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Wound healing is a complex event that develops in three overlapping phases: in	ammatory, proliferative, and remodeling. �ese
phases are distinct in function andhistological characteristics.However, they depend on the interaction of cytokines, growth factors,
chemokines, and chemical mediators from cells to perform regulatory events. In this article, we will review the pathway in the skin
healing cascade, relating themajor chemical in	ammatorymediators, cellular andmolecular, as well as demonstrating the local and
systemic factors that interfere in healing and disorders associated with tissue repair de
ciency. Finally, we will discuss the current
therapeutic interventions in the wounds treatment, and the alternative therapies used as promising results in the development of
new products with healing potential.

1. Introduction

�e immune system is composed of an organs network and
cells and molecules that maintain the body’s homeostasis.
Factors that compromise the functionality of the immune
system can make simple infections spread becoming fatal [1].

�e major innate immunity cells that reach the site of
injury are neutrophils and macrophages. �ese cells exert
phagocytic activity, releasing highly destructive substances
like enzymes that digest proteins, generating reactive chem-
icals products. When these cells fail to control infection,
lymphocytes are activated and incorporate the adaptation and
memory functions, allowing the immune system to elaborate
increasingly speci
c responses [2].

�e 
rst defense of the organism to tissue damage is the
in	ammatory response, a complex biological process involv-
ing vascular and cellular components, and a diversity of
soluble substances, which presents as characteristic clinical
signs: 	ushing, heat, edema, pain, and functional impairment
[3]. �e purpose of this process is to remove the inducing

stimulus from the response and initiate local tissue recovery.
During in	ammation, several biochemical systems are acti-
vated, such as complement and coagulation cascades, aiding
in the establishment, evolution, and resolution of the process.
In addition, soluble substances of short half-life are released,
develop their action, and then are degraded. In general,
successful removal of triggering stimulus leads to the end of
acute response and tissue repair [4].

2. Inflammation and Tissue Repair

Wound healing is a complex event that develops in three
phases: in	ammatory, proliferative, and remodeling (Fig-
ure 1). �ese phases are distinct in function and histological
characteristics. However, they depend on interaction of
cytokines, growth factors, chemokines, and chemical medi-
ators from cells to perform regulatory events [5, 6].

�e acute in	ammatory response has an integral role
in tissue healing, being fundamental for the homeostasis
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Figure 1: Progression and overlap of the phases involved in the physiological wound healing process: (a) in	ammation begins with (1)
coagulation, platelet aggregation, and 
brin clot formation; (2) then in	ammatory events occur through neutrophils and macrophages
in
ltration and phagocytosis of debris, apoptotic cells, and pathogens; anti-in	ammatory events occur through inhibition of destructive
in	ammatory process and proliferation promotion. (b) In the proliferation occurs (3) angiogenesis; (4) reepithelization (epithelial cell
mitosis and 
broblasts transformation into myo
broblasts), and granulation tissue formation (EMC composed of collagen, glycoprotein,
proteoglycan, 
broblasts, and keratinocytes, under modulation of MMP-9). (c) Remodeling is marked by the (5) EMC reorganization: cells
apoptosis and angiogenesis regression; and (6) type III collagen replaced by type I.

reestablishment [3]. Immediately a�er injury, vasoconstric-
tion occurs with the substances release, such as serotonin,
thromboxane A2, and prostacyclin by cell membranes, in
order to prevent blood leakage. �e exposed collagen signals
the activation of coagulation cascade and in a coordinated
way the platelets adhere to damaged blood vessels, initiating
hemostasis, with the bu�er formation composed of 
brin
and thrombin. �is bu�er will have main functions, such
as to prevent the cellular elements loss; to serve as physical
barrier to microorganisms’ entry; and to act as provisional

matrix, cytokines’ deposit and growth factors that will be
fundamental for maintenance of other healing phases [4].

�e in	ammatory response begins with vasodilation,
stimulated by soluble factors release such as nitric oxide,
bradykinin, histamine, and E and I series prostaglandins.�e
increase in vascular permeability with consequent 	uid loss
leads to slow blood 	ow, allowing leukocytes, mainly neu-
trophils, to interact with endothelium in an events sequence
involving margination (free leukocytes capture in the vas-
cular lumen); rolling (weak interaction and activation);
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adhesion (
rm interaction); transmigration (leukocyte pas-
sage through endothelial cells), and, 
nally, the targeting
of leukocytes to focus of lesion under in	uence of several
in	ammatory mediators with chemotactic activity and alter-
ations of vascular endothelial membrane proteins [7].

To achieve extravascular space towards the injured tis-
sue, leukocytes depend on adhesion molecules expression
such as selectins, integrins, and adhesion molecules of the
immunoglobulin family [intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)]
[8]. Initially, the selectin mediates the capture and recruit-
ment of leukocytes along the endothelial cells followed by
the actions of ICAM-1 and VCAM-1 molecules to reduce
leukocyte rolling velocity and allow its strong adhesion to
endothelium [9].

In the 
rst fewhours a�er injury, neutrophils are recruited
and mediate tissue damage through the release of proteases,
cytokines, and other factors contained in cytoplasmic gran-
ules [10]. �ese cells generate reactive oxygen species (ROS)
and produce antimicrobial proteases (cathepsins, defensins,
lactoferrin, and lysozyme) with the function of destroying
potentially pathogenic microorganisms. In addition, they
release enzymes such as collagenases and elastases that aid
devitalized tissues digestion, essential for tissue renewal in
following repair phases [11].

Neutrophils also produce various types of membrane
metalloproteinases (MMPs), having as main subtypes MMP-
8, which cleaves 
brillar collagen, and MMP-2/MMP-9,
which cleave collagen IV (among other substrates), both
involved in the extracellular matrix degradation. �e MMPs
activity is inhibited by a molecules class called tissue
inhibitors of metalloproteinases (TIMPs) produced by a cells
variety on skin. If the proteases activity and their inhibitors
are not strictly regulated the granulation tissue formation
may be impaired [12]. �us, uncontrolled neutrophil migra-
tion generates a cycle of recruitment and activation of
these cells leading to excessive ROS and proteases produc-
tion, causing undesired extracellular matrix degradation and
additional tissue damage, which may progress to chronic
in	ammation with consequent defective collagen deposition,
reduced tissue resistance, and late reepithelialization, limiting
healing [13]. Moreover, they release cytokines such as tumor
necrosis factor alpha (TNF-�), interleukin- (IL-) 1� (IL-1�),
and IL-6, which amplify the in	ammatory response by acti-
vating more neutrophils and cells such as macrophages, and
which, although essential for the repair cells activation, can

generate deleterious e�ects when exacerbated release occurs

[5].

In intact skin, macrophages are the most abundant cell

types performing sentinel and homeostatic function. In skin

lesion case, the monocytes migrate from vascular circulation

to wound. Both in
ltrating and resident macrophages on

skin are activated by local signals and develop into several

subpopulations de
ned by their di�erent functional pheno-

types [14]. Pathogen-associated molecular patterns (PAMPs)

expressed by microbes and danger-associated molecular
patterns (DAMPs) produced during cell stress activate
macrophages in classic form, typeM1, that act as host defense,
performing phagocytosis, cleaning dead cells and debris, and
producing proin	ammatory mediators such as IL-1, IL-6, IL-
12, TNF-�, and inducible nitric oxide synthase (iNOS), as well
as chemokines to recruit additional leukocytes [15]. In con-
trast, cytokines, such as IL-4 and IL-13, lead to macrophages
formation of the M2 subset, which regulate in	ammation by
expressing mediators as IL-1 receptor antagonist (IL-1R), IL-
1 type II receptor, transforming growth factor-� (TGF-�),
vasopressin endothelial growth factor (VEGF), and insulin-
like growth factor (IGF-1), promoting 
broblasts prolifer-
ation, extracellular matrix synthesis, and angiogenesis [16,
17].

As the in	ammation resolution occurs, the involved cells
enter into apoptosis initiating the proliferative phase, which
consists of four fundamental stages: reepithelization, angio-
genesis, granulation tissue formation, and collagen deposi-
tion. �is phase is characterized by intense cellular activity
aiming to repair the connective tissue and to form granula-
tion tissue and epithelium [18].

During reepithelialization, the keratinocytes migration
fromwound and epithelial attachments stimulated by growth
factors release aremainly responsible formitoses increase and
epithelial hyperplasia [19]. Fibroblasts migrate to provisional
matrix to degrade it, proliferating and producing MMPs.
�ey also produce collagen, proteoglycans, hyaluronic acid,
glycosaminoglycans, and 
bronectin to form granulation
tissue, which 
lls the wound space and provides support for
cell adhesion, migration, growth, and di�erentiation during
wound repair [20].

