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 Abstract: Keloids are a challenging dermatological condition, characterized by abnormal wound 
healing and excessive fibrosis, resulting in raised, disfiguring scars that can significantly impact 
patients' quality of life. Despite the availability of various treatments, including corticosteroid 
injections, laser therapy, and surgical excision, effective and consistent therapeutic options re-
main elusive due to high recurrence rates and limited efficacy. This study investigates the poten-
tial of botanical extracts to influence keloid formation and modulate underlying cellular and mo-
lecular processes. Using a combination of in vitro and in vivo models, we screened a diverse 
range of plant-derived compounds for their effects on fibroblast proliferation, collagen synthesis, 
and extracellular matrix remodeling. Detailed molecular analyses have revealed that several com-
pounds exhibit strong anti-keloid activity by targeting key pro-fibrotic signaling pathways,  
such as TGF-β/Smad and MAPK/ERK. These compounds also demonstrated the ability to  
induce fibroblast apoptosis, reduce excessive collagen deposition, and normalize extracellular 
matrix organization. Furthermore, our findings suggest that these plant-based compounds may  
act synergistically with current treatments to enhance their efficacy while minimizing side  
effects. The study highlights the therapeutic promise of botanical extracts in managing  
keloids and underscores the importance of natural products as a source of innovative treatments. 
Future research should focus on optimizing the pharmacological properties of these compounds 
for clinical applications, investigating their long-term safety and efficacy, and exploring their  
potential integration into multimodal therapeutic strategies. These efforts could pave the way  
for the development of novel, targeted approaches to improve keloid management and patient 
outcomes. 
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1. INTRODUCTION 

 Keloids are abnormal scars that result from dysregulated 
wound healing, often causing physical discomfort, psycho-
logical distress, and aesthetic concerns. Their raised, hyper-
pigmented appearance and tendency to recur make them par-
ticularly challenging to treat [1]. The exact mechanisms be-
hind keloid formation involve excessive fibroblast activity, 
collagen deposition, and prolonged inflammation, but they 
remain only partially understood. Current treatments, includ-
ing surgical removal, steroid injections, and laser therapy,  
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are often ineffective and carry high rates of recurrence [2]. 
This unmet need for effective therapies has driven research 
into alternative treatments, including botanical extracts. 
Plant-derived compounds offer a promising avenue due to 
their diverse pharmacological properties and anti-
inflammatory, anti-fibrotic, and wound-healing effects. In-
vestigating these compounds may lead to more targeted, nat-
ural therapeutic options for mitigating keloid formation and 
improving patient outcomes. This introduction sets the stage 
for exploring the anti-keloid effects of plant-derived com-
pounds by providing insights into the complex molecular and 
cellular mechanisms underlying keloid formation and pro-
gression [3]. Understanding keloid pathogenesis is essential 
for developing targeted strategies to mitigate their deleteri-
ous effects and improve patient outcomes. 
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 While previous studies have explored the role of botani-
cal extracts in scar management, the molecular mechanisms 
underlying their anti-keloid effects remain underexplored. 
This study uniquely investigates specific plant-derived com-
pounds, curcumin, epigallocatechin gallate (EGCG), asiati-
coside, and glycyrrhizin, by elucidating their effects on the 
TGF-β/Smad and MAPK/ERK pathways. By focusing on 
fibroblast proliferation, collagen synthesis, and apoptosis, 
this study provides a deeper mechanistic understanding of 
how these compounds modulate keloid progression. These 
insights set the foundation for targeted, plant-based anti-
keloid therapies. 

2. STUDY SELECTION AND METHODOLOGY 

 A literature search was conducted using PubMed, Sco-
pus, Web of Science, and Google Scholar. The following 
keywords and Boolean operators were applied: 'keloid treat-
ment' AND 'botanical extracts' OR 'phytochemicals' AND 
'fibroblast inhibition' OR 'collagen synthesis' AND 'TGF-
β/Smad' OR 'MAPK/ERK pathway'. The search covered 
studies published from 2000 to 2024 and additional refer-
ences were manually retrieved from selected papers. 

 Studies were included if they investigated plant-derived 
compounds in keloid models (in vitro, in vivo, or clinical 
trials) and provided mechanistic insights into fibrosis-related 
pathways. Exclusion criteria included review articles lacking 
primary data, non-keloid fibrosis studies, and retracted or 
outdated papers published before 2000. 

 Two independent reviewers screened all titles and ab-
stracts, with full-text articles assessed for eligibility based on 
predefined criteria. Discrepancies were resolved through 
discussion or a third-reviewer consultation to ensure selec-
tion accuracy.  

3. BOTANICAL EXTRACTS: A PROMISING THER-
APEUTIC AVENUE 

 Botanical extracts have emerged as promising therapeutic 
agents for a range of dermatological conditions, including 
keloids [4]. These extracts contain a wealth of bioactive 
compounds that exhibit pharmacological properties such as 
anti-inflammatory, antioxidant, anti-fibrotic, and wound-
healing effects. For instance, Aloe vera is widely recognized 
for its ability to reduce inflammation and promote healing, 
while Centella asiatica has been shown to modulate collagen 
production and improve scar formation. Curcumin, the active 
component in turmeric, also demonstrates the potential to 
inhibit excessive collagen deposition, making it a compelling 
option for keloid management. Botanical extracts are acces-
sible, affordable, and culturally accepted in many regions, 
making them attractive candidates for both topical and sys-
temic use. However, despite their potential, there are notable 
challenges. One major limitation is the bioavailability of 
certain plant compounds, as many active ingredients may 
degrade during processing or have low absorption rates when 
applied topically. Additionally, the variability in composition 
between different plant batches due to factors such as soil 
quality and harvesting conditions can lead to inconsistent 
therapeutic effects. Ensuring standardization in extraction 
and formulation methods will be essential to overcoming 
these limitations [5]. 

 Overall, while botanical extracts offer a natural and mul-
ti-target approach to keloid management, addressing these 
challenges is critical to optimizing their therapeutic potential 
and ensuring consistent outcomes in clinical applications. 
This section explores the potential of botanical extracts as a 
novel therapeutic avenue for mitigating keloid formation and 
progression, highlighting their natural origins, multi-target 
effects, and potential synergies with conventional therapies. 
Understanding the pharmacological properties and mecha-
nisms of action of botanical extracts is crucial for harnessing 
their therapeutic potential and advancing personalized ap-
proaches to keloid treatment [6]. 

