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Abstract: Cassia alata, a traditional herb with a global presence, is renowned for its anti-inflammatory,
antibacterial, and antifungal properties, making it a go-to remedy for skin ailments. While it has
demonstrated wound healing capabilities in both in vitro and in vivo studies, the precise mecha-
nisms remain elusive. This review aims to highlight its key phytochemicals, their effects, and the
mechanism of action. The compounds that have been reviewed and discussed include kaempferol,
apigenin, quercetin, rhein, and rutin. These polyphenols play important roles in normal and im-
paired wound healing processes, encompassing hemostasis, inflammation, proliferation, and tis-
sue remodeling.

Keywords: wound healing; Cassia alata; kaempferol; apigenin; quercetin; rhein; rutin; antioxidant;
antimicrobial; inflammation

1. Introduction

Skin is the body’s largest organ and serves as a protective barrier against external fac-
tors like bacteria, chemicals, temperature, and ultraviolet light. Additionally, it plays a
crucial role in regulating the body’s homeostasis and preventing excessive water loss. The
skin comprises three layers: the outermost layer is the epidermis, followed by the dermis,
and finally, the hypodermis (Figure 1). When the skin is wounded, the protective epithe-
lial barrier is restored through cell-cell interactions [1]. Every wound healing cycle takes
about 4 to 6 weeks to complete, involving four highly programmed phases: hemostasis,
inflammation, proliferation, and remodeling [2].

1.1. Phase 1: Hemostasis

Primary hemostasis results in the formation of a platelet plug at the injury site, fol-
lowed by the coagulation cascade that stabilizes the plug and stops bleeding. A fibrin
clot is formed to restore the skin barrier temporarily; the clot is a network of fibrin fibers
containing red blood cells and platelets and acts as a matrix for cell migration [2].
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Figure 1. Schematic representation of basic human skin anatomy depicting different skin layers
and their components. The figure is adapted from Kolami et al. [3] under the Creative Commons
Attribution License.

1.2. Phase 2: Inflammation

Local immune cells, including mast cells, Langerhans cells, and macrophages, are acti-
vated by damage-associated molecular patterns (DAMPs) from damaged cells and pathog-
en-associated molecular patterns (PAMPs) from bacteria. These cells release proinflam-
matory cytokines and chemokines, recruiting neutrophils and macrophages through the
release of chemoattractants, including interleukin 1 (IL-1), tumor necrosis factor-alpha
(TNF-a), endotoxins, and pro-inflammatory signals [4]. Neutrophils produce proinflam-
matory cytokines (i.e., IL-1, interleukin 6 [IL-6], and TNF-«) and antipathogenic compoun-
ds (i.e., reactive oxygen species (ROS), proteases, and cationic peptides), adhere to the
wound tissue, and phagocytize cellular and bacterial debris in the wound. Chemotactic
signaling initiate the macrophages’ formation from monocytes in neighboring blood ves-
sels [2].

During the inflammatory phase, two subsets of macrophages are produced [5]: the
classically activated M1 macrophages and alternatively activated M2 macrophages. M1
macrophages promote inflammation through the release of ROS, pro-inflammatory cy-
tokines, and growth factors, such as vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF), as well as clean up the wound debris [2,4]. VEGF and PDGF
are essential in promoting re-epithelialization, fibroplasia, and angiogenesis. The growth
of new blood vessels increases the supply of oxygen and nutrients to the wound area for
wound repair. In addition, PDGF stimulates the migration of cells to the site of injury and
regulates cell proliferation and differentiation in the wound healing process [4].

M2 macrophages are responsible for inflammation resolution by releasing immunoreg-
ulatory cytokines such as interleukin 4 (IL-4), interleukin 10 (IL-10), and interleukin 13
(IL-13) with anti-inflammatory properties and may either be newly recruited or transi-
tioned from M1 macrophages [4]. In addition, arginase expression is upregulated to in-
crease the production of proline and polyamines, supporting the proliferative phase and
matrix remodeling process [6]. Prolonged inflammation in the wound area has been associ-
ated with delayed wound healing that can result in delayed re-epithelialization, abnormal
extracellular matrix (ECM) deposition, damage to surrounding tissue, and formation of
scars [7-9]. This prolonged inflammation has also been linked with increased oxidative
stress in the wound that can result in lipid peroxidation as indicated by the presence of
thiobarbituric acid reactive substances (TBARs) as well as protein oxidative damage as
indicated by the presence of carbonyls and sulfthydryls [10], thus delaying wound heal-
ing [11,12]. The presence of bacterial infection in wounds has also been linked to pro-
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longed inflammation and increased oxidative stress [13]. Antioxidative and antibacterial
compounds such as in bergamot and elderberry may thus contribute to the resolution of
inflammation [10,14].

1.3. Phase 3: Proliferation

Tissue repair is initiated during the proliferation phase with the synthesis of granula-
tion tissue, comprising blood vessels, fibroblasts, and the ECM, including collagen, elastin,
and proteoglycans. In the re-epithelialization process, keratinocytes at the wound edge
become migratory and invasive, moving across the wound to form the epidermis. This mi-
gration is facilitated by matrix metalloproteinase 1 (MMP-1) and MMP-9 enzymes, aiding
in the reconstruction of the basement membrane. As the gap closes, keratinocytes eventu-
ally adhere to the ECM, contributing to the rebuilding of the epidermis [4]. Fibroblasts are
then differentiated into myofibroblasts in the matrix, which express smooth muscle actin
(SMA) and also deposit ECM proteins such as collagen and fibronectin. SMA promotes
wound contraction and wound closure. VEGF and PDGF stimulate growth and differen-
tiation, while angiogenin, transforming growth factor alpha (TGF-«), and transforming
growth factor beta (TGF-3) induce the migration and proliferation of endothelial cells in
angiogenesis [2].

1.4. Phase 4: Tissue Remodeling

New tissue is remodeled and strengthened to restore its normal structure and func-
tion. Fibroblasts assist in re-epithelialization and rebuilding the ECM; they are signaled
into the wound bed, followed by collagen protein deposition and reorganization [15]. The
existing more elastic collagen with thinner strands (collagen 1III) is degraded by matrix
metalloproteinases (MMPs) to allow the deposition and reorganization of new collagen
(collagen I) at the wound area, which strengthens the wound structure [4,16].

