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Wound healing is a complex process of communication between growth fac-
tors, reactive species of oxygen, cells, signalling pathways, and cytokines in the
extracellular matrix, in which growth factors are the key regulators. In
humans, the main regulators of the cellular responses in wound healing are
five growth factors, namely EGF, bFGF, VEGF, and TGF-f1. On the other
hand, antioxidants such as astaxanthin, beta-carotene, epigallocatechin gallate,
delphinidin, and curcumin have been demonstrated to stimulate cell prolifera-
tion, migration and angiogenesis, and control inflammation, to suggest a prac-

tical approach to design new strategies to treat non-healing cutaneous

México. conditions. Based on the individual effects of growth factors and antioxidants,
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1 | INTRODUCTION

The skin has multiple layers that protect against harmful
external factors such as pathogens, radiation, heat, and
wound." A wound compromises the structure and func-
tion of the skin, and the type of wound is divided into
acute (eg, trauma, burns, and surgery) and chronic (eg,
diabetic and pressure ulcers).>* The damage of a wound
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it may be envisioned that the use of both types of bioactives in wound healing
formulations may have an additive or synergistic effect on the healing poten-
tial. This review addresses the effect of growth factors and antioxidants on
wound healing-related processes. Furthermore, a prospective on their potential
additive or synergistic effect on wound healing formulations, based on their
individual effects, is presented. This may serve as a guide for the development
of a new generation of wound healing formulations.

antioxidants, growth factors, wound healing, signalling pathway

increases by external factors and patient condition pro-
ducing reactive oxygen species (ROS), which affect the
elements involved in skin repair such as in chronic
wounds.*>*

The wound healing process involves a diversity of ele-
ments, such as growth factors, cells, signalling pathways,
and cytokines, which all work in synergy.> Growth fac-
tors and their signalling pathways coordinate cell
responses in the wound healing process.®” The mecha-
nism of these elements helps in developing accurate
treatments for impaired healing wounds, wherein growth
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factors are used in wound healing treatments because
they coordinate cell responses in the wound healing
phases.

Proliferation, migration, angiogenesis, and inflamma-
tion are cellular responses activated by growth factors.
Uncontrolled rates of ROS alter the modulation of these
cellular responses, resulting in excessive scarring or
impaired wounds.®” In this regard, antioxidants have
shown regulation of cellular responses activated by
growth factors, which aid in the repair of different types
of wounds.*®° The potential effect of the combination of
growth factors and antioxidants could lead the search to
find diverse alternatives in cutaneous repair with high
quality and reduced time.® This review aims to present
the role of growth factors and antioxidants on skin
wound healing-related processes. Furthermore, based on
their individual effects, a prospective analysis on their
potential combinatorial effect on wound-healing formula-
tions is presented. This information may serve as a guide
to envision further studies focused on the confirmation of
those effects, allowing the rational design and develop-
ment of novel skin wound-healing formulations.

2 | SKIN WOUND HEALING
PHASES: ROLE OF GROWTH

FACTORS AND ROS

The wound healing occurs in four overlapped and sequen-
tial phases, namely (a) haemostasis, (b) inflammation,
(c) proliferation, and (d) remodelling.'® They are
synchronised by particular endogenous polypeptides,
called growth factors, secreted by six specific cells rec-
ruited at the wound site: platelets, macrophages,
keratinocytes, fibroblasts, mast cells, and neutrophils.'"'?
These growth factors activate the paracrine and autocrine
cell communication by binding to their specific receptors,
and also they are essential for the cellular function,
namely proliferation, migration, angiogenesis, and inflam-
mation.'"** Growth factors that have been demonstrated
to have a major role in the wound healing process are
platelet-derived growth factor (PDGF), transforming
growth factor-beta 1 (TGF-p1), epidermal growth factor
(EGF), vascular endothelial growth factor (VEGF), and
basic fibroblast growth factor (bFGF).'® Such growth fac-
tors are key elements in wound healing because they are
responsible for the cellular communication and regulation
of cellular responses that trigger the proliferation,
migration, and differentiation of damaged cells and events
when the balance of the inflammatory response,
neovascularisation, and modulation of extracellular
matrix (ECM) occurs.'” The secondary key element in
wound healing is ROS.'* ROS produced at controlled

Key messages

« growth factors play a key role in wound
healing

« systemic imbalance related to wound condi-
tions promotes the production of reactive oxy-
gen species (ROS), hampering the healing
process

» the use of exogenous antioxidants controls
excessive ROS production and modulate sig-
nalling pathways in wound healing

« the combination of exogenous growth factors
and antioxidants in topical formulations has a
positive effect on wound healing

+ prospective wound healing formulation design
principles, based on potential growth factor—
antioxidant interactions, are presented

levels stimulate haemostasis, pathogen defence, tissue
repair, and lymphocyte recruitment in the wound
healing process.'* The deficiency of these growth factors
and the excess of ROS levels is related to non-healing
conditions.'? Nonetheless, growth factor administration
is a promising strategy for wound healing management
or treatment. Figure 1 shows the effect of the key growth
factors and antioxidants involved in each wound healing
phase.

