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Abstract

Vascular endothelial growth factor-A (VEGF) is one of the most important growth factors for 

regulation of vascular development and angiogenesis. Since bone is a highly vascularized organ 

and angiogenesis plays an important role in osteogenesis, VEGF also influences skeletal 

development and postnatal bone repair. Compromised bone repair and regeneration in many 

patients can be attributed to impaired blood supply; thus, modulation of VEGF levels in bones 

represents a potential strategy for treating compromised bone repair and improving bone 

regeneration. This review (i) summarizes the roles of VEGF at different stages of bone repair, 

including the phases of inflammation, endochondral ossification, intramembranous ossification 

during callus formation and bone remodeling; (ii) discusses different mechanisms underlying the 

effects of VEGF on osteoblast function, including paracrine, autocrine and intracrine signaling 

during bone repair; (iii) summarizes the role of VEGF in the bone regenerative procedure, 

distraction osteogenesis; and (iv) reviews evidence for the effects of VEGF in the context of repair 

and regeneration techniques involving the use of scaffolds, skeletal stem cells and growth factors.
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1. Introduction

Unlike many other organs, human bones heal in response to injury or surgical treatments. 

Bone repair is a process that utilizes endogenous regenerative potential to restore original 

bone structure without increasing bone volume. Although it shares certain similarities with 

bone repair, bone regeneration is a complicated, well-orchestrated process, usually involving 
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external elements to promote formation of new mineralized tissues, and leads to an increase 

in bone volume [1]. Generally, bone repair is a rapid and efficient process. However, the 

process may be compromised in certain pathological situations. For example, about 10% 

patients with bone fracture have delayed union or nonunion and develop large unhealed bone 

defects [2, 3]. Certain bone regenerative procedures, such as bone grafting, reconstruction of 

large bone defects in the craniofacial region and distraction osteogenesis, sometimes fail in 

patients. Possible causes of such failure include, but are not limited to, impaired blood 

supply, damage to the periosteum, reduced number of osteoprogenitor cells as a result of age 

or osteoporosis, inadequate immobilization, and infection at the injury site [4]. The cellular 

mechanisms underlying such defective repair and impaired regeneration processes are not 

fully understood, making improvements of current therapies difficult.

Communication between blood vessels and bone cells ensures that the cells maintain 

physical proximity and functional codependency [5]. VEGF functions not only as one of the 

most important regulators of vascular development and angiogenesis [6, 7], it also plays 

critical roles in skeletal development [8-10]. Postnatal bone repair and regeneration 

recapitulate some steps of skeletal development [1, 11], such as intramembranous and 

endochondral ossification, but they also include additional features, such as recruitment of 

inflammatory cells and decreased numbers of mesenchymal stem cells [12, 13]. VEGF has 

been reported to participate in several stages of bone repair and regeneration; however, most 

studies have primarily examined the consequences for bone repair when VEGF levels were 

manipulated at local injury sites or systemically. Evidence related to the detailed 

mechanisms by which cells generate VEGF and how cells respond to VEGF has been 

lacking. Here we review VEGF-based strategies for improvement of bone repair and 

regeneration in the context of recent data on VEGF functions in bone.

2. Overview of VEGF

2.1. VEGF family, receptors and signaling

VEGF belongs to a family of homodimeric proteins consisting of at least 6 members: 

VEGF-A (VEGF), VEGF-B, VEGF-C, VEGF-D, VEGF-E and Placental growth factor 

(PlGF) [14, 15]. VEGF, the most abundant form, plays important roles in proliferation, 

migration and activation of endothelial cells as well as in promotion of permeability and 

fenestration of blood vessels [15]. VEGF-C and -D are important for lymphangiogenesis 

[16, 17]; VEGF-B has a role in embryonic angiogenesis [18] and PlGF is a critical 

component of pathological angiogenesis [19].

Depending on alternative splicing, VEGF mRNA is translated into four major isoforms in 

humans, including VEGF121, VEGF165, VEGF189 and VEGF206 [20, 21], and three 

isoforms in mice, including VEGF120, VEGF164, and VEGF188 [22]. VEGF121/120 can 

diffuse freely, whereas VEGF189/188 and 206 are almost sequestered within the 

extracellular matrix (ECM). VEGF165/164, the most abundant VEGF isoform and the 

isoform that is usually used to explore VEGF functions in animal models of bone healing 

and in vitro experiments, is mostly bound to extracellular matrix (ECM) [23].
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VEGF receptors include VEGFR1, VEGFR2, VEGFR3, Neuropilin1 (Npr1) and Neuropilin 

2 (Npr2) [24]. VEGFR2 is the main VEGF signaling receptor and is mostly expressed in 

endothelial cells to mediate angiogenesis and vasculogenesis, as well as promotion of vessel 

permeability in response to VEGF [15]. The functions of VEGFR1, the firstly discovered 