It was notable that despite the importance of ECM rebuilding and remodeling, exces-
sive ECM production can result in scarring. Keloid and hypertrophic scars often exhibit
disorganized and excessive ECM deposition due to the imbalance in deposition and degra-
dation of ECM components [17]. Fibroblasts from hypertrophic scars show increased ex-
pression and production of types I and III collagen compared to normal skin [7], while
keloid scars also have increased but disorganized collagen and dysregulated MMPs pro-
duction that contribute to the migratory and invasive properties of keloid fibroblasts into
surrounding tissue [8,9].

1.5. Botanical Description

Cassia alata is a traditional herb belonging to the Fabaceae family (Figure 2). It has
various local names, such as candlebush, gelenggeng or daun kurap (Malay), Ath thora or Eth
thora (Sri Lanka), dad mardan (India), Roman Candle tress (Fiji), and # %&£ (China) [18].
Various parts of the plant have been used traditionally to treat skin diseases (including
eczema, ringworm, and itching), hepatitis, jaundice, and gastrointestinal issues (including
constipation, food poisoning, and dysentery) [19,20]. Its medicinal properties include anti-
fungal, anti-inflammatory, analgesic, laxative, and anthelmintic effects. In addition, it also
exhibits antidiabetic effects in vivo [21].

C. alata has been traditionally used for treating skin diseases and has shown remark-
able potential as a wound healing agent. Despite its lesser-known role in wound care,
numerous studies have highlighted its effectiveness in wound healing, suggesting it is a
promising candidate for development. This review aims to discuss and highlight the rel-
evant wound healing mechanisms exhibited by C. alata and its phytochemicals. Several
polyphenols are highlighted, and their contribution to the wound healing process is thor-
oughly discussed.

The role and effectiveness of C. alata as a wound healing agent have been report-
ed [22-26]. Ithas demonstrated highly promising effects on wound recovery in both in vitro
and in vivo models. These include fibroblast and keratinocyte models, as well as rodent
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excision and burn wound models (Table 1). However, its wound healing mechanism has
yet to be fully elucidated.

Figure 2. Cassia alata plant.

Table 1. Wound healing effects of C. alata studied using different models.

Models/Assays Extraction Solvent Results Ref.

T Rate of wound healing
Excision wound model in rats EtOH 1 Period for re-epithelialization [22]
1 Rate of wound contraction

In vitro HDF cell proliferation

assay and cell migration assay 1 Cell proliferation and cell migration

compared to the positive control

A.ntlm.lcroblal activity (disc Boiling water (80 °C) Antibacterial activity against Staphylococcus 23]
diffusion method and broth . L
. S aureus and Streptococcus epidermidis
microdilution)
Moderate cell migration compared to control
In vitro wound scratch assay and ~ MeOH 1 Cell proliferation with decreasing [24]
proliferation with HaCaT cells Boiling water concentration of extract
Moderate motility and morphological change
In vivo wound healing in male T Wound healing rate with increasing
rabbits infected with Trichophyton =~ MeOH (extracted twice) concentration Aqueous extract showed slightly [25]
rubrum isolates higher apoptosis after 72 h
In vivo burn wound model in 96% EtOH (3 times) | Wound area [26]

Rattus norvegicus

1 increase; | decrease; ref. = references, MeOH = methanol, EtOH = ethanol, HaCaT = immortalized cultured
human keratinocyte cell line, HDF = human dermal fibroblast.
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2. Chemical Constituents and Their Wound Healing Properties

C. alata contains various classes of phytochemicals that contribute to its biological ac-
tivities (Table 2). These phytochemicals may be used as biomarkers in samples through
the use of attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy,
which has been used to identify and quantify other drugs such as metformin as well [27,28].
They also possess activities, including antibacterial, antifungal, anti-inflammatory, and an-
tioxidant activities, and other properties that contribute to wound healing [29-32].

The leaves contain flavonoids including kaempferol and its derivatives, isoflavones,
and rutin [33,34]. Anthraquinones, such as emodin and rhein, along with terpenes, cardiac
glycosides, cyanogenic glycosides, phenolic compounds, alkaloids, coumarins, saponins,
resins, and other compounds are also present [35]. Additionally, stigmasterol, 3-sitosterol,
and taraxerol have been identified, along with vitamin E and methyl 2,4,6-trihydroxybenzo-
ate [34,36,37].

The flower of C. alata contains various compounds, including unsaturated fatty acids,
flavonoids, alkaloids, saponins, tannins, phenolic acids, and antinutrient compounds, such
as phytates, cyanide, and oxalates [38,39]. Several plant sterols and cyclosiloxanes are also
present [40]. Additionally, the seed of C. alata is rich in fatty acids, including palmitic acid,
stearic acid, oleic acid, linoleic acid, arachidic acid, and behenic acid [41]. Other metabo-
lites, such as tannins, saponins, flavonoids, phenols, and alkaloids, as well as antinutrient
constituents, including oxalate, cyanide, and phytate, have also been discovered [38].

The root of C. alata contains alkaloids, carbohydrates, tannins, saponins, phenol, flavo-
noids, anthraquinone, and cardiac glycosides [36,42]. Studies by Fernand et al. and Chat-
siriwej et al. revealed the presence of rhein, kaempferol, aloe-emodin, emodin, chryso-
phanol, and physcion using high-pressure liquid chromatography (HPLC) [43,44]. In ad-
dition, other compounds were also detected using gas chromatography and mass spec-
troscopy (GC-MS): 1,2,3-propanetriol; x-D-glucopyranoside; 3-D-mannofuranoside; n-hex-
adecenoic acid; 1,3-dihydroxy-2-propanone; oleic acid; and 6-deoxy-L-mannose [36].

It was interesting to note that analytical studies on the same species of plants might
yield different chemical components in varying compositions. This can be explained in
terms of climate and environmental variations as well as the methods or solvents used to
produce the plant extract [33].

Table 2. Chemical constituents that have been found in different parts of C. alata.

Chemical Class Compounds Refs.

