanisms by which intracrine
VEGEF signaling controls osteoblast and adipocyte differ-
entiation in MSCs. Fully understanding these intracrine
VEGF signaling pathways will likely contribute to the
identification of novel targets for therapies to control bone
loss in osteoporosis (Prockop 2012).
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