VEGF receptor, are still being debated. In addition to binding to VEGF, VEGFR1 also binds 

to VEGF-B and PlGF [25, 26]. VEGFR1 is expressed as both soluble and membrane-bound 

forms, depending on alternative splicing. Decreased VEGFR1 expression in endothelial cells 

from infantile hemangioma tumors leads to constitutive VEGFR2 activation and abnormal 

angiogenesis, indicating that membranous-bound and soluble forms of VEGFR1 function as 

decoy receptors of VEGF [15, 27]. In contrast, other studies showed that VEGFR1 is 

capable of transducing a mitogenic signal in a similar way as VEGFR2 in certain 

circumstances [28]. For example, monocyte migration in response to VEGF depends on the 

tyrosine kinase domain of VEGFR1 [29]. VEGFR3 mainly binds to VEGF-C and VEGF-D 

in lymphatic endothelial cells, and plays an important role in regulation of 

lymphangiogenesis [30, 31]. Upon binding to ligands, VEGF receptors undergo 

dimerization. This results in phosphorylation of certain receptor tyrosine residues, and this 

mediates downstream mitogenic, chemotactic and pro-survival signals [15, 32].

2.2. Factors regulating VEGF and genes regulated by VEGF

VEGF is regulated by many factors, including growth and transcription factors, hormones 

and mechanical stimuli. Hypoxia is considered a major driver of VEGF expression, 

especially in tumor tissues and bones [33, 34]. The transcription factor, hypoxia induced 

factor-1 (HIF-1α), is greatly up-regulated under low oxygen tension in tumor cells or 

osteoblasts, and this promotes transcriptions of various angiogenic factors, including VEGF 

[35, 36]. Under normal aerobic conditions, HIF-1α is hydroxylated and targeted for 

proteasomal degradation by the von Hippel-Lindau (VHL) tumor suppressor [37]. Deletion 

of HIF-1α in osteoblasts causes reduction of VEGF expression, leading to interruption of 

both angiogenesis and osteogenesis, while deletion of VHL in osteoblasts increases both 

expression of HIF-1α and VEGF, leading to promotion of bone formation and angiogenesis 

[34]. In addition to HIF-1α, VEGF is also regulated by the transcription factor Osterix, 

expressed in osteoblastic lineage cells and a regulator of their differentiation [38]. Certain 

hormones, including estrogen and parathyroid hormone, regulate VEGF levels as well. 

VEGF plasma levels are decreased in women after menopause [39], and animal experiments 

demonstrate decreased VEGF levels in ovariectomized mice [40]. Several growth factors 

that play critical roles in bone development and postnatal bone repair also regulate VEGF 

expression, particularly in osteoblastic cells. These factors include, but are not limited to, 

members of the Transforming growth factor beta (TGF-β) superfamily, such as TGF-β1, 

TGF-β2, Bone morphogenetic protein (BMP) 2 (BMP2), BMP4 and BMP7 [41, 42], insulin-

like growth factor (IGF) [43] and Fibroblast growth factor 2 (FGF2) [44]. Inflammatory 

factors, such as prostaglandin E1 and E2, interleukin-1 (IL-1), IL-6 and IL-8, which are 

increased during the inflammation phase of bone repair, also induce VEGF expression 

[45-47]. Mechanical strain is another regulator of VEGF expression. Under mechanical 

stress, osteoblasts release VEGF and this VEGF stimulates biological responses [48, 49]. All 

these VEGF regulatory factors play critical roles in bone development and homeostasis, 
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suggesting that modulation of VEGF levels in osteoblasts may provide a basis for strategies 

aimed at controlling bone repair and regeneration.

VEGF signaling shares downstream signaling pathways with other growth factors, such as 

Epidermal growth factor (EGF) and Platelet-derived growth factor (PDGF). Therefore, 

profiles of genes that are regulated by VEGF signaling overlap with those of genes regulated 

by other growth factors, especially those of common downstream pathways of receptor 

tyrosine kinases, like RAS-Raf-ERK1/2 and PI3K-Akt. Currently, the list of genes that are 

specifically regulated by VEGF signaling is incomplete. Schweighofer et al. characterized 

the genes in Human umbilical vascular endothelial cells (HUVECs) induced by VEGF, EGF 

and IL-1, and found that Nuclear receptor related 1 protein (NURR1) and early growth 

response factor 3 (EGR-3) were selectively regulated by VEGF [50]. Other studies 

demonstrated that NURR1 and EGR-3 are essential mediators of VEGF-induced endothelial 

activation and angiogenesis [51, 52]. The profiles of genes that are regulated by VEGF 

signaling in other cell types, such as mesenchymal progenitor cells or osteoblasts, are not 

fully characterized.

3. Cellular mechanisms during bone repair and regeneration

Bone repair represents the endogenous healing capability of human bones. Facture healing, 

the most common form of bone repair, is characterized by several overlapping stages, 

namely, an inflammation phase, soft callus phase, cartilage turnover (replacement by bony 

callus) phase and bone remodeling phase [53]. After fracture or many other forms of bone 

injury, a hematoma is formed at the injury sites due to disruption of blood vessels. In the 

first couple of days, neutrophils are recruited to the hematoma and phagocytose tissue debris 

and microorganisms [54]. This is followed by influx of macrophages to remove the dead 

neutrophils, promote angiogenic responses and initiate the repair cascade [55]. With invasion 

of blood vessels, mesenchymal cells migrate to the injury site, particularly to the 

intramedullary region or fracture gap, where they proliferate and differentiate to either 

osteoblasts or chondrocytes [53]. Depending on the stability of fracture fixation and supply 

of blood vessels, endochondral or intramembranous ossification occurs at the facture sites. 

