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Abstract: Historically, plant-based products have been the basis of medicine since before the advent of
modern Western medicine. Wound dressings made of honey, curcumin and other phytochemical-rich
compounds have been traditionally used. Recently, the mechanisms behind many of these traditional
therapies have come to light. In this review, we show that in the context of wound healing, there
is a global theme of anti-inflammatory and antioxidant phytochemicals in traditional medicine.
Although promising, we discuss the limitations of using some of these phytochemicals in order to
warrant more research, ideally in randomized clinical trial settings.
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1. Introduction

Wounds are disruptions to the continuity of cells due to a physical, chemical, thermal, infectious
or immunological injury to the skin. Effective wound healing is defined by the restoration of
functional tissue integrity. Proper wound healing is achieved by adequate activation and infiltration of
inflammatory cells, neutrophils and macrophages, which produce pro-inflammatory cytokines such as
tumor necrosis factor o (TNF-«) and interleukin-I (IL-I) [1]. These inflammatory cytokines result in
the activation of growth factors such as transforming growth factor (TGF)-3, and several fibroblast
growth factors, resulting in the proliferation and infiltration of activated fibroblasts to the wound
site [1]. However, these natural healing processes can be impaired with aging, obesity, and endocrine
abnormalities such as diabetes mellitus [2]. While the proper level of each cytokine is essential for
healing, aberrant levels of inflammatory cytokines result in excessive fibroblast proliferation causing
hypertrophic scarring, which can cause significant disfigurement of the skin.

Recently, there has been a growing interest in phytochemicals, which are plant-based products
and traditional therapies, in both developing and developed countries. Although it is imperative to
promote the value of all therapies, whether they are synthetic or natural, the increasing demand of
phytochemical-based therapies warrants investigation of these products. Recently, there has been
growing evidence of the potential applications of topical phytochemicals for the enhancement of both
acute and chronic wound healing. Considering the growing evidence in favour of some phytochemical
products, we discuss how phytochemicals belonging to natural products such as Curcuma longa, honey,
and Terminalia species affect the inflammatory microenvironment to enhance wound healing.
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2. The Role of Inflammation in Wound Healing

2.1. Acute Wounds

Acute wounds primarily refer to penetrative injuries to the skin and the underlying organs due
to laceration, stab or excoriation. Acute wounds can also include burns, which are a broad category
of cutaneous injuries that can result from heat, cold, chemical, or radiation exposure. However,
the healing outcome of burn injuries is different from penetrative injuries, as the former results in
significantly more fibrosis and scarring than the latter [3].

The process of wound healing is divided into four distinct, yet overlapping stages: hemostasis,
inflammation, proliferation and remodeling [4]. Immediately following a cutaneous injury, hemostasis
is achieved with the activation of platelets resulting in clot formation [1], which essentially acts as
a temporary wound closure mechanism. Within hours of the injury, neutrophils begin homing to
the site of injury due to the effects of platelet-derived growth factors (PDGF), TGE-f3 and fibroblast
growth factor (FGF), which act as potent chemotactic agents for neutrophils [1]. Neutrophils act as
the first-line defense against microbial invasion and foreign debris, which is cleared by phagocytosis.
Natural killer (NK) cells also infiltrate the wound in early inflammation along with neutrophils and
regulate the production of important monocyte cytokines [5]. Beyond 72 h post-injury, activated
macrophages replace neutrophils as the dominant cell type in the wound site [6]. Macrophages release
pro-inflammatory cytokines including TNF-« and IL-1 [7], which in turn activate the nuclear-factor kB
(NF-kB)-mediated release of pro-inflammatory cytokines and the release of matrix metalloproteinases
(MMPs) [8]. MMPs degrade damaged cells and also release growth factors from the extracellular matrix.

Apart from creating a pro-inflammatory microenvironment, macrophages also release growth
factors including vascular endothelial growth factor (VEGF), TGF-f3, basic FGF (bFGF), PDGF, and
keratinocyte growth factor (KGF), which promote keratinocyte and fibroblast migration, proliferation,
and angiogenesis [7]. This marks the proliferative stage of wound repair.

T lymphocytes migrate to the wound site on the fifth day post-injury, which correlates with
the late inflammation and early proliferation phase, reaching their peak on day 7 [9]. Although T
lymphocytes migrate after neutrophils and macrophages, their contribution to wound repair has been
previously noted. For instance, global CD4+ T lymphocyte depletion in animal models is associated
with decreased wound-breaking strength and collagen content [9]. Histologically, CD4+ T-helper 1
(Th1) cells are the most abundant lymphocytes in human wound sites [10]. Th1 cells secrete cytokines
that activate macrophages, which may be another major contributory role of T lymphocytes in wound
healing [11]. Furthermore, CD40 ligand-expressing T cells directly interact with CD40-expressing
macrophages, fibroblasts and keratinocytes, thereby modulating their wound healing response [12].