2,5,7,4-Tetrahydroxy isoflavone

3,5,7,4'-Tetrahydroxy flavone

Apigenin

Epigenin

Kaempferol

Kaempferol 3-O-gentiobioside

Kaempferol-3,7-diglucoside
Flavonoids Kaempferol-3-O-gentiobioside [33,34,43,45-49]

Kaempferol-3-O-glucoside

Kaempferol-3-O-3-D-glucopyranoside

Kaempferol-O-diglucoside

Kaempferol-O-glucoside

Quercetin-O-glucoside

Rutin

Syringone

Caffeic acid

Phenolics (-)Epiafzelechin [34,50,51]
Gallic acid
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Table 2. Cont.

Chemical Class Compounds Refs.

Alanonal
Aloe-emodin
Chrysophanol
Anthraquinones Danthron [33,37,43,46,47,52]
Emodin
Physcion
Rhein

1,3-Dihydroxy-2-propanone
6-Deoxy-l-mannose
Methyl 2,4,6-trihydroxybenzoate
Others Vitamin E [34,36,40]
Cyclotrisiloxane and its derivatives
Thiophene, tocopherol
B-carotene

While many phytochemicals have been detected in C. alata, this review specifically fo-
cuses on selected wound healing flavonoids and anthraquinones, namely rutin, kaempferol,
quercetin, aloe-emodin, and rhein. These compounds are highlighted because they have
demonstrated promising effects in various wound healing models [29,53-56]. Their molec-
ular mechanisms, which contribute to the overall wound healing efficacy, are
also discussed.

2.1. Flavonoids

Flavonoids have been detected in C. alata. They belong to a large class of phenolic
phytochemical compounds that can be further classified into anthocyanidins, flavones, fla-
vanols, flavanones, coumarins, aurones, chalcones, biflavones, and other types based on
their chemical structure and side chains [57,58]. This class of compounds has been as-
sociated with various biological properties, including antioxidant and pro-oxidant activ-
ities [59], anti-inflammatory effects, antiproliferative effects, antidiabetic properties [60],
and wound healing [61]. Kaempferol and its derivatives, which are detected in C. alata,
have shown promising wound healing activity [33,62,63].

2.1.1. Kaempferol and Its Derivatives

Kaempferol (Figure 3) and its derivatives [64], such as kaempferol 3-O-gentiobiosi-
de [65], kaempferol-3-O-glucoside [34], kaempferol 3-O-sophoroside [66], kaempferol-O-
diglucoside [47], and kaempferol 3-O-B-glucopyranoside [45], have been reported in C.
alata. Various studies have shown that these compounds exhibit wound healing properties,
and their mechanisms of action have been described (Table 3).

Figure 3. Chemical structure of kaempferol.
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Table 3. Relevant studies on the wound healing properties of kaempferol and derivatives.
Wound Healing Effect o
Compound Studied (Model Used) Assays Findings Ref.
Anti-inflammatory effect {n Yfltro transfection and N I;.I’E.}—m.duced IL—f1 promoter
(LPS-induced RAW 264.7 cells Iy"lsllf r?{se assay acl_}wtl}./ 10 Iacro % ages 1 [67]
and BALB/c mice) -PC 1 Healing rate, inflammatory cells
In vivo thermal injury model and epidermis thickness in vivo
Anti-inflammatory effects Gelatin zylrno.graphy assay 1 MMP-9 ex11:1>res§10nl1n HaCaT
(HaCaT and HEK cells) Western blotting and HEK cells stimulated by [68]
RT-PCR TNF-«
Endothelial cell migration
assay > . .
. . Tube formation assay T VEGF 1nd'uced signaling and
Angiogenesis (HUVECs, Zebrafish angiogenosis assa angiogenesis [69]
HaCaT cells, RAW264.7 cells) 4787 gloget Y 4 VEGF-mediated effects in
ortic ring sprouting assay HaCaT and macrophages
Skin cell migration assay phag
Monocyte cell migration assay
Mechanical load-induced
Kaempferol mouse model
. . 1 Gross scar area, dermal
Analysis of HTS-derived )
X thickness, SEI
fibroblasts (HSFs) from I hesi
human patients 1 Collagen synthesis,
HTS formation RT-PCR proliferation, and activation [70]
d . (TGEF-B1 induced) of fibroblasts
Western blotting e 1
ELISA Competitive 1nh1.b1t10¥1 of
LanthaScreen™ Eu kinase TGF-B1/Smads signaling pathway
binding assay
1 Hydroxyproline levels and
In vivo wound healing in tensile strength
§VIVE ng 1 Excision wound model 1 Wound contraction and
diabetic and nondiabetic - e [53]
. Incision wound model re-epithelialization
Wistar rats . .
1 Angiogenesis score
J Inflammation score
1 HaCaT cell migration
Kaempferol-3-O glucoside, (kaempferol-3-O-rutinoside)
Kaempferol-3-O-rutinoside, Re-epithelialization HaCaT wound scratch assay through FAK/Akt activation and (71]
Kaempferol, p Western blotting Rac1-GTP activation
Kaempferol-3-O-arabinoside) 1 Filopodia and lamellipodia
formation
T Tensile strength, granulation
tissue, hydroxyproline, and
wound closure
1 Reduction in wound area, rate
Kaempferol-3-O-glucoside, Wound healing in Wistar rats Excision wound model of re-epithelialization, and (72]

kaempferol

Incision wound model

granulation tissue weight
1 Collagen deposition and
fibroblasts

1 Macrophages and

tissue edema

RT-PCR = reverse transcription polymerase chain reaction, qRT-PCR = quantitative reverse transcription poly-
merase chain reaction, MMP-9 = matrix metalloproteinase 9, HUVECs = human umbilical vein endothelial cells,
RAW263.7 cells = monocyte/macrophage cell line, HEK cells = human epidermal keratinocyte, LPS = lipopolysac-
charide, HTS = hypertrophic scar, ELISA = enzyme-linked immunosorbent assay, SEI = scar elevation index,
FAK = focal adhesion kinase, IL-8 = interleukin 8.