2.1 | Haemostasis phase

After an injury occurs, the first stage is vasoconstriction,
also known as haemostasis.'? During this phase, platelets
make contact with fibronectin and collagen forming a
fibrin clot that stops the bleeding and blocks the entry of
pathogens.' The generation of early ROS from platelets
reduces the blood flow allowing to promote the vasocon-
striction."* Along with the monocytes, platelets secrete
PDGF, EGF, and TGF-f1, which act as chemoattractants
of inflammatory cells and promote the adaptive immune
response of the inflammatory phase.'>'>'® Table 1
describes each role and different pathways regulated by
growth factors during haemostasis.

2.2 | Inflammatory phase

The inflammatory phase begins with the activation of the
adaptive immune response, and the migration of
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FIGURE 1 Effect of growth factors and antioxidants on each stage of the skin wound-healing process. The four phases involved in the
wound healing process are presented. In addition, selected growth factors and antioxidants are added to the phase wherein they have an
enhancing effect. (a) Haemostasis phase: platelets produce platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and
transforming growth factor-p1 (TGF-B1). They act as chemoattractant for inflammatory immune cells. Epigallocatechin gallate (EGCG)
binds to PDGF and EGF receptors inhibiting the signalling cascade of them for the inflammatory phase. EGCG also inhibits the expression
of EGF receptor (EGFR), which delays the beginning of the epithelialisation. Delphinidin inhibits PDGF signalling after binding to PDGFR,
which delays wound repair. (b) Inflammation phase: inflammatory immune cells such as neutrophils, mast cells, and macrophages secrete
cytokines, reactive oxygen species (ROS), and growth factors. Microvascularity increases to deliver nutrients, immune cells, and oxygen at
the wound site. Monocytes matured to macrophages which produce PDGF, TGF-f1, basic fibroblast growth factor (bFGF), and vascular
endothelial growth factor (VEGF) that act as chemoattractant for keratinocyte and fibroblasts. Through this phase, EGCG and delphinidin
still inhibit PDGFR. Astaxanthin, f-carotene, and curcumin aid wound healing when balance ROS. (c) Proliferation phase: bFGF, VEGF,
PDGF, and TGF-f activate cellular responses that promote angiogenesis, keratinocyte migration and proliferation, fibroblasts migration and
differentiation, and collagen synthesis. Astaxanthin stimulates TGF-f1 and VEGF signalling pathways and expression that enhance
differentiation of fibroblast, migration of keratinocytes, granulation tissue formation and angiogenesis. Curcumin stimulates TGF-p1
signalling pathways that enhance the expression of VEGF. Delphinidin and f-carotene inhibit VEGF pathways and receptor reducing
angiogenesis. EGCG inhibits VEGFR and bFGF expression, which reduce angiogenesis and collagen synthesis, and delays wound closure.
(d) Remodelling phase: scar maturation and remodelling of extracellular matrix (ECM) occur when collagen type I (COLI) replaces collagen
type III (COLIII), and keratinocytes and fibroblasts organise, apoptosis, and differentiate via bFGF and TGF-p1 signalling pathways and by
bFGF and astaxanthin stimulate the expression of bFGF and TGF-f1 modulating collagen production and scar maturation. Curcumin
enhance TGF-f and collagen synthesis, which promotes remodelling of ECM. EGCG inhibits TGF-1 signalling, which reduces fibroblast
proliferation, fibroblast differentiation to myofibroblast, and collagen synthesis that modulate scarring. Additionally, EGCG still inhibits the
expression of bFGF that aids in scarring control
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TABLE 1

Growth factor
PDGF

VEGF

EGF

bFGF

TGF-p1

VIANA-MENDIETA ET AL.

Function
Stimulate cell proliferation and migration

Up-regulation of IGF-1 and VEGF expression

Stimulate angiogenesis

Stimulate migration and cytoskeletal remodelling

Regulate proinflammatory cytokines
Activate proliferation of endothelial cells in angiogenesis

Stimulate cell migration of keratinocyte and endothelial
cells

Stimulate permeability and vasodilation
Activate migration and proliferation of keratinocyte
Activate production of type I collagen

Induce migration and formation of vascular tubes in
endothelial cells (angiogenesis)

Induce production of MMP and cell proliferation in
fibroblasts

Inhibition of infiltration of inflammatory cells

Suppress secretion of IL-1a, IL-8, and TNF-« in
inflammatory cells

Stimulate fibroblast and endothelial cells proliferation,
migration, and differentiation

Activate production of ROS to induce fibroblast migration
and collagen production

Stimulate and collagenase production

Activate inflammatory response

Regulate scar formation activating TGF-f signalling.
Activate angiogenesis producing ROS

Fibroblast proliferation, migration, and differentiation
Regulate differentiation of fibroblast to myofibroblast

