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A B S T R A C T

Hypertrophic scarring (HS) is a complication of wound healing that causes physiological and
psychological distress in patients. However, the possible mechanism underlying HS is not fully
understood, and there is no gold standard for its treatment. Natural products are more effective,
economical, convenient, and safe than existing drugs, and they have a wide application prospect.
However, there is a lack of literature on this topic, so we reviewed in vivo, in vitro, and clinical
studies and screened natural products showing beneficial effects on HS that can become potential
therapeutic agents for HS to fill in the gaps in the field. In addition, we discussed the drug delivery
systems related to these natural products and their mechanisms in the treatment of HS. Generally
speaking, natural products inhibit inflammation, myofibroblast activation, angiogenesis, and
collagen accumulation by targeting interleukins, tumor necrosis factor-α, vascular endothelial
growth factors, platelet-derived growth factors, and matrix metalloproteinases, so as to play an
anti-HS effects of natural products are attributed to their anti-inflammatory, anti-proliferative,
anti-angiogenesis, and pro-apoptotic (enhancing apoptosis and autophagy) roles, thus treating
HS. We also screened the potential therapeutic targets of these natural compounds for HS through
network pharmacology and constructed a protein-protein interaction (PPI) network, which may
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provide clues for the pharmacological mechanism of natural products in treating this disease and
the development and application of drugs.

1. Introduction

The skin has a protective barrier function that shields the organism from external injuries of varying intensities and depths [1]. Scar
formation is an important stage in wound healing after injury, which involves changes in the skin morphology and histology [2].
Superficial skin injuries can heal effectively resulting in a flat, elastic, and slightly discolored scar. Excessive scarring is caused by
excessive proliferation of myofibroblasts and increased collagen deposition and often occurs after deep skin damage caused by surgery,
burns, and trauma [3,4]. The scars are classified as mature scars, immature scars, hypertrophic scars, keloids, and atrophic scars [5]. Of
these, hypertrophic scars (HS), which can be classified as linear or extensive, are the most common type of scars in clinical practice [2,
6].

HS resembles skin tumors but is benign in nature. In contrast to normal scars and normal skin, HS histologically exhibits abundant
blood vessels, numerous mesenchymal cells, thickened epidermal cell layers, extracellular matrix (ECM) deposition, and infiltration of
lymphocytes, macrophages, and mast cells [7].

The prevalence of HS varies between 15% and 63 % in Caucasians and is >70 % in non-Caucasians [8]. The development of HS is
influenced by intrinsic and extrinsic factors. Some intrinsic factors include gender, age, dark skin type, and anatomical location of the
burn and extrinsic factors include total burn area, burn depth, multiple surgeries, retinal transplants, healing time, bacterial coloni-
zation, skin stretching, chemotherapy, and smoking [1,9]. It is characterized by redness, swelling, and contraction of the injured area,
which is accompanied by pain and itching. In addition to the physical symptoms, unaesthetic scars can also have psychological effects
on patients, including lack of confidence, stigma, disruption of daily activities, anxiety, and depression. Furthermore, if the scar in the
joint, eye, nose, mouth, or any other functional part continues to shrink, the pathological outcomes of scar contracture appear, which
damage the normal function of the organ and even limit the daily activities of the individual [6,10,11]. The clinical and economic
burden of excessive hypertrophic scarring and the resulting disabilities and revision surgeries is enormous [12]. Given the high
incidence of HS and its tremendous impact on patients, its management is a major challenge for patients and healthcare providers.

Several strategies have been used for HS treatment and prevention. Surgical resection is the most commonly used option when the

Fig. 1. Diagram of the histological features of hypertrophic scars. The formation process of HS involve several cytokines, mediators, cells, and
matrix molecules. HS histologically exhibits abundant blood vessels, numerous mesenchymal cells, thickened epidermal cell layer, ECM deposition,
and infiltration of lymphocytes, macrophages, and mast cells.

Y. Zhang et al.



Heliyon 10 (2024) e37059

3

scar loses its function and develops severe contractures. However, surgical resection and scar repair may result in larger wounds with a
recurrence rate of up to 45 %–100 % [13]. Pressure garment therapy has been used clinically for many years; however, its efficacy and
adverse effects remain controversial [14,15]. Intralesional corticosteroid injections, which are simple and cheap, have been the
traditional treatment for more than sixty years and are most frequently used for the treatment and prevention of pathological scars. In
addition, a combination of corticosteroid injection and surgery is commonly used as a second-line therapy, which has shown syner-
gistic effects in clinical settings with minimal side effects [5,16,17]. In addition, laser therapy, cryotherapy, radiation therapy, topical
photodynamic therapy, percutaneous collagen induction with micro-needling, and anti-tumor agents such as bleomycin and 5-fluoro-
uracil are also recommended. Several new therapeutic approaches are available as the molecular mechanisms of HS are being clarified.
Some emerging therapeutic options include botulinum toxin A, tumor necrosis factor alpha antagonists, interferon, calcium antago-
nists, imidazoquinolines, transforming growth factor (TGF)-β, fat grafting, and mesenchymal stem cells[18–22]. However, these
treatment options have variable and inconsistent benefits, limitations, and adverse effects. The management of HS is challenging and
no effective “gold standard” has been accepted to date. Therefore, an efficient and reliable therapeutic agent is urgently required,
which is convenient, sustainable, low in cost with fewer side effects.

2. Physiopathology of a hypertrophic scar

Wound healing—a complicated and dynamic process—leads to scar formation and ultimately restores skin integrity, thereby
protecting the patient from infection and loss of body fluids. This process is separated into three distinct (but often superimposed)
phases: inflammation, proliferation, and remodeling [10,13], which involve several cytokines, mediators, cells, and matrix molecules.
The scar development may be affected by the malfunctioning of any component or pathway in any of these stages. Therefore, un-
derstanding the mechanisms of these three stages is key to the treatment or intervention of HS. Here, we summarized these mecha-
nisms and factors that affect the formation of HS (Fig. 1).

Immediately after an injury occurs, the inflammatory stage begins, which often lasts for two to three days. The clotting cascade is
initiated, and a network of fibrin is formed around the platelets to form stable thrombi, while platelets secrete cytokines and growth
factors [23]. The immune system and resulting inflammatory responses are then activated to fight local infections, engulf local debris
and damaged tissue to form a clean cell bed, and subsequently remove fibrin [16]. After receiving signals of damage-associated
molecular patterns or pathogen-associated molecular patterns, interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-α, chemokine
C-C motif ligand 2, mast cells, neutrophils, and monocytes from the damaged blood vessels accumulate at the wound site, and the
monocytes subsequently differentiate into macrophages [24]. These phagocytes increase the gene expression levels of various mol-
ecules, including growth factors, cytokines, and chemokines, to stimulate fibrous proliferation and angiogenesis and prepare for the
next phase of creating a temporary ECM. These molecules include TGF-β, interleukins (IL-1β, IL-4, IL-6, IL-8, and IL-13), vascular
endothelial growth factor (VEGF), monocyte chemoattractant protein (MCP)-1, platelet-derived growth factor (PDGF), fibroblast
growth factor, and TNF-α providing early [25–27]. Although inflammation is an important defense for skin healing and
pro-inflammatory cytokines are crucial in the initial stage of wound repair, persistent inflammation delays wound healing and is a key
event for HS formation [28,29]. Further, the cells involved in the inflammatory response also influence the outcome of the wound.
Macrophages have two phenotypes, the pro-inflammatory M1 phenotype is prevalent at the initial stage of scar formation and the
anti-inflammatory M2 phenotype is found at subsequent stages [30]. A reduced expression of M1 cytokines in the early stages and
delayed and prolonged expression of M2 and anti-inflammatory cytokines in the later stages may lead to the formation of HS [24,31].
Compared to normal skin, mast cell expression in HS is increased and positively correlates with the severity of scars. Mast cells have a
strong association with skin scar formation and fibrosis; they can enhance acute inflammation and stimulate re-epithelialization and
angiogenesis [28]. VEGF is a key pro-angiogenic mediator that assists wound healing; however, it also contributes to excessive
angiogenesis resulting in skin scars [32].

Various anti-inflammatory mediators stimulate fibroblasts and keratinocytes to signal the transition to the proliferation stage [5].
This phase is characterized by tissue granulation and neovascularization from pre-existing blood vessels. Fibroblasts degrade the
temporary matrix by producing matrix metalloproteinases (MMPs) and replace the matrix with granulation tissue [33]. Various cy-
tokines, matrix factors, and growth factors such as TNF, TGF-β, PDGF, insulin-like growth factor, and connective tissue growth factor
(CTGF) stimulate and activate fibroblasts, myofibroblasts, keratinocytes, and endothelial cells to synthesize ECM, which serves as a
scaffold for tissue repair. Notably, fibroblasts and muscle fibroblasts play a major role in this process [34]. Platelets, endothelial cells,
andmacrophages release signaling molecules to stimulate the differentiation of fibroblasts into profibrotic cells or myofibroblasts [33].
Myofibroblast is a special contractile cell, which is activated by TGF-β1 and expresses α-smoothmuscle actin (SMA). It can produce and
deposit large quantities of collagen and also secrete ECM proteins, including collagen (COL)-I and COL-III [34]. The second phase
restores organizational cohesion and replaces lost tissue organizations, and the accumulated collagen forms most of the final scar [35].
Further, abundant vascularization and angiogenesis begin at this stage with the upregulation of VEGF to provide the necessary nu-
trients, signals, and cells for the coordinating repair [36].