Instability or lack of blood supply may lead to endochondral bone formation during the 

repair, while a stable facture or fracture rich in vasculature facilitates intramembranous 

ossification [56]. In addition, a third type of ossification called ‘transchondroid bone 

formation’ has been proposed in a model of distraction osteogenesis. During transchondroid 

ossification, chondrocyte-like cells induced by mechanical strains form chondroid bone, 

which is gradually transformed to bone [57, 58]. In endochondral ossification, the cartilage 

is gradually resorbed, and replaced by bony callus consisting of woven bone. In both 

intramembranous and endochondral sites, the newly formed woven bone is gradually 

remodeled to lamellar bone. The human body can restore small bone defects and repairs 

bone fractures that are not severe, but it hardly heals large bone defects without intervention. 

Distraction osteogenesis is a good example of mechanical strain-induced bone regeneration 

procedures where mechanical forces elicit cellular responses. In addition, exogenous bone, 

either in the form of autograft, allograft, or xenograft, or bone forming cells can be 

transplanted into the injury sites when relatively large amounts of bone are needed.
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3.1. The role of VEGF in the inflammation phase during bone repair

The expression and potential function of VEGF during inflammation phase is illustrated in 

Figure 1. The hematoma after bone trauma and the subsequent inflammatory responses 

initiate bone repair. VEGF plays a critical role in this process and is concentrated in the 

hematoma after bone injury. It has been reported that VEGF concentrations in hematoma 

can be 15-fold higher than in plasma, although VEGF levels in plasma were already 

increased significantly compared with healthy controls [59]. The hypoxia in the hematoma 

induces VEGF expression in surrounding bone cells or recruited inflammatory cells. VEGF 

released from fragmented bone matrix, platelets or infiltrated innate immune cells may bind 

to the heparin associated with fibrin(nogen), and be sequestrated in the fibrin matrix, making 

fibrin matrix in the hematoma a reservoir of VEGF [59-61]. Shortly after injury, the number 

of neutrophils in the peripheral circulation increases as neutrophil retention in the bone 

marrow is reduced by inflammatory stimuli [62]. Neutrophils are recruited to the hematoma 

and help remove bone debris and microbial pathogens. Osteoblastic cells regulates the 

release of neutrophils to the circulation through the chemokine ligand 12 (CXCL12)-

chemokine receptor type 4 (CXCR4) axis [63]. VEGF has been reported to induce 

neutrophil chemotaxis and increase sinusoid permeability in the bone marrow [64, 65]. 

During acute inflammation induced by injuries in mice with Vegfa deleted from osteoblastic 

cells, the reduced release of neutrophils from bone marrow into the circulation suggests that 

osteoblast-generated VEGF facilitates the entry of neutrophils into the circulation in the 

acute inflammation stage [66]. Following neutrophil infiltration, macrophages and other 

inflammatory cells are recruited to the injury sites. This results in a release of cytokines, 

such as Tumor necrosis factor alpha (TNF-α), IL-1α, and IL-1β [67]. These cytokines 

activate endothelial cells and promote revascularization at the injury sites. They are also 

efficient inducers of VEGF expression in inflammatory and osteoblastic cells. VEGF is a 

chemotactic factor for macrophage/monocytes [29, 68]. Since macrophages release 

angiogenic factors [55, 69], VEGF may stimulate angiogenesis both indirectly via 

macrophages as well as directly by targeting endothelial cells. In the resolution phase of 

inflammation, macrophages phagocytose dead or aging neutrophils. This uptake of apoptotic 

neutrophils causes a switch of macrophage phenotype from an inflammatory (M1) to a 

reparative state (M2). This stimulates macrophages to release mediators, such as TGF-β1, 

which suppress the inflammatory response and initiate the repair process [70, 71].

3.2. The role of VEGF in endochondral bone ossification during bone repair

The mechanism of endochondral ossification during bone repair recapitulates the key 

process of endochondral ossification (EO) during development, including cartilage 

formation, vascular invasion, osteoclastogenesis and cartilage removal. During bone 

development, VEGF is generated by osteoblast precursors in the perichondrium and 

hypertrophic chondrocytes and this induces osteoblastic cells to migrate into the primary 

ossification center together with blood vessels, osteoclasts and hematopoietic stem cells [8, 

9]. In addition to stimulating skeletal vascularization, VEGF is also a critical factor for 

epiphyseal chondrocyte survival [72].

The roles of VEGF in EO during bone healing are illustrated in Figure 2. Cartilage 

formation is the early step. Large amounts of cartilage are observed in unstable bone 
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fractures, and moderate amounts of cartilage are also observed in the injured periosteum of 

stable fractures. VEGF may regulate the differentiation of skeletal stem cells from bone 

marrow, periosteum and surrounding muscles into either chondrocytes or osteoblasts. 

Systemic VEGF blockade may promote chondrogenesis of explanted grafts containing fetal 

femur or skeletal stem cells at the expense of osteogenesis [73]. In addition, soluble Flt1 

gene therapy improved BMP4-induced chondrogenic differentiation of muscle-derived stem 

cells (MDSCs) in vitro and promoted articular cartilage repair in vivo [74, 75]. This suggests 

that VEGF inhibition, in combination with BMP administration, may be a potent therapeutic 

strategy for regeneration of cartilage.

