
Review

Angiogenesis and wound repair: when
enough is enough

Luisa A. DiPietro
Center for Wound Healing and Tissue Regeneration, University of Illinois at Chicago, Chicago, Illinois

RECEIVED MARCH 1, 2016; REVISED MAY 26, 2016; ACCEPTED JUNE 17, 2016. DOI: 10.1189/jlb.4MR0316-102R

ABSTRACT
All animals heal, and the ability to heal is requisite for

human health. One aspect of repair that has always

been considered to be essential for adequate healing is

the creation of a new vasculature via angiogenesis. As

adult skin wounds heal, a period of rapid and robust

capillary growth creates a vascular bed that has many

fold more capillaries than does normal tissue. Over time,

most of the newly formed capillaries regress, resulting

in a final vascular density similar to that of normal skin.

Certainly, new capillaries are necessary to bring nutri-

ents, immune cells, and oxygen to healing wounds. Yet,

the presumed functional importance of an overabun-

dance of capillaries has recently been challenged,

creating questions about whether excess capillary

growth is truly necessary for healing. In particular,

studies of wounds that heal exceptionally quickly and

with less scar formation, such as those in fetal skin and

oral mucosa, show that these tissues heal with a

reduced angiogenic burst composed of more mature

vessels that provide better oxygenation. The level of

angiogenesis in wounds often correlates with the in-

flammatory response, largely because inflammatory

cells produce an abundance of proangiogenic media-

tors. Both the selective reduction of inflammation and

the selective reduction of angiogenesis have now been

suggested as ways to improve scarring. These con-

cepts link excessive inflammation and the production

of a dense but poorly perfused capillary bed to

inferior healing outcomes. J. Leukoc. Biol.

100: 979–984; 2016.

Introduction
Wound healing is a complex process that involves a large number
of cell types that act in a specific sequence to repair tissue [1, 2].
One highly observable part of normal healing is the creation of a
new capillary bed via angiogenesis. In skin wounds, angiogenesis
proceeds by the creation of a dense but poorly organized
capillary bed that is eventually trimmed back to normal density
and capillary architecture [3]. It has long been assumed that a
high level of capillary growth is essential for optimal healing, but
a recent study has challenged that notion [4]. The emerging data
suggest that normally healing wounds exhibit an overly robust
and largely dysfunctional angiogenic response that may have
detrimental effects on repair outcomes.

THE PROCESS OF
WOUND ANGIOGENESIS

The normally healing skin wound provides an outstanding model
of both robust capillary growth and controlled capillary re-
gression [3, 5]. In healing wounds, new capillaries grow into the
wound at a ferocious rate, producing an abundant network of
new blood vessels that is 2, 3, or even up to 10 times more dense
than normal tissue (Fig. 1). The onset of angiogenesis is positively
regulated by several soluble factors, most conspicuously VEGF-A [6].
In mammals, the VEGF family includes 5 members (VEGF-A, -B, -C,
and -D and placenta growth factor ). Several studies have
shown that VEGF-A, which is produced in response to hypoxia, is
the most dominant proangiogenic factor in healing wounds [6, 7].
VEGF-A acts as a potent proangiogenic mediator, but also
increases vascular permeability, contributing to wound edema
[8, 9]. In addition to VEGF-A, fibroblast growth factor -2, platelet-
derived growth factor, members of the TGF-b family, and other
factors, such as cardiac ankyrin repeat protein, also promote
wound angiogenesis [10–14]. After an injury, levels of proan-
giogenic factors increase, reaching a peak slightly before
maximum capillary content occurs, and then subside to nearly
undetectable levels.
After the growth of blood vessels into the wounds, a period of

