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Significance: Angiogenesis, the growth of new blood vessels from existing
vessels, is an important aspect of the repair process. Restoration of blood
flow to damaged tissues provides oxygen and nutrients required to support
the growth and function of reparative cells. Vascular endothelial growth
factor (VEGF) is one of the most potent proangiogenic growth factors in the
skin, and the amount of VEGF present in a wound can significantly impact
healing.
Recent Advances: The activity of VEGF was once considered to be specific
for endothelial cells lining the inside of blood vessels, partly because VEGF
receptor (VEGFR) expression was believed to be restricted to endothelial
cells. It is now known, however, that VEGFRs can be expressed by a variety
of other cell types involved in wound repair. For example, keratinocytes and
macrophages, which both carry out important functions during wound
healing, express VEGFRs and are capable of responding directly to VEGF.
Critical Issues: The mechanisms by which VEGF promotes angiogenesis are
well established. Recent studies, however, indicate that VEGF can directly
affect the activity of several nonendothelial cell types present in the skin.
The implications of these extra-angiogenic effects of VEGF on wound repair
are not yet known, but they suggest that this growth factor may play a more
complex role during wound healing than previously believed.
Future Directions: Despite the large number of studies focusing on VEGF
and wound healing, it is clear that the current knowledge of how VEGF
contributes to the repair of skin wounds is incomplete. Further research is
needed to obtain a more comprehensive understanding of VEGF activities
during the wound healing process.

SCOPE AND SIGNFICANCE
The repair of skin wounds pro-

ceeds in a step-wise manner beginning
with hemostasis and inflammation
during the acute stages of healing.
This is followed by periods of robust
cellular proliferation, extracellular
matrix (ECM) deposition and re-
modeling, and ultimately scar forma-
tion.1–3 Angiogenesis, the formation of
new blood vessels from preexisting
vasculature, is a prominent feature of

the proliferative phase of healing. This
process leads to a temporary increase
in the number of blood vessels at the
site of injury. The delivery of oxygen
and nutrients from these new blood
vessels is a critical part of the repair
process, and defects in angiogenesis
are frequently associated with delays
in wound healing. A variety of growth
factors, cytokines, and lipid mediators
produced in response to injury can
stimulate angiogenesis. One of the
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most important proangiogenic mediators is vascular
endothelial growth factor (VEGF or VEGF-A), and
sufficient VEGF levels are believed to be essential for
proper wound healing. Recent studies have started to
uncover novel functions for VEGF in the skin outside
of its role as a proangiogenic mediator. This article
will provide a general overview of angiogenesis and
VEGF in the context of wound repair and will discuss
potential new biological activities for VEGF during
wound healing.

TRANSLATIONAL RELEVANCE

The function of VEGF in wound repair has been
extensively studied. VEGF stimulates angiogen-
esis and also influences wound closure and epi-
dermal repair, granulation tissue formation,
and the quality of repair—both in terms of the
strength of the healed wound and the amount of
scar tissue that is deposited. Despite the large
number of studies indicating that VEGF can affect
multiple aspects of the wound healing process,
most of the effects of VEGF during wound re-
pair have been attributed to its proangiogenic
activity; however, newer studies have indicated
that in addition to vascular endothelial cells, other
cells, such as keratinocytes and macrophages,
express VEGFRs and can respond directly to
VEGF. More detailed studies are needed to define
the full range of VEGF activities within a healing
wound. The importance of the extra-angiogenic
effects of VEGF on wound repair must be estab-
lished and the potential usefulness of modulating
these effects for therapeutic purposes must be
determined.

CLINICAL RELEVANCE

High levels of VEGF are produced during the
course of normal wound repair, which results in a
vigorous angiogenic response. The clinical sig-
nificance of adequate VEGF production during
wound repair has been repeatedly demonstrated.
The levels of active VEGF protein tend to be ab-
normally low in individuals with chronic, non-
healing wounds like those commonly observed in
diabetic patients. Insufficient wound vasculari-
zation stemming from low VEGF activity likely
contributes to these delays in the repair process.
In addition, drugs that block the activity of
VEGF, which are used to treat multiple types of
cancer, pose a significant risk for wound healing
complications. Overall, data from both basic sci-
ence and clinical studies indicate that appropri-
ate levels of VEGF are needed for efficient wound
repair.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Neovascularization

An adequate blood supply and sufficient vascu-
larization are necessary to maintain healthy tis-
sues. In order to survive and grow, tissues rely on
oxygen and nutrients provided by the blood. Neo-
vascularization, the growth of new blood vessels, is
an important component of many physiologic and
pathologic processes. Neovascularization is essen-
tial for reproduction and embryonic development,
it stimulates tissue survival after ischemic events,
and it aids in the repair of damaged tissues.4 This
process must be tightly regulated, however, as
uncontrolled blood vessel growth encourages the
development of diseases such as arthritis, macular
degeneration, psoriasis, and cancer.5

Mechanisms of neovascularization. The two
most common mechanisms of blood vessel expan-
sion are vasculogenesis and angiogenesis (some-
times referred to as ‘‘sprouting angiogenesis’’;
Fig. 1).4 Vasculogenesis is the de novo formation of
new blood vessels by endothelial progenitor cells
(EPCs). At early stages of development blood ves-
sels are formed from angioblasts, which differen-
tiate into endothelial cells. This process eventually
leads to the formation of a complex vascular
network required for embryonic development.