Although B lymphocytes have been found in wound tissue [10], their role in wound healing
is still unclear. It has been suggested that B lymphocytes could be involved in the recruitment of
neutrophils and macrophages to the wound site [13]. This is demonstrated by the fact that the loss
of CD19 expression in mice results in decreased infiltration of neutrophils and macrophages to the
wound, and decreased re-epithelialization and granulation tissue formation [13].

Fibroblasts are crucial for producing type III collagen fibers [7]. Proliferation, migration, and
differentiation of keratinocytes are crucial for wound re-epithelialization and the restoration of the
epidermal barrier [14]. The remodeling phase, which can span several months, is a period of reduced
inflammation and reorganization of collagen fibers from immature type III to mature type I, thus
closely resembling normal tissue [6].

2.2. Excessive Healing

While in an optimal condition, human skin can heal with a minimal scar. However, in certain
conditions the inflammatory/proliferation phase of wound healing lasts for a longer period, leading
to excessive healing such as that observed in hypertrophic scarring. The exact pathophysiology of
hypertrophic scarring remains elusive, but it appears to be due to a prolonged inflammatory period
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resulting in increased fibroblast activity and excessive deposition of extracellular matrix components
such as collagen [15]. Hypertrophic scarring is a common occurrence in post-surgical wounds and
burn injuries, the latter having an incidence of 70% [3,16].

There are several differences between normal wound healing and hypertrophic scarring (Table 1).
Burn wounds have significantly more TGF-f1 being produced [17]. This acts as a chemotactic to
activated fibroblasts and also causes fibroblast differentiation to myofibroblasts. In hypertrophic
scarring, there is also an abundance of differentiated myofibroblasts, which are potent wound
contractors but also lead to hypertrophic scarring [17]. Furthermore, increased collagen synthesis
and decreased collagenase activity is also noted in hypertrophic scars as compared to normal wound
healing [3]. This means that, in hypertrophic scars, there is a higher abundance of immature type III
collagen fibers and less prevalence of mature type I collagen fibers [18]. Immunosuppressive drugs
including triamcinolone acetonide, an intra-lesionally administered corticosteroid, and 5-fluorouracil,
have been successfully used for the treatment of both hypertrophic scar formation and keloids [19].
These immunomodulatory agents have been shown to suppress fibroblast proliferation and collagen
production [19]. This suggests further that the inflammatory response is associated with this pathologic
excessive healing.

Apart from the prolonged inflammatory response, recent evidence suggests that the type of
immune response is crucial for the formation of hypertrophic scarring or keloid formation. It has been
shown that T-helper (Th) cells are major immune mediators in the inflammatory phase. However, if Th
cells differentiate into Th2 cell types, they result in fibrogenesis and hypertrophic scarring, whereas Th1
cell types, which produce interferon-y (IFN-y), decrease tissue fibrosis [20]. Thus, interferon therapies
have shown promise in recent years [21]. However, interferon therapy has not replaced intra-lesional
corticosteroids as first-line therapy, as they are very painful and very costly [21].

2.3. Deficient Healing: Non-Healing Wounds

In contrast to acute wounds, where inflammation plays a crucial role in wound repair, chronic
non-healing wounds could result from the aberrant inflammatory response (Table 1). For instance,
diabetic foot ulcers are characterized by a hyper-inflammatory response characterized by dysregulated
and sustained infiltration of neutrophils and macrophages [22]. There is evidence that an abundance
of neutrophils in wounds can negatively affect wound repair because of their destructive nature of
its function [23]. Due to the abundance of neutrophils, chronic wounds become very proteolytic
environments composed primarily of host-derived proteases [24]. Significantly elevated inflammatory
cytokines and collagenases such as MMP8 [25] and gelatinases including MMP2 and MMP9 [26]
lead to excessive tissue destruction. This pro-inflammatory and destructive microenvironment
and is also exemplified by the reduced levels of growth factors found in these wounds [27].
Furthermore, both neutrophils and macrophages produce radical oxygen species as a defense
mechanisms against invading microbes [28], which can aggravate the inflammation and cytotoxicity of
the microenvironment and thus delay wound healing [29].