vascular pruning occurs. Over time, most of the newly formed
vessels regress until eventually the density of blood vessels returns
to that of normal, uninjured skin. The regression process is
carefully regulated and includes the selective apoptosis of many
of the recently formed capillaries, followed by maturation of the
remaining ones [15]. A loss of the proangiogenic stimulus
appears to be only part of the reason for capillary regression in
wounds, and several negative regulators of angiogenesis are
produced in the resolving wound, including Sprouty2, pigment
epithelium-derived factor, and CXCR3 ligands such, as IFN-
g-inducible protein-10 (CXCL10) [16–18]. At the molecular
level, microRNA 200b has been proposed to regulate the switch
from pro- to antiangiogenic phenotype [19]. The selective
coverage of capillaries by pericytes plays an important role in
capillary maturation. Pericytes are multifunctional cells that can
stabilize capillaries, and their presence has been suggested to
protect capillaries from negative signals [20]. In wounds,

Correspondence: University of Illinois at Chicago, 801 S. Paulina, MC 859,
Chicago IL 60612. E-mail: ldipiet@uic.edu

0741-5400/16/0100-979 © Society for Leukocyte Biology Volume 100, November 2016 Journal of Leukocyte Biology 979

mailto:ldipiet@uic.edu


pericytes cover only a portion of the newly formed vessels,
probably rendering the remainder susceptible to antiangiogenic
stimuli [21, 22]. Pruning of the vessels concludes as the levels of
antiangiogenic factors in the wound subside [17].

REQUIREMENTS FOR ANGIOGENESIS
IN WOUNDS

One widely accepted view is that wound healing requires a
vigorous and dynamic angiogenic response [3, 23]. Indeed, the
cellular proliferation, migration, and metabolic activities in
wounds create a demand for oxygen and nutrients. Yet, at least
8 separate studies have suggested that skin wound closure is
perfectly normal when angiogenesis is reduced. In these studies,
many methods have been used to reduce wound angiogenesis,
such as treatment with antibodies to VEGF, the application of
antiangiogenic agents, and blockade of integrin signaling
[17, 24–30]. Together, the findings support the idea that the
high level of angiogenesis that occurs in skin wounds is excessive
and perhaps unnecessary. Additional support for this idea comes
from studies of wounds that heal exceptionally well. In adult
skin, any wound that is more than very superficial always heals
imperfectly and with at least a small scar. Scars represent less
than ideal outcomes, because scar tissue has substantially less
strength than normal tissue, has less elasticity, and can create
cosmetic and psychosocial problems [1]. In contrast to skin,
several types of wounds have the ability to heal very quickly and
with no or imperceptible scars. The first of these are wounds
produced on the fetal skin in utero, at times before the end of
the second trimester [31, 32]. The scarless healing phenotype of
early fetal skin has been well described and includes both
reduced inflammation and reduced fibrosis [33]. A second type
of wound that heals quickly with little scar formation occurs
inside the mouth, on the oral mucosa [34], a location well known
to be a privileged site of repair and, similar to fetal skin, to
exhibit reduced inflammation [34]. Moreover, hypertrophic
scars are rare in the oral cavity. Perhaps surprisingly, these
wounds that heal exceptionally well—fetal skin and oral mucosal

wounds—have much less angiogenesis than normally healing
adult skin wounds (Fig. 2) [30, 35]. In short, wounds that heal
faster and with less scar formation exhibit reduced inflammation
and capillary growth and a more rapidly maturing capillary
network.
The explanation of how a rapidly healing wound in the fetus or

the oral mucosa can survive with fewer capillaries probably
involves capillary architecture and performance [36]. Many of
the capillaries that are formed in skin wounds are not highly
functional [37, 38]. Most of the new vasculature in the healing
skin wound is not effectively perfused, and many of the capillaries
in the early wound are immature and highly permeable [9, 17].
Together, these studies suggest that the characteristic pattern
of skin wound angiogenesis includes a dense bed of capillaries
that are not very effective in delivering oxygen and nutrients.
Wounds that heal well seem to circumvent the development of
excess vasculature, proceeding directly to a well-formed vascular
network (Fig. 2).