Angiogenesis is essential for nutrition and oxygenation
of new tissue being formed. �e formation of new blood
vessels is initiated by growth factors, such as VEGF, platelet-
derived growth factor (PDGF), and basic 
broblast growth
factor (bFGF). A�er secreting proteolytic enzymes to dissolve
the basal lamina, endothelial cells escape from existing blood
vessels, proliferate and migrate to the source of angiogenic
stimulus, and providing oxygen for maintenance of cellular
functions [21].

Collagen production starts from time of granulation
tissue formation through production, deposition, digestion,
and reorganization steps. Initially, the collagen 
bers are
deposited in disorganized form, following a 
bronectin
model. Subsequently, in the attempt to organize these, they
undergo digestion through enzymes of action produced by
neutrophils, macrophages, and 
broblasts [18]. Next, new

bers will be produced and deposited in more organized
way, following the adjacent connective tissue, initiating the
remodeling phase [22].

�e remodeling phase occurs most expressively at the
end of granulation tissue formation step. Tissue development,
increased mechanical stress and cytokine expression, such as
TGF-�, stimulate 
broblasts to di�erentiate into myo
brob-
lasts, which express a smooth muscle actin with contractile
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function, favoring the locomotion of these cells from edges
to lesion center for wound contraction [23]. At this stage, the
collagen III produced rapidly in the extracellular matrix is
replaced by collagen I, which has a higher tensile strength,
but takes more time to deposit [22]. �e new collagen will
be composed of larger 
bers with greater 
brils number
and with signi
cant amount of cross-links between them,
characterizing an increase in 
ber diameter and tensile
strength acquired by scar [24].

3. Regulatory Factors Involved in
Inflammation and Healing

Wound healing is strongly regulated by a large number of
cytokines and growth factors, acting as important mediators
of di�erentiation, proliferation, and maintenance of impor-
tant cells in repair process through various mechanisms [25].

�ere are currently 11members of IL-1 family, ofwhich IL-
1� and IL-1� are the most described, di�ering in the way they
are activated and function: IL-1� is translated into a biolog-
ically active protein and IL-1 � is translated as a propeptide
that requires processing by caspase-1 enzyme in the in	am-
masome [7, 26]. IL-1� is a key interleukin of antimicrobial
response by in	ammatory response ampli
cation; it stimu-
lates leukocyte recruitment, the acute phase proteins release,
and the increase of blood vessels permeability, as well as
stimulating Cox II expression and, as a consequence, the
prostanoids formation and release [27–29].

Prostanoids have a central role in in	ammation, blood
coagulation, angiogenesis, wound healing, vascular tone, and
immune responses, among others [30, 31], and the suppres-
sion of their actions has been one of the main therapeutic
targets for anti-in	ammatory drugs development [32].

TNF-� is pleiotropic cytokine produced by a cell types
variety, including keratinocytes,macrophages, andmast cells.
It acts on several stages of leukocyte recruitment mechanism,
mainly neutrophils, inducing molecular adhesion regulation,
chemokine production, and metalloproteinases matrix, as
well as tissue inhibitors ofmetalloproteinases. TNF-�may act
in a bene
cial or deleterious way in wound healing and its
elevation leads to decrease in granulation tissue production
while its reduction promotes a better collagen 
bers arrange-
ment. Another function of this factor is to suppress TGF-�
in the stimulation of extracellular matrix (ECM) production,
but on the other hand it indirectly acts on reepithelialization
by inducing keratinocyte growth factor production, together
with IL-1 [25, 33].

�e keratinocyte growth factor (KGF) or 
broblast
growth factor-7 (FGF-7) is an important member of FGF
family involved in wound repair. �e injured epithelium
repair also depends on the mitogenic potency of KGF, which
is produced by dermal 
broblasts and acts by stimulating
keratinocytes proliferation through receptors present in these
cells [33, 34]. KGF gene expression by dermal 
broblasts is
increased a�er cytokine signaling, where some of these make
part in IL-1 family [35].

IL-8, which also acts as a chemokine (CXCL8), is
mainly produced by monocytes/macrophages and in smaller

amounts by 
broblasts, endothelial cells, keratinocytes, mel-
anocytes, hepatocytes, and chondrocytes. �eir stimulation
is usually IL-1, TNF-�, and IFN-� (interferon-gamma) [10].
�e main action of IL-8 is great migratory motivation for
immune system cells, mainly neutrophils, also determining
an increase in the expression of adhesion molecules by endo-
thelial cells [11].

Migration and cell proliferation are growth factor depen-
dent mechanisms. TGF-� inhibits matrix proteins degrada-
tion, decreasing MMPs synthesis and increasing TIMPs pro-
duction [36]. Low concentrations or suppression of TGF-�
exert a potentially negative in	uence, indicating some distur-
bance in the repair process [37].

�e VEGF family proteins act as angiogenesis regulators
during cellular development [38]. In response to hypoxia
caused by injury, VEGF is released by macrophages, 
brob-
lasts, and epithelial cells, resulting in increased nitric oxide
and endothelial progenitor cells mobilization [21]. Angiogen-
esis, formation of new blood vessels from preexisting vessels,
is an important phenomenon for the cicatrization prolifer-
ative phase by temporarily increasing the vessels number at
lesion site, favoring oxygen and nutrients 	ow, toxin removal,
cell migration, and signal transduction [39], contributing
fundamentally to tissues growth and regeneration. However,
when uncontrolled, it also contributes to pathologies progres-
sion such as arthritis, psoriasis, and cancer, being regulated
by numerous pro- and antiangiogenic factors which are in
equilibrium under normal conditions [39–41].

However, situations such as wound healing, growth-
related hypoxia, and in	ammation cause imbalance, inducing
several proangiogenic factors activation, such as cytokines,
lipidmediators, and growth factors. Skin regeneration during
the wound healing process and bone regeneration are exam-
ples that an increase in angiogenesis level can accelerate and
improve the outcome while avoiding necrosis [42].

One of the most important proangiogenic mediators is
vascular endothelial growth factor (VEGF) by stimulating
the endothelial cell functions necessary for new blood vessels
formation, as well as for tissue proliferation, migration, dif-
ferentiation, and survival, contributing to both angiogenesis
and in	uencing wound repair and closure, and granulation
tissue formation [43].

VEGF is produced in response to lesions by a cells vari-
ety, including keratinocytes, macrophages, and 
broblasts,
developing various roles in the healing process. Acutely, they
increase vascular permeability, adhesion cells expression, and
selectins, recruiting in	ammatory cells such as macrophages
andmast cells, important in several stages of healing [44–46].
In the proliferative phase, it was veri
ed that VEGF regulates
several aspects, including epidermal repair and dermis barri-
ers, acting directly on keratinocytes and macrophages which
also express receptors (VEGFRs), whose cellular activities are
also favored by oxygen and nutrients carried by new blood
vessels [47, 48].

It is believed that VEGF levels present in wound can
have a healing impact. Insu�cient vascularization has been
associated with abnormally low levels of active VEGF protein
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in individuals with wound closure di�culties, reduction in
granulation tissue reepithelialization, and formation com-
monly in diabetic patients [49, 50]. In addition, drugs used to
block VEGF activity, as in cancer treatment cases, represent
a signi
cant risk for tissue repair process [51]. A�er topical
treatment with recombinant VEGF or via viral vector or
liposome mediated gene transfer, there was acceleration in
wound closure, granulation tissue increasing, and improving
the resistance to wound rupture, in	uencing deposited colla-
gen production or arrangement [50, 52–54].

One critical feature of remodeling phase is ECMremodel-
ing to an architecture that approaches normal tissue [55, 56].
�e known regression signals include soluble and ECM-
derived antiangiogenicmediatorswhich lead to speci
c intra-
cellular signaling pathways that result in cellular and micro-
environmental changes associated with vessel regression [57,
58].

Once the endothelial cells (ECs) are primed by hypoxia
and activated by VEGF during the proliferative phase, there
are probably several redundant intracellular negative feed-
back mechanisms protecting ECs from VEGF overstimula-
tion during the postproliferative and remodeling phases of
healing which help to guide them into regression [59, 60]. It
appears that the postproliferative wound not only becomes
more resistant to proangiogenic stimuli by negative feedback
mechanisms, but also generates active antiangiogenic signals
[61].

Interestingly, the proangiogenic mediator VEGF may be
one of factors responsible for vessel regression initiation in
postproliferative phase. Studies have found that ECs activa-
tion by VEGF simultaneously marks these cells for death by
induction of death receptor Fas, also known as CD95, which
initiates apoptotic signaling pathways [59, 60], making them
less resistant to death by apoptosis-promoting signals.