Figure 1. Mechanisms of neovascularization. The two main mechanisms
of blood vessel growth that occur during wound healing are vasculogenesis
and angiogenesis. (a) Vasculogenesis is the de novo formation of new
blood vessels by EPCs. EPCs are recruited from the bone marrow and
become incorporated into the new vessels. Local proliferation and differ-
entiation of EPCs into ECs results in the formation of new, functional blood
vessels. (b) Angiogenesis is the formation of new blood vessels from pre-
existing vessels. During this process, endothelial cells in quiescent blood
vessels are activated, resulting in a vessel ‘‘sprout.’’ This requires endo-
thelial cells to proliferate, migrate and differentiate to form new vascular
structures. Two adjacent sprouts will fuse to facilitate perfusion and
eventually the new, functional vessel will mature. BV, blood vessel; BM,
bone marrow; EC, endothelial cell; EPC, endothelial progenitor cells.
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Vasculogenesis can also occur in adult tissues, es-
pecially in response to ischemia.6,7 During post-
natal vasculogenesis, bone marrow–derived EPCs
are recruited and become incorporated into the new
vessels.8 Local proliferation and differentiation of
EPCs results in the formation of functional blood
vessels.7 In addition to de novo vessel formation, new
blood vessels can also be formed from preexisting
vessels through angiogenesis. During this process,
new vessels ‘‘sprout’’ from established vessels, which
requires endothelial cells to proliferate, migrate, and
differentiate into new vascular structures.4 Although
both vasculogenesis and angiogenesis are known to
occur during the repair of cutaneous wounds, an-
giogenesis is studied more frequently as a mecha-
nism of neovascularization in wounds.

Angiogenesis. Sprouting angiogenesis is a
complex process that is observed frequently during
tissue repair and in various disease states. Angio-
genesis can be divided into phases of quiescence,

activation, and resolution (Fig. 2).4 In normal,
healthy tissues, blood vessels are maintained in a
quiescent state. Quiescent vessels are lined on
the inner surface with endothelial cells known as
phalanx cells.4 Tight cell–cell adhesion between
these cells creates a barrier that helps maintains
blood flow. Mature vessels are surrounded by a
basement membrane made up mainly of collagen
IV and laminin and are coated with pericytes, which
promote endothelial cell survival and help main-
tain vessel stability.5 When quiescent vessels are
exposed to a proangiogenic stimulus, endothelial
cells within the vessel become activated and be-
gin loosening their cell–cell contacts.4 In addition,
detachment of pericytes from the outside of the
vessel, along with enzymatic degradation of the
basement membrane by matrix metalloproteinases,
provides a route for the development of a new vas-
cular sprout.4 Growth of the new vessel is led by
a single endothelial cell known as the tip cell.9

Tip cells direct vascular outgrowth by sensing a

Figure 2. Steps of sprouting angiogenesis. During angiogenesis, new blood vessels are created from established quiescent vessels. Quiescent vessels exhibit
a mature phenotype, with phalanx ECs lining the inner surface of the vessel. Quiescent vessels are covered by a basement membrane and are typically
surrounded by pericytes. When endothelial cells become activated in response to a proangiogenic stimulus like VEGF, the basement membrane is degraded,
pericytes detach, and a specialized endothelial cell called a tip cell is selected. This cell guides elongation of the new vascular sprout. Stalk cells follow behind
the tip cell, migrating and proliferating to lengthen the new vessel. During the resolution phase of angiogenesis, two adjacent new vessels will join one another
to establish blood flow and nonperfused vessels will regress. Eventually the basement membrane will be re-created, pericyte coverage will be restored, and
the vessels will return to a quiescent state. VEGF, vascular endothelial growth factor
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gradient of proangiogenic mediators like VEGF.9

Adjacent endothelial cells become stalk cells,
which proliferate and migrate in the direction
of the tip cell, resulting in elongation of the
sprouting vessel.4 During the resolution phase of
angiogenesis, vascular sprouts will fuse with
neighboring sprouts to establish blood flow, while
nonfunctional (unperfused) vascular sprouts will
regress. The blood vessels will then return to a
quiescent state—the phalanx cell phenotype will
be restored, a new basement membrane will be
formed, and pericytes will cover the vessel.4

In general, the process of angiogenesis is be-
lieved to be controlled by changes in the levels of
proangiogenic and antiangiogenic molecules pres-
ent within the microenvironment surrounding the
vasculature. Many proangiogenic and anti-
angiogenic mediators have been identified. Basic
fibroblast growth factor, interleukin-8, platelet-
derived growth factor, placental growth factor
(PlGF), transforming growth factor-b, and VEGF
are proteins that stimulate angiogenesis, whereas
angiostatin (a fragment of plasminogen), en-
dostatin (a fragment of collagen XVIII), and

thrombospondin-1 are examples of mediators that
inhibit angiogenesis. The maintenance of vessels in
a quiescent state is thought to occur when the level
of antiangiogenic signals outweigh proangiogenic
signals; however, periods of active angiogenesis
occur when endothelial cells sense a shift in the
balance of these mediators, with proangiogenic
signals predominating over antiangiogenic signals.
This idea, known as the angiogenic switch, was
proposed by Folkman and Hanahan, who first
used it to describe the regulation of tumor angio-
genesis.10 When the skin is injured, angiogenesis is
stimulated due to an increase in the production of
several proangiogenic mediators, including VEGF,
at the wound site.

