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Significance: Angiogenesis plays a critical role in wound healing. A defect in
the formation of a neovasculature induces ulcer formation. One of the chal-
lenges faced by the clinician when devising strategies to promote healing of
chronic wounds is the initiation of angiogenesis and the formation of a stable
vasculature to support tissue regeneration. Understanding the molecular
factors regulating angiogenesis during wound healing will lead to better
therapies for healing chronic wounds.
Recent Advances: Classically, chronic wounds are treated with debridement to
remove inhibitory molecules to reestablish angiogenesis and normal wound
healing. The addition of platelet-derived growth factor (PDGF, becaplermin)
has shown some promise as an adjunctive therapy, but better therapies are
still needed. Current treatment strategies include investigating the outcome of
augmenting cytokines locally to reduce the inflammatory response and pro-
mote angiogenesis.
Critical Issues: The failure of wounds to form a new vasculature results in the
inability of the wound to fully heal, and thus may develop into a chronic ulcer
if left untreated. Inhibition of neovascularization commonly results from an
overactive inflammatory response that includes an excessive chemokine re-
sponse. Therefore, understanding how the chemokine response regulates
neoangiogenesis will enhance our ability to develop new treatment strategies
to improve neovascularization and wound healing.
Future Directions: The ability to regulate the chemokine environment in
chronic wounds may enhance the development of the neovasculature to re-
duce invasive treatments and enhance wound healing. Either inhibiting
chemokines that promote a chronic inflammatory response or increasing the
levels of proangiogenic chemokines may enhance angiogenesis in chronic
wounds.

SCOPE AND SIGNIFICANCE
Angiogenesis plays a major role

in wound healing. The angiogenic
response is needed to deliver immune
cells, remove debris, and provide
nutrients for tissue regeneration. A
defect in the regulation of blood ves-
sel growth can cause dehiscence and
ulceration. This review will discuss
the role of angiogenesis in wound
healing and provide an overview of

the chemokines that promote and
inhibit angiogenesis. We will focus on
the function of the CC and CXC che-
mokines on regulating angiogenesis
and the signaling pathways of their
receptors. In addition, the review will
discuss some of the current research
investigating the use of chemokines
to enhance the angiogenic response
as a therapeutic for the treatment of
chronic wounds.
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TRANSLATIONAL RELEVANCE

Improving our understanding of the role chemo-
kines play in regulating both the inflammatory re-
sponse and angiogenesis will have a significant
impact on wound therapy. Connecting the relation-
ship between chemokine signaling, inflammation,
and angiogenesis may promote the development of
novel therapies to reduce chronic inflammation and
enhance angiogenesis in chronic wounds.

CLINICAL RELEVANCE

It has been estimated that between 3 and 6 mil-
lion people in the United States suffer from chronic
ulcers, which is responsible for significant health-
care expenditures.1 The current clinical methods for
the treatment of chronic wounds are typically labor
intensive, costly, and do not always significantly
enhance wound healing. Even if the treatment is
successful, the recurrence rate for ulcers ranges
from as low as 23% for pressure ulcers and as high
as 70% for diabetic ulcers.1 There have been exten-
sive investigations into the mechanisms responsible
for chronic wound formation without the develop-
ment of clinically effective therapies. A deficiency in
vessel formation is one of the principal factors in the
inability of a wound to heal and plays a major role in
the development of chronic ulcers. Enhancing the
angiogenic process has become an area of focus to
enhance wound closure and treat chronic wounds.
Ongoing research is investigating the use of angio-
genic chemokines to enhance wound closure and
healing. Thus, understanding the chemokines reg-
ulating angiogenesis may provide novel therapies to
enhance the wound healing process to reduce the
morbidity and mortality associated with chronic
wounds.