Enhance collagen deposit

Stimulate collagen synthesis in fibroblast

Function and signalling pathway of selected growth factors during wound healing

Signalling pathway
Ras/Erk1/2/MAPK
PLCy

PI3K/AKT
PI3K/AKT/eNOS
Rho GTPase
PI3K/AKT
PI3K/AKT/NF-xf3

References

81

82
83

74

PLCy/ PKC/ Ras/Raf/ MEK/ ERK 84

FAK

p38/MAPK
PI3K/AKT/eNOS
Erk1/2/MAPK
PI3K/AKT

PI3K

MAPK
PI3K

Rac

ERK
RANTES
MCP-1
NF-xf

Ras/Raf/MEK/MAPK

PI3K/AKT
PI3K/AKT/Racl/JINK/NOX

FAK/Paxillin

PLCy/ IP3-Ca2+/ DAG/PKC
NF-xf/INK

‘Wnt/p-catenin
Wnt/B-catenin
Wnt/p-catenin

Smad/Erk

TGF-p/Smad

B-catenin

JNK/ET-1/c-Jun

84,85

85
81,86
86
81

81

86

87

88

89

10,90
91
19,91

78
78

78,92

93

Note: For each of the five main growth factors involved in wound healing their functions (related to one or several healing stages) and signalling pathway are

presented.

Abbreviations: AKT, protein kinase B; bFGF, fibroblast growth factor; DAG, diacylglycerol; EGF, epithelial growth factor; eNOS, endothelial nitric oxide
synthase; ET-1, endothelin-1; JNK, c-Jun N-terminal kinase; FAK, focal adhesion kinase; IP3, inositol trisphosphate; MCP-1, monocyte chemoattractant
protein-1; NF-kf, nuclear factor kappa beta; NOX, NADPH oxidase; PI3K, phosphatidylinositol 3-kinase; PDGF, platelet-derived growth factor; Racl, Ras-
related C3 botulinum toxin substrate 1; RANTES, regulated on activation, normal T cell expressed and secreted; Smad, small mothers against decapentaplegic;
TGF-B, transforming growth factor; VEGF, vascular endothelial growth factor; Wnt, wingless-related integration site.
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inflammatory cells, such as macrophages, T cells, mono-
cytes, mast cells, and neutrophils, to control pathogens,
regulate ROS, and degrade foreign material.'®!” They
balance inflammatory responses secreting the growth fac-
tors and cytokines, also producing ROS, that regulate this
process. '

The inflammatory balance is mediated by pro-
inflammatory and anti-inflammatory agents.'® The
pro-inflammatory agents promote ROS production in
the inflammatory microenvironment. Neutrophils act
as pro-inflammatory agents because they can generate
ROS that function as pathogen inhibitors,'®'® and
secrete chemoattractants, such as VEGF, and cytokines
especially IL-6, TNF-a, and IL-1. 12 Macrophages, matu-
rated from monocytes, are the key agents in the inflam-
matory phase because they release pro-inflammatory
cytokines, such as IL-1 and TNF-a, along with growth
factors, such as bFGF, PDGF, and VEGF, that promote
proliferation of fibroblasts, keratinocytes, and epithe-
lial cells through MAPK and PI3K-AKT pathways; also
PI3K-Akt-eNOS, NF-kB, and FAK-ERK-MCP1 path-
ways of VEGF and PDGF produce ROS.'*'7-!° The later
function of these growth factors is the attraction of
more inflammatory cells to further stimulate its
secretion.'®'®

As new cells form the new tissue by the activation of
growth factor signalling, macrophages and T cells secrete
anti-inflammatory cytokines and growth factors, such as
IL-10 and TGF-f1, to suppress the pro-inflammatory
response and balance the inflammatory microenviron-
ment at the site.'® Chronic and excessive scarring wounds
have uncontrolled inflammatory agents and ROS excess
that induces a prolonged inflammation phase.'® On the
contrary, when a proper inflammatory balance is
achieved in acute wounds, the wound healing process
proceeds into the following stage. Table 1 presents the
role of different growth factors during the inflammatory
phase.

2.3 | Proliferative phase

This phase consists of four processes that occur simulta-
neously and depend on each other, being the angiogene-
sis, granulation tissue formation, re-epithelialisation, and
wound contraction.'>'® All these phenomena are modu-
lated by VEGF, PDGF, bFGF, and TGF-f1 (Figure 1), and
diverse signalling pathways are involved.