4. EXTRACTION OF BOTANICAL COMPOUNDS 

 Plant materials were dried at 40°C and ground into fine 
powder. For curcumin extraction, 10 g of Curcuma longa 
powder was subjected to Soxhlet extraction using 95% etha-
nol at 60°C for 6 hours. The filtrate was evaporated under 
reduced pressure to obtain a concentrated extract. Similarly, 
EGCG was extracted from Camellia sinensis leaves via mac-
eration in 80% methanol for 24 hours at room temperature, 
followed by filtration and solvent evaporation. 

5. SCREENING PLANT-DERIVED COMPOUNDS: IN 
VITRO AND IN VIVO MODELS 

 The plant extracts were prepared using standardized pro-
cedures. Curcumin (10 µM), epigallocatechin gallate 
(EGCG, 20 µM), asiaticoside (15 µM), and glycyrrhizin (25 
µM) were solubilized in DMSO (final concentration < 0.1%) 
and diluted in culture medium. Controls were treated with 
the vehicle alone. All concentrations were determined based 
on prior literature and preliminary cytotoxicity assays. 

 To evaluate the anti-keloid potential of plant-derived 
compounds, both in vitro and in vivo models are employed to 
provide complementary insights. In vitro models, such as 
cell-based assays using keloid-derived fibroblasts, allow 
researchers to study cellular responses at a molecular level. 
Human Keloid-derived Fibroblasts (HKFs) were obtained 
from surgical excisions. The cells were cultured in Dulbec-
co’s Modified Eagle Medium (DMEM) supplemented with 
10% Fetal Bovine Serum (FBS), 1% penicillin-streptomycin, 
and maintained at 37°C in a humidified 5% CO2 atmosphere. 
All experiments were conducted using cells between passag-
es 3-6, seeded at 70% confluency to ensure a consistent cel-
lular response. These models help assess key processes like 
fibroblast proliferation, collagen synthesis, apoptosis, and 
extracellular matrix remodeling. Fibroblast proliferation was 
evaluated using an MTT assay. Briefly, keloid-derived fi-
broblasts (5 × 104 cells/well) were seeded in 96-well plates 
and treated with botanical extracts (curcumin, EGCG, asiati-
coside, and glycyrrhizin) at concentrations ranging from 5 to 
50 µM for 24, 48, and 72 hours. After treatment, 10 µL of 
MTT reagent (5 mg/mL) was added to each well and incu-
bated at 37°C for 4 hours. Formazan crystals were solubil-
ized in 100 µL of DMSO, and absorbance was measured at 
570 nm. Untreated fibroblasts served as negative controls, 
while TGF-β1 (10 ng/mL) was used as a positive control. 
Data were analyzed using ANOVA with Bonferroni post-hoc 
correction (p < 0.05 considered significant). Collagen syn-
thesis was quantified using a Sircol™ Collagen Assay (Bio-
color Ltd.). Keloid fibroblasts were treated with botanical 
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extracts (5-50 µM) for 72 hours, and culture supernatants 
were collected. Samples were incubated with Sircol dye rea-
gent at room temperature for 30 minutes, followed by cen-
trifugation at 10,000 × g for 10 minutes. The pellet was dis-
solved in an alkali reagent, and absorbance was measured at 
540 nm. TGF-β1 (10 ng/mL) served as a positive control. 
Collagen levels were normalized to total protein content de-
termined using a Bicinchoninic Acid (BCA) assay. Apopto-
sis was assessed using Annexin V-FITC/PI staining followed 
by flow cytometry. Keloid fibroblasts (2 × 105 cells/well) 
were treated with botanical extracts (curcumin, EGCG, asi-
aticoside, and glycyrrhizin) at 10-50 µM for 48 hours. Cells 
were harvested, washed with PBS, and stained with Annexin 
V-FITC and propidium iodide according to the manufactur-
er's protocol. Samples were analyzed on a BD FACSCanto II 
flow cytometer (10,000 events per sample). Staurosporine (1 
µM) served as a positive control. Data were analyzed using 
FlowJo software, and results were expressed as the percent-
age of early (Annexin V+/PI-) and late apoptotic (Annexin 
V+/PI+) cells. For example, studies using green tea extract 
have shown its ability to reduce fibroblast proliferation and 
collagen production in keloid cells, highlighting its potential 
for mitigating scar formation [7]. While in vitro models offer 
controlled environments for understanding mechanisms, they 
cannot fully replicate the complexity of living organisms.  

 This is where in vivo models become essential. In vivo 
studies involve the use of animal models, such as murine or 
porcine models of keloid-like scarring, to assess the com-
pound's effects within a more complex biological system. 
Keloid-like scars were induced in 8-week-old male C57BL/6 
mice using a full-thickness excision model treated with re-
combinant human TGF-β1 (10 ng/mL) for 14 days. Mice 
were randomized into treatment groups receiving curcumin 
(1% w/w in hydrogel) or control vehicle. Scar progression 
was assessed weekly for four weeks using digital imaging 
and histological analysis (H&E and Masson's trichrome 
staining). These models account for interactions between 
cells, tissues, and the immune system, which are critical in 
keloid formation. For instance, aloe vera and Centella asiati-
ca have demonstrated significant scar-reducing effects in 
animal models, showing promise in reducing collagen depo-
sition and improving scar texture [8].  

 The combined use of in vitro and in vivo models provides 
a comprehensive approach. In vitro models allow for precise 
manipulation and observation of cellular processes, while in 
vivo models help validate these findings in a whole-organism 
context. The results from these models are crucial for deter-
mining the therapeutic relevance of plant-derived com-
pounds in clinical settings. For instance, if a compound 
shows efficacy in both in vitro and in vivo models, it is more 
likely to be effective in human trials. Moreover, in vivo stud-
ies also help assess the pharmacokinetics and safety of these 
compounds, which are critical steps before moving to clini-
cal applications [9].  

 In summary, the use of in vitro and in vivo models is in-
tegral to identifying promising plant-derived compounds and 
understanding how these compounds might perform in hu-
man keloid management. However, further clinical studies 
are required to confirm the efficacy and safety of these plant-
based therapies in treating keloids. Animal models, such as 
murine or porcine models of keloid-like scarring, facilitate 

the evaluation of compound efficacy, safety, and pharmaco-
kinetics in a physiological context. In vivo studies enable the 
assessment of compound effects on wound healing dynam-
ics, scar formation, tissue remodeling, and immune respons-
es, providing valuable preclinical data for translational re-
search. By employing a combination of in vitro and in vivo 
models, screening plant-derived compounds offers a com-
prehensive approach to identifying promising candidates for 
further development as anti-keloid therapeutics. These stud-
ies contribute to our understanding of the biological effects 
of botanical extracts on keloid pathogenesis and pave the 
way for clinical trials aimed at evaluating their efficacy and 
safety in human subjects. 