BACKGROUND
Angiogenesis in wound healing

The normal wound healing process occurs in four
main phases; hemostasis, inflammation, granula-
tion, and remodeling (Fig. 1). Angiogenesis is a
critical factor in the ability of the tissue to repair
itself. Formation of a new vasculature is essential
for the removal of debris, providing nutrients and
oxygen to the metabolic active wound bed. The he-
mostasis/coagulation phase is characterized by
platelet activation and fibrin clot formation as a
result of endothelium disruption. At this stage, ac-
tivated platelets release a host of factors (e.g.,
CXCL4, angiostatin) that promotes initial inhibi-
tion of angiogenesis.2 The release of platelet factor 4
(PF4) sequesters various growth factors (vascular
endothelial growth factor [VEGF], basic fibroblast

growth factor [bFGF], platelet-derived growth fac-
tor [PDGF]), limiting their ability to promote an-
giogenesis.3,4 In addition, platelets release various
cytokines (i.e., tumor necrosis factor alpha [TNF-a],
transforming growth factor beta [TGF-b], CXCL8)
to activate inflammatory cells to facilitate the initi-
ation of the inflammatory phase.2 During the
inflammatory phase of wound healing, there is an
excessive amount of proangiogenic molecules
(growth factors and cytokines) being secreted by
macrophage, epithelial cells, and lymphocytes.5 The
wound bed becomes an angiogenic sink, facilitating
endothelial cell migration and proliferation, and
promoting neovascularization of the wound bed. For
example, endothelial progenitor cells (EPC) are
mobilized to the inflamed wound site and undergo
differentiation as they are incorporated into the
newly forming vasculature (vasculogenesis)
through the recruitment and induction of differen-
tiation by various angiogenic factors, including
stromal cell-derived factor 1 (SDF-1, CXCL12) and
VEGF.5,6 Once in the wound bed, these cells release
angiogenic factors to further support neovascular-
ization. By day 4, (initiation of the granulation
phase) angiogenesis is in full progression and neo-
vascularization of the wound bed is occurring.

The formation of the granulation tissue relies on
vascularization of the wound tissue. In the granu-
lation phase, there is an excess (estimated to be
five-fold) of vessels in the wound bed to meet the
metabolic demands of the cells repairing the tissue
(Fig. 1). Many of these vessels are not fully mature,
leaky, or are not functional. Progression to the re-
modeling phase results in a significant decrease
in the metabolic needs of the new tissue. At this
phase, there is a decrease in angiogenic molecules
and an increase in angiostatic molecules promoting
vessel regression (Fig. 1).7 The exact mechanism
for vessel regression is not well understood, but it is
thought that an upregulation of CXCL10 (IP-10)
and CXCL11 (IP-9, ITAC) secretion is one of the
mechanisms promoting vessel regression.8,9 The
neovasculature regresses back to a vessel density
similar to prewounding. The reduction of the exu-
berant, immature, and leaky vasculature within
the wound tissue is necessary to enhance the
strength of the newly regenerated tissue and re-
duce scarring. Failure of the nonessential and
nonfunctional vessels to regress causes the skin to
be prone to dehiscence and ulceration.

Chemokines regulating angiogenesis
Chemokines are small (7–13 kDa) multifaceted

signaling proteins that have been shown to regu-
late the immune response as well as promote
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homeostasis, chemotaxis, and angiogenesis (Table 1).
They play an integral part in directing wound clo-
sure and healing. The chemokine family is divided
into four subfamilies based on their structural
properties. Chemokines are currently classified as
C, CC, CXC, and CX3C (X indicates any amino acid)
based on their folded protein structure.10 In wound
healing, chemokines play a significant role in ac-
tivating the immune response. Platelet activation
and release of various chemokines (e.g., CXCL2,
CXCL8) promote the activation of neutrophils and
monocytes. Activation of these cells further in-
duces the release of chemokines (e.g., CCL2, CCL3,
CCL4, CCL5), promoting lymphocyte, keratinocyte,
and endothelial cell activation.11

The CC and CXC receptor families play a major
role in regulating angiogenesis during the wound
healing process. The CC and CXC subtype chemo-
kine receptors are G-protein–coupled receptors,
intracellular G-proteins function to mediate the

outcome (e.g., cell survival or death) of ligand–
receptor binding by inducing specific intracellular
signaling pathways. For the most part, the CC
(CCR1, CCR2, CCR3) and CXC (CXCR1, CXCR2,
CXCR4) receptors directly promote angiogenesis
with the exception of CXC receptor 3 (CXCR3) that
has been shown to directly inhibit angiogenesis.3,8,12

Therefore, a defect in the levels of the angiogenic
chemokines or in the levels of antiangiogenic che-
mokines will promote a dysfunction in angiogenesis
and neovascular development (Table 2).