THE INTERSECTION OF INFLAMMATION
AND ANGIOGENESIS

Two processes that appear likely to be intricately connected in
wounds are the inflammatory response to injury and subsequent
capillary growth. Tissue injury leads to a rapid acute inflamma-
tory response designed to clear microbes, dying cells, and debris.
As a part of this response, stimulated macrophages and
keratinocytes produce high levels of proangiogenic factors such
as VEGF, and at least a part of the wound angiogenic response

Figure 1. Regulation of wound angiogenesis in skin. During the healing
of adult skin wounds, the number of capillaries increases dramatically
to a level much greater than that in normal tissue. During the
antiangiogenic phase, most of these newly formed vessels are pruned,
creating a final vessel density that is similar to that of normal skin. Bars
at the top of the graph show some critical proangiogenic (green) and
antiangiogenic (red) signals. The blue dashed line indicates vessel
density in normal tissue.

Figure 2. Comparison of angiogenesis in skin, oral mucosal, and fetal
wounds. In skin, after an injury to the dermis and normal capillary bed
occurs, a vigorous angiogenic response occurs (right). Eventually most
of the new capillaries undergo apoptosis and capillary maturation
results. In contrast, the angiogenic process in wounds of the oral
mucosa and fetal skin (left) is limited, leading to more rapid capillary
maturation. The differences in the angiogenic response have been
linked to the final amount of scar formation. EC, endothelial cell.
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lies downstream of inflammation (Fig. 3) [7,39,40]. In skin,
multiple sophisticated depletion studies have indicated that
macrophages are an important source of the overall proan-
giogenic stimulus [41–43]. Thus, inflammation and the
ultimate angiogenic response seem to be linked in the healing
wound. In support of this concept, the level of inflammation is
low in both fetal and oral mucosal wounds, correlating with a
decreased angiogenic response at these sites (Table 1).
Therefore, both decreased inflammation and decreased
angiogenesis are features of optimal healing and reduced scar
formation.
Because inflammation is decreased in fetal and oral mucosal

wounds, the role of inflammation itself in dictating scar
formation in wounds has received a great deal of experimental
attention [44]. Many studies have suggested that a reduction in
inflammation can improve skin wound healing outcomes and
reduces scar formation. Modulation of specific inflammatory
mediators or inflammatory cells, including macrophage-derived
mediators, epithelial mediators, and mast cells, has been shown
to yield reduced scar formation and improved healing [44–50].
The correlation of inflammation, angiogenesis, and scar forma-
tion seems to indicate that both inflammation and angiogenesis
directly affect the final scar outcome (Fig. 3).
When considering wound angiogenesis, an important distinc-

tion is the separation of situations where angiogenesis may be
excessive, such as normal skin healing, and situations in which
angiogenesis is wholly deficient, such as in diabetic wound
healing [51, 52]. Diabetes is associated with poorly healing
outcomes, and both immunologic aberrancies and a deficit of
angiogenesis have been shown to play a role in the pathobiology.
It is not surprising, then, that treatment of diabetic wounds with
proangiogenic factors or cells to stimulate angiogenesis has been
shown to improve diabetic wound healing, at least in animal
models [53].

REDUCING WOUND ANGIOGENESIS TO
REDUCE SCAR FORMATION

The association of robust angiogenesis with scar formation has
led to the suggestion that antiangiogenic therapy could be used
to reduce scar formation [30, 54–56]. This idea is supported by
clinical studies that have demonstrated that hypertrophic scar
formation is linked to increased microvascular content [57, 58].
In addition, a high level of angiogenesis has been described in
the formation of keloids, a particularly vigorous type of skin
scarring [56]. In tissues other than skin, angiogenesis has been
linked to fibrotic outcomes, such as liver and lung fibrosis
[59, 60].