Macrophages found in chronic diabetic wounds demonstrate sustained pro-inflammatory
phenotypes [30]. Studies have shown that chronic diabetic wounds have dysregulated TNF-« signaling
and NF-«B overexpression. Thus, therapies that can target the mechanisms behind hyper-inflammation
in chronic wounds would be ideal for enhancing wound repair in conditions such as diabetic ulcers.

Table 1. Summary of the differences between normal, excessive, and deficient wound healing responses.

Normal Excessive Deficient

Adequate inflammatory response Prolonged inflammatory phase Dysregulated hyperinflammatory response

Adequate collagenase expression ~ Decreased collagenase expression ~ Overexpression of collagenases and gelatinases

Matrix metalloproteinases (MMP)-mediated

Increased type I collagen Increased type III collagen destruction of extra-cellular matrix (ECM)

Minimal scarring Hypertrophic scarring/fibrosis Inadequate wound closure
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3. Phytochemicals and Traditional Therapies in Wound Healing

Plant-based products have been used to treat wounds for centuries worldwide. Recently,
fascinating new evidence has emerged to highlight the mechanisms of some of these traditional
therapies. The most common mechanisms behind phytochemical-mediated enhanced wound healing
are their antioxidant, anti-inflammatory, and anti-microbial effects.

The process of inflammation mediated by neutrophils and macrophages leading to the
destruction of foreign debris and microorganisms results in the production of radical oxygen species.
Overproduction of radical oxygen species due to dysregulated immune response seen in chronic
non-healing wounds may exacerbate the condition by further promoting tissue damage and delaying
wound healing [29]. Therefore, compounds that act as free-radical neutralizers or possess antimicrobial
properties may play an important role in enhancing wound healing. Several traditional plant-based
therapies have been shown to possess antioxidant activity and also promote wound healing in in vitro
studies [31].

3.1. Curcumin

One of the most extensively studied phytochemicals for wound healing is curcumin, which
is a chemical compound present in the Asian spice turmeric or Curcuma longa. Apart from usage
in Indian and Chinese cuisine, turmeric has been used topically for cutaneous wounds including
ulcers, traditionally in the Indian subcontinent [32]. The main mechanism by which curcumin impacts
wound healing is through its anti-inflammatory properties. In vitro studies have demonstrated the
suppression of TNF-« and IL-1 production by human macrophages [33]. Moreover, curcumin is also
a potent inhibitor of phosphorylase kinase (PhK) and NF-«B activation [34,35]. This makes curcumin
a great phytochemical candidate for the treatment of hyper-inflammatory wounds such as chronic
diabetic wounds and burns.

Since curcumin is a hydrophobic compound, its dermal delivery is minimal [36]. Consequently,
different formulations have been created to enhance topical usage of curcumin such as gels [37],
polymetric bandages [38], collagen films [39], alginate foams [40]. Moreover, lipid-core nanocapsule
(LCN) significantly enhances the dermal delivery of curcumin [41]. Thus, LCN-based delivery systems
of curcumin show significant promise for topical applications of curcumin. More recently, the use of
curcumin-loaded chitosan nanoparticles [42], hyalusomes [36] and hydrogels [43] also show promise
in the cutaneous usage of curcumin in the future.

3.1.1. Curcumin and Chronic Wounds

Chronic wounds are hyper-inflammatory and highly proteolytic environments. Thus, controlling
this dysregulated inflammation is crucial to ensure adequate wound healing. Topical curcumin shows
promise in the management of chronic non-healing wounds. Topical curcumin treatment of wounds
of streptozotocin-induced diabetic rats showed faster re-epithelialization, increased migration of
fibroblasts to the wound bed, improved vascularization and significantly higher collagen content than
control animals [44]. Diabetic wounds have diminished angiogenic potential, thus prolonging wound
healing [45]. It is interesting to note that topical curcumin treatment on the wounds of diabetic rats
also showed enhanced angiogenesis demonstrated by significant upregulation in VEGF [46].

Chronic wounds also have high levels of radical oxygen species such as hydrogen peroxide
and superoxides, which can be extremely detrimental to wound healing. Curcumin has potent
antioxidant action in cutaneous wounds. In rat excisional wound models, transdermal application
of curcumin reduced the damage caused by hydrogen pyroxide on fibroblasts and keratinocytes [47].
In another study, topical application of curcumin in excised wounds in rats not only showed
faster epithelialization than control but also showed reduced lipid peroxidase levels, in addition
to the significant upregulation of anti-oxidant enzymes such as catalase, glutathione peroxidase and
superoxide dismutase (Figure 1) [48]. Interestingly, in inflammatory and oxidative stress-induced
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conditions such as vitiligo [49], topical curcumin has also shown promise in clinical trials [50]. It will
be interesting to see the efficacy of topical curcumin on human diabetic wounds.