Finally, di�erent 
broblast subpopulationsmay play a role
in determining the 
broblast’s pro- or antiangiogenic func-
tions. Fibroblasts derived from papillary dermis and cocul-
tured with ECs are angiopermissive, stimulating robust vessel
growth, whereas reticular 
broblasts from deeper tissue are
angiorestrictive, presumably because of nonsoluble factors
such as secreted ECM composition. At the wound resolution
phase onset, 
broblasts may switch to an antiangiogenic phe-
notype due to contact inhibition and normalizing oxygen lev-
els to regulate ECM remodeling, indirectly mediating vessel
regression [62]. Besides the soluble and matricellular factors,
an essential class of antiangiogenic molecules are those
derived from ECM components, generated when speci
c
matrix proteases cleave large ECM proteins into bioactive
peptides [63].

Several antiangiogenesis factors act in di�erent signaling
pathways to regulate endothelial cell proliferation, migration,
and survival as well as help limit excessive angiogenesis
during wound healing, in	ammation, and disease processes:

(1) Inhibits the migration and/or proliferation of endo-
thelial cells: chondromodulin-I (ChM-I) [64]; pig-
ment epithelium-derived factor (PEDF) [65]; vaso-
statin [66]; antiangiogenic matricryptins derived of

type IV collagen, including arresten, canstatin, and

tumstatin [67–69]; tissue inhibitor of matrix met-

alloproteinase (TIMP) inhibits extracellular matrix

degradation and remodeling which is necessary for

e�cient endothelial cells migration and proliferation

[70, 71]; endostatin, was found to inhibit the migra-

tion, but not the proliferation, of endothelial cells in

vitro and disrupt tumor vascularization and growth

inmice [72]; thrombospondin-1 inhibits angiogenesis

through direct e�ects on endothelial migration and

survival through indirect e�ects on growth factor

mobilization [73]

(2) Induces apoptotic death of endothelial cells: inter-

leukin 12 [74]; plasminogenKringle 5 [75]; interferons

(�, �, and �) [76]; in addition to these, PEDF, involved
in apoptosis stimulation in endothelial cells through

NF-�B, PPAR�, and p53 mediated processes while

inhibiting their proliferation and migration [77–79]

(3) Reduction expression of angiogenesis activators:

interferons (�,�, and �) decreased expression of angi-
ogenesis activators such as bFGF [80]; a soluble form

of VEGFR1 (sVEGFR1) with high a�nity for VEGF-

A has been shown to inhibit angiogenesis through

the regulation of VEGFR2 activation and inhibition

of downstream mitogenic activities [81]; endostatin

blocks action of VEGF [82] whereas interleukin-10

downregulates synthesis of VEGF and matrix metal-

loproteinase 9 (MMP-9) [83].

Angiostatin, derived from plasminogen, able to suppress

proliferation andmigration, induces endothelial cells apopto-

sis [84, 85] and additionally downregulates VEGF expression

[86–88]. Twomembers of thrombospondin family, TSP-1 and

TSP-2, are relatively well-studied potent antiangiogenic fac-

tors. �ese molecules had been found to inhibit angiogenesis

by downregulating EC proliferation and migration, inhibit-

ing VEGF signaling and initiating apoptosis [89]. Whereas

TSP-1 is produced during the early phases of healing and

likely functions to attenuate VEGF-mediated proangiogenic

signals, TSP-2 is produced during the remodeling phase and

is likely more involved in ECM remodeling-associated vessel

regression [90].

IL-10 is a regulatory cytokine produced by di�erent cells,

capable of inhibiting the activities of �1 cells, natural killer

cells, and M1 macrophages, but stimulates M2 macrophages

to produce VEGF, aiding in increased angiogenesis [91, 92].

It can also inhibit the production of other proin	ammatory

cytokines, such as TNF-�, IL-1�, and IL-6 [91]. In addition

to its potent anti-in	ammatory e�ects, IL-10 has been shown

to regulate 
brogenic cytokines, such as transforming growth

factor-� (TGF-�), as a part of its role in the regulation

of tissue remodeling [93]. Preclinical and clinical studies

have shown that rhIL-10-treated rat incisions healed with

decreased in	ammation, better scar histology, and better
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macroscopic scar appearance. RhIL-10-treated human inci-
sions at low concentrations healed with better macroscopic
scar appearance and less red scars [94].

4. MicroRNA and Wound Healing

MicroRNAs (miRs) are approximately 22 nucleotides (nt) not
encoding RNAs that bind to the 3�-untranslated regions (3�-
UTR) of target messenger RNA (mRNA) and result in post-
transcriptional regulation of gene expression [95] and have
been found to regulate a variety of cellular and physiological
functions in heath and disease. �e miRs expression deregu-
lation has been shown to be associated with various diseases.
During wound healing, microRNAs play versatile roles but
their functions are not yet understood [96]. �e ability
to therapeutically manipulate the miRs expression through
administration of inducers and/or inhibitors showed excite-
ment about the therapeutic potential of miRs for nonhealing
wounds [97].

MicroRNAs are present in all tissue types and regulate
a wide variety of processes at the cellular level, including
proliferation, di�erentiation, and apoptosis [98]. �e miRs
act as agonists and antagonists in the process of restoring
skin barrier function.Changes in the speci
cmiRs expression
during di�erent phases may be associated with abnormal
wound healing [99].

Several pieces of evidence support that miRs regulate sig-
nals in wound healing phases. (1) In the in	ammatory phase,
macrophages are regulated by miR-146a and miR-155, which
promote cytokines and growth factors production necessary
for monocyte di�erentiation into macrophages [100, 101].
Toll-like receptor-4 (TLR-4)-mediated in	ammation is reg-
ulated by miR-21 e�ects on programmed cell-death protein
4 (PDCD4) expression [102]. miR-146a, miR-155, and miR-21
are reported to be linked to wound healing processes [103,
104]. While miRs promote and induce in	ammation, they
also downregulate and terminate the phase [101]. (2) In the
proliferation phase, new blood vessels begin to form to
promptly provide the healing area with abundant oxygen
andnutrients through angiogenesis/neovascularization [105].
Several studies have identi
ed miRs in the regulation of vari-
ous aspects of the angiogenic response to various pathophys-
iological stimuli. For example, miR-92a, miR-217, miR-221,
and miR-222 inhibit angiogenic activity in endothelial cells
(ECs), whereas miR-126, miR-130a, miR-210, and the miR-
23–miR-27–miR-24 cluster promote proangiogenic activity
[106–112]. Furthermore, keratinocytes migrate from the edge
of the wound to the wound site and begin to proliferate
and di�erentiate to restore skin integrity, a process that
can be inhibited by several miRs, including miR-198, miR
-203, and miR-483-3p [113–115]. (3) �e remodeling phase
begins whenwound is closed [103]. miR-29a regulates dermal

broblasts by their contractility control through TABL1 [116].
miR-192/215 increases E-cadherin expression by repressed
translation of ZEB2 [117], while E-cadherin plays a role restor-
ing the skin barrier integrity. �e discovery of several miRs

involved in the remodeling phase regulation still requires
further investigation.

MicroRNA 26a (miR-26a) has been reported to partici-
pate in normal development, metabolic process, and wound
response [118]. Furthermore, miR-26a also regulates the
growth of endothelial cells during physiological and patho-
logical angiogenesis by targeting BMP/SMAD1 signaling
[119]. Also a role for miR-26a in regulation of diabetic wound
healing progression was identi
ed. miR-26a expression is
induced in diabetic mice wounds and its neutralization
promotewound closure through increased granulation tissue,
induction of SMAD1 signaling in ECs, and enhanced angio-

genesis. �ese 
ndings indicate miR-26a therapeutic inhi-

bition as promising treatment for diabetic subjects with

impaired dermal wound healing [96].

�ough miRs could be new potential therapeutic target

for wound healing, it is still far from being a real application,

and further studies are needed to identify the miRs involved

in each wound healing phase.

5. Toll-Like Receptors in Wound Healing

Toll-like receptors (TLRs) are a group of pattern recogni-

tion receptors (PRRs) highly conserved that indicate the

presence of several pathogen-associated molecular patterns

(PAMPs) to cellular constituents of the immune system.

A�er binding to di�erent biochemical components of pro-

tozoa, bacteria, and viruses, TLRs via NF-�B-dependent and
interferon regulatory factor- (IRF-) dependent mechanisms

trigger immune responses. Moreover, TLRs are also activated

by endogenous ligands called damage-associated molecular

patterns (DAMPs) that they are inaccessible to the immune

system under physiological conditions or undergo changes in

response to injury, leading to recognition by PRRs. Following

tissue injury, these patterns are unmasked or released from

damaged cells and subsequently trigger in	ammation via

TLRs and other PRRs. Consequently, TLRs can be considered

asmaster safeguards of tissue structural integrity: activated by

molecular indicators of infection or injury that play a key role

in the initiation of wound repair [120].