Chemokines can indirectly affect angiogene-
sis. The dysregulation of chemokines that acti-
vate neutrophils or monocytes/macrophages can
negatively impact angiogenesis by limiting the se-
cretion of proangiogenic factors. Similarly, dys-
function in epithelial cell secretion of chemokines
can inhibit endothelial cell function. In addition,
chemokines that enhance the activation of lym-
phocytes may lead to the release of antiangiogenic

Figure 1. Schematic of the wound healing phases. Wound healing occurs in four phases: hemostasis, inflammation, granulation, and resolving. This
schematic depicts the stages of neovascularization during wound healing. Disruption of the vasculature causes platelet activation, releasing the contents of
their dense a-granules to promote clot formation and activation and recruitment of monocytes and leukocytes. Activation of monocytes induces the secretion
of angiogenic factors, enhancing the angiogenic response. During the granulation phase, there is an excess of vessels in the wound tissue. During the
transition from the granulation to resolving phase, angiostatic chemokines (CXCL10 and CXCL11) are secreted inducing the dissociation of nonfunctional and
nonessential vessels. bFGF, basic fibroblast growth factor; ENA-78, epithelial-derived neutrophil-activating peptide 78; GRO, growth-related oncogene; IP-10,
interferon-c–inducible factor-10 kDa; NAP-1, neutrophil-activating protein 1; PDGF, platelet-derived growth factor; PF4, platelet factor 4; TGF-b, transforming
growth factor beta; TNF-a, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
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factor limiting angiogenesis. Thus, chemokines
clearly regulate endothelial cell function and neo-
vascularization through direct and indirect signal-
ing mechanisms.

CXC chemokines and receptors. The predomi-
nant CXC ligands that are reported to be expressed
in a wound and have been shown to regulate an-
giogenesis are: CXCL8 (IL-8), CXCL1 (GROa) and
CXCL2 (GROb), CXCL5 (ENA-78), CXCL7 (NAP-2),
CXCL12 (SDF-1), CXCL11 (IP-9, ITAC), CXCL10
(IP-10), and CXCL9 (Mig). These chemokines are
known to activate neutrophils, monocytes, lympho-
cytes, epithelial cells, and fibroblasts.11 These che-
mokines have been classified as angiogenic (CXCL1,
CXCL2, CXCL5, CXCL7, CXCL8, and CXCL12) and

angiostatic (CXCL9, CXCL10, and CXCL11). The
ligands, CXCL1, CXCL7, CXCL8 bind to both
CXCR1 and CXCR 2 receptors, whereas CXCL2 and
CXCL5 have only been found to bind to CXCR1. The
receptors activate two key pathways, phospholipase
C (PLC)-b and PI3K. In turn, PLC-b activates pro-
tein kinase C (PKC) and phospholipase A2 (PLA2),
and PI3K activates Ras/Raf/MAPK and Akt, leading
to adhesion, migration, and proliferation13 (Fig. 2).
CXCL8 and CXCL2 are initially released into the
wound bed by platelets to promote angiogenesis.
CXCL1, CXCL2, CXCL5, and CXCL12 are released
by activated macrophages to further promote angio-
genesis and enhance vascularization into the wound
bed. CXCL8 and CXCL1 are predominantly ex-
pressed from days 1 to 4 then markedly decline.11 The
exact role of the chemokine/receptor pair CXCL12/
CXCR4 has in angiogenesis during wound healing is
not well understood. It has been found to play a sig-
nificant role in trafficking stem cell to the neovascu-
lature, promoting vasculogenesis.14,15 A recent study
by Xu et al., found that blockade of CXCR4 impaired
bone marrow derived mesenchymal stem cell re-
cruitment to the wound site decreased vessel forma-
tion and delayed wound healing.14 Other studies have
shown that CXCL12 promotes the recruitment of
circulating EPC and progenitor-mesenchymal stem
cell–pericyte in the development and stabilization of
nascent vessels.15–17 In addition, it has been shown to
be involved in promoting endothelial migration18

and enhancing endothelial barrier function, which
is necessary for vessel maturation.19 Taken to-
gether CXCL12 may enhance angiogenesis during
wound healing by recruiting progenitor cells along
with direct interaction with endothelial cells. Thus,
these chemokines play a key role in promoting neo-
vascularization during wound healing.