3.1.2. Curcumin and Hypertrophic Scarring

In hypertrophic scarring and keloids, there is an abundance of TGF-f31 expression, fibroblast
proliferation, and excess collagen and extracellular matrix (ECM) synthesis [51]. Apart from being
a potent inhibitor of NF-«B, curcumin inhibits TGF-f31 signaling in keloid fibroblasts and also
diminishes ECM production (Figure 1) [52]. Moreover, curcumin has also been shown to inhibit
TGF-f31 signaling in scleroderma, another fibrotic skin disease [53]. Curcumin also suppresses the
proliferation of keloids and hypertrophic scar-derived fibroblasts in vitro [54]. Therefore, topical
curcumin may show promise in hypertrophic scar prevention.

TGF-1 Fibroblast proliferation Hypertrophic
Myofibroblast differentiation scarring
T ECM production
CURCUMIN ROS —* I Tissue injury
— o ) Chronic wounds
NF-kB L Transgrlptlon pro-inflammatory . .
Cytokines (TNF-a, IL-1, IL-6, etc.) Hypertrophic
scarring

Figure 1. The anti-inflammatory effects of curcumin in the context of wound healing. Curcumin inhibits
transforming growth factor (TGF)-3 expression, thereby it may decrease TGF-1-mediated fibroblast
proliferation and excessive extracellular matrix (ECM) production seen in hypertrophic scars. Moreover,
curcumin also inhibits nuclear-factor kB (NF-«kB)-mediated transcription of pro-inflammatory cytokines,
thereby reducing inflammation seen in chronic wounds and hypertrophic scars. It also sequesters
radical oxygen species (ROS) through its antioxidant activity. T bars are used as a symbol of inhibition,
the horizontal arrows are used as a symbol of facilitation, and bolded vertical arrows signify an increase
(upward) or decrease (downward) end result.

The use of curcumin gel in six case reports of post-surgical patients has shown promise, with
wound healing achieved with minimal scarring [37]. However, randomized controlled trials would
be necessary for determining the true efficacy of these therapies. Considering that modern first-line
therapy for hypertrophic scars and keloid prevention is intra-lesional corticosteroid injections, which
have potent immunosuppressive effects, perhaps curcumin may show some efficacy in human trials.

3.2. Honey

Honey has been a component of traditional medicine in diverse parts around the globe. One of its
most common usages has been topical treatment for chronic wounds and burns [55]. Since the primary
components of honey are plant-based, honey has been extensively studied for its phytochemical
properties [56,57]. Studies have found that types of honey may differ in their wound-healing properties
depending on their phytochemical profile, which depends on their floral sources [55].

Honey has some antibacterial effects [58]. This is particularly important for burns and chronic
wounds. Although any other type of wound can be affected by infections because the loss of the skin
barrier allows for microbial penetration, chronic wounds and burns are particularly vulnerable to
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infections. The avascular wound bed of burn injuries provides an ideal environment for microbial
growth within and may spread beyond the wound site [59]. Apart from its antimicrobial effects, honey
also has many immunomodulatory effects that are useful for the management of chronic wounds.
Honey is also shown to promote angiogenesis and fibroblast proliferation in human clinical trials [60].

3.2.1. Honey and Chronic Wounds

The antibacterial effects of honey, which include both bacteriostatic and bacteriocidal activities,
make it of use to eliminate pathogens whilst having a moist environment favorable to wound
healing [61]. In order to achieve wound healing in diabetic ulcers, debridement of old dead cells and
tissues is crucial. Honey contains protease enzymes that facilitate debridement of the wounds [61].
However, since chronic wounds have a hyper-inflammatory microenvironment, without controlling
inflammation there is little chance of achieving wound repair. Honey exerts its anti-inflammatory
effects by the inhibition of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), TNF-x
and IL-6 expression (Figure 2) [62]. Honey is also shown to inhibit MMP9, which may help reduce the
degradation of ECM in chronic wounds (Figure 2) [63]. Caffeic acid phenol ester (CAPE), a polyphenol
found in honey, has exhibited the suppression of MMP2 and MMP9 in fibrosarcoma cells [64]. A similar
suppression of MMP2 and MMP9 by honey has been shown in other cell types such as human
glioblastoma multiforme cell lines [65]. The inhibition of MMP2 and MMP?9 is of particular interest
because there is increased expression of collagenases and gelatinases in chronic wounds, which result
in impaired healing. Furthermore, honey contains various compounds including flavonoids, phenolic
acids, catalase, peroxidase, carotenoids, and ascorbic acid, which possess antioxidant properties that
can counteract the abundance of free-radicals found in chronic wounds (Figure 2) [66,67].