TLR activation in wound healing appears to be mediated

by two classes of ligands. (1) In organs such as the gut, skin,

and liver that are in direct contact with microbial products,

tissue lesions lead to a protective barriers breakdown and

consequently activation of TLR by bacteria PAMPs. (2) In

many organs, such as the liver, heart, and kidney, the tissue

injury leads to DAMPs release from dead cells, resulting in

TLRs activation.�e endogenous TLR ligands release occurs

predominantly a�er tissue damage, especially in situations

where a signi
cant portion of cells undergo necrosis, such as

ischemia-reperfusion injury [121–123].

According to their biological actions, the TLRs were

implicated in di�erent phases of wound healing: TLRs acti-

vation modi
es tissue injury in positive or negative way by

recruiting in	ammatory cells that release cytotoxicmediators
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or by activating cytoprotective signals, enhances 
brogenic
responses in 
broblasts, and promotes regenerative responses
[124, 125].

Several lines of evidence support that TLRs regulate sig-
nals inwound healing. (1) Topical application of TLR3 agonist
poly-(I:C) for wound closure in mice promotes reepithe-
lialization, granulation, and neovascularization. Remarkably,
topical application of poly-(I:C) in patients with laser plastic
surgery accelerates wound closure [126]. On the other hand,
mice without TLR3 exhibit delayed wound healing parame-
ters, such as neovascularization, granulation formation, and
reepithelialization [127]. (2) Nucleic acids, released by dam-
aged skinwound cells, stimulate TLR7 andTLR9 in in
ltrated
plasmacytoid dendritic cells, leading to the transient produc-
tion of type I interferon (IFN). Pharmacologic inhibition of
TLR7 or TLR9, or de
ciency of MyD88 and TLR7, inhibits
type I IFN production. �e presence of dendritic cells and
production of type I IFN are required for reepithelialization
[128]. TLR9 knockout mice exhibit a general delay in wound
healing. Furthermore, administration of the TLR9CpGODN
agonist promotes in	ux of macrophages to the wound site
and increases the production of vascular endothelial growth
factor, accelerating neovascularization of the wound in mice
[129] and wound closure in nonhuman primates [130]. (3)

Excisional skin wounds in MyD88−/− mice heal by slower

rate than wounds in wild-type MyD88+/+, showing delayed

contraction, diminished and delayed granulation tissue, and

reduced density of fresh blood vessels [131]. (4) In vitro and

in vivo data has showed that TLR4 becomes upregulated

within the 
rst 12–24 hours following injury and slowly

decreases at 10 days and is mainly concentrated in epidermal

keratinocytes. �e same study evidenced signi
cant deterio-

ration of wound healing in TLR4 de
cient mice at days 1–5,

and no di�erence shown from wild-type at 10 days [132].

Another study also observed impairment in wound healing

in TLR2 and TLR4 de
cient mice on days 3 and 7 [133]. �e

TLR4 and TLR2 activation appears to have a bene
cial e�ect

on wound healing in the early stages following acute injury

[134]. (5) �e TLRs stimulation plays an important role in

promoting normal wound healing, but that excessive TLR

signaling contributes to maladaptive or hypertrophic wound

healing and 
brosis [135].

Evidences suggest that TLRs have important roles in

wound healing and modulate the innate immune response.

Nevertheless, they di�er in their expression pattern, signaling

pathways, cellular localization, and physiological outcomes

on wound healing. It will be important to identify the TLRs

impact on healing and innate immune responses [135]. �is

will improve the therapeutic strategies for the treatment of

wound healing.

6. Healing Disturbances

�e factors that in	uence tissue repair can be classi
ed as

systemic or local [136]. By approaching factors that a�ect

healing locally, it is important to note that oxygenation mod-
ulation is very important for repair of cell maintenance activ-
ities by stimulating cellular metabolism, especially energy
production by means of adenosine triphosphate (ATP), and
is critical for almost all wound healing processes, acting
to prevent infections, increasing angiogenesis, keratinocyte
di�erentiation, cell migration, and reepithelialization [137].

Due to vascular ruptures and the high oxygen consump-
tion by metabolically active cells, the microenvironment at
cicatrization beginning has a greater need for oxygenation. At
this time, low oxygen 	ow (hypoxia) is temporarily important
for healing, but if prolonged, as in some pathologies, it can
make the wound chronic and di�cult to heal [138]. Hypoxia
can induce cytokines expression and production of growth
factors released by macrophages, keratinocytes, and 
brob-
lasts. Cytokines that are produced in response to hypoxia
include PDGF, TGF-�, VEGF, TNF-�, and endothelin-1,
which are promoters of cell proliferation, migration, chemo-
taxis, and angiogenesis [139].

A factor that may negatively a�ect wound healing is
infections presence, which may result in in	ammatory phase
prolongation and increased production of reactive oxygen
species (ROS) and proin	ammatory cytokines, such as IL-1
and TNF-�, induced by both bacteria and endotoxins present
on site. If infection does not resolve, the wound may become
chronic with persistent in	ammation. �e bacteria presence
in the lesion may also be associated with bacterial bio
lm
formation, which creates a resistance microenvironment to
medications action,making healing evenmore di�cult [140].

Systemic factors that may interfere with healing may
be age-related. It has been observed that elderly healing is
associated with modi
ed in	ammatory responses, such as
cells late in
ltration in wound area, chemokine production
changes, phagocytes reduction, delayed reepithelialization,
and impaired collagenization [141].

Sex also in	uences healing through hormonal regulation
on a variety of genes associated with regeneration, matrix
production, regeneration, epidermal function [142], and pro-
tease inhibition [143] and genes associated primarily with

in	ammation [144]. It has been found that topical 17�-
estradiol enhances mRNA and procollagen type 1 protein

expression signi
cantly in aged human skin. Expressions of

TGF-�1 and TGF-� receptor type II were also increased, and
TNF-�1 neutralizing antibody inhibits 17�-estradiol induced
procollagen synthesis in cultured 
broblasts. Topical estra-

diol also increased the keratinocytes proliferation and epider-

mal thickness in aged human skin, also observing the same

e�ects in young skin [145]. In addition, the elderly estrogen

de
ciency is also associated with healing di�culty [146].

Stress is another factor that can critically in	uence heal-

ing, as it is associated with increased glucocorticoids (GCs)

and reduced proin	ammatory cytokines levels (IL-1�, IL-6,
and TNF-�) in the wound. It also reduces the IL-1� and
IL-8 expression, both chemoattractants required for the

initial in	ammatory phase [147]. In addition, GCs in	uence
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immune cells by suppressing di�erentiation and prolifera-
tion, regulating gene transcription, and reducing the expres-
sion of cell adhesion molecules [148]. Stress has been shown

to reduce T cell proliferation and T cell dependent antibodies

production [149], besides increasing the phagocytic abilities

of cells, and the number of neutrophils in the wound area of

mice subjected to stress restriction [150].

Diabetes also interferes negatively in the wound healing

process and many factors have been shown to be involved in

the poor wound healing ability of diabetic patients, including

hyperglycemic environment, chronic in	ammation, wound

infection, vascular insu�ciency, hypoxia, sensory neuropa-

thy, and abnormal neuropeptide signaling [151–153].

It has been postulated that hyperglycemia can lead to a

deleterious e�ect on wound healing through the formation

of advanced glycation end-products (AGEs). �ese end-

products are a heterogeneous compounds complex group that

are formed when reducing sugar reactions in a nonenzymatic

way with amino acids in proteins and other macromolecules.

�is occurs both exogenously (in food) and endogenously (in

humans) with greater concentrations found in older adults

[154, 155]. �ese end-products reduce the solubility of the

extracellular matrix and perpetuate the in	ammatory alter-

ations observed in diabetes [156, 157]. �e AGEs also stim-

ulate the proin	ammatory molecules release, such as TNF-�
andMMPs, which limit wound closure. In addition, theAGE-

RAGE (AGE receptor) interaction in 
broblasts may cause

reduction of collagen deposition, further compromising the

normal healing process [158].

An altered immune function may also contribute to poor

wound healing in patients with diabetes. Studies suggest that

a failure in removal of in	ammatory cells, such as neutro-

phils, plays a role in the pathogenesis of nonhealing wounds.

A de
cit in the capability of macrophages to e�ectively
remove neutrophils has been reported to be a critical compo-
nent of the impaired healing seen in diabetes [159, 160]. Other
studies have shown that the prolonged in	ammatory phase
is characterized by sustained expression and increased levels
of proin	ammatory cytokines, such as interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor-� (TNF-�) in
diabetics [161, 162].

Decreased peripheral blood 	ow and diminished local
neovascularization are critical factors that contribute to the
delayed or nonhealing wounds in diabetics. Endothelial
progenitor cells (EPCs), a specialized subset of hematopoietic
progenitor cells (HPC), are the key cellular e�ectors of
ischemic neovascularization and play a central role in wound
healing [163]. EPC are capable of inducing endothelial dif-
ferentiation [164] and secretion of angiogenic growth factors
and cytokines [165, 166], which are of paramount importance
in neovascularization. �e circulating number of EPC and
wound level are decreased in diabetes, implying an abnormal-
ity in EPC mobilization.�is de
ciency in EPC mobilization
is presumably due to impairment of endothelial nitric oxide
synthase (eNOS-NO) cascade in bone marrow (BM) [163].