In addition to promoting wound healing, kaempferol and its derivatives have shown
promising anti-inflammatory effects. These effects indirectly promote wound healing by
suppressing the expression of MMP-9 [73]. Cui et al. demonstrated that the release of
the pro-inflammatory cytokine TNF-o in wounds induces the production of MMP-9 in Ha-
CaT cells [74], leading to inflammation. High levels of MMP-9 reduce collagen deposition
and inhibit the formation of ECM [75], resulting in slower healing. Kaempferol and its
derivatives bind to the active sites of MMP-1 and MMP-9, inhibiting their activities. This
contributes to their anti-inflammatory effect and promotes tissue growth and the regener-
ation of the ECM [73,76]. Moreover, kaempferol has been reported to downregulate the
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gene expression of proteins involved in inflammatory and immune responses, including
the activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) pathway by downregulating peroxisome proliferator-activated receptors (PPARs) [77].
NF-kB is a crucial pathway in inflammation, as it regulates the release of inflammatory
cytokines such as TNF-¢, interleukin 1 beta (IL-1(3), IL-6, and interleukin 8 (IL-8); T-cell
activation and differentiation; and the regulation of inflammasomes [78]. Thus, the down-
regulation of NF-«B and other inflammatory pathways by kaempferol may result in anti-
inflammatory activity.

Blood vessel formation, known as angiogenesis, plays a crucial role in wound heal-
ing. Angiogenesis ensures the proper supply of oxygen, nutrients, and immune cells to
the site of injury, supporting the regeneration and repair of damaged tissues. VEGF pro-
motes blood vessel formation by increasing the proliferation and sprouting of endothelial
cells [79] resulting in neovascularization during the proliferative phase of wound heal-
ing [80]. VEGEF also increases the permeability of blood vessels and promotes epidermal
regeneration, thus aiding re-epithelialization [69,81,82]. The presence of kaempferol in C.
alata extract increases angiogenesis at low concentrations (1-10 uM) by binding with VEGF.
Hu et al. found that kaempferol’s binding with VEGF promotes wound healing processes,
facilitating the migration of monocytes, endothelial cells, and keratinocytes, as well as sig-
naling for MMP-2 and 9, which promote angiogenesis [69].

Chronic wounds can result from increased inflammation and hyperglycemic condi-
tions [83-85]. Inflammation slows down wound healing, delays re-epithelialization, and
hinders the formation of scar granulation tissue. This delay in wound healing processes is
particularly evident in diabetic wounds, where inflammation and hyperglycemia prolong
the healing process. Ozay et al. [53] discovered that kaempferol is effective in diabetic
wound healing. It enhances wound contraction and re-epithelialization while increasing
the tensile strength of the wound. Additionally, it promotes collagen synthesis in both
diabetic and nondiabetic wounds. To facilitate wound closure, kaempferol scavenges free
radicals generated in the wound, thereby reducing oxidative stress and decreasing inflam-
mation at the site of injury [86].

Uncontrolled inflammation in wounds is also associated with the formation of hyper-
trophic and keloidal scars [83,84]. Keloids and hypertrophic scars form due to disorga-
nized and uncontrolled ECM deposition. Kaempferol can prevent the formation of these
scars by inhibiting collagen synthesis and regulating the proliferation of hypertrophic fi-
broblasts and keloid fibroblasts [70,87]. It also regulates excessive inflammation [88].

Several studies have demonstrated the effectiveness of kaempferol derivatives in
wound healing. For instance, kaempferol-3-O-glucoside and kaempferol-3-O-rutinoside
induce cell migration through focal adhesion kinase (FAK)/Akt activation, leading to the
formation of filopodia and lamellipodia through Racl activation during the proliferative
phase. Nicotiflorin and juglanin have also been shown to induce fibroblast migration in
scratch assays [89]. Upon treatment, fibroblasts migrate to the wound tissue and secrete
proteases that break down the existing ECM. This process releases growth factors that stim-
ulate new growth and the production of ECM proteins [4].

To sum up, kaempferol has shown a significant role in different phases of wound
healing, with the ability to regulate angiogenesis in the proliferative phase, inflammation,
and ECM synthesis. The ability of kaempferol to increase angiogenesis despite its anti-
angiogenic mechanism in studies reported by Chin et al. [90] and Liang et al. [91] is notable
with the same pathways involved in both its pro-angiogenic and anti-angiogenic proper-
ties. With the concentration used in the anti-angiogenic studies [90,91] much higher than
that used in the pro-angiogenic study by Hu et al. [69], it is plausible that the concentra-
tion of a phytochemical in a plant can determine its biological properties; however, this
remains to be further elucidated.
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2.1.2. Apigenin

Apigenin (4, 5, 7,-trihydroxyflavone) (Figure 4) has been identified in C. alata. A re-
view by Zhou et al. summarized the various biological activities exhibited by apigenin,
including anticancer, antioxidant, and anti-inflammatory effects, as well as antidiabetic
and antidepressant effects [92].

Figure 4. Chemical structure of apigenin.

Several studies have reported on the wound healing activity of apigenin. Studies by
Stintar et al. showed that topical application of apigenin promoted wound healing in rats
with incisional and circular excision wounds [93], while Shukla et al. found that a hydrogel
incorporating apigenin improved diabetic wound healing [94]. Table 4 summarizes the
wound healing activity of apigenin.

Table 4. Summary of wound healing studies on apigenin.

Wound Healing Effect Studied
(Model Used)

Assays Findings Ref.

In vitro anti-inflammatory effects (HaCaT

cells, HEKSs)

In vivo wound healing (Sprague-Dawley

rats and Swiss albino mice)

Gelatin zymography assay

Western blotting

RT-PCR

Incision and excision wound models
Hydroxyproline estimation

in vitro antioxidant activity (DPPH
scavenging assay)

Hyaluronidase inhibitory activity

J MMP-9 expression in HaCaT cells and HEKs [68]
stimulated by TNF-o

T Wound healing activity and wound [93]
contraction with quick re-epithelialization and

higher collagen concentration

1 Hydroxyproline levels

| Inflammatory phase

In vivo wound healing in diabetic wound

Collagenase inhibitory assay
Elastase inhibitory assay

Antioxidant activity (ICsp =31.04 pg/mL)
1 Collagenase and hyaluronidase activity

models (Wistar rats)

In vivo wound healing (SKH-1/CRL mice)

In vivo wound healing in rabbits

In vivo wound healing in rats

Diabetic wound creation 1 Wound contraction rate and [94]
Dead space wound model re-epithelialization
Collagen content 1 Collagen content, protein level, and
Protein estimation and granuloma weight ~ granuloma weight
Antioxidant levels of skin tissue 1 Antioxidant levels in skin tissue
1 Angiogenesis, collagen fibers, fibroblast cells,
and epithelialization
Incision wound model T Rate of epithelialization and angiogenesis [95]
Immunohistochemical technique J Inflammation
Incision wound model J} Wound size [96]
Random skin flap model 1 Blood flow and revascularization in skin flap [97]
1 VEGF expression

JIL-6, IL-1B3, and TNF-o protein expression
and production

1 SOD levels

J MDA levels

DPPH = 2,2-diphenyl-1-picrylhydrazyl, MDA = malonaldehyde, SOD = superoxide dismutase, ICsy = concentra-
tion of an antioxidant-containing substance required to scavenge 50% of the initial DPPH radicals, IL-6 = inter-
leukin 6, IL-1f = interleukin 1 beta.