During bone development, VEGF is a critical survival factor for epiphyseal chondrocytes. 

Maes et al. observed cell death in chondrocytes within epiphyseal regions of long bones in 

VEGF188/188 mice (only expressing the tightly extracellular matrix-bound VEGF 188 

isoform) [76]. The effects of VEGF on chondrocyte survival appear to depend on the 

chondrocyte differentiation stage. In mice with Vegfa deleted in collagen type II (Col2)-

positive chondrocytes, massive chondrocyte death was observed in the central avascular 

regions of epiphyseal cartilage [72]. In these mice, the detection of the VEGF receptors, 

Npr1 and Npr2, in epiphyseal chondrocytes and no obvious reduction of blood vessels in the 

surrounding perichondrium indicated that the cell death might involve a direct effect of 

VEGF on chondrocytes [72]. Interestingly, a similar cell death phenotype was observed in 

mice with deficiency of HIF-1α, the upstream transcription factor regulating a set of 

angiogenic genes including VEGF, in central regions of developing cartilage [77]. In 

addition, overexpression of VEGF partially rescued the death of chondrocytes in mice 

lacking HIF-1α, indicating that HIF-1α and VEGF are critical components in the support of 

chondrocyte survival[78]. In regions of hypertrophic chondrocytes where VEGF levels are 

greatly elevated, the high levels of VEGF contribute to the cell death in hypertrophic 

chondrocytes through indirect effects associated with stimulation of vascular invasion [79]. 

Systemic administration of soluble VEGFR1 (sFlt1) delays the death in hypertrophic 

chondrocytes. This results in increased numbers of hypertrophic chondrocytes and thus 

expansion of the growth plate [10]. In addition, inhibition of VEGF leads to reduced 

apoptosis of articular chondrocytes and improvement of articular cartilage in a mouse model 

of osteoarthritis [80], consistent with the idea that VEGF may be a detrimental factor in the 

progression of osteoarthritis.

In the later stages of endochondral ossification during bone development and repair, 

chondrocytes in the cartilaginous template stop proliferating, enlarge to hypertrophic 

chondrocytes, and synthesize collagen type X. Hypertrophic chondrocytes express Osterix, a 

strong inducer of VEGF expression [38], and produce high levels of VEGF [81, 82]. This 

stimulates vessel invasion and recruitment of chondroclasts into the hypertrophic cartilage 

[81, 83]. In a model of BMP4-induced ectopic ossification, VEGF enhanced angiogenic 

responses, cartilage resorption and its replacement by bone [84]. In a murine femoral 

fracture model, inhibition of VEGF signaling by Flt1, delayed cartilage turnover, disrupted 

conversion of soft cartilaginous callus to a hard bony callus, and impaired fracture healing 

[85]. These data are consistent with the delayed endochondral bone formation observed in 

VEGF120/120 mice (expressing only the VEGF120 isoform) and mice treated with sFlt1 

during bone development [9, 10, 86].
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Osteoclasts (chondroclasts) are multi-nucleated terminally differentiated cells derived from 

monocytes/macrophages. The differentiation and activation of osteoclasts are predominantly 

regulated by RANK (receptor activator of nuclear factor of NF-λB) ligand (RANKL) and 

the macrophage colony-stimulating factor (M-CSF) [87-89]. During development, 

hypertrophic chondrocyte-derived VEGF binds to VEGFR1 in monocytes to promote their 

migration and differentiation to osteoclasts [90, 91]. VEGF also binds to VEGFR2 in 

osteoclasts and promotes their survival through stimulation of PI3K/Akt signaling [92]. In 
vivo and in vitro evidence shows that VEGF can substitute for M-CSF to promote osteoclast 

differentiation and bone resorption [93, 94]. In addition, VEGF enhances the bone resorbing 

activity of osteoclasts [95]. Therefore, during endochondral ossification, VEGF from 

hypertrophic chondrocytes are critical for the invasion of osteoclasts into the cartilaginous 

template. The enhanced VEGF-dependent osteoclast function during bone development was 

also observed during postnatal bone repair, and thus the potential influence of osteoclast 

mediated bone resorption should be considered when using VEGF as a therapeutic strategy 

to promote bone repair and regeneration.

3.3. Coupling of angiogenesis and osteogenesis by VEGF

Unlike endochondral ossification, where blood vessels prevent the formation of cartilage, 

intramembranous bone formation relies on the coupling of angiogenesis and osteogenesis. 

VEGF has an essential role in this coupling, since both vascular and skeletal morphogenesis 

is VEGF-dependent (Figure 3). When exposed to hypoxia during inflammation, osteoblasts 

release factors including VEGF, via the HIF-1α pathway. This activates endothelial cells, 

and promotes vessel permeability [34]. The increased vasculogenesis and angiogenesis bring 

bone-forming progenitors as well as nutrition, oxygen and minerals necessary for 

mineralization. In addition, osteogenic factors, such as BMP2, released from blood vessels, 

promote osteoblast differentiation and mineralization [96]. In turn, maturing osteoblasts 

generate angiogenic factors, such as PDGF and VEGF, to further support angiogenesis.