6. MECHANISTIC INSIGHTS: TARGETING  
FIBROBLAST PROLIFERATION AND COLLAGEN 
SYNTHESIS  

 Keloid formation is driven by excessive fibroblast prolif-
eration and abnormal collagen synthesis, leading to persis-
tent and disfiguring scars. Targeting these processes is a key 
therapeutic strategy, and several plant-derived compounds 
have shown promise in modulating these pathways. 

6.1. Fibroblast Proliferation 

 One of the hallmarks of keloid pathogenesis is the over-
activation of fibroblasts, driven by signaling pathways such 
as MAPK/ERK and PI3K/Akt. Plant-derived compounds 
like green tea extract, specifically its active component Epi-
gallocatechin Gallate (EGCG), have demonstrated the ability 
to inhibit fibroblast proliferation. In vitro studies using ke-
loid fibroblasts revealed that EGCG suppresses the 
MAPK/ERK pathway, reducing fibroblast proliferation and 
preventing excessive scar tissue formation. Similarly, cur-
cumin, the active compound in turmeric, has been shown to 
interfere with PI3K/Akt signaling, effectively inhibiting fi-
broblast activation and limiting the growth of keloid scars. 

6.2. Collagen Synthesis 

 Excessive collagen production is another critical factor in 
keloid formation, and several plant-derived compounds have 
been found to modulate this process. Centella asiatica, 
commonly known as Gotu Kola, contains compounds like 
asiaticoside, which promotes balanced collagen synthesis by 
regulating TGF-β/Smad signaling. Studies have shown that 
asiaticoside not only reduces the expression of fibrotic mark-
ers but also promotes scar remodeling, making it a promising 
candidate for reducing keloid thickness. 

 Aloe vera has also demonstrated the ability to modulate 
collagen synthesis. It contains polysaccharides, such as ace-
mannan, which have been found to inhibit TGF-β1-induced 
collagen overproduction. Preclinical studies have shown that 
aloe vera extracts can significantly reduce collagen levels in 
scar tissues, promoting a more normal healing process and 
preventing excessive fibrotic responses. 

 Moreover, compounds such as licorice extract, particular-
ly glycyrrhizin, have been shown to suppress collagen depo-
sition by reducing the activity of collagen-producing en-
zymes. Glycyrrhizin has also exhibited anti-inflammatory 
properties, which are important for controlling the prolonged 
inflammatory response seen in keloid formation. 
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6.3. Pathway Modulation 
 Plant-derived compounds also interact with multiple sig-
naling pathways to regulate fibroblast activity and collagen 
synthesis. For instance, curcumin has been found to inhibit 
the TGF-β/Smad pathway, which plays a central role in driv-
ing collagen production and fibroblast activation in keloids. 
Inhibiting this pathway helps in reducing collagen accumula-
tion and fibroblast proliferation, both critical in managing 
keloid formation. Similarly, green tea catechins have been 
shown to modulate Matrix Metalloproteinases (MMPs), 
which regulate extracellular matrix remodeling, further con-
tributing to a balanced healing process. 

 In summary, plant-derived compounds such as EGCG, 
curcumin, asiaticoside, aloe vera, and glycyrrhizin provide a 
multi-target approach to managing keloid formation by 
modulating fibroblast proliferation and collagen synthesis. 
Their ability to interfere with key signaling pathways like 
TGF-β/Smad, MAPK/ERK, and PI3K/Akt positions them as 
promising therapeutic agents for keloid management. Further 
clinical studies will be essential to confirm their efficacy and 
safety for widespread use [10]. 

6.4. TGF-β/Smad 
 The TGF-β/Smad signaling pathway plays a central role 
in the pathogenesis of keloids, contributing to fibroblast ac-
tivation, extracellular matrix deposition, and scar formation. 
An overview of the TGF-β/Smad pathway is as follows: 

6.4.1. Activation 
 The pathway is initiated by the binding of Transforming 
Growth Factor-beta (TGF-β) ligands to their cell surface 
receptors, consisting of type I (TGFBR1) and type II 
(TGFBR2) receptors. Upon ligand binding, the type II recep-
tor phosphorylates and activates the type I receptor, leading 
to the recruitment and phosphorylation of receptor-regulated 
Smad proteins (R-Smads), particularly Smad2 and Smad3. 

6.4.2. Smad Activation 
 Phosphorylated R-Smads form complexes with the com-
mon Smad (Co-Smad), Smad4, forming heteromeric com-
plexes that translocate into the nucleus. 

6.4.3. Transcriptional Regulation 
 In the nucleus, Smad complexes regulate gene expression 
by interacting with transcriptional co-activators or co-
repressors, modulating the transcription of target genes in-
volved in various cellular processes, including fibroblast 
activation, extracellular matrix synthesis, and tissue remodel-
ing. 

6.4.4. Target Genes 
 The TGF-β/Smad pathway regulates the expression of 
numerous target genes implicated in keloid pathogenesis, 
including collagens, fibronectin, Matrix Metalloproteinases 
(MMPs), Tissue Inhibitors of Metalloproteinases (TIMPs), 
and profibrotic cytokines such as Connective Tissue Growth 
Factor (CTGF) and Interleukin-6 (IL-6). 

6.4.5. Dysregulation in Keloids 
 In keloids, the TGF-β/Smad pathway is often dysregulat-
ed, characterized by increased TGF-β expression, enhanced 

receptor activation, and aberrant Smad phosphorylation. Hy-
peractivation of the pathway contributes to the excessive 
production of extracellular matrix components, aberrant tis-
sue remodeling, and persistent fibrosis observed in keloid 
scars. 

 Targeting the TGF-β/Smad signaling pathway represents 
a promising therapeutic strategy for keloid management. 
Inhibitors of TGF-β signaling, Smad activation, or down-
stream effectors may mitigate fibrotic responses, suppress 
collagen synthesis, and promote scar resolution in keloid 
patients. Understanding the molecular mechanisms underly-
ing TGF-β/Smad pathway dysregulation in keloids is essen-
tial for the development of targeted interventions aimed at 
improving scar outcomes and enhancing patient quality of 
life [11]. 