In wound healing models, it was found that apigenin exhibits three biological prop-
erties that facilitate wound healing: anti-inflammatory, antioxidant, and angiogenic prop-
erties [93,95]. Siintar et al. observed the anti-inflammatory activity of apigenin, reducing
vascular permeability induced by acetic acid in rats using the Whittle method. This reduc-
tion in vascular permeability regulates the influx of immune cells, preventing an excessive
inflammatory response that could cause tissue damage. Proper regulation of vascular per-
meability in this phase ensures an adequate blood supply to the developing tissue [93]. Ma
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et al. also noted that topical application could decrease the levels of pro-inflammatory cy-
tokines, such as TNF-«, IL-6, and IL-1§3, at both high and low doses [97]. These cytokines
mediate the inflammatory process. Increases in TNF-a and IL-1f3 causes the initiation and
amplification of the inflammatory response, while an increase in IL-6 signifies the response
to infection and tissue damage. The reduction in these pro-inflammatory cytokines indi-
cates appropriate regulation of the inflammatory response, facilitating the wound recov-
ery process.

In vitro studies have shown that apigenin regulates hyaluronidase and collagenase
activity [93] and inhibits TNF-x-mediated MMP-9 expression [68]. It modulates the break-
down of ECM components by proteolytic enzymes while increasing the synthesis of col-
lagen I and III by fibroblasts through the smad2/3 signaling pathway [97]. Proteolytic en-
zymes, such as MMPs, are produced by various skin cells, including fibroblasts, endothe-
lial cells, wound-edge keratinocytes, macrophages, and neutrophils. These enzymes play
important roles in ECM degradation during the proliferative and tissue remodeling pro-
cesses, cell migration, and immune system defence during the inflammatory process [98].

Protease activity is regulated by protease inhibitors in interstitial and plasma fluids
to prevent excessive proteolysis. Wound inflammation leads to increased levels of pro-
teases during the early stage of wound healing. Excessive inflammation, as seen in chronic
wounds, may overwhelm protective mechanisms such as the production of tissue inhibitors
of metalloproteinases (TIMPs), leading to excessive breakdown of the ECM [99-101]. The
anti-inflammatory property of apigenin may thus play a role in regulating proteolysis in
addition to enzyme inhibition.

Apigenin could also promote wound healing by increasing angiogenesis. Tu et al.
found that low concentrations of apigenin promote human umbilical vein endothelial cell
(HUVEC) migration and proliferation through the VEGF and endothelial nitric oxide syn-
thase (eNOS) pathways in ischemia-reperfusion (I/R) conditions [102]. I/R conditions in-
crease wound inflammation [103]. However, the VEGF and eNOS pathways could be stim-
ulated under hypoxic conditions, thus promoting angiogenesis during the initial stage of
wound healing [104]. The induction of angiogenesis under such conditions may present
another mechanism by which apigenin promotes wound healing in chronic wounds. It is
worth noting that while low concentrations of apigenin promote angiogenesis [102], higher
concentrations may inhibit this process, as observed in a study reported by Fang et al. [105].
This has also been noted in phytochemicals including kaempferol, with more studies re-
quired to justify the pro-angiogenic activity of apigenin in wound healing.

2.1.3. Rutin

Rutin (quercetin-3-O-rutinoside, Figure 5) is a flavonol known for its antioxidant, anti-
inflammatory, and antibacterial activities [106] that are important in facilitating wound re-
covery (Table 5). Rutin has demonstrated its ability to improve wound healing in various
models. For example, Shehab et al. observed enhanced wound closure in murine sub-
jects treated with 5 mg/mL of rutin. The treatment group exhibited a significantly better
wound healing effect than the positive control, valproic acid. This effect was character-
ized by reduced inflammation, reduced oxidation, improvement in tissue remodeling, re-
epithelialization, and enhanced wound closure [107]. Additionally, Seo et al. also found
that rutin may promote the migration of keratinocytes and human dermal fibroblasts via
the -catenin pathway [54]. The (-catenin pathway plays a significant role, particularly
during the proliferative phase, as the 3-catenin protein is a key component of the Wnt
signaling pathway and is involved in various cellular processes, such as cell proliferation,
differentiation, and tissue regeneration [108-110].
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Figure 5. Chemical structure of rutin.
Table 5. Wound healing studies on rutin.
Wound Healing Effect Studied ..
(Model Used) Assays Findings Ref.
in vitro wound healing assay
Transwell migration assay
In vitro wound healing assay lﬁn_ t(e: j;::il;n ?ﬁf?&:&i{;}?au 1 Motility of HaCaT and HDFs via [54]
(HaCaT cells, HDFs) . & activation of the Wnt/(3-catenin pathway
Luciferase assay
Western blot,
immunocytochemistry
1 Wound closure and | wound area
1 Collagen fiber proliferation
In vivo diabetic wound healing Excision wound model 1 Inflammatory cells and factors [111]
(Wistar rats) Immunohistochemical staining Targets NRF2 (related to
antioxidant activity)
1 Nerve growth
Excision wound model T Wound closure
In vivo wound healing .. . J Lipid peroxidation (TBARs), carbonyl
. Lipid peroxidation assay . . [112]
(Wistar rats) GSH and CAT levels proteins, and total protein levels
J} GSH, vitamin C, and CAT levels
1 Proliferation of fibroblasts
In vivo wound healin, T Wound closure
(Sprague-Dawley ra ts? Incision wound model 1 Levels of extracellular proteins, blood [113]
pragu Y vessels, collagen fibers, and
granulation tissue
Good wound healing activity at
20 mg/mL (keratin formation,
In vivo burn wound model re-epithelialization, skin appendages
In vivo burn wound healin in vitro antimicrobial activity on S.  remodeling, less inflammatory cell
u H & aureus, E. coli, P. aeruginosa, and infiltration, and more collagen) [107]

(Wistar rats)

Candida albicans
Molecular docking simulation

Active against S. aureus, E. coli, and
P. aeruginosa

Potential inhibition of IKKB1/NF-kB
signaling pathway (binding to IKKf3)

Nrf2 =nuclear factor erythroid 2-related factor 2; GSH =reduced glutathione; TBARs = thiobarbituric acid reactive
substances; NF-«B = nuclear factor kappa-light-chain-enhancer of activated B cells, IKK-f3 = inhibitor of NF-kB
kinase beta; CAT = catalase.