3.4. The role of VEGF in bone healing mediated by intramembranous ossification

Intramembranous bone formation during bone repair has been suggested to depend on 

VEGF signaling (Figure 3). Blocking extracellular VEGF by administering sFlt1 decreased 

blood vessel formation and bone regeneration in a tibial cortical bone defect model, while 

administration of exogenous VEGF increased formation of mineralized bone within the bone 

defects in the same model [85]. However, consequences of exogenous VEGF application in 

various models of bone repair vary to a certain extent. Exogenous VEGF enhanced bone 

healing and regeneration in several bone repair models in which endogenous VEGF levels 

were decreased [97, 98], but failed to improve bone repair in studies of ex vivo gene therapy 

or delivery of recombinant VEGF [84, 99, 100]. In contrast to repair of large bone defects, it 

is possible that only small amounts of VEGF are needed for healing of small bone defects. 

Exogenous VEGF may not help to regenerate bone when endogenous VEGF levels are 

adequate, and excess VEGF may even have detrimental effects on regeneration [66]. Too 

much VEGF may recruit excess numbers of osteoclasts, resulting in resorption of newly 

formed bone, since VEGF regulates the differentiation and migration of osteoclasts [95, 

101]. In addition, excess VEGF inhibits the function of pericytes through VEGFR2 mediated 

inhibition of PDGFR [102], a receptor required for pericyte maturation, and this leads to 
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formation of immature blood vessels and interruption of angiogenesis-osteogenesis 

coupling. A good example of this was the unexpected increase of mature vessels in tumors 

of patients treated with anti-VEGF therapy [103, 104], demonstrating the complexity of 

VEGF functions in therapeutic strategies to treat disorders in humans.

3.5. VEGF signaling in osteoblastic cells

Osteoblast-derived VEGF usually acts in a paracrine manner on adjacent endothelial cells 

via binding to VEGF receptors to regulate endothelial migration, proliferation and vessel 

permeability. In addition to endothelial cells, VEGF receptors are also expressed and 

functional in other cell types, including pericytes and osteoclasts [92, 102]. However, 

expression of VEGF receptors in osteoblasts is quite variable, particularly in mice, making 

paracrine/autocrine effects of osteoblast-derived VEGF on osteoblasts difficult to study. In 

murine osteoblastic MC3T3 cells, VEGF was shown to promote levels of alkaline 

phosphatase and osteocalcin [105]. However, other studies also showed that primary murine 

mesenchymal progenitors and osteoblasts failed to respond to exogenous VEGF [106]. Mice 

with deletion of Vegfr1 or Vegfr2 in osteoblastic cells exhibit reduced bone density two 

weeks after birth. In addition, reduced number of osteoprogenitor cells was observed in the 

bone marrow of these mice [106], indicating that both VEGFR1 and VEGFR2 in 

osteoblastic cells are important for postnatal bone formation. However, in a mouse cortical 

defect healing model, deletion of VEGFR2 in osteoblast precursors enhanced osteoblastic 

differentiation and mineralization during bone repair mainly through mechanisms of 

intramembranous ossification [66].

In addition to secreted VEGF, cells also generate intracellular (intracrine) VEGF, which is 

not secreted but participates in transcriptional regulation and cell survival. This phenomenon 

was first reported based on studies of VEGF signaling in the survival of hematopoietic and 

endothelial cells [107, 108]. In early osteoblast precursors, intracellular VEGF also plays a 

role in the control of osteoblast and adipocyte differentiation [106]. Recombinant VEGF can 

be used to restore extracellular VEGF levels but do not affect intracrine VEGF. If 

intracellular VEGF in osteoblasts is also important for osteoblast maturation and 

mineralization during bone repair, it may explain why exogenous VEGF failed to improve 

bone repair in some cases. Should this turn out to be the case, modified cell- permeable 

VEGF, fused to a nuclear localization signal, may enhance intracellular levels of VEGF and 

promote bone repair and regeneration when application of traditional recombinant VEGF 

fails.

3.6. The role of VEGF in bone remodeling

In the remodeling phase of bone repair, replacement of woven bone by lamellar bone 

requires coupling of osteoclast mediated bone resorption and osteoblast mediated bone 

formation. VEGF influences the function of both types of bone cells, and normal VEGF 

levels are necessary for maintaining normal bone remodeling. Several osteogenic factors, 

such as TGF-β1, IGF and PDGF-BB, are released from bone matrix or pre-osteoclasts 

during the process of bone resorption [109-111]. These factors induce neo-angiogenesis, 

which is required for angiogenesis and coordination of bone formation. VEGF binds 

VEGFR1 in osteoclasts and regulates their differentiation and activation. Therefore, 
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reduction of VEGF in bone remodeling may decrease the angiogenic and osteogenic signals 

indirectly through inhibition of bone resorption. In a mouse femur facture model, inhibition 

of VEGF by sFlt1 caused reduced callus volume at various stages of repair, including bone 

remodeling, while treatment with exogenous VEGF increased vascularity and mineral 

density in the calcified callus [85]. These data indicate that recruitment of osteoclasts by 

VEGF may be necessary to maintain normal bone remodeling.