The critical factor in controlling scar formation is the balance between proliferation (in the proliferation stage) and degradation (in
the remodeling stage) [37]. Excessive scarring in HS results from a shift to the proliferative direction [16]. Collagen synthesis in HS is
approximately seven-fold higher than in normal skin. During wound healing, MMP-1 and MMP-2 degrade ECM and COL-I, respec-
tively. Tissue inhibitor matrix metalloproteinase (TIMP)-1 is an inhibitor of MMP-1 in tissues, and the amount of COL-I is strictly
regulated by the balance between MMP-1 and TIMP-1 [37]. In addition, MMP-1 reduces scar formation by accelerating epithelial-
ization and reducing inflammation and vascularization [38]. Fibroblasts are considered critical for wound healing and HS formation
[39]. They do not undergo apoptosis during abnormal or pathological wound healing. Fibroblasts and myofibroblasts persist even after
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wound closure, and they produce excessive ECM and induce sustained wound contraction resulting in HS[40–42].
Members of the B-cell lymphoma (Bcl)-2 family are essential to regulate the mitochondrial death pathway. Pro-apoptotic protein

Bax and anti-apoptotic protein Bcl-2 are closely related to cell death and survival, respectively, and their ratio determines the fate of
cells [43]. Apoptosis-related cysteine peptidase (caspase-3) is indirectly cleaved by Bcl-2 by releasing cytochrome c from the mito-
chondria, which, in turn, further induces apoptosis [44]. The Bcl-2/Bax ratio is associated with the apoptosis of hypertrophic scar
fibroblasts (HSF) and participates in HS formation. The formation of HS also involves the excessive conversion of fibroblasts into
myofibroblasts, which is induced by the overproduction of TGF-β [45]. α-SMA expressed by myofibroblasts is a pathological diagnostic
marker of HS. Scarless healing of human fetuses is the result of TGF-β deficiency [46]. TGF-β1, TGF-β2, and TGF-β3 are the highly

Fig. 2. Mechanism diagram of natural products acting on hypertrophic scars. Natural products exert various effects such as anti-inflammation, anti-
proliferation, inhibition of angiogenesis and pro-apoptotic effects through multiple targets in the wound healing stage, explaining their potential for
prevention and treatment of hypertrophic scars.
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conserved and dominant isoforms of the TGF-β family in the human body. TGF-β1 and TGF-β2 are associated with fibrosis. In contrast,
TGF-β3 reduces fibrosis and prevents scar formation. Myofibroblasts are absent from wounds in fetal skin. However, the application of
TGF-β1 to human fetal fibroblasts allows them to acquire characteristics similar to myofibroblasts [47]. TGF-β receptor receives
stimulation from the corresponding antigen and acts downstream to transmit the signal through the Smad signal transduction
pathway.

Fig. 3. Structural formulae of natural products with HS therapeutic effects.

Y. Zhang et al.



Heliyon 10 (2024) e37059

6

The remodeling stage begins immediately after the wound is closed, lasting a year or longer. These changes are externally man-
ifested as a marked softening of the scars and a change in color from pink to pale. The number of blood vessels is reduced, thereby
inducing apoptosis of fibroblasts and myofibroblasts and removing some scar material. The immature COL-III becomes mature COL-I
and the ECM breaks down, which is an important step in the formation of relatively cell-free scars and the end point of normal wound
healing [48].

The TGF-β/Smad signaling pathway regulates collagen formation in myofibroblasts and fibroblasts, and its continuous activation
leads to their long-term over-activation, consequently leading to excessive collagen formation in HS [49]. Smad7 is an inhibitory Smad
that participates in the negative feedback regulation of the TGF-β/Smad signaling pathway. It blocks the phosphorylation of Smad2
and Smad3, thereby inhibiting the activation of TGF-β. In addition, Smad7 promotes wound healing by regulating cytokines and
controlling cell growth, differentiation, and apoptosis [50,51]. In addition, Notch, phosphoinositide 3-kinase (PI3K)/AKT, and MAPK
signaling pathways are also crucial for HS formation. The Notch signaling pathway participates in HS formation by regulating ker-
atinocyte phenotype, collagen production, and angiogenic factors. This pathway is associated with COL-I, COL-III, VEGF, Ang-1,
TGF-β1, and MMP-2, and its inhibition impairs their expression. Further, the originally upregulated angiogenic factors are down-
regulated, and vascular growth is inhibited followed by the relief of HS[52–54]. The PI3K/AKT signaling pathway can regulate the
growth, movement, and differentiation of fibroblasts [31]. AKT/FoxO/p27 signal axis enhances the anti-proliferative ability of pen-
toxifylline in HS and the PI3K/AKT pathway is inactivated, collagen expression is decreased, and the formation of HS is inhibited [31,
55]. As potential molecular targets for treating HS, micro (mi)RNAs, namely miRNA-494, miRNA-486-5p, miRNA-21, and miRNA-155,
control the expression of collagen and the growth of fibroblasts through the PI3K/AKT signaling pathway, thereby affecting HS for-
mation and indicating that the pathway is a crucial link in the disease pathogenesis [31,55–57]. Mitogen-activated protein kinases
(MAPK), the serine/threonine kinases, include extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38
MAPK, which are activated by phosphorylation and play a vital role in cell proliferation, differentiation, and apoptosis [58]. The
pathway is closely associated with inflammation and promotes collagen synthesis in the skin fibroblasts and ECM production. In
addition, it participates in the cellular transdifferentiation process and is activated by the TGF-β1/Smad2/3 signaling pathway in HS
fibrosis. The downregulation of this pathway markedly reduces the expression and deposition of collagen in HS and inhibits the
transformation of fibroblasts into myofibroblasts [59].

3. Natural products for the treatment of hypertrophic scars

Natural products are low-molecular-weight metabolites, which are synthesized during primary and secondary metabolism in living
organisms [60]. Given the rich history of herbal remedies for human diseases and the complexity and diversity of natural products, the
World Health Organization has developed a strategy for traditional medicine that includes the formulation of guidelines for the
evaluation of herbal medicines [61,62]. Natural products used as actual drugs or as drug leads offer the possibility of discovering new
structures that could be effective agents for treating many human diseases, as well as the best sources for new compounds or active
templates [63]. They have received widespread attention for their therapeutic and preventive effects in HS. Several researchers have
elucidated their mechanism of action in treating HS and found that these compounds exert their therapeutic effects through various
mechanisms at different stages of HS formation, but there is no article to summarize this, so we will describe it specifically below
(Figs. 2 and 3, Table 1).

3.1. Polyphenols

3.1.1. Curcumin
Curcumin is a natural polyphenol compound extracted from the rhizomes of some plants of the Araceae and Zingiberaceae families.

It is a major biologically active compound used in the traditional Chinese medicine Curcuma longa L. Curcuma longa L. extract
mucoadhesive formulation accelerates skin wound repair by regulating inflammatory process and stimulating epithelial regeneration
[127].

Curcumin exerts anti-inflammatory effects through the downregulation of nuclear factors NF-κB, COX-2, STAT3, and Nrf2 [128].
Further, curcumin inhibits the TGF-β1/Smad signaling pathway in fibroblasts to reduce the overproduction of ECM and also inhibits
NF-κB and CTGF signaling pathways, thereby reducing collagen deposition [64]. It also reduces the secretion of IL-6, IL-8, IL-1β,
TIMP-1 and TGF-β and increases the expression of MMPs and the activity of peroxisome proliferator-activated receptor (PPAR)γ [64,
65]. Curcumin induces apoptosis in a cell- and concentration-dependent manner in various cell lines [129]. Lundvig et al. found that
curcumin induced caspase-independent apoptosis in both fibroblasts and myofibroblasts in a reactive oxygen species (ROS)-dependent
manner [42]. Mehrabani reported that the systemic administration of pure curcumin significantly promoted non-ischemic wound
healing and reduced HS in a rabbit model [64].