Neovascularization in healing wounds
Effective wound healing requires vasculariza-

tion of the newly formed tissue. As granulation
tissue forms, the number of blood vessels in the
dermis increases. A significant increase in the
density of blood vessels compared to uninjured
skin is commonly observed during the prolif-
erative phase of healing as a result of angiogenesis

Figure 3. Blood vessel staining in murine skin wounds. CD-31 (PECAM-1) is expressed by endothelial cells and CD-31 immunostaining is commonly used to
identify blood vessels (indicated by arrows, brown staining). Representative images are shown of normal skin or the center of 3-mm excisional wounds after 5, 7, or
14 days of healing in FVB mice. This is a standard laboratory mouse strain named for its sensitivity to Friend leukemia virus B. (a) A basal number of blood vessels
are present in normal skin to maintain homeostasis. (b) After 5 days of healing, an increase in CD-31 staining can be seen and new vascular structures are starting
to form. (c) At 7 days, vessels with a more defined structure can be observed. (d) By 14 days post injury, the number of blood vessels has started to decline and
eventually the density of blood vessels will return close to the level found in uninjured skin. Scale bar = 100 lm. D, dermis; E, epidermis. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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(Fig. 3).11 As granulation tissue is converted into
mature scar tissue, some of the new vessels re-
gress. Eventually the number of vessels normalizes
and returns to a level close to what is observed in
uninjured skin.12 Although not much is known
about how vessel regression is regulated in the
skin, simply keeping the levels of proangiogenic
mediators elevated cannot prevent capillary re-
gression.13 Studies have suggested that the che-
mokine ligand 10 (CXCL10), which is elevated in
the late stages of wound healing, could be involved
in the regression of newly formed vessels by sig-
naling through chemokine receptor 3 (CXCR3).14

The majority of blood vessels created over the
course of normal wound healing are believed to be
created through angiogenesis,15 and this is the
most frequently studied mode of neovasculariza-
tion in cutaneous repair. However, vasculogenesis
has also been demonstrated in excisional wounds
and ischemic skin flaps through the identification
of bone marrow–derived cells that have incorpo-
rated into the new vasculature.7,8 The clinical sig-
nificance of vasculogenesis in a normally healing
wound is not yet clear.

The importance of new blood vessel growth
during wound healing is highlighted by the fact
that insufficient vascularization is a common fea-
ture of chronic, nonhealing wounds. This is also
apparent in animal models of delayed wound
healing, such as diabetic mice, in which reduced
vascularization has been linked to delayed wound
closure, reduced reepithelialization, and deficient
granulation tissue formation.16 While the major-
ity of evidence points to robust angiogenesis be-
ing beneficial for repair in models of delayed
healing or severe skin injury (i.e., skin flaps),17,18

the correlation between angiogenesis and repair
is less clear in standard wounds made in healthy
animals. There are several examples of conflicting
results in the literature, with some studies sug-
gesting that inhibiting angiogenesis has no ef-
fect or only modest effects on wound closure,19–23

and others indicating that blocking angiogene-
sis significantly delays wound repair.24–26 One
reason for the variability in results could be based
on the fact that many of these studies examine
blood vessel number or blood vessel density as a
measure of angiogenesis without assessing the
functionality of the blood vessels. Because a sig-
nificant number of the new blood vessels created
during wound healing are not perfused,27 reduc-
ing the overall density of blood vessels within
a wound by selective elimination of nonfunctional
blood vessels may not be detrimental to the
healing process.

VEGF

VEGF (used to refer to VEGF-A throughout this
article) is one of the most important proangiogenic
molecules in the skin. It has been shown to play a
role in hair growth28 as well as the development of
skin diseases such as psoriasis29 and skin can-
cer.26,30 Numerous studies have shown that VEGF
is also important for wound healing in the skin.
VEGF-A is a 45 kDa heterodimeric heparin-
binding protein. It belongs to a family of vascular
endothelial growth factors that also includes VEGF-
B, VEGF-C, VEGF-D, and PlGF. Multiple isoforms
of VEGF-A can be generated through alternative
splicing.31 VEGF, which was originally identified as
a vascular permeability factor,32 is capable of in-
ducing vascular permeability with a potency several
thousand-fold higher than histamine. Subsequent
studies found that VEGF is a strong positive regu-
lator of angiogenesis33 and stimulates endothelial
cell functions needed for new blood vessel formation,
such as proliferation, migration, differentiation,
and survival.33–35 The importance of VEGF as a
mediator of neovascularization is highlighted by
studies showing that the loss of even a single copy of
the VEGF gene results in embryonic lethality at
early stages of development.36,37

VEGF family members elicit their effects on
endothelial cells by binding to and activating ty-
rosine kinase receptors located on the cell surface
(Fig. 4).38 VEGF-A is capable of binding to multiple
receptors, including VEGF receptor-1 (VEGFR-1)
and VEGF receptor-2 (VEGFR-2). These are tyro-
sine kinase receptors that contain seven immuno-
globulin-like domains on the extracellular portion
of the receptor, as well as a single transmembrane
region and an intracellular tyrosine kinase do-
main.39 These two receptors differ in their ligand-
binding properties and tyrosine kinase activity.
VEGFR-1 binds to the VEGF ligand with higher
affinity, whereas VEGFR-2 exhibits stronger in-
herent tyrosine kinase activity.40 VEGFR-2 is be-
lieved to be the more important of the two receptors
in terms of controlling endothelial cell function and
regulating angiogenesis based on its superior
ability to stimulate downstream signaling cas-
cades. Upon binding to VEGF, phosphorylation of
tyrosine residues on VEGFR stimulates activation
of protein kinase B, which inhibits apoptosis, and
the mitogen-activated protein kinase (MAPK)
pathway, which induces proliferation (Fig. 5).41