Although antiangiogenic therapies targeting improved wound
healing have yet to be attempted in human subjects, studies in
animal models have already demonstrated that pharmacologic
inhibition of angiogenesis can improve healing outcomes. In
adult skin wounds in mice, neutralization of VEGF via antibody
treatment causes an ;50% reduction in peak wound vascularity
and leads to a significant reduction in wound scar width [30].
Similar results have been obtained when the wound angiogenic
response is blunted by the addition of antiangiogenic factors,
such as pigment epithelial derived factor [17]. This pharmaco-
logic inhibition of wound angiogenesis leads to a more rapid
maturation of the vasculature, with improved pericyte coverage

Figure 3. Intersection of wound inflammation and angiogenesis with
scar formation. Both inflammation and angiogenesis can directly
influence scar formation (red arrows). During the acute inflammatory
response, inflammatory cells may directly release profibrotic factors,
notably TGF-b. Independent of inflammation, the presence of a
growing yet malformed vasculature that must eventually be removed
can directly influence fibroblasts and scar outcomes, perhaps via
edema, apoptosis, or the transition of recruited pericytes to an active
fibroblast phenotype. Inflammation and angiogenesis are also inter-
twined as each process influences the other (black arrows). Macro-
phages, activated epithelial cells, and other inflammatory cells can
release proangiogenic mediators such as VEGF and CXC chemokines,
supporting robust capillary growth. In turn, the creation of the highly
permeable temporary vasculature supports continued inflammation.
Overall, inflammation and the immature capillary network can intersect
to modulate scar formation. Each process can modulate the other, and
each can independently influence scar formation in wounds. Dampen-
ing of either process, even independent of the other, has been shown
to reduce scar formation.

TABLE 1. Levels of inflammation, angiogenesis, and scar formation in different
types of wounds

Wound location Inflammation Angiogenesis Scar formation

Adult skin High Robust Moderate
Fetal skin Low–absent Refined None
Adult oral mucosa Moderate Refined Minimal
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and decreased edema. In a rabbit model of hypertrophic scar
formation, systemic administration of the angiogenic inhibitor
endostatin was shown to reduce scar formation [55]. In sum,
these results suggest that a partial inhibition of the angiogenic
response could reduce scar formation or minimize the likelihood
of severe scarring. In some ways, these results may seem
surprising, as an inhibition of angiogenesis may be expected to
impair healing. However, as discussed above, many studies now
suggest that a partial reduction in wound angiogenesis does not
inhibit wound closure, so long as the reduced number of
capillaries provides adequate perfusion [17, 24–30].

HOW DOES THE ANGIOGENIC RESPONSE
SPUR SCARRING?

The mechanism by which excessive angiogenesis influences
fibrosis and fibroblasts is currently unknown (Fig. 3). However,
the effect seems to include some direct effects that are
independent of inflammation, given that treatment with anti-
angiogenic agents has been shown to diminish fibrosis without
diminishing inflammation. For example, when acute wounds in
mice were treated with anti-VEGF, a notable decrease in scar
formation was seen. Concerning inflammation, though, a
quantitative assessment found no differences in acute macro-
phage and neutrophil levels in control and anti-VEGF-treated
wounds [30]. Therefore, inflammation can spur both scar
formation and angiogenesis, but angiogenesis itself seems also to
directly influence scar formation.
There are several possible mechanisms by which excessive

angiogenesis could directly stimulate scar formation (Fig. 3). One
way by which a reduction in angiogenesis may directly influence
healing is via a decrease in edema or in levels of growth factors
derived from endothelial cells. Pericyte content and function may
also be involved, as the influence of pericytes as mediators of the
fibrotic response has also been suggested. Pericytes have been
proposed to transition to myofibroblasts, a contractile fibroblast
phenotype that supports fibrosis [21, 61]. In a situation of
abundant angiogenesis, increased pericyte recruitment to wounds
may provide a large population that can adopt a myofibroblast
phenotype. Finally, apoptotic cells have been shown to influence
fibrosis in a variety of positive ways [62–64]. Thus, the high
number of apoptotic endothelial cells that are formed as dense
capillary networks regress may play a role in scar formation.
Whatever the mechanism of the capillary–fibrosis relationship, a
major challenge to any antiangiogenic approach in wounds is fine-
tuning the response. An effective treatment must assure that
capillary growth is not too severely thwarted, but instead reaches
normal density, stops, and then quickly matures.
In approaching the possible clinical use of antiangiogenic