Abnormal expression of growth factors has been

observed in diabetics. Insulin-like growth factor I (IGF-1; a

growth factor similar to insulin) is a cytokine that participates

in the cellular granulation process duringwound healing.�e

IGF-1 anabolic e�ects include stimulation of DNA synthesis,

cell proliferation, protein synthesis, and glucose transport.

During healing, its expression is increased. However, dia-

betic patients show overall decreased levels of IGF-1 expres-

sion [167].

Disturbed physiologic functions of epidermal keratino-

cytes also have been found to play an important role in

the poor healing ability of diabetic wounds [168]. Factors

involving keratinocytes that may contribute to the dysfunc-

tional wound healing process in diabetes include impaired

keratinocytemigration and proliferation, gap junction abnor-

malities, chronic in	ammation, chronic infections, reduced

angiogenesis, oxidative stress, and abnormal expression of

MMPs [153, 169–171].

Some drugs that interfere with clot formation or platelet

function, or in	ammatory responses and cell proliferation,

have the ability to a�ect wound healing. Systemic glucocorti-

coids, frequently used, can inhibit tissue repair by suppressing

immune cells, complicating cell signaling that compromises

the other healing stages, such as 
broblast proliferation and

collagen synthesis. Systemic steroids cause scarring, incom-

plete granulation tissue, and wound contraction reduction

[172].

Nonsteroidal anti-in	ammatory drugs (NSAIDs), such as

ibuprofen, are widely used for in	ammation and pain treat-

ment and rheumatoid arthritis. Low-dose aspirin, because

of its antiplatelet function, is commonly used as a preven-

tive therapy for cardiovascular disease, but not as an anti-

in	ammatory [173]. However, it is important to be cautious

with the use of these drugs during healing, as they may a�ect

the in	ammatory phase, making hemostasis and clot forma-

tion di�cult at the process beginning [24].

Chemotherapeutic drugs also negatively interfere in

wound healing, since they are associated with delayed cell

migration, extracellular matrix formation impairment, col-

lagen production, 
broblast proliferation, and inhibition of

wound contraction [174]. Other factors such as alcoholism

[175], smoke [176], and precarious nutrition [177], as well

as obesity [178], vascular diseases [179], and metabolic syn-

drome [180] are also associated with healing damage.

Disorders of wound healing have been found to be more

frequent in the in	ammation and/or proliferation phases and

depend on the interactions between di�erent cell types and

extracellular matrix, predominantly synthesized by 
brob-

lasts [18].

Wounds may have vascular, traumatic, in	ammatory,

infectious, or malignant lesions. Acute scarring occurs along

a coordinate biochemical cascade; however, a wound may

become chronic if the in	ammatory and proliferative phases

of the cascade su�er some imbalance. Chronic wounds are
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prevalent and cause substantial morbidity, mortality, and
increased health costs [181].

Among the chronic injuries types are venous leg ulcers,
common in the elderly and resulting from chronic venous
hypertension, characterized by persistent in	ammation,
hemosiderin deposition, and lipodermatosclerosis [182].

7. Pharmacological Interventions

�e skin wounds treatment is dynamic and depends of
the healing phases evolution. �ere are numerous curative
options on the market that are in the range of simplest cover-
age, such as hygiene and antisepsis solutions, ointments, gels,
growth factors, and even the most complex dressings types
called “smart dressings” or “bioactive” [183].

To direct the choosing process of which therapy to use,
Das and Baker (2016) [201] emphasized that an accurate
lesion assessment is essential, carefully identifying the healing
process stage. In addition, the bene
ts and costs evaluation
are some of the aspects to be considered when choosing the
treatment type, which should be appropriate to the nature,
location, and size of the wound. Although there are a wide
variety of dressings, a single type does not meet the require-
ments to be applied to all cutaneous wounds types.

According to Sibbald et al. (2015) [183], the used therapies
for healing can be classi
ed as follows:

(A) Resources intended to skin protect against mechani-
cal or chemical aggression and infection prevention

(B) Hygiene and antisepsis products

(C) Products for chemical, enzymatic, autolytic, or
mechanical debridement

(D) Primary covers (come in direct contact with wound
bed) or secondary (they serve to 
x primary covers)

(E) Products for fastening covers and accessories (bands,
bandages)

(F) Topical agents.

Ointments containing debris agents (DNAse, collage-
nases, 
brinolysins, and papain) are topical options that act
selectively promoting a smooth enzymatic digestion on devi-
talized tissues but present low e�cacy in chronic injuries
treatment [202]. Dressings with hydrocolloids are also used,
which aid in autolytic debridement and stimulate angiogen-
esis but may cause maceration of adjacent tissue, like cal-
ciumalginate, activated charcoal, andhydropolymer adhesive
dressing, indicated for exudativewounds and contraindicated
for dry wounds [4].

Molecules directly involved in the physiological healing
process have also been studied as potential therapeutic
targets, since ulcers that are di�cult to heal are related to
lower expression of these factors. Examples of molecules are
PDGF (REGRANEX�) and VEGF, in addition to proteases
and degrading agents [32], but the high cost of these therapies
makes access to them di�cult for the population.

�e traditional therapies used in healing have also been
strongly practiced, since medicinal plants have historically
proven their value as molecules source with therapeutic
potential and nowadays still represent an important target for
newdrugs identi
cation [203].�emedicinal plants scienti
c
evidence on wound healing indicates bene
cial e�ects in dif-
ferent lesions treatment [204–207]. �e good manufacturing
practices development and regulatory legislation also plays
a key role in stimulating the traditional therapies used by
clinicians and promote their integration into national health
system, since there is widespread acceptance by population.

In this sense, it is important to remember that Brazilian
Ministry of Health has stimulated the insertion of com-
plementary care practices in the health system. �e imple-
mentation of the National Policy of Medicinal Plants and
Phytotherapy (PNPMF, in Portuguese) [208] and National
Policy on Integrative and Complementary Practices (PNPIC,
in Portuguese) [209], which aim to stimulate access to
complementary practices andmedicinal plants for health care
in an e�ective and safe way, is worth noting.

Another important publication is National Relation of
Medicinal Plants of interest toUni
edHealth System (SUS, in
Portuguese) launched in 2009, containing 71medicinal plants
that should be object of research and implementation of the
Brazilian public health sectors and services [210]. �e Col-
legiate Board of Directors Resolution (DRC, in Portuguese)
number 10, of the year 2010 (a and b), lists 66 medicinal
plants with proven actions in human health. Among these,
several species are indicated for the cicatrization process,
which implies a great advance in the Brazilian public health
that begins to value the use of new therapies based on
medicinal plants, a practice so widespread around the world
and generations.

�e chemical compounds present in plants are involved in
a variety of steps in healing, ranging from the in	ammatory
process control to the granulation tissue formation, increase
of the lesion contraction, and collagen deposition [211].
Pereira and Bártolo (2016) [212] described a review of some
traditional therapies most used in healing of cutaneous
injuries, which can be seen in Table 1.

It is noted that the pharmacological e�ects on healing
observed in the plants described in the table may be related
to secondarymetabolites presence found in these plant mate-
rials, since several studies have shown that mainly tannins
[213], 	avonoids [214], triterpenes [215], and essential oils
[216] may be associated with such activity.

In view of the tissue repair response complexity, it is
perceived that the treatment with a single factor or cellular
component reaches limited e�ectiveness in the healing of
chronic wounds. �e challenge lies in the combined ther-
apeutic approaches development or preferably in the prod-
ucts development having more than one biologically active
compound, such as a product that stimulates both angio-
genesis and matrix deposition, and epithelial migration [5].
So, researchers’ attention to factors that delay or accelerate
wound healing is important in order to increase the thera-
peutic arsenal and make wound healing more e�ective.
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Table 1

Herb Main constituents Laboratorial and clinical evidence References

Aloe vera
Soluble sugars, nonstarch

polysaccharides, lignin, polysaccharides,
glycoproteins, and antiseptic agents

Anti-in	ammatory and antimicrobial
activities; stimulates cell proliferation,
collagen synthesis, and angiogenesis;

promotes wound contraction

[184–187]

Hippophae rhamnoides (sea
buckthorn)

Flavonoids (e.g., quercetin,
isorhamnetin), carotenoids (e.g., a-,

b-carotene, lycopene), vitamins (C, E, K),
tannins, organic acids, triterpenes,

glycerides of palmitic, stearic, oleic acids,
and amino acids

Antioxidant and anti-in	ammatory
activities; stimulates the healing process;

improves wound contraction and
epithelialization; increases the

hydroxyproline and protein content in
the wound

[188, 189]