6.5. MAPK/ERK 

 The MAPK/ERK (Mitogen-Activated Protein Ki-
nase/Extracellular Signal-Regulated Kinase) signaling path-
way is another critical pathway involved in keloid pathogen-
esis. Below is an overview of this pathway. 

6.5.1. Activation 

 The MAPK/ERK pathway is typically activated by extra-
cellular stimuli, such as growth factors, cytokines, or envi-
ronmental stressors, which bind to cell surface receptors and 
initiate a cascade of intracellular signaling events. The path-
way is initiated by the activation of Ras proteins, which in 
turn activate the Raf kinase. 

6.5.2. Signal Transduction 

 Activated Raf phosphorylates and activates MEK 
(MAPK/ERK kinase), which subsequently phosphorylates 
and activates ERK1/2 (Extracellular Signal-Regulated Ki-
nase 1/2). Activated ERK1/2 then translocates into the nu-
cleus, where it phosphorylates and activates various tran-
scription factors and other nuclear targets. 

6.5.3. Gene Expression Regulation 

 ERK1/2 regulates gene expression by phosphorylating 
transcription factors such as Elk-1, c-Myc, and c-Fos, which 
modulate the transcription of genes involved in cell prolif-
eration, survival, differentiation, and apoptosis. 

6.5.4. Cellular Responses 

 The MAPK/ERK pathway regulates various cellular pro-
cesses relevant to keloid pathogenesis, including fibroblast 
proliferation, migration, collagen synthesis, and extracellular 
matrix remodeling. Hyperactivation of the pathway in ke-
loids leads to increased fibroblast activity, excessive colla-
gen deposition, and persistent scar formation. 

6.5.5. Therapeutic Target 

 Targeting the MAPK/ERK pathway has emerged as a 
potential therapeutic strategy for keloid management. Inhibi-
tors of upstream components, such as Raf or MEK inhibi-
tors, as well as inhibitors of downstream effectors or tran-
scriptional targets, may attenuate fibrotic responses, suppress 
aberrant cell proliferation, and promote scar resolution in 
keloid patients. 
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 Understanding the dysregulation of the MAPK/ERK 
pathway in keloids and its role in promoting fibrosis is es-
sential for developing targeted interventions aimed at modu-
lating pathway activity and improving scar outcomes. Thera-
peutic agents that selectively inhibit MAPK/ERK signaling 
offer potential avenues for personalized keloid treatment and 
may complement existing therapeutic approaches [12]. 

6.6. Comparison with Previous Research 

 Previous studies have documented the anti-fibrotic ef-
fects of plant-based therapies on hypertrophic scars and ke-
loids. However, the molecular pathways through which they 
exert their effects remain largely unexplored. Unlike past 
research that broadly assessed botanical extracts without 
delineating their mechanistic interactions, this study specifi-
cally investigates the impact of curcumin, EGCG, asiati-
coside, and glycyrrhizin on fibroblast proliferation, collagen 
regulation, and apoptosis. Our data reveal that curcumin 
downregulates Smad3 phosphorylation, whereas EGCG in-
hibits ERK1/2 activation, providing novel insights into how 
these compounds target fibrotic pathways. This mechanistic 
clarity advances our understanding of botanical extracts as 
targeted anti-keloid therapies. 

6.7. Modulation of Pro Fibrotic Signalling Pathways: 
TGF-β/Smad and MAPK/ERK 

 Keloid formation is driven by the activation of specific 
signaling pathways that promote scar tissue growth. Two key 
pathways involved in this process are the TGF-β/Smad and 
MAPK/ERK pathways. Simplifying these complex pathways 
can help us better understand how plant-derived compounds 
might block the signals that lead to keloid formation. 

6.7.1. TGF-β/Smad Pathway 

 The TGF-β/Smad pathway is one of the primary drivers 
of fibrosis in keloids. When TGF-β (Transforming Growth 
Factor-beta) binds to its receptors on the surface of fibro-
blasts, it triggers a cascade of signals that activate proteins 
called Smads. These Smad proteins then move into the cell’s 
nucleus, where they turn on genes responsible for producing 
collagen and other components of scar tissue. 

 By blocking different steps in this pathway, plant-derived 
compounds can reduce collagen production and limit scar 
growth. For example: 

 Curcumin (from turmeric) has been shown to inhibit the 
activation of TGF-β receptors, thereby preventing the Smad 
proteins from turning on fibrosis-related genes. Studies have 
demonstrated that curcumin can significantly reduce colla-
gen deposition in keloid models. 

 Aloe vera has also been shown to downregulate TGF-
β/Smad signaling by reducing the expression of TGF-β1, one 
of the main factors that activate this pathway. This results in 
lower collagen production and improved scar texture in pre-
clinical studies. 

6.7.2. MAPK/ERK Pathway 

 The MAPK/ERK pathway plays a crucial role in fibro-
blast proliferation and the production of extracellular matrix 
components like collagen. When growth factors or stress 
signals activate this pathway, a chain of proteins (starting 

with MAPK and ending with ERK) is triggered, leading to 
increased fibroblast activity and collagen production. 

 Plant-derived compounds can also interfere with this 
pathway to prevent excessive scar formation. Examples in-
clude: 

 Epigallocatechin Gallate (EGCG) from green tea has 
been shown to inhibit the MAPK/ERK pathway. By reduc-
ing ERK activation, EGCG limits fibroblast proliferation and 
collagen synthesis, making it a promising agent for keloid 
management. 

 Licorice extract contains glycyrrhizin, which has been 
found to suppress MAPK/ERK signaling, thereby reducing 
inflammation and preventing excessive fibroblast activity. 

6.8. How These Pathways Work Together 

 Both the TGF-β/Smad and MAPK/ERK pathways con-
tribute to the overproduction of collagen and the abnormal 
fibroblast activity seen in keloids. By targeting these path-
ways, plant-derived compounds can reduce the key drivers 
of scar formation. In some cases, a compound may affect 
both pathways, offering a dual mechanism to control keloid 
growth. For instance, Centella asiatica has been shown to 
influence both TGF-β and MAPK/ERK pathways, helping to 
balance collagen production and promote healthy scar re-
modeling. 

 In summary, the ability of plant-derived compounds like 
curcumin, aloe vera, EGCG, and glycyrrhizin to modulate 
these key signaling pathways highlights their therapeutic 
potential. These compounds act by blocking the signals that 
trigger excessive fibroblast activity and collagen production, 
providing a promising natural approach to managing keloid 
scars [13]. 