Activation of Src kinase, focal adhesion kinase, and
p38 MAPK also occurs and leads to cell migra-
tion.41 In addition to the membrane form of
VEGFR-1, a soluble form of VEGFR-1 (sVEGFR-1)
also exists; this form is generated by alternative
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splicing of the VEGFR-1 gene.42 sVEGFR-1 con-
tains the extracellular ligand-binding domain but
lacks the transmembrane and signaling domains;
therefore, it acts as a negative regulator of angio-
genesis by binding to VEGF with high affinity and
preventing its interaction with membrane-bound
forms of VEGFR-1 or VEGFR-2. Some isoforms of
VEGF-A can also bind to neuropilins (NRPs),
which are single-pass transmembrane proteins
that bind to semaphorins as well as some members
of the VEGF family.41 NRPs act as coreceptors for
VEGF and enhance the activity of VEGFRs.43

VEGF in wound healing
Angiogenesis is a prominent feature of the

wound healing response. Studies examining VEGF
in wound repair began soon after the initial dis-
covery and characterization of VEGF as a proan-
giogenic factor. Since that time, VEGF has been
shown to play a role in several facets of the re-
pair process (Fig. 6). VEGF mRNA44 and protein
(Fig. 7) increase at early time points post injury in
the skin, and VEGF protein levels increase and
remain elevated in wound fluid for at least a week
in surgical wounds.45 Although several different
mediators regulate angiogenesis, VEGF is believed
to be one of the most important proangiogenic
mediators during wound healing.45 Multiple cel-
lular sources likely contribute to the increase in
VEGF after injury (Fig. 6). VEGF, which is nor-
mally expressed at low levels by epidermal kerati-
nocytes, is upregulated in these cells in injured
skin.44 Studies in human wounds and animal
models have indicated that VEGF is produced by
keratinocytes early in the wound-healing pro-
cess;44,46 however, more recent evidence suggests
that keratinocytes also produce VEGF at later
stages of healing.47 Activated fibroblasts, mast

Figure 5. VEGFR signaling. VEGF–VEGFR binding causes dimerization and
autophosphorylation of the VEGFR. VEGFR phosphorylation triggers PI3K
activation and phosphorylation of Akt. Active Akt blocks the proapoptotic
molecules BAD and caspase-9, resulting in cell survival (left). VEGFR sig-
naling also activates several kinases that mediate cell migration, including
Src, FAK, and p38 MAPK (middle). Activation of multiple pathways following
VEGFR phosphorylation leads to MAPK signaling (phosphorylation of MEK/
ERK), which stimulates cellular proliferation (right). Akt/PKB, protein kinase
B; BAD, Bcl-2-associated death promoter; DAG, diacylglycerol; ERK, ex-
tracellular signal-regulated kinase; FAK, focal adhesion kinase; IP3, inositol
1,4,5-triphosphate; MAPK, mitogen-activated protein kinase; MEK, MAPK/
ERK kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphati-
dylinositol 3,4,5-triphosphate; PI3K, phosphatidylinositol 3-kinase; PKC,
protein kinase C; PLC, phospholipase C; SPK, sphingosine kinase.

Figure 4. VEGF–VEGFR binding partners. VEGF-A belongs to a family of VEGF proteins that also includes VEGF-B, VEGF-C, VEGF-D, and PlGF. Each family
member binds to one or more tyrosine kinase receptors of the VEGFR family (VEGFR-1, -2, and -3). Soluble forms of some VEGFRs exist, including sVEGFR-1,
which binds to VEGF and blocks its ability to signal through the membrane-bound forms of the receptors. Some VEGF family members can also bind to NRPs,
which function as coreceptors. NRP, neuropilin; VEGFR, VEGF receptor.
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cells, and macrophages also express VEGF in in-
jured skin.44,45,48 In fact, myeloid cells (i.e., mono-
cytes and macrophages) were recently found to be a
major source of VEGF at certain time points post
injury,47 and both keratinocyte-derived and mye-
loid cell–derived VEGF have been shown to affect
some components of the repair process.26,47,49 For
example, delayed wound closure, reduced vessel
density, and decreased granulation tissue forma-
tion have been reported in mice lacking VEGF in
myeloid cells,47,49 and delayed wound closure and
reduced vessel density have been reported in mice
lacking VEGF in keratinocytes.26 Hypoxia is one
reason VEGF increases during wound healing.
Low oxygen levels in wounded skin causes activa-
tion of the transcription factor HIF, which results
in transcription of the VEGF gene.50 Oxidants
produced in response to injury, such as hydrogen
peroxide, and a variety of other mediators pro-
duced at the wound site, such as epidermal growth
factor, keratinocyte growth factor, transforming
growth factor, and tumor necrosis factor, have also
been shown to stimulate the production of VEGF by
keratinocytes.51–53 Less is known about what shuts
down VEGF expression; however, Fra-1, a member
of the Fos transcription factor family, was recently
shown to act as a negative regulator of VEGF
transcription in healing skin flaps.54