However, the bioavailability of curcumin is low because of its inherent lowwater solubility and stability in vivo, thereby limiting its
clinical efficacy [130]. Curcumin nanoplexes can improve the clinical bioavailability of curcumin by increasing the degree of su-
persaturation and improving the chemical stability of curcumin [131]. Nguyen et al. developed high-payload amorphous nano-
composites of curcumin (CUR) and chitosan (CHI) to enhance the solubility of CUR through polyelectrolyte complexes. The colloidal
stability of CUR–CHI nanocomposites can also be improved by replacing CHI with its oligomer. The application of CUR–OCH nano-
plexes and oligochitosan-coated curcumin-loaded-liposome (OCH-Lip-CUR) on wounds resulted in faster healing and a better scar
treatment effect compared with the application of natural curcumin [132,133].

Y. Zhang et al.
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Table 1
Therapeutic effects of natural products on HS. The table shows the types, origins, the experimental types, doses investigated, the major effects mediated and the targets found to be influenced of these
nature products.

Type Compound/extacts Origin In vitro/In vivo/Clinical trial Dose Mechanism of action(s) Reference

Polyphenolic
compounds

Curcumin Curcuma longa L. In vitro (human fibroblasts,
myofibroblast and epidermal
keratinocytes cells)

25 μM ↓TGF-β1/Smad, NF-κB and CTGF
signaling pathway
↓myofibroblasts, TIMP-1, IL-6, IL-8,
IL-1β
↑MMP, PPARγ, ROS

[42,64,65]

In vitro (mouse fibroblasts) 5 mg/mL
In vivo (rabbit ear hypertrophic scar
model)

30 μg/kg

Epigallocatechin-3-
gallate

Camellia sinensis (L.) Kuntze Clinical trial (Human health
volunteers with scar)

– ↓mast cell, mast cell tryptase, mast
cell chymase, fibronectin, vascular,
COL-I
↑M2
↓TGF-β1, TNF-α, IL-1β, IL-6, CTGF,
PAI-1
↑Hemeoxygenase-1, TGF-β3

[66–70,
71–74]

Clinical trial (Preoperative human
health volunteers)

–

In vivo (Rat wound healing model) 10 mg/kg
In vitro (an optimised ex vivo skin
organ culture model)

21.2 mg/ml

In vitro (human fibroblasts,
hypertrophic scar-derived
fibroblasts)

50 μM

Resveratrol cuspidatum Sieb. et Zucc., Veratrum nigrum L.
and Cassia tora L.

In vitro (normal skin-derived
fibroblasts, hypertrophic scar-
derived fibroblasts)

10,50,100 μM
25, 75, 150, 300, and 400
μM
1, 10 or 100 μM

↓α-SMA, COL-I and COL-III
↑fibroblasts autophagy
↓TGF-β1, Smad-2, 3, 4, AKT, mTOR,
70S6K
↑Smad7

[75,76–85]

In vivo (Rat skin injury model) 8 and 32 μg/ml
In vivo (Mouse wound healing
model)

4.4 mM, 0.5 mL ⋅ 100 g− 1

bodyweight
Gallic acid Rheum palmatum L., Eucalyptus globulus Labill.,

Cornus officinalis Sieb. et Zucc. and Rhus
coriaria L.

In vitro (Human hypertrophic scar
fibroblasts)

25,50,75,100,150,200 μM ↓RhoA/ROCK signal cascade, α-SMA,
F-actin, myosin light chains
↓TNF-α, IL-6, IL-1β, IL-8, TLR-4
↑PPARγ

[86–88]

Flavonoid Galangin Alpinia officinarum Hance In vitro (Human hypertrophic scar
fibroblasts, human dermal
fibroblasts)

5, 10 or 25 μM ↓ALK5/Smad2/3 signaling pathway
↑Smad 7
↓COL-I, COL-III, collagen deposition

[89–92]

In vivo (Mouse hypertrophic scar
model)

10 μM

In vivo (Rabbit ear hypertrophic
scar Models)

0.5,1,2 mg/mL

Quercetin Alpinia officinarum Hance, Tussilago farfara L.,
Taxillus sutchuenensis (Lecomte) Danser, Panax
notoginseng (Burkill) F.H.Chen ex C.Y.Wu & K.
M.Feng, and Euphorbia characias L.

In vitro (Hypertrophic scar
fibroblasts)

5–20 μg/mL ↑JNK, ERK signaling pathways
↓TGF-β/Smad signaling pathway
↑TNF-α, nitroxide, IL-12, MMP-1
↓macrophages, myofibroblasts,
Smad2, Smad3, Smad4

[37,93,94]

In vitro (Human skin fibroblasts) 10–40 μM
In vitro (RAW264.7 macrophage
cell line)

6.25,12.5, 25,50 μM

In vivo (hairless mice) –
In vivo (New Zealand rabbits) 100 μL of 5 %

Naringin Rhizoma Drynariae (Kunze) J. Sm. And citrus
fruits

In vitro (Human hypertrophic scar
fibroblasts，human keloid
fibroblasts)

10,20 μM ↓TGF-β, IL-1β, IL-6, TNF-α,
Aktp− Ser473/Thr308

↓COL-I, COL-III, α-SMA

[95–97]

In vivo (hypochlorous acid (HOCl)-
induced mouse model)

50 mg/kg/BW

In vivo (mechanical stretch-induced
hypertrophic scar mouse model)

25,50 μM

(continued on next page)
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Table 1 (continued )

Type Compound/extacts Origin In vitro/In vivo/Clinical trial Dose Mechanism of action(s) Reference

Quinone
compound

Emodin Reynoutria japonica Houtt., Pleuropterus
multiflorus (Thunb.) Turcz. ex Nakai, Rheum
palmatum L., Rheum tanguticum (Maxim. ex
Regel) Balf., and Rheum australe D. Don

In vitro (Rat macrophages) 0, 25, 50, or 75 μg/mL ↓TGF-β and Notch signaling pathways
in macrophages, PI3K/AKT signaling
pathway, p38 MAPK signaling
pathway
↓TNF-α and MCP-1
↓M1, M2, monocytes, HSFs, COL-I,
COL-III and α-SMA

[30,98,99]
In vitro (Human hypertrophic scar
fibroblasts)

10,20,50μМ

In vitro (Mouse hypertrophic scar
fibroblasts and normal fibroblasts)

0,20,40,80 or 120 μg/ml

In vivo (Rat tail hypertrophic scar
model)

10 mg/kg

In vivo (Mouse hypertrophic scar
model induced by mechanical
stress)

10 mg/kg

Shikonin Lithospermum erythrorhizon Sieb. et Zucc.,
Onosma paniculate Bureau & Franch., and
Arnebia euchroma (Royle ex Benth.) I.M.Johnst.

In vitro (human keratinocytes,
Hypertrophic scar-derived
fibroblasts and normal fibro blasts)

0,0.5, 1 and 3 μg/mL ↑NF-κB signaling pathway
↓ERK/Smad signaling pathway
↑p-ERK, p-JNK
↓COL1A1, COL3A1, α-SMA, p-p38,
Caspase 3, Bcl-2, p63, CK10, α-SMA,
TGF-β1 and COL-I

[44,
100–102]

In vitro (porcine full-thickness burn
hypertrophic scar model)

1 mL of 1.0 μg/mL

Saponin
compound

Asiaticoside Centella asiatica (L.) Urb. In vivo (rabbit ear scar model) 12 mg/kg/d
5,10 g/L

↓COL-I, COL-III, TGF-β1, IL-1β, IL-6,
IL-8
↑Smad 7, PPAR-γ

[103–105]

In vitro (adult human dermal
fibroblasts, mouse RAW 246.7
macrophages and Human umbilical
vein endothelial cells)

0, 62.5, 125, 250, 500,
and 1000 M

In vitro (Human normal skin
fibroblasts and hypertrophic scar
fibroblasts)

5,25,50,100,250,500 mg/
L

Astragaloside IV Astragalus membranaceus (Fisch.) Bge. In vitro (rabbits wounded skin) 0.5g ↓COL-I and COL-III
↓TGF-β1

[106]
In vivo (rat full-skin excision model) 0.5 %

0.5 mg every 2 d
In vivo (rat partial-thickness burn
wound model)

0.5 mg every 2 d

In vitro (Human skin fibroblasts) 0,12.5,25,50,100μМ
Ginsenoside P. Ginseng C.A.Meyer In vivo (rabbits ear hypertrophic

scar model)
In vitro (Human hypertrophic scar
fibroblasts)

0.07,0.28,0.56 mg (Rb1)
4 mg/L
1,2,3,4 mg/mL
10, 30 and 50 μg,
50,100 μg/ml
25,50,75,100,200 μg/mL

Rb1
↓MMP-2, TIMP-1, α-SMA, COL-I, TGF-
β1

[107]

Rg3
↓NF-IκB, TGF-β/Smad, Erk1/2
Signaling Pathways
↓neutrophils,COL-I, COL-III, α-SMA,
VEGF, CTGF, IL-6, MCP-1, TNF-α,
VEGF, PDGF

[108,109,
110,111]