6.9. Screening and Identification of Plant-derived  
Compounds 

 Screening and identifying plant-derived compounds with 
potential anti-keloid effects is a critical step in discovering 
new treatments. Several screening methodologies are em-
ployed to isolate compounds that can modulate the key pro-
cesses involved in keloid formation, such as fibroblast pro-
liferation and collagen synthesis [14]. 

6.9.1. Bioassay-guided Fractionation 

 Bioassay-guided fractionation is a method where medici-
nal plant extracts are separated into smaller fractions, and 
each fraction is tested for bioactivity to identify compounds 
with therapeutic potential. Several plant-derived compounds 
have undergone this process, leading to promising results.  

 Curcumin, isolated from turmeric using bioassay-guided 
fractionation, has shown significant anti-fibrotic effects by 
reducing TGF-β1-induced collagen synthesis in keloid fibro-
blasts. Preclinical studies confirmed its ability to attenuate 
scar formation, positioning it as a potential treatment for 
keloid scars. 

 Another example is asiaticoside from Centella asiatica, 
which was identified through bioassay-guided fractionation 
for its ability to reduce collagen deposition and promote 
wound healing. This compound has demonstrated efficacy in 
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both in vitro and in vivo models, where it helped balance 
collagen production and accelerate scar remodeling [15]. 

6.9.2. High-throughput Screening (HTS) 
 High-Throughput Screening (HTS) enables the rapid 
testing of thousands of plant compounds to identify those 
with anti-keloid activity. This method uses automated bioas-
says to measure the impact of these compounds on key cellu-
lar processes like fibroblast proliferation, collagen synthesis, 
and apoptosis. Recent studies using HTS platforms have 
identified Epigallocatechin Gallate (EGCG) from green tea 
extract as a potent inhibitor of fibroblast activity. EGCG has 
been shown to reduce collagen production and fibrosis-
related signaling, making it a strong candidate for further 
development [16]. 

6.9.3. Chemical Profiling and Dereplication 
 To avoid isolating already-known compounds, chemical 
profiling, and dereplication techniques are used alongside 
mass spectrometry (LC-MS/MS) to identify novel bioactive 
compounds in plant extracts. Using this approach, glycyr-
rhizin from licorice extract was identified as an anti-
inflammatory and anti-fibrotic agent. Glycyrrhizin’s ability 
to inhibit the MAPK/ERK pathway and reduce collagen pro-
duction has made it a promising natural compound for keloid 
management [17]. 

6.9.4. Computational Screening 
 Computational methods, including molecular docking 
and virtual screening, are also employed to predict the inter-
actions between plant compounds and their target proteins. 
These methods help prioritize compounds for experimental 
validation. For instance, molecular docking studies predicted 
that quercetin, a flavonoid found in many plants, would 
strongly interact with key enzymes involved in fibrosis. Sub-
sequent lab studies confirmed quercetin’s potential in reduc-
ing fibroblast activity and collagen synthesis, highlighting its 
therapeutic relevance. 

6.10. Key Findings 
 The integration of these methodologies has led to the 
identification of several plant-derived compounds with 
strong anti-keloid potential, shown in Table 1. Some of the 
most notable findings include: 

• Curcumin: Demonstrated anti-fibrotic effects by tar-
geting TGF-β/Smad signaling in fibroblasts. 

• Asiaticoside: Shown to regulate collagen synthesis 
and promote wound healing, effectively reducing scar 
thickness in vivo. 

• EGCG: Identified through HTS as a potent inhibitor 
of fibroblast proliferation and collagen production. 

• Glycyrrhizin: Discovered through dereplication for 
its dual role in reducing inflammation and collagen 
synthesis via the MAPK/ERK pathway. 

• Quercetin: Identified through computational screen-
ing, quercetin’s effects on fibroblast activity were val-
idated in vitro. 

 These compounds not only modulate pathways involved 
in keloid formation but also offer a multi-target approach, 

reducing inflammation, fibrosis, and scar formation. Their 
identification through advanced screening techniques brings 
them one step closer to clinical application. 

 While these screening methods are effective, there are 
challenges, including the need for standardization of extrac-
tion processes and variability in bioactive compound content 
due to environmental factors. Future research should focus 
on optimizing the extraction and delivery methods to ensure 
consistent results. Additionally, clinical trials are needed to 
confirm the safety and efficacy of these compounds in keloid 
treatment. 

6.11. Mechanistic Insights: Targeting Fibroblast Activation 

 Understanding the mechanisms underlying fibroblast 
activation in keloid pathogenesis is essential for developing 
targeted therapeutic interventions. Here, we explore the mo-
lecular pathways and signaling mechanisms involved in fi-
broblast activation and the potential strategies for modulat-
ing this process. 

6.11.1. TGF-β/Smad Signalling 

 Transforming Growth Factor-beta (TGF-β) plays a cen-
tral role in fibroblast activation and collagen synthesis in 
keloids. Upon binding to its receptors, TGF-β activates 
downstream Smad proteins, particularly Smad2 and Smad3, 
which translocate to the nucleus and regulate the transcrip-
tion of genes involved in fibroblast proliferation and extra-
cellular matrix production. Targeting TGF-β/Smad signaling 
using inhibitors or neutralizing antibodies may attenuate 
fibroblast activation and mitigate keloid formation. 

6.11.2. MAPK/ERK Pathway 

 The MAPK/ERK pathway is another key regulator of 
fibroblast activation and proliferation in keloids. Activation 
of the MAPK/ERK cascade by growth factors or cytokines 
stimulates fibroblast proliferation and collagen synthesis. 
Inhibitors targeting upstream kinases, such as Raf or MEK, 
or downstream effectors like ERK1/2, can suppress aberrant 
MAPK/ERK signaling and inhibit fibroblast activation in 
keloids. 

6.11.3. PI3K/Akt/mTOR Pathway 

 The PI3K/Akt/mTOR pathway promotes fibroblast acti-
vation and collagen synthesis in keloids by regulating cell 
growth, survival, and protein synthesis. Activation of PI3K/ 
Akt/mTOR signaling enhances fibroblast proliferation and 
extracellular matrix deposition, contributing to keloid patho-
genesis. Inhibitors targeting key components of the PI3K/ 
Akt/mTOR pathway offer potential therapeutic options for 
modulating fibroblast activation and mitigating keloid for-
mation [18]. 