VEGF and the acute wound-healing re-
sponse. Endothelial cells play a crucial role in
the regulation of inflammation during the early
stages of wound healing. The loosening of cell–cell
contacts and the expression of adhesion molecules
allows endothelial cells to facilitate the movement
of circulating inflammatory cells into the tissue at
the site of injury. VEGF is a strong inducer of vas-
cular permeability in the skin,30,55 and the correla-
tion between VEGF expression patterns and
permeable blood vessels in injured skin44 suggests
that VEGF contributes to vascular permeability at
early stages of healing. VEGF also affects the in-
teractions between endothelial cells and circulating
inflammatory cells. Detmar and colleagues have
shown that VEGF increases leukocyte rolling and
adhesion on the endothelium by affecting the ex-
pression of selectins and intercellular adhesion
molecules on endothelial cells.56 This is critical
for the ability of circulating inflammatory cells to
move from the bloodstream into the tissue, a hall-
mark of the inflammatory response. VEGF also in-
creases the number of dermal mast cells,56 a cell
type involved in multiple phases of wound heal-
ing.57 Additionally, an increase in the density of
macrophages has been observed in wounds created
in transgenic mice that overexpress VEGF in the
epidermis, suggesting that VEGF plays a role in
recruiting macrophages to damaged skin.58

Figure 7. VEGF production in murine skin wounds. VEGF levels were
measured by ELISA in 3-mm excisional skin wounds in FVB mice to illus-
trate the pattern of VEGF protein expression during wound healing. VEGF
protein levels start to increase in wounded tissue 1 day after injury com-
pared to control uninjured skin. VEGF levels are significantly elevated
compared to control skin at 3 and 5 days post wounding. Protein levels
begin to normalize between 7 and 14 days. Bars represent mean amount of
VEGF (pg per mg of total protein) – standard error of the mean. (n = 5
wounds from separate mice per time point). *p < 0.05, **p < 0.01 by one-way
analysis of variance with Bonferroni post hoc testing.

Figure 6. Cellular sources and actions of VEGF during wound healing.
During wound healing, VEGF is produced by a variety of cell types, including
keratinocytes, mast cells, macrophages, and fibroblasts (top). The VEGF
produced in response to injury plays a role in many aspects of wound
healing (bottom). During the acute phases of healing, VEGF stimulates
vascular permeability and adhesion molecule expression, which aids in the
recruitment of inflammatory cells. VEGF levels can influence the rate of
wound closure/re-epithelialization, angiogenesis, granulation tissue for-
mation, and the strength of the healed wound during the proliferative
phase. VEGF can also promote the formation of scar tissue during the scar
formation/remodeling phase.
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VEGF activity in the proliferative phase of heal-
ing. Several cell types work together to repair the
epidermal and dermal layers of the skin during the
proliferative phase of healing, ultimately leading
to complete healing of the wound. Keratinocytes
proliferate and migrate to repair the epidermal
barrier during re-epithelialization. Repair of the
dermis also begins during this phase with the
formation of granulation tissue, which is rich in
inflammatory cells, fibroblasts, and new blood
vessels. These new vessels supply blood containing
the oxygen and nutrients required to support the
activity of the various cell types involved in this
phase of repair. VEGF has been shown to regulate
several aspects of the proliferative phase, including
repair of the epidermal barrier as well as the un-
derlying dermis.

The contribution of VEGF to overall wound
closure and epidermal repair has been examined
extensively in animal studies. With the excep-
tion of one study using adeno-associated virus–
mediated VEGF expression,59 most of the results
suggest that enhancing VEGF levels in healthy
animals does not significantly accelerate wound
closure or increase re-epithelialization.58,60,61

This may be because VEGF levels are already high
in normally healing wounds. However, reducing
VEGF activity by treating with neutralizing an-
tibodies or small molecule inhibitors of VEGF
signaling or conditional genetic deletion of VEGF
lead to delayed healing.26,49,62,63 For example,
Rossiter and colleagues performed wound-healing
studies in mice with VEGF-deficient keratino-
cytes and showed that the wounds contained
fewer blood vessels beneath the epidermis and
healed more slowly.26 Additionally, topical treat-
ment with neutralizing antibodies to VEGFR-1
results in reduced re-epithelialization rates.62

More recent studies by Stockmann and colleagues
showed delayed healing in mice lacking VEGF in
myeloid cells.49

Additional support for the importance of VEGF
in wound closure comes from models of impaired
healing or severe injury. Wounds generated in di-
abetic mice, which heal significantly more slowly
than healthy mice, have fewer blood vessels and
contain less VEGF.16,53,64 Enhancing VEGF levels
in diabetic wounds by treating topically with re-
combinant VEGF or by using viral vector-mediated
or liposome-mediated gene transfer accelerates
wound closure, increases granulation tissue for-
mation, and enhances the quality of the healed
wound (i.e., improved breaking strength).17,64–66 A
strong role for VEGF has also been demonstrated
in ischemic skin flap models. Augmenting VEGF

levels leads to significantly improved vasculariza-
tion and enhanced skin flap survival.18,67–69

VEGF has also been implicated in repair of the
dermis in both normal wound-healing models and
models of delayed healing. Based on the results of
multiple studies, there appears to be a strong cor-
relation between VEGF levels or VEGF activity
and the amount of granulation tissue formed in
both healthy and diabetic animals.17,47,59,60,64–66

Additionally, VEGF has been shown to affect
wound breaking strength in some cases.66,70 This
could result from alterations in collagen production
or the arrangement of the deposited collagen.