Angiogenesis, the formation of vascularity, provides
oxygen and growth factors to induce the formation of
granulation tissue.'® Angiogenesis is stimulated by
bFGF, VEGF, and TGF-p signalling pathways
(Table 1). VEGF is the mainly responsible for

- wWiLeyl s

endothelial proliferation and migration, and blood ves-
sel maturation promoted via MAPK and PI3K-Akt-
eNOS, and the later signalling pathway produces
ROS.?%2! At the same time, the low generation of ROS
stimulates the proliferation and migration of fibroblast
enhancing collagen production to prepare granulation
tissue formation and wound closure.*® Granulation tis-
sue formation and type III collagen are promoted prin-
cipally by bFGF and TGF-p and provide the structure
for fibroblast and keratinocyte migration and vascular
formation. %

Re-epithelialisation, known by the proliferation and
migration of keratinocytes, promotes the closure of
wounds mainly stimulated by signalling pathways in
Table 1, such as MAPK, FAK-paxillin, PI3K-Akt-mTOR
pathways of VEGF, EGF, bFGF, TGF-p, and ROS.'®'%*?
Dysfunction of angiogenesis is present in diabetic foot
ulcers and burns,'® and this highlights the relevance of
this event in non-healing conditions."!

2.4 | Remodelling phase

The remodelling or maturation phase is where the
scar is formed, the fibroblast matures to myo-
fibroblasts and collagen structure is remodelled.'® The
TGF-p1 and bFGF stay at last to enhance ECM matur-
ing or known as replacement and degradation of type
III collagen by type I collagen by the action of collage-
nases, metalloproteinases, and fibroblasts (MMP).%4
In this process, ROS has an active role in enhancing
bFGF expression, modulating the production of colla-
gen, and remodelling the ECM."*?° The principal acti-
vated signalling pathways in this phase are MAPK,
Smad, and p-catenin pathways (Table 1). The compli-
cations associated with this phase are the over-
expression of MMP and collagenases that constantly
destruct ECM structure in chronic wounds, and the
underexpression of the later enzymes and elevated
synthesis of type III collagen in excessive scarring
wounds such as hypertrophic wounds, burns, and
infected wounds.*

Signalling pathways are the mediators of the cellular
responses in which redox signalling is also a critical point
in all the wound healing phases.”® Therefore, ROS at low
or controlled concentration function as pathogen control-
ler and help to activate proliferation, migration, inflam-
mation, and angiogenesis cell responses. Nonetheless,
ROS in excess or without control induce a chronic
inflammatory response at the inflammation phase occur-
ring in an impaired wound.'**° In this regard, antioxi-
dants play a key role in the efficiency and speed of the
wound healing process.
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3 | ANTIOXIDANTSIN WOUND
HEALING

ROS, and the respective pro-inflammatory cell signalling,
have a key role in wound healing.”>** When enzymatic
endogenous antioxidants in cell are not capable to over-
come the high rate of oxidative stress, the administration
of exogenous antioxidants allows the balance of ROS and
inhibition of inflammatory signalling pathways*® enhanc-
ing wound healing.>>%°

Cutaneous antioxidants are mainly classified as non-
enzymatic and enzymatic.?” The enzymatic antioxidants
are endogenous molecules found in oxidative cell mecha-
nism, with catalase, glutathione peroxidase, and superoxide
dismutase being some of the examples.”’ The non-
enzymatic kinds are both endogenous and exogenous mol-
ecules, mainly obtained from plants and found in a wide
variety, classified as carotenoids and polyphenols.***’

Carotenoids and polyphenols with anti-inflammatory,
antioxidant, and antibacterial properties are used in can-
cer and wound healing therapies.***?° The mechanisms
of oxidative stress control and NF-kB inflammatory signal-
ling in the wound healing phases are leading to the discov-
ery of therapies for non-healing and aberrant scarring
wounds.**° Scientific literature concerning exogenous sup-
plementation of antioxidants for wound healing enhance-
ment focuses on carotenoids and polyphenols.”* This
makes sense as these two bioactive families are among the
most characterised in terms of antioxidant activity, given
their availability in natural generally recognised as safe
(GRAS) sources.?**> Both carotenoids and polyphenols
have been reported to play a key role during the inflam-
mation, proliferation, migration, and angiogenesis stages
in wound healing. Figure 1 presents the effect of selected
antioxidants in wound healing. It is important to remark
that, as part of such a role, antioxidants may have a direct
effect on the expression and activity of different growth
factors. This opens the opportunity of harnessing such
interactions to develop wound healing formulations with
enhanced effectiveness. In this section, the reported effects
of selected, well-characterised antioxidants in wound
healing are presented.

3.1 | Carotenoids

Carotenoids are present in vegetables, fruits, marine ani-
mals, and microalgae, characterised by its red and
orange-coloured pigment.** Carotenoids have a lipophilic
structure and are classified in (a) carotenes (non-polar),
and (b) xanthophylls (amphipathic, given their terminal
hydroxyl groups).®®> They are strong scavengers of ROS
resulting in well controllers of oxidative stress in wound

healing.** Table 2 shows the reported effect of p-carotene
and astaxanthin, two well-characterised carotenoids, over
the wound healing process.