The CXC ligands CXCL9, CXCL10, and CXCL11
acting through their receptor, CXCR3, promote the
activation of lymphocytes, facilitating the immune
response. These chemokines have also been iden-
tified to inhibit the function of fibroblasts and
endothelial cells, promoting the transition to the

Table 2. Chemokines directly regulating endothelial function

Angiogenic Chemokines Antiangiogenic Chemokines

Name Other Name Name Other Name

CCL2 MCP-1 CXCL4 PF4
CCL5 RANTES CXCL9 Mig
CXCL1 GRO-a, GRO-1 CXCL10 IP-10
CXCL2 GRO-b, GRO-2 CXCL11 IP-9, ITAC
CXCL8 IL-8
CXCL12 SDF-1

SDF-1, stromal cell-derived factor 1.

Table 1. Chemokines

GRO, growth-related oncogene; IP-10, interferon-c–inducible factor-
10 kDa; MCP-1, monocyte chemotactic protein 1; MIP-1, macrophage
inflammatory protein 1; PF4, platelet factor 4; RANTES, regulated on
activation normal T-cell expressed and secreted.
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remodeling phase.3,9,20 These chemokines are
highly expressed during the granulation phase of
wound healing by activated T-lymphocytes and are
thought to contribute to vascular pruning of the
wound bed.3,8 These ligands have been shown to
inhibit endothelial migration, induce apoptosis,
and promote vessel regression.3,8,21,22 CXCR3 ac-
tivation inhibit endothelial migration through
cAMP-dependent protein kinase (PKA)-mediated
inhibition of m-calpain,3 promotes apoptosis
through the activation of p38MAPK pathway,22 and
cleavage of integrins inducing anoikis8 (Fig. 3). In
addition, CXCR3-mediated signaling promotes the
cleavage of integrins, avb3 facilitating vessel re-
gression.8 Thus, the expression of CXCR3 ligands
supports initiation of the inflammatory phase, and
also plays an important role in transitioning into
the remodeling phase by promoting regression of
nonfunctioning and nonessential vasculature and
reducing the migratory activity of fibroblasts.8,9

Platelet factor 4 (PF4, CXCL4) found in the
a-granules of platelets and released upon platelet
activation is also a CXCR3 ligand that inhibits
endothelial function,3,21 but its role in regulating

angiogenesis is not well understood. PF4 has
been found to inhibit angiogenesis through se-
questering VEGF and bFGF23,24 and activation of
CXCR3.3,21 PF4 is sequestered to the fibrin clot
due to its ability to bind to heprin.25,26 Thus, PF4
may promote hemostasis by initially sequester-
ing VEGF and bFGF to inhibit premature initi-
ation of angiogenesis and inhibiting endothelial
immigration and subsequent vessel formation in
the fibrin clot.

Additionally, endothelial cells express CXCR6,
but to a significantly lower extent, and whether its
expression is upregulated during wound healing
is unclear, but it has been shown to be upregulated
by IL-1b.27 Its ligand, CXCL16, is found in plate-
lets and is also expressed by endothelial cells and
leukocytes, but its role in wound healing has not
been identified. CXCL16/CXCR6 ligand/receptor
binding has been associated with various inflam-
matory diseases27,28 and may have some rele-
vance in chronic wounds, but no correlation has
been observed.

Figure 2. Schematic of CXCR1 and 2 signaling pathways. These receptors
are 7-transmembrane G-protein–coupled receptors that bind to Gai, Ga14,
and Ga16 and activate PKA, PKC, and MAPK pathways, to promote mi-
gration and proliferation. These receptors are highly expressed on mac-
rophages and to a lesser extent, endothelial cells. These receptors promote
angiogenesis. AKT, protein kinase B; ERK, extracellular signal-regulated
kinase; MAPK, mitogen-activated protein kinase; MEK, mitogen-activated
protein kinase kinase; PKA, cAMP-dependent protein kinase; PLC, phos-
pholipase C; PKC, protein kinase C.