Angelica sinensis
Essential oils and water-soluble

ingredients; ferulic acid is the main active
constituent

Stimulates the proliferation of human
skin 
broblasts, the secretion of collagen,
and the expression of TGF-� in vitro

[190]

Catharanthus roseus (Vinca
rosea)

Contains two major classes of active
compounds: alkaloids (e.g., vincamine)

and tannins

Antimicrobial activity against
Pseudomonas aeruginosa and

Staphylococcus aureus; increases wound
strength, epithelialization, and wound

contraction

[191]

Calendula o�cinalis
(marigold)

Triterpenoids and 	avonoids

Anti-in	ammatory and antibacterial
activities; stimulates the proliferation and

migration of 
broblasts in vitro;
stimulates the collagen production and

angiogenesis

[192–194]

Sesamum indicum
Sesamol is the main antioxidant

constituent; others include sesamolin and
sesaminol

Improves the wound tensile strength,
wound contraction, and the

hydroxyproline levels in both normal and
delayed wound models in rats

[195]

Morinda citrifolia (noni)

Acids, alcohols, phenols, esters,
anthraquinones, sterols, 	avonoids,

triterpenoids, saccharides, carotenoids,
esters, ketones, lactones, lignans, and

nucleosides

Improves the hydroxyproline content and
reduces both the wound area and the

epithelialization time in excision wounds
in rats

[196, 197]

Camellia sinensis
Polyphenols, 	avonoids, tannins, ca�eine,

and amino acids

Reduces the healing time and the wound
length of incision wounds created in

Wistar rats
[198, 199]

Rosmarinus o�cinalis L.
(rosemary)

Most bioactive constituents include
terpenoids and polyphenols, such as

carnosol, carnosic acid, and rosmarinic
acid

Reduces the in	ammation and improves
the wound contraction,

reepithelialization, angiogenesis, and
collagen deposition on full-thickness

wounds in diabetic mice

[200]
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Pesquisa e ao Desenvolvimento Cient́ı
co e Tecnológico do
Estado de Maranhão (FAPEMA), and Universidade Federal
do Maranhão (UFMA) for providing 
nancial support. �ey
are grateful to Flávio Freitas Soares Filho for English gram-
mar revision.

References

[1] P. Parham, O sistema imune, Book/Porto Alegre, ArtMed, 3rd
edition, 2011.

[2] L. B. Nicholson, “�e imune system,” Essays Biochem, vol. 60,
pp. 275–301, 2016.

[3] G. M. Slavich and M. R. Irwin, “From stress to in	ammation
and major depressive disorder: a social signal transduction
theory of depression,” Psychological Bulletin, vol. 140, no. 3, pp.
774–815, 2014.

[4] T. N. Demidova-Rice,M. R.Hamblin, and I.M.Herman, “Acute
and impaired wound healing: Pathophysiology and current
methods for drug delivery, part 1: normal and chronic wounds:
biology, causes, and approaches to care,” Advances in Skin and
Wound Care, vol. 25, no. 7, pp. 304–314, 2012.



International Journal of In	ammation 11

[5] S. A. Eming, P. Martin, and M. Tomic-Canic, “Wound repair
and regeneration: mechanisms, signaling, and translation,”
Science TranslationalMedicine, vol. 6, no. 265, Article ID 265sr6,
2014.

[6] H.-J. You and S.-K. Han, “Cell therapy for wound healing,”
Journal of Korean Medical Science, vol. 29, no. 3, pp. 311–319,
2014.

[7] A. S. MacLeod, R. Rudolph, R. Corriden, I. Ye, O. Garijo, and
W. L. Havran, “Skin-resident T cells sense ultraviolet radiation-
induced injury and contribute to DNA repair,” Journal of
Immunology, vol. 192, no. 12, pp. 5695–5702, 2014.

[8] C. Nussbaum, S. Bannenberg, P. Keul et al., “Sphingosine-1-
phosphate receptor 3 promotes leukocyte rolling by mobilizing
endothelial P-selectin,” Nature Communications, vol. 6, article
6416, 2015.

[9] K. Noda, S. Nakao, S. Ishida, and T. Ishibashi, “Leukocyte adhe-
sion molecules in diabetic retinopathy,” Journal of Ophthalmol-
ogy, vol. 2012, Article ID 279037, 6 pages, 2012.

[10] T. N. Mayadas, X. Cullere, and C. A. Lowell, “�e multifaceted
functions of neutrophils,”Annual Review of Pathology, vol. 9, pp.
181–218, 2014.

[11] E. Kolaczkowska and P. Kubes, “Neutrophil recruitment and
function in health and in	ammation,” Nature Reviews Immu-
nology, vol. 13, no. 3, pp. 159–175, 2013.

[12] T. A. Wilgus, S. Roy, and J. C. McDaniel, “Neutrophils
and wound repair: positive actions and negative reactions,”
Advances in Wound Care, vol. 2, no. 7, pp. 379–388, 2013.

[13] S. De Oliveira, E. E. Rosowski, and A. Huttenlocher, “Neu-
trophil migration in infection and wound repair: going forward
in reverse,” Nature Reviews Immunology, vol. 16, no. 6, pp. 378–
391, 2016.

[14] P. J. Murray and T. A. Wynn, “Protective and pathogenic
functions of macrophage subsets,”Nature Reviews Immunology,
vol. 11, no. 11, pp. 723–737, 2011.

[15] S. Galván-Peña and L. A. J. O’Neill, “Metabolic reprogramming
in macrophage polarization,” Frontiers in Immunology, vol. 5,
Article ID Article 420, 2014.

[16] M. L. Novak and T. J. Koh, “Macrophage phenotypes during
tissue repair,” Journal of Leukocyte Biology, vol. 93, no. 6, pp.
875–881, 2013.

[17] A. Mantovani, S. K. Biswas, M. R. Galdiero, A. Sica, and M.
Locati, “Macrophage plasticity and polarization in tissue repair
and remodelling,” �e Journal of Pathology, vol. 229, no. 2, pp.
176–185, 2013.

[18] N. X. Landén, D. Li, and M. Ståhle, “Transition from in	am-
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induction of keratinocyte growth factor expression by serum
growth factors and pro-in	ammatory cytokines in cultured

broblasts,” Oncogene, vol. 9, no. 11, pp. 3199–3204, 1994.

[36] P. Vanezis, “Book review: the wound healing process: forensic
pathological aspects,”Medicine, Science and the Law, vol. 40, no.
1, pp. 88-89, 2016.

[37] L. Kubiczkova, L. Sedlarikova, R. Hajek, and S. Sevcikova,
“TGF-�—an excellent servant but a bad master,” Journal of
Translational Medicine, vol. 10, no. 1, article 183, 2012.

[38] V. Cury, A. I. S. Moretti, L. Assis et al., “Low level laser
therapy increases angiogenesis in a model of ischemic skin 	ap
in rats mediated by VEGF, HIF-1� and MMP-2,” Journal of



12 International Journal of In	ammation

Photochemistry and Photobiology B: Biology, vol. 125, pp. 164–
170, 2013.

[39] K. E. Johnson and T. A. Wilgus, “Vascular endothelial growth
factor and angiogenesis in the regulation of cutaneous wound
repair,” Advances in Wound Care, vol. 3, no. 10, pp. 647–661,
2014.

[40] P. Carmeliet, “Angiogenesis in health and disease,” Nature
Medicine, vol. 9, no. 6, pp. 653–660, 2003.

[41] H. Rossiter, C. Barresi, J. Pammer et al., “Loss of vascular
endothelial growth factor A activity in murine epidermal ker-
atinocytes delays wound healing and inhibits tumor formation,”
Cancer Research, vol. 64, no. 10, pp. 3508–3516, 2004.

[42] H. C. Ko, B. K. Milthorpe, and C. D. McFarland, “Engineering
thick tissues-the vascularization problem,” European Cells &
Materials, vol. 14, pp. 1–18, 2007.

[43] J. Kim, A. C. Mirando, A. S. Popel, and J. J. Green, “Gene
delivery nanoparticles to modulate angiogenesis,” Advanced
Drug Delivery Reviews, 2016.

[44] M. Detmar, L. F. Brown,M. P. Schön et al., “Increasedmicrovas-
cular density and enhanced leukocyte rolling and adhesion
in the skin of VEGF transgenic mice,” Journal of Investigative
Dermatology, vol. 111, no. 1, pp. 1–6, 1998.

[45] Y.-K. Hong, B. Lange-Asschenfeldt, P. Velasco et al., “VEGF-
A promotes tissue repair-associated lymphatic vessel formation
via VEGFR-2 and the �1�1 and �2�1 integrins,” FASEB Journal,
vol. 18, no. 10, pp. 1111–1113, 2004.