3.1.1 | p-carotene

B-carotene, found in several vegetables and fruits, works
as a preventive element for photo-aging and carcinogene-
sis, through the inhibition of the signalling pathways NF-
KB in haemostasis and inflammatory phase, as well as
MAPK pathway in the proliferative phase. It has a long
chain of conjugated double bonds with two p-ionic
rings® contributing to prevent photodamage, inhibit pro-
liferation and migration in carcinogenesis of epithelial
cells, and inhibition of metalloproteinases (MMP) degra-
dation in collagen deposit in the proliferative and the
remodelling phase of wound healing.**>°

3.1.2 | Astaxanthin

Astaxanthin has shown similar properties as beta-
carotene has. The astaxanthin has a hydroxy group at a
p-ionone ring, on each end of the polyene chain.?” Its role
in the inhibition of photo-aging has been reported,
decreasing the production of the MMP-1 enzyme and the
inflammatory signalling pathway and promoting the
migration of the keratinocyte in the proliferative phase of
wound healing.*®*° Owing to its characteristics, it is a
promising molecule in accelerating the wound healing
process through migration and collagen production.*!

3.2 | Polyphenols

Polyphenols are abundant and found in a wide diversity
of natural sources such as cereals, vegetables, tea leaves,
fruits, yeast, and crustacea.’**! They are much more
diverse, from a molecular structure point of view, than
carotenoids and are classified in (a) flavonoids and
(b) non-flavonoids. They are commonly used in cos-
meceuticals and wound healing applications because of
their strong scavenging activity.>*** Table 2 shows the
reported effect of delphinidin, epigallocatechin gallate
(EGCG), and curcumin, three well-characterised poly-
phenols, over the wound healing process.

3.21 | Delphinidin

The delphinidin is a flavonoid-anthocyanidin compound
found in plant foods such as blackcurrants hibiscus, and
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TABLE 2 Target signalling pathway and response of selected antioxidants applied in wound healing
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Target signalling
Antioxidant Response pathway References
Astaxanthin Regulate collagen through inhibition MMP-1 and TIMP1 33
production of collagen
Inhibit inflammatory signalling NF-kp/eNOS 33
Promote angiogenesis Wnt/f-catenin 94
Promote cell migration in keratinocytes Rac1/Cdc42/RhoA 39
[-carotene Inhibit angiogenesis VEGF/NF-xf 62
CREB
Inhibit metalloproteinases: MMP-1, MMP-10, ROS-induced MAPK 33,95
MMP-2, and MMP-9
Inhibit inflammatory signalling NF-kf/PI3K/eNOS 62
Curcumin Act as anti-inflammatory, antioxidant, anti- IKKo/p/NF-kp 4,96
infectious, and antiangiogenesis
NF-xB/VEGF
Inhibit angiogenesis and granulation tissue VEGFR2/Erk-1/2 66
formation in fibroblasts
AKT
Inhibit synthesis of collagen, proliferation, and TGF-f/Smad2 97
differentiation of fibroblasts
Inhibit proliferation of fibroblast and synthesis of Wnt/ p-catenin 97
collagen in hypertrophic scarring
Delphinidin Inhibit inflammatory responses and ROS NF-«p 47
Act as anti-angiogenesis effector VEGFR 98
Anti-proliferative VEGFR/Erk-1/2 45,98
PLCy
EGCG Regulate inflammatory response and ROS NF-«p 99
Inhibit proliferation of fibroblast and synthesis of Wnt/p-catenin 97
collagen in hypertrophic scarring
Act as antitumour an antiangiogenesis effector VEGFR 68
EGFR
PI3K/AKT

Erk1/2/p-p38/MAPK

Abbreviations: AKT, protein kinase B; Cdc42, cell division cycle 42; CREB, cAMP-response element-binding protein; EGCG, epigallocatechin gallate; EGFR,

EGF receptor; eNOS, endothelial nitric oxide synthase; Erk-1/2, extracellular signal-regulated kinase-1/2; JNK, c-Jun N-terminal kinase; NF-kf, nuclear factor

kappa beta; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; p-p38, phosphorylated p38; PLCy, phospholipase C gamma; Racl,
Ras-related C3 botulinum toxin substrate 1; RhoA, Ras homologue family member A; ROS, reactive oxygen species; Smad, small mothers against

decapentaplegic; TGF-, transforming growth factor; TIMP1, tissue inhibitor of metalloproteinases-1; VEGF, vascular endothelial growth factor; VEGFR, VEGF

receptor; Wnt, wingless-related integration site.

bilberries. ***° It is a benzopyrylium with three hydroxy
substituents“® acting as a good antioxidant for the inflam-
matory phase in wound healing.*” Blackcurrants extract
rich in delphinidin modulates type I collagen expression,
reduces NF-kB inflammatory signalling, and modulates
oxidative stress on skin fibroblast cells, which can aid in
the remodelling phase.*’

3.2.2 | Epigallocatechin gallate

The last flavonoid compound is the flavan-catechin
EGCG, having three hydroxyphenyl and trydoxybenzoate
moieties,”® which confers properties such as down-
regulating inflammatory pathways that are used in the
production of cosmetics and dermatology.*’ Their

[1202/50/90] 18 [209€ T (MY TTTT°01/4Pd3/10P/ - $81#S0'T61°LST - A1RIQIT SuluQ A3[1M ] AQ pauLig



VIANA-MENDIETA ET AL.