therapy to modify wound scar formation, an important positive
factor is the availability of FDA-approved antiangiogenic thera-
peutics. Antiangiogenic treatments, such as anti-VEGF anti-
bodies, are currently approved for therapeutic use in certain
cancers and in age-related macular degeneration, both condi-
tions that are associated with excessive angiogenesis [65, 66].
These available therapeutics may be adapted to and tested for
efficacy in scar-forming wounds.

OTHER CONSIDERATIONS IN
SCAR FORMATION

Beyond the roles of inflammation and angiogenesis in wound
scar formation, many other factors have been proposed to
influence scar formation in healing wounds. In particular, other
site-specific tissue characteristics may contribute to the differ-
ences in healing found in skin vs. oral mucosal and fetal
wounds.
A major difference between skin and oral mucosa is the

epithelial response to injury. Some evidence has suggested that
the rate and quality of epithelial restoration greatly influence
scar formation in healing wounds [67]. After an injury, oral
epithelial cells exhibit more rapid proliferation and migration,
characteristics that would support rapid healing [68]. This rapid
renewal of the epithelium restores tissue hydration, as water is
easily lost when the epithelial barrier is perturbed. The
restitution of an effective barrier has been shown to support
limited scar formation by crosstalk with the underlying connec-
tive tissue. Recent studies suggest that the crosstalk involves
detection of the hydration status of the tissue and subsequent
detection of increased sodium concentrations in epithelium at
injured sites [69]. Oral mucosal and fetal wounds both close
rapidly and occur in a liquid environment, features that would
support a rapid return to appropriate hydration status and
nonscarring outcomes. Another epithelial consideration that
could distinguish skin and oral mucosal healing is the presence
and availability of local stem cells and progenitor cells. Oral
epithelium contains a large and complex assortment of stem cells
that may support rapid closure [70].
Finally, a very obvious difference between oral mucosal, fetal,

and skin wounds is the local microflora [71]. Although the role
of the microbiome in the differential healing in these tissues has
yet to be rigorously investigated, several studies have demon-
strated that microflora have a substantial influence on healing
outcomes [72–74]. Skin wound healing in germ-free mice has
been shown to exhibit greatly reduced scar formation, a finding
that could be directly applicable to the relatively germ-free
environment of fetal wound repair [74]. Conversely, perturba-
tions in the normal skin microbiome have been shown to
associate with delayed skin wound healing [72, 73]. Further study
is needed to determine whether normally occurring microbial
differences explain the site-specific changes in skin, oral mucosal,
and fetal wound-healing outcomes.
In sum, both structural and functional aspects of the tissue are

likely to be involved in differential scar formation between skin
and oral and fetal mucosa. Although the level of the in-
flammation and the angiogenic response are surely part of the
picture, other distinguishing elements also play a role in the
distinctive healing outcomes of certain tissues.

CONCLUDING REMARKS

The dissection of the role of inflammation, angiogenesis, and
scar formation has led to many surprising ideas about the roles
and intersections of these aspects of the wound-healing process.
More information is needed to fully understand the mechanisms
of scar formation vs. regenerative healing, as this distinction
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certainly involves the complicated interacting systems of in-
flammation and angiogenesis. Clinical studies should be con-
ducted to investigate whether therapeutics that partially block
wound capillary growth will indeed yield an abridged yet efficient
vasculature that provides excellent perfusion, thus improving
healing. Given the link between excess capillary growth and scar
formation, the mechanisms by which a reduction in capillaries
improves healing should be investigated further.
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