Figure 3. Schematic of the CXCR3 inhibitory pathway. CXCR3 is expressed
as two isoforms (CXCR3A and CXCR3B). Activation of CXCR3B, expressed
on endothelial cells, promotes apoptosis through the activation of P38 and
l-calpain cleavage of integrins. CXCR3B also inhibits migration through the
inhibition of m-calpain. Expression of CXCR3A is found on inflammatory
cells and promotes migration and proliferation through the activation of
MAPK and AKT pathways. IP3, inositol trisphosphate.
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CC chemokines and receptors. The CC che-
mokines have less of a role in promoting angio-
genesis compared with the CXC chemokines, but
are thought to maintain vascular homeostasis
during inflammation.29 CCL2 and CCL5 are ex-
pressed predominantly during the first week after
wounding and contribute to monocytes, mast cell
and leukocyte recruitment, and facilitate angio-
genesis.6,11,30 Both chemokines are initially re-
leased from platelets and subsequently maintained
by secretion from activated stromal cells.

Activation of keratinocytes, monocytes, and en-
dothelial cells by IL-1b, TNF-a, growth factors, or
oxidative stress induces CCL2 expression.31,32

CXCL2 is a well-known mediator of neovascular-
ization and signals through CCR2 and CCR3 re-
ceptors to promote endothelial cell migration and
cord formation in vitro.29 CCR2 baseline expres-
sion in senescent endothelial cells is upregulated
under inflammatory conditions. The receptors ac-
tivate three key pathways, mitogen-activated pro-
tein kinase (MAPK), PKC, and protein kinase B
(AKT) (Fig. 4). Activation of MAPK and PKC
pathway promotes endothelial migration and also
promotes the expression of VEGF, bFGF, and
MMP14 to further enhance angiogenesis.29,33 Ac-
tivation of AKT supports cell survival and induces
proliferation.

CCL5 is initially secreted by platelet activation,
but is also released from endothelial cells, macro-
phages, and T-cells and has been found to bind to
CCR1, 3, and 5. The role of CCL5 in angiogenesis is
not well understood. It may promote or inhibit
angiogenesis depending on the CC receptor it ac-
tivates. Binding to CCR1 and 2 has been shown to
promote endothelial migration and cord forma-
tion.34 CCL5 activation of CCR5-mediated angio-
genesis is controversial, as studies have shown its
ability to both promote and inhibit endothelial cell
function.35,36 Activation of the CCL5/CCR5 che-
mokine/receptor has been found to promote the
recruitment of EPC to promote neovascularization
during wound healing and shown to be important
for sustaining the granulation phase.37

Chronic wounds
In nonhealing wounds, there is a defect in the

ability of the wound to transition to the granulation
stage. These wounds remain static in the inflam-
matory phase, promoting a hostile environment
and leading to tissue necrosis. The exact mecha-
nism for this disruption is not well understood and
is thought to result, at least in part, from an in-
crease in cytokine content and a decrease in vas-
cularity of the wound tissue. Studies have shown
that the delay in acute wound healing observed in
skin wounds of type 2 diabetic (db/db) mice is due to
a decrease in angiogenesis, persistent inflamma-
tion, delayed granulation tissue formation, and re-
duced collagen content.38 These wounds have also
been found to have increased levels of inflamma-
tory cytokines, which include TNFa, granulocyte
colony-stimulating factor (G-CSF), growth-related
oncogene (CXCL1, CXCL2), monocytes chemoat-
tractant protein 1 (CCL2), interferon-induced pro-
tein of 10 kDa (CXCL10), interleukin-8 (CXCL8),
and regulated on activation normal T-cell ex-
pressed and secreted (CCL5).38

A chronic ulcer is a wound that is persistent,
lasting more than 4 weeks without significant
healing, or persists as a recurrent wound. The
cause of ulceration is usually multifactorial. How-
ever, ulcer development is believed to most com-
monly result from tissue ischemia due to an
underlying disease such as hypertension athero-
sclerosis, diabetes, and any of a number of chronic
vascular diseases. The majority of chronic ulcers
develop on the lower extremity and without early
intervention and effective treatment may lead to
amputation. Current clinical approaches for the
treatment of chronic ulcers include debridement
along with the addition of skin substitutes or other
commercially available advance wound care prod-