Oleanolic acid Olea europaea L. and ligustrum lucidum Ait. In vivo (rabbits ear hypertrophic
scar model)

2.5 %, 5 %, and 10 % ↓TGF-β1, TIMP-1, COL-I, COL-III
↑MMP-2, Bax/Bcl-2, Cytochrome c,
AIF, Caspase-9, Caspase-3
↑p38 MAPK, JNK signaling pathways

[43,112]

In vitro (Human hypertrophic scar
fibroblasts)

10,20,40 μg/ml

In vivo (rabbits ear hypertrophic
scar model)

–

In vitro (Mouse fibroblast NIH/3T3) 0.001,0.01,0.1,1,10 mM
In vivo (Murine dorsal skin wound
model)

0.001,0.1,10 mM

(continued on next page)
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Table 1 (continued )

Type Compound/extacts Origin In vitro/In vivo/Clinical trial Dose Mechanism of action(s) Reference

Sesquiterpene
compound

Artesunate Artemisia annua L. In vivo (rabbits ear hypertrophic
scar model)

0.48 %,0.96 %,1.92 %
20 μl/cm2

↓TGF-β/Smad3 signaling pathway
↑Fas, BMP-7
↓TGF-β1, PCNA

[113–118]

Alkaloid Tetrandrine Stephania tetrandra S. Moore In vitro (Human hypertrophic scar
fibroblasts)

20,80,320 μg/ml
2.5, 7.5, 10, 12.5 μg/ml
5 mg/mL

↓TGF-β/Smad signaling pathway
↑Smad7
↓Smad2, TGF-β1, COL-I, COL-III
Affect HSF miRNA expression profile

[119,120]

Others Honey extract Honey Clinical trial (Patients with first and
second degree burns of less than 50
% of the total body surface area)

– Improve hyperplastic scar 161–163

Clinical trial (Plastic surgical
patients with Bilateral symmetric
incisions)

–

Onion extract Allium cepa L. (Onion) In vitro (Fibroblast human cell
lines)

50,250,100 μg/mL ↓fibroblasts, ECM
↑MMP-1
Improve scar color

37,164

Clinical trial (Patients after median
sternotomy incisions)

Topical application

In vitro (Human skin fibroblasts) 0,10,20,40 μM
In vivo (Hairless mice SKH-1) 0.05 and 1 %

Ligusticum
chuanxiong extract

Ligusticum chuanxiong Hort. In vitro (Human hypertrophic scar
fibroblasts)
In vivo (rabbits ear hypertrophic
scar model)

12.5,25,50,100,200 μg/
mL (EO)
5,10,20,40 μM(TMP)
5, 10, and 20 % (EO)

EO
↑MMP, Caspase-3, ROS
↓TGF-β1, COL-I, COL-III

[121,122]

TMP
↓fibroblasts
↓COL-I, COL-III and α-SMA, Bcl-2,
Caspase-3, p-AKT
↑cleave Caspase-3 and Bax

[123]

Panax noteginseng
saponins

Notoginseng Radix et Rhizoma In vitro (Hypertrophic scar
fibroblasts and normal human
dermal fibroblasts)

0, 200, 300, 400 μg/mL ↓PI3K/AKT signaling pathway
↓TRPM7, CTGF, α-SMA
↑MMP-1, NO

[124–126]

↓: the indicator goes up↑:the indicator goes down.
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3.1.2. Epigallocatechin-3-gallate
Green tea, picked from the tea plant Camellia sinensis (L.) Kuntze, is characterized by a high polyphenol content [134]. Green tea

extract may significantly inhibit the production of COL-I by interfering with PI-3K/Akt/mTOR signaling pathway, indicating that it has
therapeutic potential in the intervention and prevention of keloids and other fibrous diseases [7]. Epigallocatechin-3-gallate (EGCG) is
a catechin monomer extracted from tea leaves and one of the main components responsible for the biological activity of tea poly-
phenols [66].

Several recent studies have elaborated on the role of EGCG in fibrosis. EGCG plays a potential role in preventing fibrosis in many
organs by inhibiting the expression of VEGF, CTGF and TGF-β1[67–70]. EGCG is thought to promote wound healing and prevent scar
formation during the inflammatory and proliferative phases [135]. Klass et al. stimulated TGF-β1-related excessive scar formation in
wound closure and observed that EGCG downregulated the fibrotic reaction in cell culture and reduced the production of COL-I [71].
Two clinical trials by Ud-Din et al. have shown that EGCG may be used to treat skin scars by reducing blood flow, skin thickness, mast
cell activity, angiogenesis, increasing heme oxygenase-1 levels, and increasingM2macrophage count, elastin, antioxidant activity, and
hydration [66]. The preventive use of EGCG before the wound was induced by surgery had a beneficial effect on scar formation in
human skin [32]. Li et al. found that EGCG had a synergistic effect on wound healing induced by mesenchymal stem cells (MSC) in
vivo. EGCG specifically altered the expression of fibrosis-related genes in bone marrow MSCs to endow them with anti-scar properties,
which may be associated with the decreased expression of TGF-β1 and increased expression of TGF-β3. In addition, EGCG reduced the
expression and secretion levels of pro-inflammatory cytokine genes TNF-α, IL-1β, and IL-6 [72]. In an in vitro study, EGCG down-
regulated the expressions of α-SMA, fibronectin, mast cell trypsin and chymotrypsin, TGF-β1, CTGF, and PAI-1 [73]. However, the
clinical use of EGCG is limited by its low bioavailability because of its instability under alkaline conditions of the intestinal and cir-
culatory systems. Xu et al. suggested that local application may be an ideal strategy to fully realize the function of EGCG [135].

3.1.3. Resveratrol
Resveratrol (Res), synthesized in grape leaves and skins, is a polyphenol compound existing in many Chinese herbs such as

Polygonum cuspidatum Sieb. et Zucc., Veratrum nigrum L., and Cassia tora L. Polygonum cuspidatum has long been used as a traditional
medicine for burns and skin wounds, and an animal experiment had shown that topical application of its extract significantly possesses
wound healing activity [74]. Res has anti-oxidant, anti-inflammatory, anti-cancer, and cardiovascular-protective effects. It also
supports skin wound healing, offsets excessive scar formation, and prevents skin photoaging [136].

Res inhibits cell proliferation and induces apoptosis in a variety of cells, thereby playing a therapeutic role in proliferative diseases
[75]. Zhai et al. demonstrated that resveratrol treatment of human HSF inhibited their proliferation by inhibiting Smad-2,3,4 and
enhancing Smad7 mRNA and protein expression [137]. Moreover, Zeng et al. also demonstrated that Res caused cell cycle arrest and
induced apoptosis in a dose- and time-dependent manner and down-regulated the mRNA expression of type I and type III procollagen
[75]. Bai et al. found that the expression of Sirtuin1 in HS tissue was inhibited, and Res reduced the production of α-SMA, COL-I, and
COL-III in HSF by upregulating SIRT1 and also blocked the activation of normal skin fibroblasts induced by TGF-β1. In addition, in a
mouse healing model, ordered and thin collagen fibers similar to those observed during normal wound healing were obtained after the
use of Res [76]. The mTOR signaling pathway regulates cell proliferation and differentiation, and the activated mTOR acts on a
downstream target protein, p70 ribosomal protein S6 kinase (70S6K), which is a key regulator of protein translation [77]. Tang et al.
found that after the intervention of Res on fibroblasts from pathological scars, the mRNA and protein expressions of mTOR and 70S6K
were decreased, and they were negatively correlated to the Res concentration [78]. Subsequently, the authors found that the mech-
anism by which Res inhibits HSF proliferation may involve decreasing the expression levels of AKT and mTOR [79]. Starvation stress
can induce the expression of autophagy-associated mRNA and proteins in HS [80]. The proliferation and survival of HSFBs may be
related to autophagy, and a reduction in autophagy may be involved in the pathogenesis of HS[81–83]. Pang et al. found that Res may
promote autophagy by up-regulating the expression of miRNA-4654, which is involved in cell proliferation, cell differentiation,
apoptosis and autophagy regulation, while miRNA-4654 down-regulates the expression of Rheb, a key regulator of autophagy in
disease states [84]. The wound dressing comprising Res-loaded peptide-hydrogels can accelerate wound healing, inhibit macrophages,
reduce pro-inflammatory cytokines, and ultimately prevent scar formation [85].

3.1.4. Gallic acid
Gallic acid (GA) is a polyphenolic compound found in many natural foods and plants, such as gallnuts, sumac, witch hazel,

watercress, oak bark, tealeaves, areca nut, bearberry (Arctostaphylos), blackberry, and Caesalpinia Mimosoideae [87]. Rhus coriaria
extract has antimicrobial, anti-inflammatory, and antioxidant activity, which support its traditional uses as a wound healing agent,
particularly in infected wound [138]. GA exerts anti-oxidant, anti-cancer, anti-viral, anti-inflammatory, and anti-fibrotic effects [139].