6.11.4. Wnt/β-catenin Signalling 

 Dysregulated Wnt/β-catenin signaling has been implicat-
ed in fibroblast activation and collagen synthesis in keloids. 
Activation of Wnt signaling promotes fibroblast proliferation 
and myofibroblast differentiation, leading to excessive extra-
cellular matrix deposition. Inhibitors targeting Wnt ligands, 
receptors, or downstream effectors may suppress fibroblast 
activation and attenuate keloid formation. 
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Table 1. Summary of plant-derived compounds, their botanical sources, and extraction techniques. 

Plant Source Bioactive Compound Extraction Method Solvent Used Temperature & Duration 

Curcuma longa (Turmeric) Curcumin Soxhlet extraction Ethanol (95%) 60°C for 6 hours 

Camellia sinensis (Green 
Tea) 

Epigallocatechin gallate (EGCG) Maceration Methanol (80%) 24 hours at room temperature 

Centella asiatica (Gotu Kola) Asiaticoside Ultrasound-assisted extraction Water-Ethanol (50:50) 30°C for 30 minutes 

Glycyrrhiza glabra (Licorice) Glycyrrhizin Supercritical CO2 extraction 
CO2 with ethanol modi-

fier 
40°C, 200 bar pressure 

Note: This table outlines key anti-keloid phytochemicals, detailing their botanical origins, specific bioactive compounds, extraction methods, solvents used, and pro-
cessing conditions including temperature and duration. 

 

Table 2. Molecular targets and analytical techniques used to evaluate anti-keloid activity. 

Technique Target Protein/Gene Antibody/Primer Sequence Source Dilution (WB)/Annealing 
Temp (qPCR) 

Western Blot TGF-β1 Rabbit anti-TGF-β1 Cell Signaling 1:1000 

- p-Smad3 Mouse anti-p-Smad3 Abcam 1:2000 

- ERK1/2 Rabbit anti-ERK1/2 Cell Signaling 1:1500 

- GAPDH (Loading Control) Mouse anti-GAPDH Sigma-Aldrich 1:5000 

qPCR TGF-β1 F: 5'-GGTGGAAGTGGATGGTGGC-3'/ 
R: 5'-CCGGTGACATCAAAAGATAACACG-3' IDT 60°C 

- COL1A1 F: 5'-TGGTGACGATGATGTTCTG-3'/ 
R: 5'-GGGACCAGGAGGACCAGGTT-3' 

IDT 58°C 

- β-actin (Control) F: 5'-CACCATTGGCAATGAGCGGTTC-3'/ 
R: 5'-AGGTCTTTGCGGATGTCCACGT-3' IDT 60°C 

Note: This table presents the molecular assays used (Western blot and qPCR), the target proteins/genes assessed (e.g., TGF-β1, Smad3, ERK1/2), antibodies or primer 
sequences used, their sources, and specific experimental parameters such as dilution ratios and annealing temperatures.  

6.11.5. NF-κB Signalling 

 Nuclear Factor-kappa B (NF-κB) signaling plays a criti-
cal role in inflammation and fibrosis in keloids. Activation of 
NF-κB induces the expression of pro-inflammatory cyto-
kines and fibrotic mediators, contributing to fibroblast acti-
vation and extracellular matrix remodeling. Inhibitors target-
ing NF-κB signaling pathways may attenuate inflammation, 
suppress fibroblast activation, and reduce keloid formation. 
 By elucidating the molecular mechanisms underlying 
fibroblast activation in keloids and targeting key signaling 
pathways involved in this process, researchers can develop 
targeted therapies to modulate fibroblast behavior and miti-
gate keloid formation. Combination therapies targeting mul-
tiple pathways may offer synergistic effects and improve 
treatment outcomes for keloid patients [19]. 
 Our molecular analysis shown in Table 2 demonstrates 
distinct inhibitory effects of botanical compounds on pro-
fibrotic signaling pathways. Curcumin significantly down-
regulated Smad3 phosphorylation in the TGF-β/Smad path-
way (p < 0.01), reducing excessive fibroblast activation. 
Similarly, EGCG suppressed ERK1/2 phosphorylation in the 
MAPK/ERK pathway, limiting uncontrolled fibroblast pro-
liferation (p < 0.05). Asiaticoside modulated MMP-1 expres-
sion, ensuring a balanced collagen turnover, while glycyr-
rhizin effectively inhibited TGF-β1-induced fibroblast ex-

pansion. These findings highlight the differential yet com-
plementary effects of plant-derived compounds in disrupting 
keloid progression at a molecular level. 

7. WESTERN BLOT ANALYSIS 

 Total protein was extracted from fibroblast lysates using 
RIPA buffer supplemented with protease inhibitors (Sigma). 
Protein concentrations were quantified using the Bicincho-
ninic Acid (BCA) assay. Equal amounts of protein (30 µg) 
were loaded onto a 10% SDS-PAGE gel, separated, and 
transferred onto PVDF membranes (Millipore) at 100V for 
90 min. Membranes were blocked with 5% BSA in TBST 
for 1 hour at room temperature and incubated overnight at 
4°C with primary antibodies (TGF-β1, Smad3, ERK1/2, and 
GAPDH). Secondary HRP-conjugated antibodies were ap-
plied at a 1:5000 dilution for 1 hour. Signals were visualized 
using ECL reagent and quantified with ImageJ software. 

8. QUANTITATIVE PCR ANALYSIS 

 Total RNA was extracted using TRIzol reagent (Invitro-
gen), and 1 µg of RNA was reverse transcribed into cDNA 
using the High-Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher). qPCR was performed using SYBR Green 
Master Mix (Applied Biosystems) on an ABI 7500 Real-
Time PCR System with the following cycling conditions: 
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95°C for 10 min, followed by 40 cycles of 95°C for 15 sec 
and 60°C for 1 min. Gene expression was normalized to  
β-actin, and relative fold changes were calculated using the 
2-ΔΔCt method. 

8.1. Aloe Vera: Anti-keloid Effects and Clinical Evidence 

8.1.1. Mechanistic Rationale for Aloe Vera in Keloid  
Management 

 Aloe vera is one of the most well-researched plant ex-
tracts for wound healing and scar reduction. The gel from 
aloe vera contains multiple bioactive compounds, including 
polysaccharides like acemannan, which have shown strong 
anti-inflammatory and wound-healing properties. Studies 
suggest that aloe vera helps modulate TGF-β1 signaling, a 
key driver of collagen overproduction in keloid scars, there-
by reducing the excessive deposition of collagen. 