Sweat Gland Honey dressing

Sebacceous Glan\{‘

WP Y ~ Epidermis
antioxidant iNOS  TNF-q
effects IL-6
1 / COX-2
oxidative 1
stress *inflammation
Dermis
ﬁwound healing
Subcutaneous
Tissue

Figure 2. The anti-inflammatory effects of honey in chronic wounds. Honey inhibits matrix
metalloproteinases (MMPs), thereby diminishing their ECM destructive effects. By inhibiting inducible
nitric oxide synthase (iNOS) compounded by its antioxidant effects, it reduces oxidative stress-mediated
tissue injury. Moreover, by inhibiting inflammatory proteins, it has an overall anti-inflammatory effect
in chronic wounds. This is necessary to achieve wound healing in chronic, hyperinflammatory wounds
such as diabetic ulcers. T bars are used as a symbol of inhibition, the bolded black arrows are used
as a symbol of facilitation, and vertical coloured arrows signify an increase (upward) or decrease
(downward) end result. Unbolded arrows are used for labelling.
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The efficacy of honey on chronic wounds is well-documented in clinical trials. A study consisting
of 59 patients, most with wounds and ulcers that failed to respond to conventional treatment, showed
rapid epithelialization after treatment with topical honey [68]. In another study consisting of 30 infected
diabetic foot wounds that were treated with honey dressings, complete healing was achieved in
43.3% of the patients, while only 6.7% of ulcers did not respond to treatment [69]. An analysis of
17 randomized controlled trials and five clinical trials showed positive outcomes for the use of honey
as a wound dressing [70].

3.2.2. Honey and Burns

Honey has been used for burns in various ancient societies. Greek and Roman physicians, for
instance, used honey for the treatment of burn wounds [71]. Recently, the usage of honey in the context
of burns is coming to light again.

In rat models of partial-thickness burn injuries, honey formulations shortened the period of
epithelization and increased wound contraction compared to vehicle controls [72]. In humans,
a systematic review of randomized controlled trials of eight studies comparing the efficacy of honey
to silver sulphadiazine-impregnated gauze showed that honey had a superior healing effect [73].
However, this was limited to superficial and partial thickness burns only.

Furthermore, honey has been shown to be protective against hypertrophic scarring in the context
of burn wounds. In a randomized-controlled trial examining the effects of honey in comparison to
silver sulfadiazine in 104 patients with superficial burns, there was a significantly lower incidence
of hypertrophic scarring and post-burn contracture in the honey-treated group in comparison to the
silver sulfadiazine-treated group [74].

3.3. Terminalia Genus

The genus Terminalia is comprised of over 200 species of trees, and a variety of these species have
been historically used as traditional medicine in Asia, Africa, and Australia. Some Terminalia species
have been reported to have wound-healing properties, antioxidant and antimicrobial activity [75].
Studies examining Terminalia species used in Ayurvedic medicine, such as T. arjuna and T. chebulu,
have been shown to have wound-healing effects in rat excision wound models [76,77].

T. arjuna is composed of tannins, which have been shown to possess antioxidant and
anti-inflammatory properties. Moreover, tannic acid (TA), a plant polyphenol, has been shown
to stabilize collagen and elastin in the extracellular matrix. This is achieved by inhibiting MMP
collagenases while enhancing collagen cross-linking (Figure 3) [78,79]. Moreover, collagen scaffolds
prepared by TA cross-linking have more tensile strength and greater resistance to collagenase-mediated
degradation than collagen scaffolds without TA [80]. Since chronic wounds are characterized by
hyper-inflammation and high collagenase activity, the effects of T. arjuna topical treatment on human
diabetic wounds is worth investigating.