As with animal studies, clinical studies also
support the idea that sufficient levels of VEGF are
required for effective healing. Poor vascularization
is a hallmark of chronic wounds, such as diabetic or
venous ulcers. This likely results in part from in-
adequate VEGF activity in these wounds, which
leads to inefficient angiogenesis. This could be due
to degradation of VEGF by the abnormally high
protease activity in chronic wounds71 or neutrali-
zation of VEGF due to high levels of soluble
VEGFR-1.72

VEGF and scar formation. In the final stages of
the repair process, fibroblasts continue to deposit
collagen and other ECM proteins and also remodel
the immature collagen matrix into mature scar
tissue. Several studies have suggested that VEGF
contributes to scar tissue production. Our labora-
tory has shown that VEGF levels correlate with the
amount of scar tissue produced in mouse models of
fetal and adult wound healing. Systemic treatment
with neutralizing VEGF antibodies led to a reduc-
tion in scar size and normalization of the collagen
fibril structure in adult incisional wounds.73 In
addition, injection of recombinant VEGF resulted
in the formation of large scars in embryonic day 15
fetal wounds, which normally heal without scars.73

Abnormal scars, such as hypertrophic scars74,75

and keloids,76,77 have been shown to express high
levels of VEGF. Treatment of hypertrophic scar
patients with interferon a2b has been linked to a
reduction in angiogenesis and VEGF,78 suggesting
that reducing VEGF may improve scars. Similarly,
treatments used to induce keloid regression have
been shown to reduce VEGF levels in keloid tis-
sue.79,80 Despite the positive association between
VEGF levels and scar formation, little is known
about the mechanisms responsible. VEGF may
promote scar tissue formation indirectly based on
its ability to stimulate angiogenesis; however,
VEGF can also increase the number of inflamma-
tory cells in the skin56,58 and some studies have
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suggested that VEGF can directly influence dermal
fibroblast behavior.66 It is therefore possible that
VEGF promotes scar tissue formation by multiple
mechanisms.

Nonendothelial effects of VEGF
To date, the majority of studies examining

VEGF in wound healing have focused on VEGF as a
mediator of angiogenesis and, as a result, any
findings have been attributed to the effects of
VEGF on endothelial cells (Fig. 8). Many studies,
however, have now shown that VEGF can directly
affect a variety of cells other than endothelial cells
that also express one or more functional VEGFRs.
Importantly, VEGF has been shown to directly af-
fect several nonendothelial cell types known to play
an important role in the wound-healing response,
including keratinocytes and macrophages (Fig. 8).

Direct effects of VEGF on keratinocytes.
Keratinocytes are the cells that make up the epi-
dermal barrier; they are responsible for resealing
this barrier when the skin is damaged. Keratino-

cytes are also one of the main sources of VEGF
during wound healing. Traditionally, VEGF pro-
duced by epidermal keratinocytes was thought to
act in a paracrine manner, stimulating endothelial
cells in blood vessels within the underlying dermis.
Functional VEGFRs, however, have been recently
identified on keratinocytes,62,81–83 which suggests
the possibility of autocrine VEGF signaling in
keratinocytes as well as direct effects of VEGF de-
rived from other cellular sources on keratinocytes.
Several groups have now shown that keratinocytes
express VEGFR-162,82,84,85 and the coreceptor
NRP-1.81,83,85 Some groups have also suggested
that VEGFR-2 and VEGFR-3 are present on kera-
tinocytes,85,86 although a functional role for these
receptors has not yet been demonstrated in vivo.
Direct effects of VEGF on keratinocytes have been
described in vitro using cultured keratinocytes. For
example, VEGF can increase the proliferation of
cultured primary human keratinocytes,62 primary
mouse keratinocytes,82 and keratinocyte-derived
tumor cells82 through VEGFR-1, and VEGF can
also stimulate the migration of primary human

Figure 8. Endothelial and nonendothelial effects of VEGF during wound healing. To date, most of the beneficial effects of VEGF have been attributed to the
ability of VEGF to stimulate angiogenesis by signaling through VEGFRs on endothelial cells (left). Recent studies have shown, however, that VEGFRs are also
present on epidermal keratinocytes and myeloid cells (monocytes/macrophages), suggesting that VEGF can directly stimulate these nonendothelial cell types
(right). These novel alternative signaling pathways could promote wound re-epithelialization by keratinocytes and could also affect trafficking of circulating
leukocytes into the wound, pathogen elimination, or resolution of inflammation. Further work is needed to determine if these alternative pathways are active
during wound repair in vivo. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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keratinocytes.66 Furthermore, VEGF has been
shown to mediate keratinocyte survival following
exposure to ultraviolet light,83,86 and both VEGFR-1
and NRP-1 have been shown to regulate keratino-
cyte function in vivo.81–83

Overall, the fact that keratinocytes express
functional VEGFRs implies that VEGF can directly
influence these cells during wound repair. Studies
in other systems have suggested possible roles for
VEGF in the regulation of keratinocyte prolifera-
tion, migration, and survival.62,66,82,83,86 Although
the contribution of direct effects of VEGF on kera-
tinocytes has yet to be examined specifically in
wound-healing models, together these studies
imply that VEGF could directly contribute to the
repair of the epidermal barrier during wound
healing by stimulating keratinocytes.