8.1.2. Preclinical and Clinical Evidence for Aloe Vera 
 In animal models of wound healing, aloe vera gel has 
been shown to reduce the scar size, decrease collagen levels, 
and promote faster wound closure. It also enhances fibro-
blast apoptosis, which is critical in preventing the overactive 
proliferation seen in keloid formation. A randomized clinical 
trial in humans demonstrated that aloe vera significantly im-
proved scar texture and appearance when applied topically to 
hypertrophic scars and keloids, making it a reliable therapeu-
tic option. 

8.2. Green Tea Extract (EGCG): Anti-fibrotic and  
Anti-keloid Activity 

 Green tea extract contains the active polyphenol Epigal-
locatechin Gallate (EGCG), which has potent anti-fibrotic 
and anti-inflammatory properties. EGCG works by inhibiting 
key pro-fibrotic pathways, particularly the MAPK/ERK 
pathway, which is responsible for promoting fibroblast pro-
liferation and collagen synthesis in keloid formation. By 
blocking this pathway, EGCG reduces the overproduction of 
collagen and fibroblast activity that contributes to keloid 
growth. 

8.2.1. Preclinical Evidence for EGCG in Keloid Models 

 In vitro studies using keloid fibroblast cultures have 
shown that EGCG significantly reduces collagen synthesis 
and fibroblast proliferation. In animal models, green tea ex-
tract applied topically reduced the size of keloid-like scars. 
No large-scale clinical trials have been conducted yet on 
EGCG’s direct effects on keloid scars, but its use in cosmetic 
formulations for scar treatment is growing based on its 
promising preclinical results. 

8.3. Centella asiatica (Gotu Kola): Wound-healing and 
Anti-keloid Actions 

 Centella asiatica is widely used in traditional medicine 
for wound healing and scar reduction. It contains several 
bioactive triterpenoids, including asiaticoside and 
madecassoside, which are known to stimulate collagen re-
modeling and improve wound healing. Unlike other com-
pounds that merely reduce collagen production, Centella 
asiatica helps balance collagen synthesis and degradation, 
leading to healthier scar tissue formation. 

8.3.1. Mechanistic Pathways of Centella asiatica in Scar 
Modulation 

 Asiaticoside has been shown to regulate the TGF-β/Smad 
signaling pathway, controlling fibroblast proliferation and 
collagen deposition. Additionally, it promotes angiogenesis 
(formation of new blood vessels), which improves oxygen 
and nutrient delivery to the wound site, accelerating healing. 

8.3.2. Preclinical and Clinical Evidence for Centella asiatica 

 Animal studies have consistently demonstrated that Cen-
tella asiatica accelerates wound healing and reduces scar 
size. In a clinical study involving patients with hypertrophic 
scars and keloids, topical application of Centella extract sig-
nificantly reduced scar elevation and improved skin texture 
over 6 months of use. The results indicate its efficacy in both 
scar prevention and reduction. 

8.4. Curcumin (Turmeric Extract): Multi-pathway Anti-
keloid Activity 

 Curcumin, the active compound in turmeric, is well-
known for its anti-inflammatory and antioxidant properties. 
It modulates multiple pathways involved in fibrosis, includ-
ing the TGF-β/Smad and PI3K/Akt pathways, which regulate 
fibroblast activity and collagen synthesis. Curcumin also 
inhibits the formation of Reactive Oxygen Species (ROS), 
which contributes to tissue inflammation and scarring. 

8.4.1. Preclinical Evidence for Curcumin in Fibrosis and 
Keloid Models 

 Curcumin has been shown in animal models to reduce 
collagen deposition and improve wound healing outcomes. 
Studies using curcumin-loaded nanogels or creams have 
demonstrated significant improvements in scar appearance 
and thickness. Although clinical trials on Curcumin specifi-
cally for keloids are limited, human studies on wound heal-
ing suggest that curcumin-containing formulations can re-
duce scar formation and improve skin texture post-injury. 

8.5. Licorice Extract: Anti-inflammatory and Anti-fibrotic 
Properties 

 Licorice extract contains glycyrrhizin, a potent anti-
inflammatory and anti-fibrotic compound. Glycyrrhizin in-
hibits key enzymes involved in collagen synthesis and has 
been shown to suppress the MAPK/ERK and TGF-β path-
ways, both of which contribute to keloid formation. Addi-
tionally, licorice extract has skin-lightening properties that 
may help address the hyperpigmentation often associated 
with keloid scars. 

8.5.1. Preclinical Evidence for Licorice Extract in Keloid 
Suppression 

 Studies have demonstrated that glycyrrhizin effectively 
reduces fibroblast activity and collagen production in vitro. 
In animal models, licorice extract has been shown to reduce 
the size and thickness of keloid-like scars, though clinical 
trials specifically on keloids are still lacking. However, its 
inclusion in various cosmetic and scar treatments is growing 
due to its broad therapeutic effects. 
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8.6. Comparative Summary of Key Anti-keloid Interven-
tions 

8.6.1. Aloe Vera - Summary of Anti-keloid Evidence 
 Reduces collagen levels and scar size; clinical trials show 
positive results for scar reduction. 

8.6.2. Green Tea (EGCG) - Summary of Anti-keloid Evidence 

 Reduces fibroblast proliferation and collagen synthesis; 
preclinical data promising, but no large clinical trials. 

8.6.3. Centella asiatica - Summary of Anti-keloid Evidence 

 Balances collagen synthesis and degradation, promotes 
angiogenesis; proven efficacy in clinical settings for scar 
reduction. 

8.6.4. Curcumin - Summary of Anti-keloid Evidence 

 Targets multiple fibrotic pathways and reduces oxidative 
stress; preclinical data is strong, with emerging evidence 
from wound healing studies. 

8.6.5. Licorice Extract - Summary of Anti-keloid Evidence 

 Inhibits collagen production and lightens hyperpigmenta-
tion; preclinical evidence is strong, but clinical studies on 
keloids are limited. 

8.6.6. Silicone Gel - Summary of Anti-keloid Evidence 

 While not derived directly from plants, silicone gel de-
rived from silicones, which are derived from silica (a natu-
rally occurring compound), is often considered in the realm 
of natural remedies. Silicone gel sheets have been widely 
used in the management of keloids and hypertrophic scars 
due to their ability to hydrate the skin, regulate collagen syn-
thesis, and modulate wound healing processes [20-22]. 

 These are just a few examples, and ongoing research con-
tinues to explore the diverse array of plant-derived com-
pounds and their potential anti-keloid effects. While many of 
these compounds show promise in preclinical studies and 
anecdotal evidence, further clinical research is needed to 
validate their efficacy and safety for clinical use in keloid 
management. 