Hsieh et al. found that GA significantly inhibited the contraction of HSF stimulated by TGF-β1 in a dose- and time-dependent
manner. Further, it also inhibited the expression of α-SMA, the formation of F-actin, and phosphorylation of myosin light chain by
downregulating the RhoA/ROCK signal cascade [88]. The growth inhibition, apoptosis, and necrosis of HSF were dependent on the
dose of GA. Apoptosis was induced by the Bcl2/Bax mitochondrial-dependent pathway, and necrosis was caused by the calcium
elevation/calpain I activation/lysosomal membrane rupture cascade [86]. The expressions of pro-inflammatory cytokines (TNF-α,
IL-6, IL-1β, and IL-8) were decreased in the HSF, which may be related to TLR-4/NF-κB/PPARγ pathway [87].
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3.2. Flavonoids

3.2.1. Galangin
Galangin, also called 3,5,7-trihydroxyflavone, is extracted from the root of Alpinia officinarum Hance of the ginger family. Topical

Alpinia officinarum treatment has an acutely beneficial effect on experimental contact type burns [140].
Galangin significantly inhibits the proliferation and activation of HSF and induces the anti-contraction of HSF in the collagen gel. It

significantly inhibited mRNA and protein levels of collagen type-I alpha 2 (Col1A2) and collagen type-III alpha 1 (Col3A1) in the HSF
and reduced collagen deposition in a mouse model of HS. Galangin inhibits the ALK5/Smad2/3 signaling pathway, and the over-
activation of this pathway is related to many fibroproliferative diseases [89,90]. Galangin directly downregulates the phosphorylated
Smad2/3 levels by targeting ALK5-selective inhibition of the Smad2/3 signaling pathway, while total Smad2, Smad3, and Smad4
levels are unaffected [93,94]. Ru et al. found that galangin negatively regulated the TGF-β/Smad signaling pathway by upregulating
Smad7, thereby inhibiting the stimulatory effect of TGF-β1 on collagen deposition in the ECM [92].

3.2.2. Quercetin
Quercetin is a flavonoid widely found in food, and its daily intake is approximately 4–68 mg in humans [141]. It is also an active

component of many medicinal plants, such as Alpinia officinarum Hance, Tussilago farfara L., Taxillus sutchuenensis (Lecomte) Danser,
Panax notoginseng (Burkill) F.H.Chen ex C.Y.Wu & K.M.Feng, and Euphorbia characias L., which have been used as medicinal plants to
treat wounds in traditional medicine and showe significant wound healing activity [142].

Cho et al. found that quercetin reduced the proliferation rate of fibroblasts and significantly increased the expression of MMP-1 in a
dose-dependent manner. In addition, quercetin may exert anti-scarring effects by upregulating MMP-1 through the JNK and ERK
signaling pathways (but not through the p38 signaling pathway) [37]. Phan et al. demonstrated that quercetin can inhibit the pro-
liferation of fibroblasts in the earlobe keloids and HS from burns by arresting cell growth and fibroblast contraction [93]. They further
found that quercetin inhibits TGF-β/Smad signaling and its downstream signaling molecules in fibroblasts at the receptor level. Similar
results were obtained by Song et al., and quercetin reduced the number of macrophages and myofibroblasts and inhibited cellular
signals that activate macrophages, such as TNF-α, nitroxide, and IL-12, as well as cellular signaling that is activated by dermal fi-
broblasts in response to the collagen and TGF-β1 treatmentz [94]. Jin et al. combined silicone gel sheets with quercetin with different
action mechanisms to produce a synergistic effect of downregulating TGF-β1 expression and reducing collagen formation [143].

3.2.3. Naringin
Three citrus peel extracts; Lemon (Citrus limon (L.) Burm.f.), Grapes fruits (Citrus paradisi Macfad.) and Orange (Citrus sinensis (L.)

Osbeck) have been proven to promote wound healing in experimental animals [144]. Naringin is a natural citrus flavonoid, which
mainly exists in citrus fruits and is also one of the main active components in Chinese herbal medicines such as Rhizoma Drynariae
(Kunze) J. Sm.

Mohammadi et al. found that naringin prevented the complications in an HOCI-induced skin fibrosis model by reducing collagen
production and serum TGF-β levels and downregulating COL-I, COL-III, and α-SMA [95]. Shan et al. found that the retention of CD4+ T
lymphocytes and CD68+ cells (monocytes/macrophages) and the levels of IL-1β, IL-6, and TNF-α were inhibited by naringin in an
animal model. The local application of naringin in a mouse model with HS significantly inhibited the formation of HS, fibroblast
activation, and local inflammation [96]. Song et al. found that naringin specifically inhibited the formation of HS by inhibiting
Aktp− Ser473/Thr308 in an in vitro experiment and inhibited the proliferation and migration of fibroblasts through the Akt signaling
pathway and promoted the apoptosis of fibroblasts [97].

3.3. Quinones

3.3.1. Emodin
Emodin, a natural anthraquinone derivative, has been used for more than 2000 years as a component of some Chinese herbal

medicines such as Reynoutria japonica Houtt., Pleuropterus multiflorus (Thunb.) Turcz. ex Nakai, and Radix et Rhizoma Rhei (Dahuang),
including Rheum palmatum L., Rheum tanguticum (Maxim. ex Regel) Balf., etc. Rheum australe D. Don was used for cure traditionally
[145].

Macrophage polarization is involved in regulating phagocytosis and tissue fibrosis in wound healing, which is mediated by the
Notch signaling pathway. Xia et al. found that emodin suppresses HS formation and fibrosis, possibly by suppressing M1/M2
macrophage polarization and TGF-β and Notch signaling. Emodin regulated the polarization of macrophages; the M1 phenotype
reduced the early inflammatory response to wound healing and the M2 phenotype inhibited late TGF-β expression [30]. Based on
animal studies, Liu et al. demonstrated that emodin may inhibit mechanical stress-induced HS inflammation by attenuating inflam-
matory cell recruitment and adhesion and suppressing the secretion of inflammatory cytokines by inhibiting the PI3K/Akt signaling
pathway [99]. He et al. showed that emodin inhibited HS proliferation and induced apoptosis by suppressing collagen synthesis and
transdifferentiation of fibroblasts to myofibroblasts. In addition, emodin exerted anti-fibrotic effects by interfering with the p38 MAPK
signaling pathway [98].

3.3.2. Shikonin
Shikonin (SHI) is a major active component extracted from the dried roots of traditional Chinese herbal medicine Zicao (Lith-

ospermum erythrorhizon Sieb. et Zucc., Onosma paniculate Bureau & Franch., and Arnebia euchroma (Royle ex Benth.) I.M.Johnst.),
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which has been clinically used for the treatment of burns and scars for thousands of years. Ether and water extracts of Lithospermum
erythrorhizon all can enhance wound healing [146].

Xie et al. found that SHI downregulates the expression of the collagen, type I, alpha 1 (COL1A1), collagen, type III, alpha 1
(COL3A1) and α-SMA [147]. SHI inhibited cell proliferation and induced apoptosis in HSF and human skin keratinocytes (Kc), whose
delayed function in re-epithelialization is associated with the formation of HS. Further, SHI upregulated phosphorylated ERK and
phosphorylated JNK in Kc and HSF and downregulated phosphorylated p38, caspase-3, and Bcl-2 expressions. Different concentrations
of SHI can induce the inhibition of collagen production by fibroblasts without affecting cell proliferation and inhibition of HSF pro-
liferation and apoptosis induction without affecting the function of Kc. In addition, SHI also activated the inflammatory NF-κB
signaling pathway in the HSF and reduced TGF-β1-induced collagen production through downregulated ERK/Smad signaling pathway.
Further, SHI weakened the TGF-β1-induced cellular contraction by downregulating the expression of α-SMA in the HSF [44,100]. Fan
et al. studied the effects of SHI and its analogs on HS-associated cells and found that SHI and naphthazarin were most effective in
inhibiting the activity of HSF and collagen synthesis [101]. In a porcine full-thickness burn hypertrophic scar model, SHI treatment
resulted in reduced skin thickness (except for the subcutaneous layer), a thin and homogeneous epithelial layer, reduced keratinocytes,
a regular distribution of fibroblasts, and uniform and loosely arranged collagen fibers in the dermis. Immunohistochemistry findings
revealed that the expression of p63, cytokeratin 10, α-SMA, TGF-β1, and COL-I was suppressed [102].

3.4. Saponins

3.4.1. Asiaticoside
Centella asiatica (L.) Urb. is a perennial herb of the Umbelliferae family and has been historically used for treating skin injuries and

diseases, such as burns, ulcers, eczema, psoriasis, and HS. Centella asiatica extracts act in multiple phases of the cutaneous repair
process [148]. Its active ingredients include asiaticoside (AS; highest activity), asiatic acid, madecassic acid, and other unidentified
compounds [99,149].