Direct effects of VEGF on monocytes/macro-
phages. In addition to keratinocytes, myeloid
cells (monocytes and macrophages) are another
important cell type for wound healing known to
respond directly to VEGF. In addition to fighting
off potential pathogens, macrophages are involved
in multiple stages of the wound-healing process.
Although the importance of macrophages in wound
repair has been the subject of much debate,87,88,
recent studies have demonstrated the importance
of macrophages for proper wound healing.89–91

Studies using animal models in which macro-
phages were specifically targeted using diphtheria
toxin have been particularly useful for elucidating
the role of macrophages in wound healing. Treat-
ment with diphtheria toxin in mice containing
macrophages that express the diphtheria toxin
receptor has been used to ablate macrophages
during the early phases of repair. This caused a
delay in wound closure and re-epithelialization as
well as reduced angiogenesis and granulation tis-
sue formation.90,91

In addition to defending against infection by
intercepting and killing potentially harmful mi-
crobes that enter the skin when it is damaged and
stimulating early inflammatory processes, macro-
phages also play an important role in the resolu-
tion of inflammation. Macrophages stimulate
resolution in part by eliminating apoptotic neu-
trophils within the wound and producing anti-
inflammatory and proresolving mediators. This
is usually accompanied by a switch in macro-
phage henotype from proinflammatory M1 macro-
phages (classically activated) to anti-inflammatory/
prohealing M2 macrophages (alternatively activat-
ed).92 Studies have shown that in slowly healing
diabetic wounds, macrophages do not effectively

remove apoptotic neutrophils89 and the number
of M1 macrophages outweigh the M2 macro-
phages.93,94 This could contribute to the persis-
tent inflammation observed in chronic, nonhealing
wounds. Together, these data highlight the impor-
tance of macrophages in wound healing.

In order to aid in the wound repair process, an
appropriate number of macrophages must be
recruited to the wound site. Proinflammatory me-
diators produced after injury stimulate the acti-
vation of resident macrophages and the
recruitment of monocytes from circulation, which
eventually mature into tissue macrophages. In-
terestingly, monocytes and macrophages express
VEGFR-1 and VEGF has been shown to increase
the migration of these cells in vitro through VEGFR-
1.95–97 Studies using multiple animal models have
also shown that VEGF enhances macrophage re-
cruitment in vivo.98–101 A role for VEGF in macro-
phage recruitment has also been demonstrated in
the skin. A higher density of macrophages has been
reported in wounds from VEGF transgenic mice.58

Additionally, in an orthotopic tumor model, sub-
cutaneous injection of a VEGF-transfected kerati-
nocyte cell line caused an increase in the number of
macrophages compared to control cells.102 A recent
study has shown that Notch-1 influences the
number of macrophages recruited to skin wounds
and that Notch-1 signaling regulates VEGFR-1
expression on the surface of macrophages.103

In addition to macrophage recruitment, recent
studies have also suggested that VEGF stimulates
the uptake of apoptotic cells by macrophages
through VEGFR-1.104 If this occurs during wound
healing, VEGF could aid in the resolution of in-
flammation. VEGF has also been shown to induce
macrophage apoptosis through upregulation of
the proapoptotic molecule tumor necrosis factor
superfamily member 14, suggesting that VEGF
could also help stimulate the resolution of in-
flammation by enhancing the removal of macro-
phages during late stages of inflammation via
apoptosis.105 Despite the established importance
of macrophages in wound healing and the evi-
dence indicating that macrophages respond di-
rectly to VEGF, the role of VEGF on macrophage
function has not been well studied during the
process of wound repair.

FUTURE DIRECTIONS
Altering VEGF for therapeutic purposes

Given that the levels of VEGF are low in wounds
that exhibit delayed healing and that augmenting
VEGF accelerates healing in many animal studies,
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VEGF has been discussed as a potential
therapy for recalcitrant wounds. In-
creasing VEGF should enhance angio-
genesis (and vasculogenesis), resulting
in the formation of more blood vessels
and, as a result, improve blood flow in the
area of the wound. Clinical trials have
been performed using topical recom-
binant human VEGF (telburmin, Gen-
entech, South San Fransisco, CA) on
diabetic foot ulcers;106 however, even
though positive trends in incidence of
complete healing and time to complete
healing were reported, no published in-
formation is available beyond these
phase I studies.

While it seems reasonable that VEGF
treatment would improve healing, there
are some problems with this approach.
In general, topical treatment with a
single growth factor has not been as ef-
fective as predicted for the treatment of
chronic wounds. One impediment to the
potential healing benefits of growth fac-
tor therapy is the hostile environment of
chronic wounds. These wounds tend to
have very high levels of proteases that
cleave and inactivate proteins. Plasmin,
which is found at high levels in non-
healing wounds, is capable of cleaving
VEGF and inhibiting its biological
activity.71 The development of protease-
resistant forms of growth factors or de-
livery of growth factors embedded in
ECM components could be used to overcome these
obstacles.107,108 Another issue with VEGF in
particular is that it has strong effects on vascular
permeability, and high VEGF levels are often as-
sociated with leaky, immature, poorly perfused
vessels.109 It is possible that a strategy to combine
VEGF with other factors could be used to facilitate
the formation of more stable, mature vessels,
which would be more effective in delivering oxy-
gen to the wound site.