* | wiLey- T}

antimutagenic and antiproliferative actions are the main
applications in chemoprotective drugs®® for cancer
patients, so is the inhibition of the MAPK signalling path-
way of VEGF and EGF. Additionally, curcumin is the
most trending antioxidant in wound healing in diabetic
patients.

3.23 | Curcumin

Curcumin is a non-flavonoid hydroxycinnamic acid with
anti-infectious, antiapoptotic, and anti-inflammatory
actions, for which it is used in the wound healing treat-
ment for diabetic patients."* It is a hydrophobic com-
pound containing B-diketone moiety and two o-methoxy
phenolic groups that confer strong antioxidant activity
to reduce ROS during the inflammatory phase.’® Cur-
cumin is the most studied antioxidant in wound healing,
and it has been demonstrated to stimulate the expres-
sion of TGF-p1, which promotes VEGF expression via
the TGF-p pathway that will be discussed in the follow-
ing section.”?

4 | POTENTIAL INTERACTION OF
GROWTH FACTORS AND
EXOGENOUS ANTIOXIDANTS
DURING WOUND HEALING

As previously stated, there are some scientific reports in
literature describing the interaction effect of growth fac-
tors and antioxidants during wound healing.>>>
Although the information available in the literature is
still limited, the study of potential interaction of growth
factors and antioxidants is of the essence for the design of
wound healing formulations. Based on the reported indi-
vidual effects of both growth factors and exogenous anti-
oxidants (Tables 1 and 2 and Figure 1), it is possible to
propose combinations that may have a potential additive
or synergistic effect over the wound healing process.
Table 3 shows the reported and potential growth factor—
antioxidant interactions, based on the analysis of the
information presented in this review. These prospected
growth factor-antioxidant interactions may serve as a
starting point to envision further experimental work
focused on the study and characterisation of such interac-
tions, looking forward the rational design of wound
healing formulations. Although these potential growth
factor-antioxidant interactions (Table 3) have not yet
been studied based on reported scientific evidence
regarding their individual effect on wound healing, they
would be expected to exert the prospected result at least
to some extent.

4.1 | Inhibition of pathogen growth and
ROS production in the haemostasis phase

Pathogen blockage is a critical step in the haemostasis.
Pathogen presence strongly activates immune response
and produces ROS that will prolong the inflammatory
phase, alter the proliferative and the remodelling phase.
Astaxanthin, EGCG, curcumin, and delphinidin inhibit
bacteria in skin disorders and injuries when they are
administrated exogenously.">*>® Their antibacterial and
scavenging activity aids in the haemostasis phase reducing
the proliferation of present pathogens and controlling the
ROS produced by them. They exhibit promotion of vaso-
constriction process and wound healing to the exception of
EGCG that delays wound healing.>>” Delphinidin inhibits
the action of platelet-derived growth factor receptor
(PDGFR) and its ligand (PDGF) in endothelial cells and
smooth muscle cells, delaying the angiogenesis activa-
tion.” Platelets are essential in fibrin clotting, wherein
both platelet activation and aggregation are compromised
by delphinidin in the haemostasis phase.*?

4.2 | Reduction of pro-inflammatory
agents in the inflammatory phase

The excess of ROS increases tissue damage and delays
the wound healing process. The five antioxidants inhibit
transcription of pro-inflammatory agents (eg, TNF-q,
IL-1, IL-6) via nuclear factor xf (NF-«f3) and exhibit well
control of ROS on dysregulated inflammation of acute or
chronic wounds.?**® Astaxanthin, EGCG, and curcumin
inhibit NF-kf in the PDGF pathway in inflammatory
cells improving chronic wound healing.®>®' They are a
promising treatment though at a specific concentration to
enhance a cellular response.” Either p-carotene or del-
phinidin suppresses inflammatory response that delays
the proliferative and remodelling phases. They could be
used in wounds with prolonged inflammatory response
and also impaired scarring. *+5

4.3 | Enhanced proliferation, migration,
and angiogenesis in the proliferative phase

Antioxidants have a direct effect on the inhibition or
stimulation of angiogenesis pathways. As inhibitors,
astaxanthin blocks pathological angiogenesis pathway
JAK/STAT3,*! involved in tumorigenesis, while del-
phinidin and EGCG have a strong inhibition of VEGFR2
and VEGF blocking angiogenesis response.®® Also related
to the suppression of angiogenesis, p-carotene and del-
phinidin exhibit receptor blockage delaying the wound
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TABLE 3 Potential synergetic effect of growth factor with antioxidants for a wound-healing formulation