The research on the mechanism of AS in HS treatment mainly focuses on the TGF-β/Smad signaling pathway. Xie et al. found that
the animals treated with a high concentration of AS ameliorated the histological characteristics of scars, significantly reduced the
expression of TGF-β1, and enhanced the expression of Smad7 mRNA and protein [103]. Huang et al. observed reduced scar thickness,
suppressed gene expression of COL-I, COL-III, TGF-β1, IL-1β, IL-6, and IL-8, and increased expression of Smad7 and PPARγ genes in an
animal model after oral administration of AS. Researchers suggested that the low bioavailability of AS could be overcome by
administering sufficient doses of it because the side effects were almost undetectable [104]. Qi et al. reported that AS upregulates the
expression of Smad7 to inhibit TGF-β signaling through a negative feedback loop [105].

AS does not easily pass through the stratum corneum after local administration because of its high molecular weight, low water
solubility, and low lipophilicity. AS-loaded nanoemulsion-based gels and AS-laden silk nanofiber hydrogels designed by Liu et al.
effectively and safely allow penetration of the drug into the skin without impairing the biological activity of AS [51,150].

3.4.2. Astragaloside IV
Astragalus membranaceus (Fisch.) Bge., having a long history of medicinal use and is often used for the repair and regeneration of

damaged organs and tissues, contains several active substances, including saponins, polysaccharides, and flavonoids. Radix Astragali,
the dried root of Astragalus membranaceus (Fisch.) Bge., and Radix Rehmanniae significantly enhanced the viability of fibroblasts
isolated from foot ulcers in diabetic patients [151].

Chen et al. found that astragaloside IV treatment effectively inhibited scar complications of wound healing. It reduced the pro-
portion of COL-I and COL-III in a dose-dependent manner, which were secreted by fibroblasts in the wound remodeling phase, and also
decreased the level of TGF-β1 without inducing any cytotoxicity to fibroblasts [106]. However, astragaloside IV is a sparingly soluble
substance with low viscosity. Chen et al. used solid lipid nanoparticles to develop the astragaloside IV -loaded nanoparticle-enriched
hydrogel, which prolonged the residence time of the drug on the skin and had good compatibility and moisturizing effects [152]. Shan
et al. and Zhang et al. found that silk fibroin/gelatin (SF/GT)-nanofiber dressings significantly enhanced cell adhesion and prolifer-
ation in vitro. Compared with the astragaloside IV solution, SF/GT electrospun nanofiber dressing loaded with astragaloside IV
demonstrated better inhibition of the expression of α-SMA [153,154].

3.4.3. Ginsenoside
The use of ginseng has a long history, and seven major species of it have been identified. Panax ginseng C. A. Mey. is the most

commonly used species and has various biological activities helpful for wound healing and stimulating human dermal fibroblast
proliferation and collagen synthesis [155]. Ginsenosides, the main biologically active compounds of ginseng [156]. The effects of Rb1
and Rg3 on HS have been extensively studied.

Tark et al. found that Rb1 levels were negatively correlated with mRNA expression and immunohistochemical reactivity of MMP-2,
TIMP-1, α-SMA, and TGF-β1 in an animal model. In addition, Rb1 inhibits the expression of COL-I [107]. IκB participates in the in-
flammatory response through phosphorylation, leading to nuclear translocation of NF-κB and upregulation of the HS-related genes
[108]. Ma et al. found that Rg3 inhibited the IκB phosphorylation, thereby reducing NF-κB-mediated inflammation in HS. In addition,
Rg3 also inhibited the synthesis of COL-I and COL-III and induced fibroblast apoptosis [108]. Cheng et al. found that Rg3 inhibited HSF
proliferation and induced HSF apoptosis, thereby reducing the accumulation of collagen fibers. Moreover, Rg3 downregulated the
expression of VEGF in the HS tissue [109]. An optimal drug delivery system is critical for Rg3 because of its low solubility for
maximizing its effects. Cui et al. developed an Rg3/PLA electrospun fiber scaffold that could rapidly reduce fibroblast growth and
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recover the structural and functional characteristics of injured skin [157]. Cheng et al. successfully prepared implantable biode-
gradable GS-Rg3-loaded PLA fibrous membranes using co-electrospinning technology to control drug release and improve drug uti-
lization. Their results showed that the VEGF protein level in the Rg3/PLA electrospun membrane treatment group was much lower
than that in other control groups [110]. In addition, they also prepared poly (lactic-co-glycolic acid) (PLGA) electrospun fibers carrying
Rg3 by co-solvent electrospinning and coated the surface of the drug-loaded electrospun fibers with hyaluronic acid using
pressure-driven permeation coating. This system exerted the combined effect of promoting the healing of rabbit ear trauma and
inhibiting the formation of HS [111]. Further, they explored the specific functional mechanism of Rg3, and the results showed that the
Rg3 treatment downregulated the mRNA and protein levels of COL-I, COL-III, fibronectin, and pro-fibrosis molecules, such as CTGF,
IL-6, MCP-1, TNF-α, and α-SMA. In addition, MMP-2/TIMP-1, MMP-9/TIMP-2, and MMP13/TIMP-1 ratios were increased, indicating
either inhibition or reversal of HS fibrosis. Rg3 inhibited cell proliferation and angiogenesis and reduced ECM deposition of HSF
through TGF-β/Smad and Erk1/2 signaling pathways without delaying the wound healing process [158].

3.4.4. Oleanolic acid
Oleanolic acid (OA) is a type of natural pentacyclic triterpene that is mainly extracted from the leaves of Olea europaea L., fruits of

ligustrum lucidum Ait. The whole grass Swertia mileensis T. N. Ho et W. L. Shi. Olive leaf extract demonstrated strong in vivo wound
healing activity due to its antioxidant and antimicrobial features [159].

The expression levels of P311 mRNA and protein were significantly upregulated in human HS tissue [160]. Zhang et al. found that
OA may inhibit TGF-β1 production in fibroblasts, reduce the secretion of TIMP-1, increase the activity of MMP-2, and then upregulate
the degradation of COL-I and COL-III, to ameliorate the scar formation by interfering with the expression of the P311 gene [112]. Wei
et al. determined the inhibitory effect of OA on HS formation in rabbit ears and observed similar results [161]. In China,
Zhangshi-Ba-Hen-ZhiYang-Ruan-Hua ointment is used to treat HS by promoting blood circulation to soften the scars, remove
dampness, and relieve itching. Zhang et al. found that several active ingredients, including OA, significantly inhibited cell survival and
caused apoptosis. OA promoted the translocation of Bax from the cytoplasm to mitochondria, increased the Bax/Bcl-2 protein ratio,
and disrupted the permeability of the mitochondrial membrane, which resulted in the loss of MMP and increased the release of
mitochondrial cytochrome c and apoptosis-inducing factor, activated caspase-9 and -3. The activated caspases induced the apoptosis of
HSF, which was associated with the activation of p38 MAPK and JNK signaling pathways but not the ERK pathway. Notably, caspase-8
was not activated during this process, suggesting that OA does not induce HSF apoptosis through the death receptor pathway. In
addition, the acute toxicity test showed that OA was not toxic to normal cells [43].

3.5. Sesquiterpenes

3.5.1. Artesunate
Artesunate (ART) is an artemisinin derivative isolated from the Chinese medicinal plant Artemisia annua L., which is extensively

used in malaria treatment and also used for the fabrication of wound dressing [162].
Nong et al. found that ART promoted wound healing and reduced fibroblast proliferation and collagen production by inhibiting the

TGF-β/Smad3 signaling pathway in a dose-dependent manner. In addition, ART also weakened the TGF-β1/Smad3-induced
contraction of HSF-containing gel [113]. ART is often used in combination with other treatments in clinical practice. Zhang et al.
reported that ART combined with 595-nm pulsed dye laser (PDL) or fractional CO2 laser (FCO2L) was associated with the expression of
bone morphogenetic protein-7 (BMP-7) and Fas. BMP-7, a member of the TGF-β superfamily, reduces fiber production in HS and other
tissues. The Fas gene is an important factor in triggering the Fas-associated death domain and activating-induced cell death to mediate
apoptosis. These proteins inhibit the formation of HS by inducing fibroblast apoptosis in the scar tissue [114,115]. According to the
results of the two experiments conducted by Zhang et al., the HS in PDL, ART, FCO2L, PDL + ART, and FCO2L + ART groups was
inhibited, and the expression of Fas and BMP-7 proteins was increased, specifically in the combined treatment group [116,117]. In
addition, the authors also found that the therapeutic effect of ART combined with FCO2L was related to the inhibition of TGF-β1 and
proliferating cell nuclear antigen, which is a nuclear protein closely related to cell cycle, DNA synthesis, fibroblast proliferation, and
HS formation [118].