4. The role of VEGF in distraction osteogenesis

Unlike bone repair, bone regeneration is a process in which a relatively large amount of new 

bone is formed in response to external stimulators, such as mechanical force, exogenous 

bony tissues or bone forming cells [1]. Bone regeneration is widely used in treatment of non-

union fractures, craniofacial reconstructions, segmental bone defects after tumor resection, 

augmentation of jaw bones, lengthening of long bone, promotion of implants, and bone 

grafting. Distraction osteogenesis involves the use of mechanical forces to induce bone 

formation and the addition of exogenous bony tissues helps form new bone in bone grafting. 

As bone grafting is very much like bone repair, we will here only discuss the role of VEGF 

in distraction osteogenesis.

Distraction osteogenesis (DO) is a surgical procedure used to treat limb length 

discrepancies, bone deformities and bone loss. It is widely used in orthopedics and oral and 

maxillofacial surgery. The process of DO involves slow and steady distraction of an 

osteotomy gap after a period of latency. VEGF expression during active distraction is 

primarily located to the maturing osteoblasts at the primary mineralization front [58], 

indicating that the main source of VEGF at distraction sites is the osteoblast lineage cells.

As a key regulator of angiogenesis-osteogenesis coupling, VEGF has multiple roles during 

DO. First, it is released from osteoblastic cells in response to mechanical forces and 

regulates osteoblast differentiation and mineralization by an autocrine mechanism [48, 112]. 

Second, VEGF from osteoblastic cells binds receptors on adjacent endothelial cells, 

enhancing neo-angiogenesis and promoting the release of osteogenic factors, such as BMP2 

and BMP4, from blood vessels [113]. Disruption of VEGFR1 and VEGFR2 using 

neutralizing antibodies reduced the angiogenic response and bone regeneration in a mouse 

distraction osteogenesis model [114], highlighting the importance of VEGF signaling 

mediated angiogenesis. Third, in addition to the autocrine and paracrine effects, intracrine 

VEGF within osteoblastic cells may play a role in stimulating osteoblast differentiation and 

mineralization, since exogenous VEGF or antagonists failed to affect the differentiation of 

early osteoblastic lineage cells [106, 115],

5. Strategies to promote bone repair and regeneration

Skeletal stem cells, cytokines, growth factors, hormones, and bone matrix scaffolds are 

currently the components of strategies to stimulate tissue regeneration. As a grow factor, 

VEGF interacts with other factors, such as BMPs and PDGF, regulates stem cell functions, 

and exhibits various activities in different extracellular matrices or engineered scaffolds. 

Understanding the biology of VEGF from the perspective of its interactions with stem cells 
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in the context of extracellular matrices, may be of help in developing novel techniques for 

modulating VEGF activity to promote bone regeneration.

Extracellular matrix or matrix-like engineered scaffolds can serve as reservoirs for VEGF. 

Different properties of different scaffolds influence the loading capacity, speed of release, 

and activities of VEGF. VEGF delivered to the distraction gap through a mini-osmotic pump 

in a rabbit distraction osteogenesis model failed to improve blood flow and bone mineral 

content [115]. In this case, no scaffold was used to trap VEGF at the injury site, and thus 

VEGF was possibly disseminated into adjacent tissues or metabolized within a relative short 

period of time after delivery. Similarly, by using the guided bone regeneration (GBR) 

technique to repair critical-sized defects in rats, Kaigler et al. found that a bolus of VEGF 

delivered to the defects without a scaffold failed to improve vasculogenesis and bone 

formation, while a bolus of VEGF loaded in hydrogels and released at a relatively slow rate, 

successfully enhanced both angiogenesis and osteogenesis [116]. These studies indicate that 

an optimal scaffold loaded with VEGF may significantly influence the outcome of bone 

repair. Loading of VEGF in a heparin cross-linked demineralized bone matrix improved 

vasculogenesis when implanted subcutaneously [117]. Porous strontium-doped calcium 

polyphosphate (SCPP) scaffolds have been proposed to promote the secretion of VEGF from 

human osteoblast-like MG63 cells. These scaffolds, together with mesenchymal stem cells 

(MSCs), improved bone regeneration in a rabbit segmental bony defect model [118]. The 

release kinetics of VEGF is also important for the effects of biomaterial on vascularization 

and bone formation. Several studies showed that sustained release of VEGF increased the 

efficiency of bone regeneration. Scaffolds with the capability to release VEGF slowly 

include biomimetic poly (lactide-co-glycolide) (PLGA) scaffolds, cylindrical chitosan 

sponges, a biomimetic bone matrix modified with heparin, and biphasic calcium phosphate 

(BCP) ceramics. These scaffolds provide prolonged bioavailability of VEGF.