T. chebula is reported to enhance extracellular matrix deposition in granulation tissues in rat
excision wound models [81]. T. chebula extracts have been shown to enhance keratinocytes and
fibroblasts growth in vitro [82]. Furthermore, rat wounds treated with T. chebula had significantly
reduced lipid peroxide levels, suggesting the antioxidant role of T. chebula topical treatment [81],
which was confirmed by electronic spin resonance (ESR)-2,2,-diphenyl-1-picrylhydrazyl (DPPH)
assays [81,82]. Tannins extracted from T. chebula also promote angiogenesis in wounds of rat
models shown by the upregulation of vascular endothelial growth factor (VEGF) A expression and
increased new vessel formation in the inflammatory phase (Figure 3) [76]. It is also possible that
the wound-healing effects of T. chebula are also due to its anti-inflammatory effects. Chebulagic acid
(CA), an anti-oxidant compound extracted from T. chebula, when cultured with macrophages in vitro,
significantly suppressed NF-«B activation as well as TNF-« and COX-2 expression (Figure 3) [83]. It is
possible that topical application of T. chebula would be beneficial in hyper-inflammatory wounds
such as chronic diabetic wounds or burns. Supporting this concept, increased wound healing
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in streptozotocin-induced diabetic rats with the topical application of T. chebula extract has been
shown [84]. Moreover, T. chebula extract accelerates wound healing in burn wounds in comparison to
1% silver sulfadiazine in rat models [85].

ECM

MMP/collagenases |— .
/ & destruction

CHEBULAGIC

ACID VEGFA |— | angiogenesis

NF-kB, TNF-a, _ _
COX-2 - inflammation

Figure 3. The anti-inflammatory effects of phytochemicals derived from Terminalia species in wounds.
Tannic acid extracted from T. arjuna inhibits MMPs, thus reducing MMP-mediated ECM destruction.
Chebulagic acid (CA) derived from T. chebula inhibits pro-inflammatory pathways mediated by NF-«B,
tumor necrosis factor « (TNF-), and cyclooxygenase-2 (COX-2). Moreover, CA also increases vascular
endothelial growth factor (VEGF) A-mediated angiogenesis. T bars are used as a symbol of inhibition,
the horizontal arrows are used as a symbol of facilitation, and bolded vertical arrows signify an increase
(upward) or decrease (downward) end result.

Historically, in South Africa and much of sub-Saharan Africa, the barks of Terminalia sericea
have been crushed and applied topically to cutaneous wounds, skin infections and burns [78,86].
Although Terminalia sericea has been shown to not promote fibroblast growth, its antioxidant activity
and antimicrobial activity against Staphylococcus aureus and Streptococcus pyogenes [86-88] have been
documented. This is particularly useful in traditional methods, since the most common causes of skin
infection are Staphylococcus and Streptococcus species [89]. Moreover, the mild antimicrobial activity of
Terminalia sericea against Pseudomonas aeroginosa has also been reported [88].

3.4. Other Plant-Based Sources of Wound Care

Globally, there seems to be a theme among phytochemicals that are used for wound healing
in traditional medicine. Most of them possess either anti-inflammatory or antioxidant activity.
Chromolaena odorata is widely found in southern Asia and western Africa, and has been traditionally
used for the treatment of wounds in Vietnam for many years. It has been demonstrated that
Chromolaena odorata promotes wound contraction in in vitro models [90], and also promotes fibroblast
proliferation [91]. Furthermore, Chromolaena odorata has been shown to have protective effects on
human fibroblasts and keratinocytes against the oxidative damage of hydrogen peroxide [92]. Similarly,
Bridelia ferruginea leaf, which has been used widely in Nigeria as a topical wound treatment, also
possesses antioxidant activity and stimulates fibroblast growth [93]. Ficus asperifolia and Gossypium
arboreum, wound healing plants used traditionally in Ghana, also possess the same ability [94].

Furthermore, several others phytochemicals derived from herbal sources have shown some
efficacy in animal models on the treatment of burn wounds [95]. However, only a few of the vast
majority of these herb-derived phytochemicals have been studied in human trials [95]. One of these
exceptions is the herb Aloe vera, which has been studied in both animal and human-based studies.
A topical gel derived from A. vera has shown the reduction of inflammatory cytokines TNF-oc and IL-6



Int. ]. Mol. Sci. 2017, 18, 1068 9of17

in rat burn models [96]. Furthermore, it also showed increased re-epithelialization in burn models of
rat [97,98] and guinea pig [99]. A. vera has been shown to be superior to 1% silver sulphadiazine cream
by promoting faster wound contraction and re-epithelization time in two randomized controlled trials
of 50 [100] and 27 [101] partial-thickness or second-degree burn patients. These promising results
call for more studies with a greater number of patients to investigate not only the efficacy in wound
healing of A. vera and other herb-based phytochemicals, but also the propensity for hypertrophic
scarring compared to conventional therapies.