Antioxidant PDGF EGF VEGF TGF-f1 bFGF Reference
Astaxanthin | Inflammation ND T Angiogenesis ND 1 FB Migration 24,29,39,41,54,72,100
He 1 KC migration TKC Migration
He ([
B-carotene | Inflammation ND ND ND ND 59,62,73
[
Curcumin | Inflammation TKC migration 1 Angiogenesis T FB migration ND 4,52,53,64,66,67,101-103
He 1 KC proliferation {KC migration 1 FB proliferation
He 1 KC proliferation @
|
Delphinidin | Inflammation ND ND ND ND 58,98,104
[
EGCG | Inflammation ND ND ND ND 55,63,68,78,79,101
He

Note: The potential additive or synergistic effect of the combination of growth factors and exogenous antioxidants over the regulation of different wound
healing-related pathways is presented. Consequently, different combinations are proposed based on the type of injury (acute full-thickness wound, chronic

wound, or burn) to be treated. Based on reported individual effect of antioxidants, these are the prospective effect with the combined application of growth
factor and antioxidant. |, decrease cellular response; T, enhance cellular response; ND, no data reported. Type of wound: @, acute full-thickness wound

(surgery, trauma, etc.); ll, chronic wound (diabetic foot ulcer, vascular ulcer, etc.).

Abbreviations: bFGF, fibroblast growth factor; EGCG, epigallocatechin gallate; EGF, epidermal growth factor; FB, fibroblast; KC, keratinocyte; PDGF, platelet-
derived growth factor; TGF-p, transforming growth factor; VEGF, vascular endothelial growth factor.

closure rate. Furthermore, curcumin has been reported
to increase the expression of VEGF and TGF-$1, promot-
ing angiogenesis and collagen synthesis in chronic (eg,
diabetic foot) and acute wounds.®* Astaxanthin-richalgal
extract stimulates VEGF expression enhancing vascular-
ity and wound closure in fibroblasts.®®

Curcumin and astaxanthin enhance the migration of
keratinocyte and fibroblast cells through MAPK and FAK
signalling pathways, thus improving wound closure in
chronic and acute wounds. ***” B-carotene, delphinidin,
and EGCG down-regulate migration, proliferation, and
angiogenesis responses in the involved cells, which aid in
wounds with hypertrophic scarring.

On proliferation, curcumin can induce the expression
of the TGF-p1, promoting the proliferation of fibroblast,
inhibiting the collagen expression by Smad2/3 pathway
in the TGF-P1 signalling cascade, and increasing the
expression of VEGF (Table 2). These mechanisms
enhance the wound healing process in deep acute and
chronic wounds.

4.4 | Increase of collagen deposit and
inhibition of collagen degradation in the
remodelling phase

Polyphenols modulate collagen production in the skin.
EGCG and curcumin exhibit an increase in the synthesis

of collagen improving wound healing in acute and
chronic wounds.®®*®® Delphinidin in plant extracts also
enhances collagen deposit, whereas it suppresses cellular
responses in the proliferative phase in hypertrophic scar-
ring wounds.*> Astaxanthin, EGCG, and f-carotene regu-
late the remodelling of collagen through the inhibition of
metalloproteinases: MMP-1, MMP-2, MMP-9, and MMP-
10. Astaxanthin improves the expression of bFGF and
TGF-p1 enhancing the vascularity and wound closure in
fibroblasts.*"7°

5 | PROSPECTIVE WOUND
HEALING FORMULATION DESIGN
BASED ON POTENTIAL GROWTH
FACTOR—ANTIOXIDANT
INTERACTIONS

According to the available results of different treatments
in animal models, antioxidants combined with growth
factors have better wound healing rate than separate
treatments of each one.®® Antioxidants applied in wound
healing treatments would have promising effects either
individually or in combination with growth factors,
enhancing the action of the growth factors, increasing
wound closure rate, and improving scarring quality. The
excess of ROS and uncontrolled inflammatory process
drive to impairment of wound healing in different types
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of wounds, divided into (a) acute wounds and (b) chronic
wounds. Based on the information presented in Table 3,
potential additive or synergistic growth factor—antioxidant
combination for the treatment of these two types of
wounds are proposed. As previously stated, these potential
interaction effects still require to be studied and confirmed
(Table 3). Nevertheless, based on reported scientific evi-
dence regarding the individual effect of growth factors and
antioxidants on wound healing, they would be expected to
exert the prospected result at least in some extent.