Skeletal stem cells are heterogeneous cell populations that may be found in cancellous bone, 

perisinusoidal niche in bone marrow, endosteum, periosteum, and skeletal muscle. Under 

certain conditions, these cells can further differentiate into multiple cell types, such as 

osteoblasts, chondrocytes, adipocytes and myoblasts. VEGF from bone marrow 

mesenchymal progenitors is important for the lineage fate determination between osteoblasts 

and adipocytes. Reducing VEGF levels in these cells causes adipogenic differentiation at the 

expense of osteogenic differentiation [106]. Osteochondroprogenitors are present in the 

periosteum, located in the cambium layer, and can differentiate to osteoblasts or 

chondrocytes. VEGF levels in the periosteum control the lineage choice during periosteal 

responses after injury. Inhibition of VEGF by sFlt1 was found to enhance BMP2 induced 

cartilage formation [119], indicating that reduction of local VEGF levels may facilitate 

chondrogenesis. This is consistent with findings that inhibition of VEGF signaling by sFlt1 

promoted chondrogenesis of transplanted fetal skeletal tissues at the expense of osteogenesis 

[73].

Many growth factors, in addition to VEGF, such as PDGF and BMPs, have been widely used 

in animal models of bone repair and regeneration. They share similar downstream signal 

transduction pathways and a better understanding of their interactions may help to refine 

strategies based on the use of recombinant proteins to promote bone regeneration.
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BMPs and VEGF have frequently been used together in many studies of bone regeneration. 

However, the results have been quite variable. VEGF promotes BMP2 induced ectopic bone 

formation, and accelerates resorption of cartilage and its replacement by bone, while the 

VEGF blocker sFlt1 inhibits BMP2 induced ectopic bone formation, but promotes cartilage 

formation and delays resorption of cartilage [119]. In a critical-sized defect model, muscle-

derived stem cells in combination with overexpression of VEGF failed to heal the defect 

[84]. When cells were co-transfected with vectors encoding VEGF and BMP2, a lower ratio 

of VEGF to BMP2 (1:5) induced greater bone regeneration than BMP2 alone [119] while a 

higher ratio (5:1) failed to promote bone healing. Similarly, only a low ratio of VEGF to 

BMP4 (1:5) promoted bone regeneration in a critical-sized defect, while high ratios (5:1) 

inhibited bone regeneration [84]. This is consistent with the finding that co-expression of 

VEGF and BMP4 in muscle derived stem cells reduces their bone forming potential [120].

Except for indirect effects on osteoclast recruitment, the inhibitory effects of VEGF on bone 

regeneration may also be attributed to direct effects of VEGF on osteoblasts. VEGF has been 

shown to retard the terminal differentiation of osteoblasts by up-regulation of Inhibitor of 

DNA Binding 1 (Id1) [121]. In endothelial cells, VEGF strongly inhibits TGF-β1 

stimulation of Plasminogen activator inhibitor-1 (PAI-1) production and activation of 

Smad2/3[122]. VEGF also inhibits mesenchymal transition of endothelial cells induced by 

BMP4 through the Smad2/3 pathway [123]. Although evidence that the inhibitory effects of 

VEGF on downstream signaling of TGF-β family members, including BMPs, is lacking in 

the case of osteoblasts, such an effect, if it occurs, may explain, at least in part, why too 

much VEGF has antagonistic effects on osteoblast activity, particularly in the presence of 

BMPs.

PDGF is another important factor for bone regeneration [124]. Platelet rich plasma 

containing PDGF has been widely studied in various bone regenerative procedures [125]. 

VEGF prevents maturation of pericytes through a VEGFR2 mediated inhibition of PDGFR. 

This leads to formation of immature blood vessels [102]. Since osteoblasts and pericytes are 

derived from the same mesenchymal progenitors, the inhibitory effects of VEGF on PDGF-

receptor activation may occur in osteoblasts as well. Recombinant VEGF competitively 

blocks PDGF-dependent activation of PDGFR and its signaling in several cell types [126]. 

Structural similarities between PDGF-B and VEGF [127], also suggest that VEGF may bind 

to PDGFRs on mesenchymal stem cells [128]. However, whether such binding would 

enhance or inhibit PDGFR-mediated downstream signaling pathways and cellular responses 

in osteoblast lineage cells is unclear.

6. Summary and future directions

Osteoblastic cells represent a major source of VEGF in the bone environment. Mice with 

reduced levels of VEGF in osteoblastic cells display an osteoporotic postnatal phenotype 

[106]. It was reported that VEGF levels in osteolineage cells, including mesenchymal 

progenitor cells, are decreased with age or in some anabolic disorders [129, 130], and this 

reduction may be related to increased risks of bone fracture or failure to respond to bone 

regenerative procedures. Thus, procedures to enhance VEGF levels specifically in 

osteoblasts may have positive effects in age-related osteoporosis or in cases of defective 
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bone healing. Since osteoblasts are metabolically highly active, drugs that are known to up-

regulate VEGF levels in osteoblasts, such as statins [131, 132], may be of value in 

developing such procedures.