[46] B. C. Wul� and T. A. Wilgus, “Mast cell activity in the healing
wound: more than meets the eye?” Experimental Dermatology,
vol. 22, no. 8, pp. 507–510, 2013.

[47] T. A.Wilgus, A.M.Matthies, K. A. Radek et al., “Novel function
for vascular endothelial growth factor receptor-1 on epidermal
keratinocytes,”American Journal of Pathology, vol. 167, no. 5, pp.
1257–1266, 2005.

[48] T. Lucas, A. Waisman, R. Ranjan et al., “Di�erential roles
of macrophages in diverse phases of skin repair,” Journal of
Immunology, vol. 184, no. 7, pp. 3964–3977, 2010.

[49] G. Lauer, S. Sollberg, M. Cole et al., “Expression and proteolysis
of vascular endothelial growth factor is increased in chronic
wounds,” Journal of Investigative Dermatology, vol. 115, no. 1, pp.
12–18, 2000.

[50] R. D. Galiano, O. M. Tepper, C. R. Pelo et al., “Topical vascular
endothelial growth factor accelerates diabetic wound healing
through increased angiogenesis and by mobilizing and recruit-
ing bonemarrow-derived cells,”�eAmerican Journal of Pathol-
ogy, vol. 164, no. 6, pp. 1935–1947, 2004.

[51] B. Stallmeyer, J. Pfeilschi�er, and S. Frank, “Systemically and
topically supplemented leptin fails to reconstitute a normal
angiogenic response during skin repair in diabetic ob/ob mice,”
Diabetologia, vol. 44, no. 4, pp. 471–479, 2001.

[52] S. Romano Di Peppe, A. Mangoni, G. Zambruno et al.,
“Adenovirus-mediatedVEGF165 gene transfer enhanceswound
healing by promoting angiogenesis in CD1 diabetic mice,” Gene
�erapy, vol. 9, no. 19, pp. 1271–1277, 2002.

[53] M. Galeano, B. Deodato, D. Altavilla et al., “Adeno-associated
viral vector-mediated human vascular endothelial growth fac-
tor gene transfer stimulates angiogenesis and wound healing in
the genetically diabetic mouse,” Diabetologia, vol. 46, no. 4, pp.
546–555, 2003.

[54] H. Brem, A. Kodra, M. S. Golinko et al., “Mechanism of
sustained release of vascular endothelial growth factor in accel-
erating experimental diabetic healing,” Journal of Investigative
Dermatology, vol. 129, no. 9, pp. 2275–2287, 2009.

[55] A.Gosain and L.A.DiPietro, “Aging andwoundhealing,”World
Journal of Surgery, vol. 28, no. 3, pp. 321–326, 2004.

[56] A. C. L. Campos, A. K. Groth, and A. B. Branco, “Assessment
and nutritional aspects of wound healing,” Current Opinion in
Clinical Nutrition andMetabolic Care, vol. 11, no. 3, pp. 281–288,
2008.

[57] K. Sakamaki, “Regulation of endothelial cell death and its role
in angiogenesis and vascular regression,”Current Neurovascular
Research, vol. 1, no. 4, pp. 305–315, 2004.

[58] S. Dimmeler and A. M. Zeiher, “Endothelial cell apoptosis in
angiogenesis and vessel regression,” Circulation Research, vol.
87, no. 6, pp. 434–439, 2000.

[59] V. E. A. Stoneman andM. R. Bennett, “Role of Fas/Fas-L in vas-
cular cell apoptosis,” Journal of Cardiovascular Pharmacology,
vol. 53, no. 2, pp. 100–108, 2009.

[60] O. V. Volpert, T. Zaichuk, W. Zhou et al., “Inducer-stimulated
Fas targets activated endothelium for destruction by anti-
angiogenic thrombospondin-1 and pigment epithelium-derived
factor,” Nature Medicine, vol. 8, no. 4, pp. 349–357, 2002.

[61] A. Gosain, A. M. Matthies, J. V. Dovi, A. Barbul, R. L. Gamelli,
and L. A. DiPietro, “Exogenous pro-angiogenic stimuli can-
not prevent physiologic vessel regression,” Journal of Surgical
Research, vol. 135, no. 2, pp. 218–225, 2006.

[62] J. M. Sorrell, M. A. Baber, and A. I. Caplan, “Human dermal

broblast subpopulations; Di�erential interactions with vas-
cular endothelial cells in coculture: nonsoluble factors in the
extracellular matrix in	uence interactions,” Wound Repair and
Regeneration, vol. 16, no. 2, pp. 300–309, 2008.

[63] F. Suhr, K. Brixius, and W. Bloch, “Angiogenic and vascular
modulation by extracellular matrix cleavage products,” Current
Pharmaceutical Design, vol. 15, no. 4, pp. 389–410, 2009.

[64] S. Miura, K. Mitsui, T. Heishi et al., “Impairment of VEGF-
A-stimulated lamellipodial extensions and motility of vascu-
lar endothelial cells by chondromodulin-I, a cartilage-derived
angiogenesis inhibitor,” Experimental Cell Research, vol. 316, no.
5, pp. 775–788, 2010.

[65] J. Loegl, E. Nussbaumer, U. Hiden et al., “Pigment epithelium-
derived factor (PEDF): a novel trophoblast-derived factor limit-
ing feto-placental angiogenesis in late pregnancy,”Angiogenesis,
vol. 19, no. 3, pp. 373–388, 2016.

[66] S. Maestroni, A. Maestroni, S. Ceglia et al., “E�ect of chro-
mogranin A-derived vasostatin-1 on laser-induced choroidal
neovascularization in the mouse,” Acta Ophthalmologica, vol.
93, no. 3, pp. e218–e222, 2015.

[67] G. D. Kamphaus, P. C. Colorado, D. J. Panka et al., “Canstatin,
a novel matrix-derived inhibitor of angiogenesis and tumor
growth,” Journal of Biological Chemistry, vol. 275, no. 2, pp.
1209–1215, 2000.

[68] Y. Hamano, M. Zeisberg, H. Sugimoto et al., “Physiological
levels of tumstatin, a fragment of collagen IV �3 chain, are
generated by MMP-9 proteolysis and suppress angiogenesis via
�V�3 integrin,” Cancer Cell, vol. 3, no. 6, pp. 589–601, 2003.

[69] P. Nyberg, L. Xie, H. Sugimoto et al., “Characterization of
the anti-angiogenic properties of arresten, an �1�1 integrin-
dependent collagen-derived tumor suppressor,” Experimental
Cell Research, vol. 314, no. 18, pp. 3292–3305, 2008.

[70] A. N. Murphy, E. J. Unsworth, and W. G. Stetler-Stevenson,
“Tissue inhibitor of metalloproteinases-2 inhibits bFGF-
induced human microvascular endothelial cell proliferation,”
Journal of Cellular Physiology, vol. 157, no. 2, pp. 351–358, 1993.



International Journal of In	ammation 13

[71] H. A. Fernandez, K. Kallenbach, G. Seghezzi et al., “Inhibition
of endothelial cell migration by gene transfer of tissue inhibitor
ofmetalloproteinases-1,” Journal of Surgical Research, vol. 82, no.
2, pp. 156–162, 1999.

[72] M. S. O’Reilly, T. Boehm, Y. Shing et al., “Endostatin: an
endogenous inhibitor of angiogenesis and tumor growth,” Cell,
vol. 88, no. 2, pp. 277–285, 1997.

[73] D. Pinessi, C. Foglieni, A. Bugatti et al., “PO-15—antiangiogenic
small molecule ligands of FGF2 derived from the endogenous
inhibitor thrombospondin-1,” �rombosis Research, vol. 140, p.
S182, 2016.

[74] D. G. Duda, M. Sunamura, L. Lozonschi et al., “Direct in vitro
evidence and in vivo analysis of the antiangiogenesis e�ects of
interleukin 12,” Cancer Research, vol. 60, no. 4, pp. 1111–1116,
2000.

[75] W.-B. Cai, Y. Zhang, R. Cheng et al., “Dual inhibition of plas-
minogen kringle 5 on angiogenesis and chemotaxis suppresses
tumor metastasis by targeting HIF-1� pathway,” PLoS ONE, vol.
7, no. 12, Article ID e53152, 2012.

[76] E. Jonasch and F. G. Haluska, “Interferon in oncological
practice: review of interferon biology, clinical applications, and
toxicities,” Oncologist, vol. 6, no. 1, pp. 34–55, 2001.

[77] D. W. Dawson, O. V. Volpert, P. Gillis et al., “Pigment epithel-
ium-derived factor: a potent inhibitor of angiogenesis,” Science,
vol. 285, no. 5425, pp. 245–248, 1999.

[78] T.-C. Ho, S.-L. Chen, Y.-C. Yang, C.-L. Liao, H.-C. Cheng,
and Y.-P. Tsao, “PEDF induces p53-mediated apoptosis through
PPAR gamma signaling in human umbilical vein endothelial
cells,” Cardiovascular Research, vol. 76, no. 2, pp. 213–223, 2007.