51 | Acute wounds

Acute wounds (eg, surgeries, burns, trauma) heal in the
expected time under unaltered physiological conditions.”
Deep injuries required a stimulation of angiogenesis and
collagen deposition but minimal scarring. According to
Table 3, curcumin with PDGF or EGF could significantly
improve wound closure rate fibroblasts and keratinocytes.
Li et al. in 2016 showed that the administration of EGF-
curcumin nanoparticles into a polymeric bandage in male
Sprague-Dawley rats accelerated significantly the wound
closure and reduced levels of inflammatory cytokines.>®
Curcumin with VEGF or TGF-p1 stimulates their expres-
sion expecting an increase in the synergistic effect. Cur-
cumin with EFG proved that the combination of both
increases  significantly the angiogenesis, collagen
remodelling, and wound closure than the treatment with
EGF.> PDGF acts in every wound healing phase, though
PDGF in inflammatory pathways can be inhibited by the
mentioned antioxidants and consequently stimulate wound
closure.*»*¢7%%71 The suitable combination that could
have a synergistic effect in deep incision is astaxanthin
with PDGF, VEGF, TGF-f1, and bFGF, in order to reduce
wound closure time and improve scarring of full-thickness
or deep wounds.**>7%7> Systemic administration of
p-carotene is expected to decrease inflammatory cytokines
and ROS, improving wound healing in acute wounds.”
PDGF produces inflammatory cytokines through NF-xf
pathway, the use of antioxidants with PDGF could have a
synergistic effect in reducing inflammation that could
improve the closure of injury.”* Nonetheless, topical con-
centrations between 25 and 200 pM reduce proliferation
and control the scarring process in hypertrophic injuries
improving the quality of wound closure .”>”® Delphinidin
is expected to reduce inflammatory response and stimulate
wound healing rate.*”*® Moreover, its inhibitory action on
VEGF and PDGF could regulate angiogenesis, collagen
synthesis, and ROS in hypertrophic wounds.****””

In second-degree burns, astaxanthin modulates colla-
gen remodelling, reduces oxidative stress, and accelerates
wound closure rate in adult male rats.>* Astaxanthin also

significantly increases expression of bFGF.*' Therefore,
bFGF combined with astaxanthin into a delivery system
(eg, hydrogel, nanofibers, nanogel) could prevent patho-
logical angiogenesis and aberrant scarring, modulate pro-
inflammatory response, promote proper wound microen-
vironment conditions, and stimulate collagen synthesis
and modulation. Hence, they will increase the therapeutic
effect of bFGF.>*>* On the other hand, EGCG combined
with PDGF can reduce inflammation, the expression of
bFGF, VEGF, TGF-p1, controlling the synthesis of colla-
gen, inflammation, and fibroblast migration.3>6%78%0

5.2 | Chronic wounds

Adverse physiological conditions of the patient (eg, dia-
betes, immune diseases, malnutrition) complicate the
healing process prolonging the inflammatory phase in
chronic wounds (eg, diabetic, vascular, or pressure
ulcers).'*?° In Table 3, it is reported that curcumin and
astaxanthin can improve the quality of scarring because
both control collagen disposition in patients with diabe-
tes. The combination of astaxanthin with PDGF, VEGF,
or TGF-p1 would enhance angiogenesis in chronic ulcers
with deficiency of angiogenesis and inhibition of inflam-
matory transcription agents. Curcumin is also an efficient
antioxidant in the treatment of chronic wounds as it reg-
ulates EGF and VEGF expression.”>*>* EGCG in green
tea extract shows wound healing effect, from 100 to
1000 ppm, it reduces the wound closure. In addition, it is
a good modulator of ECM components, accelerating
wound closure at 10 ppm EGCG in chronic or hypertro-
phic scarring wounds in diabetic patients.”*

Prevention of infection in second-degree burns, full-
thickness or chronic wounds could be aided by the anti-
microbial activity of the antioxidants. Growth factors and
antioxidants into a hydrogel should improve wound man-
agement, including pathogen blockage, stop bleeding,
and absorb swelling !

6 | CONCLUSION

Wound healing formulation design is an ever-growing
field. In this regard, some authors have reported the com-
bined use of growth factors and exogenous antioxidants
to enhance the wound healing process. However, the
information available in the literature is still limited. In
this review, based on the reported individual effects of
both, growth factors and exogenous antioxidants, it was
possible to propose prospected combinations that may
have a potential additive or synergistic effect over the
wound healing process.
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Astaxanthin and curcumin have potential effects
combined with PDGF, VEGF, bFGF, and TGF-p1 for
acute and chronic wounds as they promote the healing
effect, inducing angiogenesis, migration, proliferation,
and modulating the inflammatory response and ROS pro-
duction. EGCG, delphinidin, or p-carotene has a poten-
tial effect in the regulation of inflammatory agents and
ROS, and the modulation of collagen production and
remodelling for burns and hypertrophic scarring wounds.

Microenvironment factors (eg, enzymes, UV, pH)
degrade growth factors and antioxidants diminishing
their effect. Particulate vehicles (eg, nanoparticles and
microparticles) improve bioactive bioavailability and sta-
bility, thus enhancing their effect. They can be embedded
in wound dressings, including fibres, hydrogels, or micro-
needles. They are expected to block pathogens, provide
an adequate wound microenvironment (eg, moisture,
pH), and absorb exudate that should promote wound
healing.

Further studies should be focused on characterising
the proposed growth factor—antioxidant combinations to
confirm their synergistic effect on the wound healing pro-
cess. Moreover, studies focused on the optimisation of
growth factor-antioxidant combination ratios are relevant
to have a better understanding about the rational selection
of bioactive principles for wound healing applications.
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