The relationship between growth factors, bone forming progenitor cells and scaffolds are 

important components of procedures to stimulate bone regeneration, and current studies of 

VEGF functions may provide the basis for novel strategies aimed at improving bone 

regeneration. Important factors to consider in this context are: 1) Scaffolds with slow release 

of physiological levels of VEGF are needed and application of exogenous VEGF should be 

carefully considered, particularly when evidence for reduced levels of VEGF is lacking; 2) 

The paracrine, autocrine and intracrine effects of VEGF on bone forming stem cells or 

progenitors add to the complexity of VEGF applications. VEGFR2 modulation and the use 

of cell-permeable VEGF may be considered in certain scenarios; 3) The combination of 

VEGF with other growth factors, such BMPs, PDGF, and TGF-β, should be carefully 

considered, based on the knowledge that VEGF may potentially inhibit downstream 

signaling of BMPs/TGF-β, and compete with PDGF-BB for binding to PDFGRs. These 

interactions may vary depending on the repair region, such as bone marrow vs. periosteum, 

or the type of repair mechanism involved, such as intramembranous ossification vs. 

endochondral ossification.
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Highlights

• VEGF initiates macrophage-related angiogenic response in the 

inflammation stage.

• Hypertrophic chondrocyte-or osteoblast-generated VEGF is required 

for the recruitment of blood vessels and osteoclasts in endochondral 

ossification mediated bone repair.

• An optimal amount of paracrine VEGF is required for angiogenesis-

osteogenesis coupling in intramembranous ossification mediated bone 

repair.

• VEGF is important for regulating osteoclasts in the remodeling stage.

• Local administration of VEGF may be useful in treatment of impaired 

bone healing/regeneration as a consequence of age or osteoporosis.
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Figure 1. 
Expression and functions of VEGF in the inflammation phase during bone repair. During the 

acute inflammation phase, a short period of time after bone trauma, hematoma consisting of 

red blood cells and neutrophils is formed at the injury site. VEGF is concentrated in the 

hematoma after bone injury as the hypoxia in hematoma induces VEGF expression, and the 

fibrin matrix in hematoma may serve as a reservoir of VEGF. Shortly after injury, the 

number of neutrophils in the peripheral circulation increases as neutrophil retention in bone 

marrow is reduced by inflammatory stimuli, and circulating neutrophils are recruited into the 

hematoma to remove bone debris and microbial pathogens. VEGF also induces neutrophil 

chemotaxis and increases sinusoid permeability in bone marrow. Following neutrophil 

infiltration, macrophages and other inflammatory cells are recruited to the injury site. This 

results in a release of cytokines, such as TNF-α, IL-1α, and IL-1β, that activate endothelial 

cells and promote revascularization at the injury sites. In addition, they are efficient inducers 

of VEGF in inflammatory and osteoblastic cells. VEGF is a chemotactic factor for 

macrophages/monocytes. Considering that macrophages release angiogenic factors, the pro-

angiogenic effect of VEGF may be mediated by macrophages in addition to direct targeting 

of endothelial cells. In the resolution phase of inflammation, macrophages are recruited to 
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phagocytose dead or aging neutrophils. Subsequent uptake of apoptotic neutrophils causes a 

switch of macrophage phenotype from M1 to M2. This stimulates macrophages to release 

mediators, such as TGF-β1, which can suppress the inflammatory response and initiate the 

repair process.
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Figure 2. 
The role of VEGF in endochondral ossification-mediated bone repair. VEGF could regulate 

the differentiation of skeletal progenitor cells from the bone marrow, periosteum and 

surrounding muscles into either chondrocytes or osteoblasts. Reduced VEGF in early 

skeletal progenitors facilitates differentiation chondrogenic cells. In endochondral 

ossification, chondrocytes in the cartilaginous template stop proliferating and matured to 

hypertrophic chondrocytes. Hypertrophic chondrocytes express Osterix (Osx), a strong 

inducer of VEGF expression, and produce high levels of VEGF. This VEGF stimulates 

vessel invasion and recruitment of chondroclasts into the hypertrophic cartilage, and 

facilitate the replacement of the cartilaginous template by bony callus. In addition, Osx-

expressing osteoblast precursors produce high amounts of VEGF, and this VEGF stimulates 

their differentiation. These cells move into the developing trabecular bone region together 

with vascular endothelial cells and osteoclasts, where they become stromal cells, pericytes or 

osteoblasts.
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Figure 3. 
The role of VEGF in angiogenesis-osteogenesis coupling during intramembranous 

ossification-mediated bone repair. Intramembranous bone formation relies on coupling of 

angiogenesis and osteogenesis, and VEGF has an essential role in this process. Stimulated 

by hypoxia during inflammation, osteoblasts release factors, including VEGF via the 

HIF-1α pathway. VEGF can act through its receptors on endothelial cells to induce 

angiogenesis, thereby increasing the supply of oxygen and nutrients required for 

osteogenesis. Increased vascularization may also lead to influx of skeletal stem cells and/or 
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(pre)osteoblasts and to elevated levels of endothelium-derived osteogenic growth factors, 

such as BMP2 or BMP4, and anabolic signals to further promote osteoblast differentiation 

and mineralization. Maturating osteoblasts also generate angiogenic factors, including 

PDGF and VEGF. During bone repair, physiological levels of VEGF are critical for the 

outcome. Too little VEGF may interrupt communication between bone and blood vessels, 

resulting in a compromised bone healing. Too much VEGF has detrimental effects on bone 

repair, likely due to inhibition of osteoblastic maturation and mineralization via stimulated 

VEGFR2 signaling, and/or caused by recruitment of osteoclasts that resorb the newly 

formed bone. (Modified from the supplemental Figure 14 in J Clin Invest. 2016;126(2):

509-526.)
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