3.6. Alkaloids

3.6.1. Tetrandrine
Tetrandrine, a dibenzylisoquinoline alkaloid, is derived from Stephania tetrandra S. Moore and other related species of the family

Menispermaceae, which has been used in China as traditional Chinese medicine “Fang Ji” for eczema and inflamed sores over a
thousand years [163].

Liu et al. found that tetrandrine significantly inhibited the proliferation of HS fibroblasts in a dose-dependent manner [164].
Tetrandrine inhibited TGF-β1 transcription and its intracellular signaling, at least in part by inducing Smad7 and inhibiting Smad2
expressions, and reduced the production of COL-I and COL-III and inhibited cell regeneration activity by blocking the TGF-β/Smad
signaling pathway [119]. Subsequently, the authors explored the effect of tetrandrine on the expression profile of HSF microRNA in
vitro. The results showed that tetrandrine-treated HSFs were less in number and had smaller and rounder cell shapes with shorter or
absent spindles compared with the control cells. In addition, the expression levels of 186 microRNAs in the experimental group were
decreased, whereas the expression levels of 7 microRNAs were increased. Many of these microRNA targets were associated with
important signaling pathways associated with scar wound healing, including VEGF, apoptosis, and cell cycle [119,120].
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3.7. Other natural products

3.7.1. Honey extract
Honey has been used for thousands of years for its medicinal properties worldwide, especially as the oldest wound dressing. Modern

pharmacological studies have shown that honey promotes wound healing through anti-bacterial, anti-inflammatory, and anti-oxidant
effects. It also boosts the immune system and cleanses and regenerates wounds [165].

In a randomized clinical trial, Goharshenasan et al. found that the use of honey dressing improved the healing process of surgical
wounds and its final aesthetic effect was superior to that of the traditional dressing [166]. Gupta et al. conducted a retrospective study,
and the results showed that surface honey dressings were more effective than sulfadiazine dressings in treating HS [167]. In addition,
honey has no significant allergic reactions or side effects in clinical applications, and it is considered a safe, economical, convenient,
and beneficial wound treatment dressing. However, scar scores were not significantly different between patients using honey and those
not using honey (controls) [168].

3.7.2. Onion extract
Contractubex gel is used for the desalination of old and new scars and even pockmarks. It contains onion (Allium cepa L.) extract,

heparin, and allantoin and is thought to have anti-HS and anti-keloid effects. Onion extracts have an inhibitory effect on fibroblasts,
which, in turn, reduces their proliferative activity and the production of ECM [169]. Pikuła et al. found that both onion extract and
enoxaparin induced apoptosis of dermal fibroblasts and inhibited the expression of β1 integrin expressed by fibroblasts at selected
concentrations. Notably, β1 integrin is necessary for fiber formation [170]. In a clinical trial, Jenwitheesuk et al. showed that patients
with HS who were treated with the silicone derivatives plus onion extract gel had significantly lighter pain, itching, and pigmentation
than those who received placebo gel treatment; however, there was no significant improvement in terms of vascularity, pliability, or
height [171]. Similarly, Hosnuter et al. investigated the therapeutic effects of onion extract alone and in combination with silica gel
tablets. The results showed that onion extract was statistically more effective in improving scar color and ineffective in ameliorating
scar height and itching, whereas silica gel tablets were more effective in reducing scar height. Therefore, the authors suggested that the
best therapeutic effect can be achieved only by combining different treatments [172].

Although the preventive and therapeutic effects of onion extract on HS have been reported in many clinical trials, its specific
mechanism of action has not been clarified yet. Cho et al. found that onion extract upregulated the expression of MMP-1 in cellular and
animal experiments, thereby modifying ECM; however, it did not significantly affect the expression of COL-I [37]. Chung et al. found
that onion extract gel did not improve the cosmetic appearance or ameliorate the symptoms of scars [173]. Yuan et al. concluded that
the onion extract gel did not have the advantages of common local treatments and might increase the incidence of adverse reactions in
scar management [174].

3.7.3. Rhizoma chuanxiong extract
Rhizoma chuanxiong (RCX), the dry rhizome of Ligusticum chuanxiongHort. (LC), is a perennial herb with developed rhizomes. The

compounds present in LC are divided into five categories, namely, volatile oils, alkaloids, phenolic acids, phthalate lactones, and other
components [175].

Wu et al. demonstrated that essential oil (EO) from rhizomes of Ligusticum Chuanxiong was effective in the treatment of HS. EO can
significantly inhibit the cell viability of HSF and induce apoptosis, which is partially achieved by inducing MMP loss, causing excessive
ROS accumulation, and triggering caspase-3 activation. EO was applied to HS in rabbit ears and significant inhibition of HS and
reduction of scar elevation index were observed. Histological examination also revealed a marked decrease in TGF-β1, COL-I, and COL-
III levels and a significant increase in MMP-1 levels [121,122].

Tetramethylpyrazine (TMP), an alkaloid extracted from RCX, has remarkable therapeutic efficacy in fibrotic diseases of various
parts, such as the myocardium, lung, and liver. Wu et al. found that TMP inhibited the proliferation of scar fibroblasts and activated
apoptosis. Protein expression levels of COL-I, COL-III, α-SMA, Bcl-2, and caspase-3 were significantly decreased, whereas those of
cleaved caspase-3 and the pro-apoptotic protein Bax were increased. In addition, PI3K/AKT signaling pathway also participates in the
protection of HS by TMP [123].

3.7.4. Panax noteginseng saponins
Panax noteginseng saponins (PNS) are extracted from the root and rhizome of Panax notoginseng (Burkill) F.H.Chen ex C.Y.Wu& K.

M.Feng. PNS can promote wound healing, anti-oxidant, and anti-thromboembolism [176].
Zhi et al. found that PNS inhibited collagen accumulation by reducing CTGF expression while increasing MMP-1 expression,

thereby inhibiting HS formation [124]. PNS inhibited scar formation by regulating the PI3K/AKT signaling pathway, inhibiting ECM,
and stimulating apoptosis. The channel-kinase transient receptor potential ion channel subfamily M member 7 (TRPM7) is a potential
pharmacological target in PNS that promotes excessive ECM deposition and is associated with proliferative diseases [125]. The authors
suggested that PNS plays a role by inhibiting TRPM7 to modulate PI3K/AKT signaling pathway; therefore, TRPM7 may be a new
therapeutic molecular target for HS [125]. In addition, Men et al. found that PNS increases nitric oxide levels in fibroblasts (3T3 cell
line), inhibits cell proliferation, and accelerates wound healing in mouse skin. PNS reduced the accumulation of fibroblasts and
subsequently the expression of α-SMA in wounds [126].

Y. Zhang et al.



Heliyon 10 (2024) e37059

15

4. Network target prediction

Traditional Chinese medicine (TCM) is characterized by its multi-component, multi-target, and holistic nature. Network phar-
macology allows for systematic prediction, offering valuable insights into the synergistic mechanisms between active components of
TCM and facilitating the identification of potential drug targets [177]. This review employs network pharmacology to elucidate the
action mechanisms of natural products in the context of HS. The application of network pharmacology to understanding HS provides a
methodological and theoretical foundation for exploring the pharmacological mechanisms of natural products associated with HS and
for the development and utilization of therapeutic agents.

We conducted a validation of 28 HS targets using the SwissTargetPrediction, MalaCards, and ctdbase databases, focusing on fifteen
specific pure natural products (Curcumin, Resveratrol, EGCG, Gallic acid, Galangin, Quercetin, Naringin, Emodin, Asiaticoside,
Astragaloside IV, Ginsenoside Rg3, Ginsenoside Rb1, Oleanolic acid, Artesunate, and Tetrandrine) mentioned earlier. To visualize the

Fig. 4. The natural product-target network predicted by network pharmacology. The figure was constructed by Cytoscape 3.6.1. Green circles
represent the natural products and the different colored circles represent the targets. The size of the circle representing each node is determined
based on the value of betweenness centrality. The color transition from yellow to red indicates the increasing value of betweenness centrality of the
targets in the process of HS treatment.
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interactions, we constructed a compound-target network using Cytoscape 3.6.1 software. This compound-target network was pre-
dicted using network pharmacology and demonstrates the relationships between the natural products and their respective targets.
After that, we calculated and analyzed the topological properties of the following three data for each node in the PPI network using the
Cytoscape software plug-in CytoNCA (degree centrality, betweenness centrality, and closeness centrality. And the size of the circle
representing each node is determined based on the value of betweenness centrality. Fig. 4 depicts this network, where green circles
represent the natural products and the different colored circles represent the targets. The color transition from yellow to red indicates
the increasing value of the betweenness centrality of the targets in the process of HS treatment. Among the natural products,
Resveratrol has the highest number of candidate targets, followed by Artesunate, Curcumin, Oleanolic acid, EGCG, Gallic acid, Gin-
senoside Rg3, Emodin, Asiaticoside, Naringin, Galangin, Quercetin, Ginsenoside Rb1, Astragaloside IV, and Tetrandrine. The candi-
date targets identified in the progression of HS mainly involve inflammation-related proteins (TNF, PTGS2, RELA, etc.), apoptosis-
related proteins (CASP7, CASP3, BAX, BCL2, AKT1, PARP1, ITGB1, etc.), oxidation-reduction-related proteins (CYP1A2, CYP2C9,
CYP3A4, CYP1A1, CYP2D6, etc.), as well as angiogenesis-related proteins (SERPINE1). Notably, inflammation and apoptosis-related
targets (e.g., PTGS2, BCL2, PARP1, AKT1) exhibit a higher correlation, indicating the potential therapeutic effect of these natural
products on HS bymodulating these specific proteins. as well as angiogenesis-related proteins (SERPINE1). Notably, inflammation and
apoptosis-related targets (e.g., PTGS2, BCL2, PARP1, AKT1) exhibit a higher correlation, indicating the potential therapeutic effect of
these natural products on HS by modulating these specific proteins (Fig. 4).