While most of the studies published to date have
suggested that VEGF is beneficial for wound clo-
sure, there is some evidence that heightened VEGF
levels might exacerbate scar tissue formation and/
or lead to abnormal scarring.73–80 This suggests
that inhibiting VEGF might be useful for reducing
scar formation. Reducing VEGF and the overall
number of blood vessels in a healing wound might
seem risky; however, a significant proportion of
new blood vessels in a wound are immature and not
perfused.27 As immature vessels are more sensitive

to anti-VEGF drugs,110 it may be possible to reduce
the overall number of blood vessels by selectively
pruning nonfunctional vessels without having a
negative impact on stable vessels and oxygen de-
livery. This type of therapy might be useful for
nonsevere, superficial wounds in a patient who
might be willing to accept slightly slower healing
for a better cosmetic outcome or in patients at
risk for developing abnormal scars such as keloids.
In the future, more work needs to be done to de-
termine whether targeting VEGF is a viable clini-
cal approach to reduce the appearance of scars in
humans.

SUMMARY

It is clear that VEGF is active during the wound
repair process and that VEGF levels can influ-
ence the speed and quality of repair. Optimal
levels of VEGF may vary depending on the type
of wound. Inadequate VEGF levels can contribute

TAKE-HOME MESSAGES
� New blood vessel formation, or neovascularization, is important for suc-

cessful tissue restoration during wound repair. The new blood vessels
formed during wound healing supply the damaged skin with oxygen and
nutrients from the blood. Neovascularization can occur through vasculo-
genesis (de novo formation of new blood vessels) or angiogenesis (creation
of new blood vessels from existing vessels).

� Damage to the skin stimulates the production of mediators that promote
neovascularization. VEGF, which stimulates vasculogenesis and angiogen-
esis, is one of the most important proangiogenic factors in the skin. VEGF is
present at high levels in cutaneous wounds, and multiple cells types, in-
cluding keratinocytes, macrophages, and fibroblasts, produce VEGF in re-
sponse to injury.

� The importance of VEGF in the repair process is well documented, espe-
cially as a proangiogenic factor. Animal studies have shown that aug-
menting VEGF results in accelerated healing. Conversely, animals that have
reduced levels of VEGF tend to heal more slowly. Examination of human
samples has suggested that low VEGF activity contributes to chronic,
nonhealing wounds.

� While most studies have indicated a beneficial role for VEGF, this growth
factor may also promote scar formation. This could mean that optimal
VEGF levels may be different depending on the wound type; it may be
ideal to supplement VEGF in nonhealing wounds, whereas it may be
beneficial to limit VEGF activity in wounds for which cosmetic outcome is
a priority.

� Overall, studies have shown that VEGF influences the repair process at
multiple stages by stimulating endothelial cells and inducing angiogen-
esis; however, VEGF likely plays a broader role in wound healing than
previously believed due to its ability to affect multiple cells types involved
in the repair process, including keratinocytes and macrophages. More
work needs to be done to fully characterize the actions of VEGF during
wound repair.
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to impaired healing and the development of
chronic, nonhealing wounds, whereas high VEGF
levels could promote overabundant scar tissue
formation. Despite the large number of studies
focusing on VEGF and wound healing, there is
still a lack of information about how VEGF can
affect the behavior of cells other than endothe-
lial cells in the wound that are capable of re-
sponding to VEGF, such as keratinocytes and
macrophages.
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Abbreviations and Acronyms

AAV¼ adeno-associated virus
BM¼ basement membrane

bFGF¼ basic fibroblast growth factor
BAD¼ bcl-2-associated death promoter

BV¼ blood vessel
BM¼ bone marrow

CXCL-10¼ CXC motif ligand-10
CXCR3¼ CXC chemokine receptor 3

DAG¼ diacylglycerol
EC¼ endothelial cell

EPC¼ endothelial progenitor cell
ECM¼ extracellular matrix
ERK¼ extracellular signal-regulated kinase
FAK¼ focal adhesion kinase
IP3¼ inositol 1,4,5-triphosphate
IL-8¼ interleukin-8
KC¼ keratinocyte

MAPK¼mitogen-activated protein kinase
MEK¼mitogen-activated protein kinase/

extracellular signal-regulated
kinase kinase

NRP¼ neuropilin
PI3K¼ phosphatidylinositol 3-kinase
PIP2¼ phosphatidylinositol 4,5-

bisphosphate
PIP3¼ phosphatidylinositol 3,4,5-

triphosphate
PLC¼ phospholipase C
SPK¼ sphingosine kinase

P1GF¼ placental growth factor
PDGF¼ platelet-derived growth

factor
Akt/PKB¼ protein kinase B

PKC¼ protein kinase C
sVEGFR-1¼ soluble vascular endothelial

growth factor receptor-1
TGF-b¼ transforming growth factor-b

TNFSF14/LIGHT¼ tumor necrosis factor
superfamily member 14

VEGF¼ vascular endothelial growth
factor

VEGFR¼ vascular endothelial growth
factor receptor
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