3.5. Therapies Combining Phytochemicals with Modern Wound Dressings

Biopolymer-based hydrogel dressings are known for their hydrophilicity, higher swelling capacity
and increased biocompatibility compared to conventional wound dressings [102]. Hydrogel dressings
have been shown to be superior to conventional dressings as they can maintain a moist environment
which enhances wound healing [103]. Moreover, hydrogels can be employed as drug delivery systems
along with anti-bacterial applications [103]. In accordance with the fact that silver-based compounds
have been used in the treatment of burns and infections, the efficacy of hydrogels with silver-based
nanoparticles has also been studied and established [104,105]. Interestingly, there is growing evidence
of the efficacy of phytochemicals in hydrogel-based dressings.

The combination of silver-curcumin hydrogel films has been shown to be superior to films
employing silver and curcumin alone in inhibiting the growth of Escherichia coli (E. coli) [106].
Furthermore, curcumin-loaded poly(epsilon-caprolactone) dressings demonstrate enhanced wound
closure in streptozotocin-treated diabetic mice [107]. Thus, the application of curcumin in modern
dressings has enormous applications in the context of chronic wounds and burn.

Similarly, honey has also been employed in hydrogels. In rat burn models, honey-based hydrogels
have been shown significantly enhance wound closure and accelerate re-epithelialization compared to
control hydrogel dressings [108]. Furthermore, honey-based carboxymethyl cellulose (CMC) hydrogels
have also been shown to have enhanced antimicrobial effects against Staphylococcus aureus and E. coli
as well as accelerated wound closure in diabetic rat models [109].

3.6. Effects of Phytochemicals on Stem Cells

Recently there has been growing evidence of phytochemicals and their effects on stem cells,
especially cancer stem cells [110]. Studies are demonstrating that the ability of phytochemicals to
inhibit tumor formation is in part by targeting stem cell signaling pathways including the Sonic
hedgehog (Shh), Wingless (Wnt)/3-catenin and Notch signaling pathways [110-112]. Although Shh
and Notch signaling have some roles in wound repair, they are relatively unexplored if compared to
the role of the Wnt/ 3-catenin signaling pathway [113]. Interestingly, the Wnt/ 3-catenin signaling
pathway is activated during the proliferative phase of wound repair and is responsible for regulating
dermal fibroblast activity and proliferation during wound healing [114,115].

The role of stem cells and their signaling pathways in the context of wound healing is
well-established. Our group has shown that Wnt/[3-catenin signaling in the proliferative phase
of wound healing stimulates local mesenchymal stem cells and Pax7 muscle stem cells to differentiate
to dermal fibroblasts and contribute to wound healing [111,113,114,116,117]. Moreover, our group has
shown that 3-catenin signaling also regulates myeloid cell adhesion to fibroblasts and migration
to wound sites [116]. Macrophages lacking {3-catenin produce less TGF-31 [116], low levels of
which is correlated with impaired myofibroblast differentiation [118]. However, dysregulated
-catenin signaling results in TGF-3-mediated fibroproliferative disorders such as hypertrophic
scarring [119,120]. Therefore, pharmacological therapies and phytochemicals that modulate 3-catenin
activity could be used for enhancing wound healing. 3-Catenin inhibitors may be useful for managing
fibroproliferative disorders such as keloids and hypertrophic scarring, whereas 3-catenin enhancers
may be used for conditions with impaired wound healing such as chronic diabetic wounds (Figure 4).
Several studies have identified phytochemicals that inhibit Wnt/{3-catenin signaling, including
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curcumin, tea polyphenols, and sulforaphanes found in cruciferous vegetables [111]. Therefore,
future studies should examine the use of 3-catenin-modulating phytochemicals in wound healing.

Chronic Wounds Fibroproliferative Disorders
Wnt/B-catenin . | Whnt/B-catenin
wnt/B-catenln
\ 4
Dermal fibroblast Myeloid cell adhesion

differentiation and migration Increased TGF- B

Figure 4. Proposed mechanism for the modulation of Wingless (Wnt)/[3-catenin signaling in the
context of fibroproliferative disorders and chronic wounds. Increased Wnt//p-catenin signaling
is associated with increased dermal fibroblast differentiation from local mesenchymal stem cells
and Pax7-positive muscle stem cells, myeloid cell adhesion, and migration and increased TGF-{31
production. For fibroproliferative disorders, Wnt/(-catenin inhibitors can be utilized to inhibit
excessive collagen synthesis and deposition. On the other hand, for chronic wounds, Wnt/ 3-catenin
enhancers could be utilized to enhance wound healing. T bars are used as a symbol of inhibition, and
the horizontal arrows are used as a symbol of facilitation.