[79] A. B. Aurora, D. Biyashev, Y. Mirochnik et al., “NF-kappaB
balances vascular regression and angiogenesis via chromatin
remodeling and NFAT displacement,” Blood, vol. 116, no. 3, pp.
475–484, 2010.

[80] J. W. Slaton, P. Perrotte, K. Inoue, C. P. N. Dinney, and I. J.
Fidler, “Interferon-�-mediated down-regulation of angiogene-
sis-related genes and therapy of bladder cancer are dependent
on optimization of biological dose and schedule,” Clinical
Cancer Research, vol. 5, no. 10, pp. 2726–2734, 1999.

[81] A. Ahmed, S. Ahmad, P. W. Hewett et al., “Autocrine activity of
soluble Flt-1 controls endothelial cell function and angiogene-
sis,” Vascular Cell, vol. 3, article 15, 2011.

[82] Y.-M. Kim, S. Hwang, B.-J. Pyun et al., “Endostatin blocks vas-
cular endothelial growth factor-mediated signaling via direct
interaction with KDR/Flk-1,” �e Journal of Biological Chem-
istry, vol. 277, no. 31, pp. 27872–27879, 2002.

[83] S. Huang, S. E. Ullrich, and M. Bar-Eli, “Regulation of tumor
growth and metastasis by interleukin-10: the melanoma experi-
ence,” Journal of Interferon and Cytokine Research, vol. 19, no. 7,
pp. 697–703, 1999.

[84] L. Claesson-Welsh, M. Welsh, N. Ito et al., “Angiostatin induces
endothelial cell apoptosis and activation of focal adhesion
kinase independently of the integrin-binding motif RGD,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 10, pp. 5579–5583, 1998.

[85] K. Eriksson, P. Magnusson, J. Dixelius, L. Claesson-Welsh, and
M. J. Cross, “Angiostatin and endostatin inhibit endothelial cell
migration in response to FGF and VEGF without interfering
with speci
c intracellular signal transduction pathways,” FEBS
Letters, vol. 536, no. 1–3, pp. 19–24, 2003.

[86] F. Griscelli, H. Li, A. Bennaceur-Griscelli et al., “Angiostatin
gene transfer: inhibition of tumor growth in vivo by blockage

of endothelial cell proliferation associated with amitosis arrest,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 11, pp. 6367–6372, 1998.

[87] T. L. Moser, M. S. Stack, I. Asplin et al., “Angiostatin binds ATP
synthase on the surface of human endothelial cells,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 96, no. 6, pp. 2811–2816, 1999.

[88] A. Hajitou, C. Grignet, L. Devy et al., “�e antitumoral e�ect of
endostatin and angiostatin is associated with a down-regulation
of vascular endothelial growth factor expression in tumor cells,”
�e FASEB Journal, vol. 16, no. 13, pp. 1802–1804, 2002.

[89] P. R. Lawler and J. Lawler, “Molecular basis for the regulation of
angiogenesis by thrombospondin-1 and -2,” Cold Spring Harbor
Perspectives in Medicine, vol. 2, no. 5, Article ID a006627, 2012.

[90] T. R. Kyriakides and S. MacLauchlan, “�e role of throm-
bospondins in wound healing, ischemia, and the foreign body
reaction,” Journal of Cell Communication and Signaling, vol. 3,
no. 3-4, pp. 215–225, 2009.

[91] K. N. Couper, D. G. Blount, and E. M. Riley, “IL-10: the master
regulator of immunity to infection,” Journal of Immunology, vol.
180, no. 9, pp. 5771–5777, 2008.

[92] W.-K.Wu,O. P.C. Llewellyn,D.O. Bates, L. B.Nicholson, andA.
D. Dick, “IL-10 regulation of macrophage VEGF production is
dependent onmacrophage polarisation and hypoxia,” Immuno-
biology, vol. 215, no. 9-10, pp. 796–803, 2010.

[93] T. Yamamoto, B. Eckes, andT.Krieg, “E�ect of Interleukin-10 on
the gene expression of type I collagen, 
bronectin, and decorin
in human skin 
broblasts: di�erential regulation by transform-
ing growth factor-� and monocyte chemoattractant protein-1,”
Biochemical and Biophysical Research Communications, vol. 281,
no. 1, pp. 200–205, 2001.

[94] I. Kieran, A. Knock, J. Bush et al., “Interleukin-10 reduces
scar formation in both animal and human cutaneous wounds:
Results of two preclinical and phase II randomized control
studies,”Wound Repair and Regeneration, vol. 21, no. 3, pp. 428–
436, 2013.

[95] A. Wilczynska and M. Bushell, “�e complexity of miRNA-
mediated repression,”Cell Death andDi�erentiation, vol. 22, no.
1, pp. 22–33, 2015.

[96] B. Icli, C. S. Nabzdyk, J. Lujan-Hernandez et al., “Regulation
of impaired angiogenesis in diabetic dermal wound healing by
microRNA-26a,” Journal of Molecular and Cellular Cardiology,
vol. 91, pp. 151–159, 2016.

[97] J. Banerjee and C. K. Sen, “Microrna and wound healing,”
Advances in Experimental Medicine and Biology, vol. 888, pp.
291–305, 2015.

[98] L. He and G. J. Hannon, “MicroRNAs: small RNAs with a big
role in gene regulation,” Nature Reviews Genetics, vol. 5, no. 7,
pp. 522–531, 2004.

[99] S. Shilo, S. Roy, S. Khanna, and C. K. Sen, “MicroRNA in
cutaneous wound healing: a new paradigm,” DNA and Cell
Biology, vol. 26, no. 4, pp. 227–237, 2007.

[100] R. I. Gregory, T. P. Chendrimada, and R. Shiekhattar,
“MicroRNA biogenesis: isolation and characterization of the
microprocessor complex,” Methods in Molecular Biology, vol.
342, pp. 33–47, 2006.

[101] H. Park, X. Huang, C. Lu, M. S. Cairo, and X. Zhou,
“MicroRNA-146a and microRNA-146b regulate human den-
dritic cell apoptosis and cytokine production by targeting
TRAF6 and IRAK1 proteins,” Journal of Biological Chemistry,
vol. 290, no. 5, pp. 2831–2841, 2015.



14 International Journal of In	ammation

[102] F. J. Sheedy, E. Palsson-Mcdermott, E. J. Hennessy et al., “Neg-
ative regulation of TLR4 via targeting of the proin	ammatory
tumor suppressor PDCD4 by the microRNA miR-21,” Nature
Immunology, vol. 11, no. 2, pp. 141–147, 2010.

[103] X. Yang, J. Wang, S.-L. Guo et al., “miR-21 promotes ker-
atinocyte migration and re-epithelialization during wound
healing,” International Journal of Biological Sciences, vol. 7, no.
5, pp. 685–690, 2011.

[104] J. Xu, W. Wu, L. Zhang et al., “�e role of MicroRNA-146a in
the pathogenesis of the diabetic wound-healing impairment:
correction with mesenchymal stem cell treatment,” Diabetes,
vol. 61, no. 11, pp. 2906–2912, 2012.

[105] F. Fahs, X. Bi, F.-S. Yu, L. Zhou, andQ.-S. Mi, “New insights into
microRNAs in skin wound healing,” IUBMB Life, vol. 67, no. 12,
pp. 889–896, 2015.

[106] S. Wang, A. B. Aurora, B. A. Johnson et al., “�e endothelial-
speci
c microRNA miR-126 governs vascular integrity and
angiogenesis,” Developmental Cell, vol. 15, no. 2, pp. 261–271,
2008.

[107] A. Bonauer, G. Carmona, M. Iwasaki et al., “MicroRNA-92a
controls angiogenesis and functional recovery of ischemic
tissues in mice,” Science, vol. 324, no. 5935, pp. 1710–1713, 2009.

[108] P. Fasanaro, Y. D’Alessandra, V. Di Stefano et al., “MicroRNA-
210 modulates endothelial cell response to hypoxia and inhibits
the receptor tyrosine kinase ligand ephrin-A3,” Journal of
Biological Chemistry, vol. 283, no. 23, pp. 15878–15883, 2008.

[109] Y. Chen and D. H. Gorski, “Regulation of angiogenesis through
a microRNA (miR-130a) that down-regulates antiangiogenic
homeobox genes GAX and HOXA5,” Blood, vol. 111, no. 3, pp.
1217–1226, 2008.

[110] Q. Zhou, R. Gallagher, R. Ufret-Vincenty, X. Li, E. N. Olson,
and S. Wang, “Regulation of angiogenesis and choroidal neo-
vascularization by members of microRNA-23∼27∼24 clusters,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 108, no. 20, pp. 8287–8292, 2011.
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