Rutin improves wound healing in diabetic animal models [111,114]. Notably, rutin-

treated diabetic mice exhibited a significant reduction in inflammatory cells and inflamma-
tory cytokines, TNF-«, and NF-kB. Simultaneously, the antioxidant enzymes superoxide
dismutase 1 (SOD1) and glutathione peroxidase (GPx) showed significant increases in the
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treated wounds [111]. In an in silico study by Shehab et al., rutin was found to potentially
inhibit the NF-«kB inflammatory pathway by binding to IKKf [107]. This binding reduced
the phosphorylation of IKK(3, subsequently inhibiting the activation and migration of NF-
kB to the nucleus, resulting in the downregulation of inflammation [115].

In addition to its anti-inflammatory effects, in silico studies by Selvaraj et al. and
Taherkhani et al. explored rutin’s ability to bind to various metalloproteinases, including
gelatinase A (MMP-2), stromelysin (MMP-3), collagenase (MMP-9), metalloelastase (MMP-
12), collagenase-3 (MMP-13), and collagenase-2 (MMP-8) [116-118]. Rutin has demon-
strated potential inhibition of MMP-2 and MMP-9 consistent with findings by Chen et al.,
who observed reduced MMP-2 and MMP-9 levels in a diabetic wound animal model upon
rutin treatment [111]. Caley et al. reviewed the role of MMP enzymes in wound heal-
ing, showing that MMP enzymes play an important role in ECM degradation as well as
modulating the chemokines and wound healing processes, facilitating cell migration and
angiogenesis [119] through anti-inflammatory activities. High levels of MMPs have been
observed in chronic wound fluid compared to serum and acute wound fluid, indicating
that the high levels of proteolysis may be associated with slow wound recovery [120] with
the breakdown of important healing factors as well as the ECM.

The wound healing properties of rutin have been utilized in various wound care ap-
plications. Almeida et al. developed a rutin-containing hydrogel that proved effective in
wound healing, increasing catalase (CAT) and endogenous antioxidants as well as reduc-
ing glutathione (GSH) and oxidative stress markers in arat model [112]. Additionally, Tran
etal. demonstrated that rutin released from a chitosan hydrogel in the form of an injectable
dressing significantly improved L929 fibroblast cell proliferation, promoted wound clo-
sure, and accelerated the healing process [113]. These findings suggest that rutin has the
potential to be incorporated into conventional wound care dressings and products, as well
as the possible role of antioxidants in the wound healing process.

2.1.4. Quercetin

Various studies have reported that quercetin (Figure 6) promotes wound healing due
to its effects on angiogenesis, wound remodeling, oxidative state, inflammation, and re-
epithelialization [55,121-125]. Table 6 summarizes the relevant studies that highlight the
wound healing activity of quercetin.

Figure 6. Chemical structure of quercetin.

Table 6. Summary of studies regarding wound healing effects of quercetin.

Wound Healing Effect Studied

(Model Used)

Assays Findings Ref.

In vitro (HSF, MSF, L929, and

1T HSF, MSF, L929 cell proliferation
1 L929 cell migration
1 Collagen fiber and restoration of

dermal structure
J TNF-«, IL-13, and IL-6

In vitro scratch assay
In vivo cutaneous wound model

heoling 7Ll mice)  Wester bt T GSH (antioxidant ablity) in vivo 21
RT-qPCR 1 VEGF, FGF, and «-SMA

1 Wnt, 3-catenin
Binding with Ala195, GIn308, Asn369,
and Lys372 residues of TERT
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Table 6. Cont.
(‘Il\\lf(;ldr:j gsjé;ng Effect Studied Assays Findings Ref.
Punch biopsy in mice + Surface f1 1.ntegr1.n
Fibroblast scratch assay (with and T Surface aV integrin
Scar formation (wild-type C57B1/6] ith ficial ECM 1 Fibrosis and ECM deposition 129
mice and L929 fibroblast cells) without artificia ) in wounds [122]
Cell count . . .
Flow cytometry Iman.red fibroblast growth in
artificial ECM
J Wound area
1 Wound contraction
Well-developed granulation tissue and
better neovascularization
(T myofibroblasts)
Cutaneous wound model 1 Histological score for wound maturity
Wound healing in Wistar rats Western blot J Oxidative stress markers (MDA, O, ™ [55]
RT-PCR radicals, and protein carbonyl)
1 SOD, CAT, thiols, and GSH
J TNF-«, 1 IL-10, 1 VEGF, and 1T TGF-31
mRNA expression
1 VEGF, TGF-1, CD31, a-SMA, and
GAP-43 protein expression
J TNF-«, IL-13 and MMP-9
1 VEGF, TGF-1, and IL-10
Cutaneous wound model 1 Wound contraction, epithelization,
In vivo wound healing in diabetic ELISA (TNF-« and IL-10) and wound healing [123]
Wistar rats Western blotting (VEGF and | Inflammatory cells
TGFB1) 1 CD31-positive vessels
1 Switch from fibroblast to myofibroblast
1 Neuronal regeneration
HaCaT scratch assay inhanced cell migration.(l and 10 uM)
ELISA ccelerated wound healing process
Pressure ulcer animal model Ischemic—reperfusion (I/R) 1 MPO+ neutrophils and CD68 [124]
(HaCaT cells and C57BL/6 mice) . P macrophages in the wound
animal model
Western blotting + TNF-ocand IL-15
1 MAPK kinases (ERK, JNK, and p38)
1 Cell migration both in AD and
non-AD models
J Increased IL-1p, IL-6, and IL-8 due
to AD
In vitro AD model 11113[1 ;i?i}fc‘ifll; ;;iﬁfsed by
Atopic dermatitis model RT-PCR 4 SOD1, SOD2, CAT, and GPx reduced [125]
(HaCaT cells) HaCaT scratch assay by AD
Western blot y