4. Discussion and Conclusions

In this review, we show that in the context of wound healing there is a global theme of
anti-inflammatory and antioxidant phytochemicals in traditional medicine. Whether it be turmeric,
honey, Terminalia sericea, Chromolaena odorata or Bridelia ferruginea, they all possess anti-inflammatory
and antioxidant potential (Figure 5). We show that curcumin, honey and phytochemicals derived
from Terminalia are intricately involved in the inflammatory phase of wound healing (Table 2).
Phytochemicals such as curcumin have potent anti-inflammatory effects such as the inhibition of
NF-«B activation (Figure 5), making it a potential candidate for future trials for a topical treatment for
chronic wounds and for the prevention of hypertrophic scarring and keloids. However, the studies
investigating curcumin effects are primarily on rat wound models. Future studies show a focus on
enhancing the dermal delivery of topical curcumin and developing human trials to evaluate the efficacy
of curcumin on human wound repair. Moreover, honey has shown great therapeutic potential in trials
as wound dressings for chronic diabetic ulcers and superficial and partial-thickness burn injuries.
The development of modern wound dressings using hydrogels and utilizing honey or curcumin, or
a combination, could be of interest in the future.

Compounds derived from Terminalia genus species have great wound-healing potential.
Chebulagic acid derived from T. chebula has potent anti-inflammatory effects such as the inhibition
of COX-2 and NF-kB (Figure 5). Also, tannic acid strengthens collagen scaffolds and inhibits the
MMP-mediated destruction of ECM (Figure 5). It will be interesting to see the efficacy of these
compounds on wound healing in humans.

The role of phytochemicals in stem cell signaling has yet to be explored in the context of wound
healing. Considering the important role of Wnt/3-catenin signaling in both wound healing and the
formation of hypertrophic scarring, it is important to explore the role of phytochemicals that modulate
this pathway. Perhaps utilizing phytochemicals that suppress (3-catenin signaling may be a new
preventative measure for the formation of hypertrophic scars and keloids.
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Figure 5. Summary of anti-inflammatory effects of curcumin, honey, and phytochemicals derived
from Terminalia species in the context of wound healing. T bars are used as a symbol of inhibition, the
horizontal arrows are used as a symbol of facilitation, and bolded vertical arrows signify an increase
(upward) or decrease (downward) end result.

Table 2. Summary of the roles of curcumin, honey and Terminalia phytochemicals on wound healing.
Curcumin inhibits nuclear-factor kB (NF-kB) and inflammatory cytokines. Moreover, curcumin is
shown to inhibit transforming growth factor (TGF)-f31 expression and Wnt/ 3-catenin signaling in vitro
and to upregulate VEGF in vivo, highlighting its role in the proliferative phase. Honey is shown to
have an anti-inflammatory role as well as to promote fibroblast and angiogenesis in clinical trials.
Phytochemicals derived from Terminalia are shown to modulate inflammation. They are also shown to
promote fibroblast and keratinocyte growth in vitro and angiogenesis in vivo, thus playing a role in
the proliferative phase as well.

Phytochemical Phase of Wound Healing In Vitro In Vivo (Animal) In Vivo (Human)
Inflammatory phase [33-35] Rat [47,48] Clinical Trials [50]
Curcumin Proliferation phase [52] Rat [46] -
Remodeling phase - - -
Inflammatory phase [64] Rat [70] RCT [66-68,71,72]
Honey Proliferation phase - - RCT [72]
Remodeling phase - - -
Inflammatory phase [76-78,81] Rat [79,82,83] -
Terminalia Proliferation phase [80] Rat [74] -
Remodeling phase - - -

With the exception of some phytochemical-rich products such as honey-based dressings and
topical A. vera gels, our review highlights the reliance on animal models and the lack of human trials
on phytochemicals. There is a need for studies evaluating a greater number of patients to investigate
the efficacy of plant-based, herbal and traditional therapies on wound healing and scarring.

Historically, plant-based products have been the basis of medicine before the advent of modern
Western medicine. Today; it is estimated that about 80% of the word relies on phytochemicals and
traditional remedies for their ailments [121]. Although modern medicine has made significant
advancements in therapies, many of the new therapies are either inaccessible or unaffordable to

much of the world. Moreover, there is a growing demand for phytochemical-based therapies, even
in the developed world, which warrants more investigations to test the efficacies for these widely

used remedies.
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