Curcumin, Resveratrol, EGCG, Gallic acid, Galangin, Quercetin, Naringin, Emodin, Asiaticoside, Astragaloside IV, Ginsenoside Rg3,
Ginsenoside Rb1, Oleanolic acid, Artesunate, and Tetrandrine were subjected to target prediction using the SwissTargetPrediction

Fig. 5. The PPI network. The figure was constructed by Cytoscape 3.6.1. The size of the circle representing each node is determined based on the
value of betweenness centrality. AHR, AKT1, MTOR, PTGS2, HIF1A, and JUN emerge as the pivotal targets within the network.
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database. The obtained protein targets were then used to construct a compound-target network using Cytoscape 3.6.1. On the other
hand, HS targets were identified from the MalaCards and ctdbase databases. The intersection of compound targets and disease targets
was determined to identify the overlapping targets. These coinciding targets were further analyzed using the STRING database to
construct a protein-protein interaction (PPI) network (Fig. 5).

As depicted in Fig. 5, AHR, AKT1, MTOR, PTGS2, HIF1A, and JUN emerge as the pivotal targets within the network. AHR is found
in mast cells and upon activation, it stimulates the production of IL-17 and ROS, thereby influencing the inflammatory response [178].
AKT1 and MTOR regulate cell growth via the PI3K/AKT/mTOR pathway, which plays a crucial role in inflammation and apoptosis.
Inhibition of this pathway can impede HSF growth, migration, and ECM accumulation through autophagy activation [179]. PTGS2,
also known as cyclooxygenase-2 (COX-2), is involved in the inflammatory response and modulates cell proliferation and apoptosis. Its
overexpression exerts significant regulatory effects on aberrant fibrogenic responses and proinflammatory mediators [180]. HIF1A
contributes to scar formation during skin wound healing and may contribute to the excessive fibrosis characteristic of hypertrophic
scars [181]. JUN is also implicated in the regulation of cell proliferation, apoptosis, and various biological processes. It exhibits high
expression levels in HS and serves as a key regulator of pathological skin scar formation [182].

5. Critical considerations

5.1. Mechanism of actions of natural products against hypertrophic scars

Here, we discussed the effects and mechanisms of medicinal plants in treating HS. Our systematic analysis revealed that several
natural compounds show anti-HS effects through anti-inflammatory, anti-proliferative, anti-angiogenesis, and pro-apoptoticproperties
[64,65,86,93,97,98].

Furthermore, the components of natural products and herbal medicines are complex and act through multiple molecular mech-
anisms to improve the prognosis of HS. Some of them can also promote wound healing during the healing stage.

Natural products and other treatments for HS have different action mechanisms. Therefore, combined treatments, like quercetin
combined with silica gel tablets, artesunate combined with 595-NM PDL, and onion extract combined with silica gel tablets, have
better efficacy in alleviating pain, pruritus, and scar thickness [183,169,170,180]. However, most of the researchers have only
evaluated the active ingredients of a single natural product. Therefore, combination therapies with natural products should be the
focus of research on HS treatment.

5.2. Potential toxicity and side effects

The toxicity and side effects of natural products should be extensively evaluated. The therapeutic effects of natural products involve
identifying their pharmacologically active ingredients and evaluating their effects and properties. However, natural products are
commonly used in the form of crude extracts; therefore, their safety is questionable. Althoughmost of the natural products summarized
in this review have low toxicity and are safe within a certain dose range, a few of them still have certain toxicity and side effects that
need further evaluation. For example, adverse reactions, such as allergy and hepatorenal toxicity, related to PNS have been reported in
some clinical trials [176]. Emodin may cause hepatotoxicity, nephrotoxicity, and reproductive toxicity, and ginsenoside may cause
central nervous excitement [107,184]. Therefore, future studies should focus on developing strategies for the safe administration of
drugs within the prescribed dose range. Moreover, novel methods should be developed to extract the maximum amount of active
components from crude natural products rather than toxic ones.

5.3. Clinical application and transformation

Natural products are a potential source of new drugs, and some of them have strong preventive and therapeutic effects on HS.
However, the discovery and identification of these natural products are generally based on historical experience. Although some
natural products have shown efficacy in the treatment of HS, detailed studies on the mechanisms by which they exert their therapeutic
effect have not been conducted. Several molecules, such as curcumin, resveratrol, gallic acid, galangin, quercetin, naringin, emodin,
shikonin, asiaticoside, astragaloside IV, ginsenoside, oleanolic acid, artesunate, tetrandrine, ligusticum chuanxiong extract, and panax
noteginseng saponins have only been tested in cell lines or animals. Although multiple in vivo and in vitro studies have reported the
safety and efficacy of medicinal plants in treating HS, experimental data obtained from animal models are insufficient to confirm their
safety and efficacy in humans. Therefore, extensive clinical validation of natural products using approved strategies is required before
the final clinical application.

5.4. Improved pharmaceutical preparations of natural products

The therapeutic effect of most natural products on HS is limited because of their low bioavailability. The topical application of
drugs is usually preferred for HS treatment. However, the barrier effect of the skin limits transdermal penetration, which hinders the
optimal application of the drugs. Therefore, a suitable excipient is required that can enhance the use of natural products with syn-
ergistic effects such as promoting wound healing and relieving pain. Many natural products have been designed with carriers that help
them penetrate and constantly release into the skin. Some examples of such carrier-based natural products are AS-loaded nano-
emulsions, astragaloside IV-loaded nanoparticle-enriched hydrogels, and ginsenoside RG3-loaded electrospun PLGA fiber membranes.
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6. Conclusions and perspectives

The molecular mechanisms involved in fibrosis are similar in different tissues. Several natural products have inhibitory effects on
fibrosis in multiple organs. Some compounds that are effective in the treatment of HS can also be used for treating myocardial fibrosis,
renal fibrosis, liver fibrosis, peritoneal adhesion, and tendon adhesion. These multitargeted natural products also offer a new approach
to developing drugs for HS treatment.

We have not included natural products with limited published data in this review. For example, Radix Astragali seu Hedysari and
Radix Salviae Miltiorrhizae extracts inhibit HS in rabbits by regulating the TGF-β/Smad signal pathway, osthole inhibits fibroblast
growth in HS and reduces TGF-β1 expression through apoptosis, oxymatrine promotes HS repair by reducing the activity of human scar
fibroblasts and collagen and induces apoptosis by autophagy inhibition, dihydromyricetin and baicalein attenuate HS formation by
targeting TGF-b receptor I, named activin receptor-like kinase 5, Sal-B inhibits HSFs proliferation, migration, fibrotic marker
expression and attenuates HTS formation in vivo and in vitro, protocatechuic aldehyde can be used to prevent and treat HS by
simultaneously regulating HSF and human umbilical vein endothelial cells, and paclitaxel has a strong inhibitory effect on fibroblast
proliferation, collagen deposition, and angiogenesis of HS in rabbit ears [185–192]. In addition, keloids share some similarities with
HS in appearance and formation, and researchers have found that some natural products play a role in the treatment of keloid scars;
however, there are no studies on their efficacy in treating HS. For example, dihydroartemisinin induces mitochondrial mRNA
degradation and apoptosis in keloid fibroblasts, and tanshinone IIA inhibits proliferation and induces apoptosis by downregulating
Survivin in the keloid fibroblasts [193,194]. The existing gaps in evaluating the therapeutic potential of these natural products should
be further explored.

Although a lot of challenges still exist in terms of the routine clinical use of natural products as established drugs, their diverse
biological activities and mechanisms involved in the treatment of HS have been elaborated in several studies. Natural products offer
advantages in the treatment of HS, including affordability, proven efficacy, andmultitarget therapy. However, several natural products
still need to be studied using modern pharmacological approaches, and many new compounds with therapeutic effects on HS may be
isolated and identified in the future.
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