1 EMT transcription factors —Twist,
Snail, E-cadherin, and occludin

} MMP-1, -2, and -9

1 AD-induced ERK1/2 phosphorylation,
NF-kB expression

HSF = human skin fibroblasts, MSF = mouse skin fibroblasts, 1.929 = mouse fibroblast cell line, FGF = fibrob-
last growth factor, -SMA = smooth muscle alpha-actin, TERT = telomerase reverse transcriptase, JNK = Jun
N-terminal kinase, MAPK = mitogen-activated protein kinase, ERK = extracellular signal-regulated kinase,
MPO+ = myeloperoxidase positive, IL-10 = interleukin 10, EMT = endothelial-mesenchymal transition, GPx = glu-
tathione peroxidase.

The wound healing activity of quercetin is closely linked to the Wnt/f3-catenin path-
way and telomerase (TERT) [121]. The Wnt/f3-catenin pathway promotes cell proliferation,
mediates migration, and encourages cell differentiation, contributing to tissue repair and



Sci 2024, 6, 34

14 of 23

regeneration [126,127]. TERT activity is associated with cellular regenerative potential,
increasing the proliferation of keratinocytes [128]. Tissues with high regeneration capac-
ity, such as basal keratinocytes [129], fibroblasts and endothelial cells in granulation tis-
sue [130], have high expression of TERT. In chronic inflammation, decreased telomerase
activity leads to slowed cell proliferation and migration, impairing the wound healing pro-
cess [130].

The literature reports that quercetin may increase TERT expression and promote
wound recovery [121]. Additionally, quercetin exhibits anti-inflammatory effects, reduc-
ing inflammatory factors while increasing the expression of growth factors and other pro-
teins essential for wound repair [121]. Fu et al. and Ploeger et al. reported that quercetin
reduces the expression of pro-inflammatory cytokines in both normal and impaired wound
healing models. It regulates cytokine expression by targeting the mitogen-activated pro-
tein kinase (MAPK) and NF-«kB pathways, both associated with inflammation and wound
healing. The MAPK pathway activation promotes cell proliferation, migration to the
wound site, immune cell recruitment, tissue matrix remodeling, and ECM regulation, ul-
timately promoting tissue repair. NF-«B initially promotes inflammation, then promotes
the expression of anti-inflammatory molecules, facilitating the transition to the prolifera-
tive and remodeling phases of wound healing [131,132].

Inflammation can lead to scar formation due to impaired wound healing, resulting in
scarring [83]. Quercetin could reduce scar formation by targeting surface aV integrin and
1 integrin. The former is related to the migration of fibroblasts, while 31 signaling is re-
lated to cell adherence to ECM and also potentially to the profibrotic activity of quercetin.
This suggests that quercetin may improve the migration of fibroblasts and thus enhance
wound healing. It has also shown less ECM deposition in the in vivo wound model, indi-
cating that quercetin impacts ECM production [122].

In addition, the presence of antioxidant enzymes and endogenous antioxidants in the
wound could also reduce ROS, which in turn improves the wound healing activity [133].
Similar to rutin, treatment with quercetin in in vivo wound models has shown improve-
ment in wound healing activity due to the increased presence of antioxidants as well as
reduced levels of radicals [55,134]. This is also evident in impaired in vitro atopic dermati-
tis wound model by Beken et al. [125]. Atopic dermatitis is an inflammatory skin disease
with increased levels of inflammatory cytokines in the skin that could be resolved through
the use of anti-inflammatory therapy, such as corticosteroids; thus, the anti-inflammatory
property of quercetin may also be able to assist in the healing of such wounds [135].

2.2. Anthraquinones

Anthraquinones, a class of phytochemicals, exhibit a range of activities, including anti-
tumor, anti-inflammatory, laxative, and antimalarial effects, among others. The interaction
of certain anthraquinones with DNA has led to the development of anticancer drugs, such
as daunorubicin [136]. Anthraquinones play a role in the primary metabolism of plants and
can be synthesized in fungi [137] as well as several types of plants [136]. Anthraquinones,
including danthron, emodin, aloe-emodin, and rhein, have been detected in C. alata and
contribute to the biological effects important for wound healing [34,44,52].

2.2.1. Aloe-Emodin

Aloe-emodin (Figure 7) is an anthraquinone that possesses anti-inflammatory and an-
timicrobial properties beneficial for wound recovery [138]. Aloe-emodin has demonstrated
wound healing activity in both in vivo and in vitro studies (Table 7).

Aloe-emodin increases MCP-1, IL-13, and VEGF in an animal burn wound model.
MCP-1 is a chemoattractant that recruits macrophages to the wounds as part of the inflam-
matory process in early wound healing. A high level of IL-1§3 is produced by macrophages
at the site of injury, and VEGF facilitates re-epithelialization and angiogenesis [138].
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Figure 7. Chemical structure of aloe-emodin.
Table 7. Summary of wound healing studies involving aloe-emodin.
Wound Healing Effect Studied Assays Findings Ref.

(Model Used)

Burn wound healing in male

1 Rate of re-epithelialization, VEGF

In vivo burn wounds production, and angiogenesis [138]

BALB/c mice ELISA }IL-1p and MCP-1
ATP bioluminescence assay Dose-dependent inhibition of ATP (cell
In vitro wound healing assay In vitro wound healing (scratch) viability)
(CCD-1079Sk human skin assay 1 Cell migration (2.5 and 5uM) [56]
fibroblasts) RT-PCR 1 JNK and P38 (2.5 uM)
Molecular docking Binding with JNK and P38

MCP-1 = monocyte chemoattractant protein-1, ATP = adenosine triphosphate.