Figure 4. Schematic of the CCR1, 2, and 5 signaling pathways. The CC
receptor is a 7-transmembrane G-protein–coupled receptor that binds to
Gai, Ga14, and Ga16 and activates PKA, PKC, AKT, and MAPK pathways to
promote migration, proliferation, and gene transcription. This receptor is
expressed on inflammatory cells as well as endothelial cells.
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ucts, hyperbaric oxygen therapy, and negative
pressure therapy. These treatments have varied
success, likely due to the complexity of chronic
wounds. Thus, novel therapies are needed to im-
prove wound healing to reduce the incidence for the
development of chronic wounds.

DISCUSSION

The formation of new blood vessels, neovascu-
larization, is a fundamental process that is neces-
sary for proper wound healing. The disruption of
angiogenesis or impaired neovascularization of the
tissue is a central problem in the development of
chronic ulcers. In chronic ulcers, it is hypothesized
that disruption of neovascularization occurs as a
result of multiple factors, which include seques-
tration of growth factors, reduced proangiogenic
cytokines, and overproduction of antiangiogenic
cytokines. Impediment of neovascularization along
with inhibition of reepithelialization promotes ul-
cer formation and fosters the progression to a
chronic ulcer. In addition, a hyperactive inflam-
matory response promotes extracellular matrix
degradation and cell death and thus inhibits
wound closure and further promotes ulceration.

Standard of care for chronic wounds starts with
debridement of the necrotic tissue to remove the
toxic factors to promote the healthy tissue and to
reestablish the wound healing process. Additional
therapies, including application of skin substi-
tutes, hyperbaric oxygen therapy, and negative
pressure, are used as added support to enhance
wound healing. Since these therapies are invasive,
time consuming, and often require repeated ap-
plication, new methods are needed to improve the
ability to heal chronic wounds.

A number of new and emerging therapies are
being tested for their ability to accelerate wound
healing; these include the addition of growth fac-
tors,39 cytokines,39 application of platelet gel,40

gene therapy,41 and stem cell therapy.42 Cytokines
and chemokines are a novel target for the treat-
ment of chronic ulcers since they are crucial to the
wound healing process. Chemokines under inves-
tigation for the treatment of chronic wound are
CCL2, CXCL8, and CXCL12.43–45

Because of the multifaceted function of CXCL12,
that includes its ability to promote angiogenesis
and reepithelialization, recruit EPC, and reduces
tissue scarring, it is a potential target for the
treatment of dermal wounds.43,46–48 It has been
shown that direct application or lentiviral induc-
tion of CXCL12 enhances wound healing in dia-
betic mice.46,47 In a recent study by Rabbany et al.,

an alginate scaffold was used to deliver CXCL12 to
accelerate wound closure.43 This study showed
that alginate delivery of CXCL12 as a plasmid or
protein had similar effects in their ability to ac-
celerate healing and reduce scarring. In addition,
the ability of CCL5 to directly control the homing of
EPC to the wound tissue and contribute to the de-
velopment of the neovasculature makes it a possi-
ble target for enhancing wound healing. Deletion of
CCR5, the receptor for CCL5, not only showed a
reduced sequestering of endothelial progenitor to
the wounded tissue, but there was also a decrease
in the angiogenic factors VEGF and TGF-b.37 To-
gether, these studies suggest that targeting the
recruitment of stem/progenitor cells to the wound
tissue may be a possible therapeutic for enhancing
angiogenesis and for use as a clinical treatment for
chronic wound.

A recent study by Nishimura et al., investigated
the ability of AMD3100, a CXCR4 antagonist, to
promote diabetic wound healing.49 AMD3100 was
first developed as an anti-HIV drug, but failed. It
was subsequently found to promote stem cell mo-
bilization and neovascularization after myocardial
infarction through CXCR4-dependent and inde-
pendent mechanisms.50 AMD3100 was also found
to enhance chronic wound healing and promoted
angiogenesis in diabetic mouse through direct en-
hancement of fibroblast and macrophage activa-
tion and through indirect stimulation of cytokine
production and EPC mobilization.49 Thus, target-
ing CXCR4 may have clinical benefits in promoting
the healing of chronic wounds.