The wound healing effect exhibited by aloe-emodin is largely due to its anti-inflamma-
tory properties. It downregulates the expression of inflammatory factors and markers
such as inducible nitric oxide synthase (iNOS), TNF-«, IL-133, and IL-6 through the NF-
kB, MAPK, and phosphoinositide 3-kinase (PI3K) pathways in LPS-stimulated macropha-
ges [139,140]. Aloe-emodin binds to and inhibits lipoxygenase (LOX) enzymes [141,142]
that decrease inflammation and enhance wound healing [143]. Eicosanoids and leukotrien-
es are synthesized from arachidonic acid; the former is synthesized by COX and LOX
enzymes, and the latter by the 5-lipoxygenase (5-LOX) pathway [144]. The inhibition of
5-LOX correlates with reduced inflammation and shorter wound healing duration in the
knockout mice model, as reported by Ramalho et al. [145]. Thus, the inhibition of LOX by
aloe-emodin may contribute to its ability to promote wound healing.

Aloe-emodin may also promote wound healing by inducing CCD-1079Sk fibroblast
cell migration at low concentrations due to its high affinity for the MAPK pathways, specifi-
cally Jun N-terminal kinase (JNK) and p38 [56]. The migration of fibroblasts into the wound
occurs during the proliferative phase, allowing for collagen deposition at the injury site
during wound repair [146]. However, the authors noted that the effect on fibroblast migra-
tion was not concentration dependent, as lower concentrations of aloe-emodin promoted
cell migration while the process was attenuated at higher concentrations. Proper regula-
tion of JNK, p38, and extracellular signal-regulated kinase (ERK) in the MAPK pathway is
crucial, as their activation varies during specific phases of healing. Dysregulation of JNK
and p38 could lead to delayed or impaired healing. Further studies are needed to fully
understand the wound healing properties of aloe-emodin.

2.2.2. Rhein

Rhein (Figure 8) is an anthraquinone commonly found in Cassia sp. Rhein promotes
wound recovery due to its anti-inflammatory activity. Lin et al. demonstrated that topical
application of rhein reduced macrophages and neutrophils in imiquimod-induced psori-
asiform lesions in mice [147]. Additional studies supported this observation, revealing
rhein’s ability to modulate activity in LPS-stimulated macrophages [148]. Furthermore,
it also downregulates the production of inflammatory cytokines in imiquimod-stimulated
THP-1 macrophages and TNF-stimulated HaCaT cells through the MAPK and NF-«kB path-
ways [147,149]. Rhein reduces the levels of inflammatory cytokines in both in vitro and
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in vivo studies [121,150], thus exhibiting anti-inflammatory activity that can facilitate the
wound healing process.

o ~

o H
O
o o
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Figure 8. Chemical structure of rhein.

In addition, rhein increases the proliferation of HaCaT cells by binding with the es-
trogen receptors in HaCaT cells during the proliferative phase (S phase) [151]. During the
proliferative phase, re-epithelialization was observed in HaCaT cells at the wound edge,
signifying the restoration of the epithelial layer in response to an injury. The proliferation
of HaCaT cells contributes to the closure of the wound [87].

Hydrogels are considered excellent candidates for wound dressings due to their struc-
tural similarity to the ECM, high water retention enabling absorption of wound exudate,
permeability allowing gaseous exchange, and optimal water content providing an ideal
wound healing environment for dry wounds [152]. Rhein has been successfully incorpo-
rated into various delivery systems to improve wound healing. Yin et al. developed a
silk fibroin hydrogel with rhein for S. aureus-infected burn wounds, resulting in reduced
inflammation, improved angiogenesis, and increased formation of skin appendages, such
as hair [30]. In addition, Li et al. developed a fibrous hydrogel reinforced with aramid
nanofibers containing rhein that also showed excellent biocompatibility in skin tissue, me-
chanical strength, and water retention capacity as well as antibacterial activity against S.
aureus. The hydrogel could also promote collagen and new blood vessel formation in
burn wounds [29]. Zhang et al. also developed a hydrogel consisting of rhein, thiolated
hyaluronate, gelatin, and silver ions. It has demonstrated skin regeneration properties in
the murine full-thickness skin defect model by promoting angiogenesis as well as increas-
ing the collagen deposition and M1 to M2 macrophage, a sign of reduced inflammation [31].
Another hydrogel formulation containing self-assembling rhein also reduces inflammation
and oxidative stress in the diabetic full-thickness wound model, thus facilitating wound
healing [153]. Additionally, delivery systems containing rhein such as phospholipid com-
plexes have demonstrated good skin permeation and low skin irritation in vivo [154].

From the review of the current literature, further studies on the wound healing mecha-
nism of rhein are lacking compared to the other compounds discussed in this review. How-
ever, its incorporation in wound dressings could promote wound healing
in vivo [29-31,153]. With rhein exhibiting the ability to reduce inflammation and oxida-
tive stress in tert-butyl hydroperoxide-induced HaCaT cells, LPS-stimulated RAW264.7
macrophages, and transgenic zebrafish [148,149,155] possibly by downregulation of in-
flammatory cytokines, it can be summarized that this mechanism may contribute to the
healing properties of the rhein-incorporated dressings and support the hypothesis that
regulation of the inflammatory phase could be beneficial in the context of wounds.

3. Conclusions

C. alata’s traditional use in treating skin diseases is backed by its potent anti-inflamma-
tory, antibacterial, antifungal, and other medicinal properties. It contains diverse classes of
phytochemicals that support the wound healing process across various stages: hemosta-
sis, inflammation, proliferation, and tissue remodeling. The effectiveness of C. alata in
wound healing can be attributed to the combined actions of these phytochemicals, which
stimulate cell growth and movement, encourage new blood vessel formation, aid in the
production of ECM, reduce oxidative stress, and alleviate inflammation. Studies have con-
sistently shown that the synergistic or additive effects of these phytochemicals enhance
wound healing compared to using a single compound. This may be due to the phytochem-
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icals acting simultaneously on the same or different pathways; the chemical interaction
between compounds including complexations, increasing each other’s bioavailability; and
interactions with gut bacteria. While the compounds all possess wound healing activity,
the research on this property of C. alata remains undeveloped. Thus, further research di-
rections may include the further elucidation of the wound healing activity of C. alata by
examining its ability to upregulate the expression of genes or proteins involved in wound
healing, such as VEGF, TGF-f3, and EGF,; its ability to regulate the pathways implicated,
such as the Akt pathway; as well as clinical trials to examine its wound healing properties
in human models. Its ability to promote the different phases of wound healing such as an-
giogenesis and the tissue remodeling process could also be assessed in in vitro and in vivo
of normal or impaired wound models. This will further build the case for C. alata to be
utilized as a wound healing agent.
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