In summary, targeting the chemokine signaling
pathways has yet to reach the clinical level. Over
the last decade, there have been a number of key
advancements in understanding the signaling
pathways initiated by chemokines under physio-
logical and pathological conditions. However, there
are still critical gaps in our knowledge of chemo-
kine signaling and regulation of cell function. We
are still trying to parse the effects a chemokine has
on different cell types and how these redundancies
affect angiogenesis, and the wound healing pro-
cess. At present, chemokines have significant po-
tential to make a substantive impact as a novel
therapeutic in promoting angiogenesis and en-
hancing wound healing.

SUMMARY

With significant advances in understanding the
mechanisms and molecules involved in the wound
healing process, few effective wound healing
agents have been developed to promote a chronic
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nonhealing wound into an actively heal-
ing wound. Chemokines have been found
to be crucial factors in physiological and
pathological wound healing, therefore,
chemokines may have significant poten-
tial to become targets for enhancing the
wound healing response. In addition, the
use of chemokine gene therapy may pro-
vide a novel tool for localized delivery of
protein to the wound site. Although de-
livery of specific chemokines has signifi-
cant potential for the treatment of chronic
wounds, there are a number of hurdles
that need to be overcome. The use of che-
mokines are challenging since the timing
of delivery and concentration signifi-
cantly affects the healing process, thus a
multi-step approach may be necessary to
enhance the repair response. The devel-
opment of a method to deliver multiple
factors that can promote angiogenesis
along with modifying the inflammatory
response will provide a greater success in
promoting healing of chronic wounds
and improve the lives of patients.
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TAKE-HOME MESSAGE
� Angiogenesis is a major component of the wound healing process,

therefore, disruption in the formation of vessels can cause the devel-
opment of a nonhealing wound. Without the development of a sufficient
vasculature, a wound is not able to completely heal.

� Chemokines and their receptors are critical mediators of neovascular-
ization in both physiological and pathological conditions. The timing and
pattern of chemokine release has a significant influence on neovascu-
larization. Chemokines have been found to have the ability to facilitate
the initiation of angiogenesis and promote the dissociation of nones-
sential vessels.

� Chemokines promote neovascularization through the stimulation of en-
dothelial cell migration and proliferation (angiogenesis) and recruitment
of EPC (e.g., vasculogenesis).

� The development of strategies to target angiogenic chemokines (CCl2,
CXCL8, CXCL12) or their receptors (i.e., CCR2, CXCR4, CXCR2) individually
or in combination may provide a novel therapy for the treatment of
chronic wounds. Current strategies are focused on the CXCL12/CXCR4
ligand/receptor signaling pathway at the wound site. These studies are
still in their infancy and more work is required to determine the efficacy
of these treatments.
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Abbreviations and Acronyms

AKT¼ protein kinase B
bFGF¼ basic fibroblast growth factor

BMSC¼ bone marrow derived mesenchymal
stem cell

ENA-78¼ epithelial-derived neutrophil-
activating peptide 78

EPC¼ endothelial progenitor cell
ERK¼ extracellular signal-regulated kinase

G-CSF¼ granulocyte colony-stimulating factor
GRO¼ growth-related oncogene

IP-10¼ interferon-c–inducible factor-10 kDa
IP3¼ inositol trisphosphate

MAPK¼mitogen-activated protein kinase
MCP-1¼monocyte chemotactic protein 1

MEK¼mitogen-activated protein kinase
kinase

Mig¼monokine induced by interferon-c
MIP-1¼macrophage inflammatory protein 1
MSC¼mesenchymal stem cell

NAP-2¼ neutrophil-activating protein 2
PDGF¼ platelet-derived growth factor

PF4¼ platelet factor 4
PKA¼ cAMP-dependent protein kinase
PKC¼ protein kinase C

PLA2¼ phospholipase A2
PLC¼ phospholipase C

RANTES¼ regulated on activation, normal
T-cell expressed and secreted

TNF-a¼ tumor necrosis factor-alpha
VEGF¼ vascular endothelial growth factor

650 BODNAR