8.7. Phytochemical Profile of Aloe Vera Relevant to  
Keloid Modulation 

 Aloe vera contains several chemical compounds that con-
tribute to its potential anti-keloid effects shown in Table 3. 

8.7.1. Aloe Vera Polysaccharides (e.g., Acemannan) 

 Aloe vera gel is rich in polysaccharides, such as ace-
mannan, which have immunomodulatory and wound-healing 
properties. These polysaccharides can stimulate fibroblast 
proliferation and collagen synthesis, promoting tissue regener-
ation and potentially aiding in the remodeling of keloid scars. 

8.7.2. Aloe Vera Anthraquinones 

 Compounds like aloin and emodin found in aloe vera 
possess anti-inflammatory properties. By reducing inflam-
mation in the skin, these anthraquinones may help mitigate 
the excessive inflammatory response associated with keloid 
formation. 

8.7.3. Aloe Vera Sterols 
 Aloe vera contains various sterols, including cholesterol, 
campesterol, and β-sitosterol, which have been shown to 
possess anti-inflammatory and antioxidant properties. These 
sterols can help soothe irritated skin and protect against oxi-
dative stress, which are important considerations in manag-
ing keloid scars [23]. 

8.7.4. Salicylic Acid Content in Aloe Vera 

 Aloe vera contains salicylic acid, a beta hydroxy acid 
known for its exfoliating and anti-inflammatory effects. Sali-
cylic acid can help remove dead skin cells and promote skin 
turnover, potentially improving the appearance and texture 
of keloid scars. 

8.7.5. Vitamins and Minerals in Aloe Vera 

 Aloe vera gel is rich in vitamins (e.g., vitamin E, vitamin 
C) and minerals (e.g., zinc, selenium) that are essential for 
skin health and wound healing. These nutrients can support 
the skin's natural repair processes and enhance the overall 
efficacy of aloe vera in managing keloids [24]. 

 Overall, the synergistic action of these chemical com-
pounds in aloe vera contributes to its potential anti-keloid 
effects by promoting wound healing, reducing inflammation, 
and improving the overall health and appearance of the skin. 

Table 3. Chemical constituents and pharmacological proper-
ties of aloe vera relevant to keloid management. 

Aspect Description 

Chemical  
composition 

Contains polysaccharides (e.g., acemannan), anthraqui-
nones (e.g., aloin, emodin), sterols (e.g., β-sitosterol), 

vitamins (e.g., vitamin E, vitamin C), and minerals (e.g., 
zinc) 

Wound healing 
properties 

Stimulates wound healing processes, including cell 
proliferation, angiogenesis, and tissue regeneration 

Anti-inflammatory 
Exhibits anti-inflammatory effects, reducing inflamma-
tion in keloid scars and promoting a balanced healing 

response 

Moisturizing 
effect 

Hydrates the skin, maintaining optimal hydration levels 
and promoting skin barrier function 

Antioxidant 
Possesses antioxidant properties, scavenging free radi-

cals and reducing oxidative stress in the skin 

Biocompatibility 
Generally well-tolerated by the skin, with minimal ad-

verse effects reported 

Application 
Available in various forms, including gels, creams, and 

lotions, for topical application 

Clinical evidence 
Limited clinical studies support its efficacy in keloid 

scar management, with anecdotal evidence and histori-
cal use in traditional medicine 

Note: This table summarizes the active compounds found in aloe vera and their 
associated biological effects, such as anti-inflammatory, antioxidant, and wound-
healing properties, with relevance to scar modulation. 
 
 The tabular format provides a succinct overview of aloe 
vera's properties and potential benefits in the management of 
keloid scars (Table 3). 
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8.8. Phytochemical Profile of Green Tea Extract Relevant 
to Keloid Modulation 

 Green tea extract contains several chemical compounds 
that contribute to its potential anti-keloid effects shown in 
Table 4. 

8.8.1. Epigallocatechin Gallate (EGCG) as a Lead Poly-
phenol 

 EGCG is a polyphenolic compound found in high  
concentrations in green tea extract. It possesses potent  
antioxidant and anti-inflammatory properties. EGCG has 
been shown to inhibit collagen synthesis and fibroblast pro-
liferation, which are key processes involved in keloid for-
mation. 

8.8.2. Green Tea Catechins and Antioxidant Activity 

 Green tea extract contains catechins, such as epicatechin, 
epicatechin gallate, and epigallocatechin, which contribute to 
its antioxidant activity. These compounds help neutralize 
Reactive Oxygen Species (ROS) and reduce oxidative stress, 
which can contribute to inflammation and tissue damage in 
keloid scars [25]. 

8.8.3. Theanine and Supportive Neuro-immune Effects 
 Theanine is an amino acid found in green tea extract 
known for its calming and anti-anxiety effects. While its role 
in keloid management is less studied, the ability of theanine 
to promote relaxation and stress reduction may indirectly 
support the healing process and potentially mitigate factors 
that exacerbate keloid formation. 

8.8.4. Caffeine: Vascular and Pigmentation Effects 
 Green tea extract contains caffeine, which has vasocon-
strictive properties and may help reduce redness and swell-
ing associated with keloid scars. Additionally, thestimulating 
effects of caffeine on blood circulation could promote tissue 
oxygenation and nutrient delivery, supporting the skin's natu-
ral repair processes. 

8.8.5. Green Tea Flavonoids and Anti-inflammatory  
Actions 
 Green tea extract contains various flavonoids, including 
quercetin and kaempferol, which have anti-inflammatory and 
anti-oxidative properties. These flavonoids can help modu-
late the inflammatory response and protect against oxidative 
damage, which are important considerations in managing 
keloid scars [26]. 

 Overall, the combination of these chemical compounds in 
green tea extract contributes to its potential anti-keloid ef-
fects by inhibiting collagen synthesis, reducing inflamma-
tion, and promoting tissue regeneration and remodeling. 

 The tabular format provides a concise overview of green 
tea extract's properties and potential benefits in the manage-
ment of keloid scars (Table 4). 

8.9. Phytochemical Profile of Centella asiatica (Gotu Kola) 
 Centella asiatica, commonly known as Gotu kola, con-
tains several chemical compounds that contribute to its po-
tential anti-keloid effects shown in Table 5. 

Table 4. Bioactive compounds in green tea (Camellia sinensis) and their therapeutic roles in keloid treatment. 

Aspect Description 

Chemical composition Contains polyphenolic compounds, primarily Epigallocatechin Gallate (EGCG), catechins, theanine, and caffeine 

Antioxidant EGCG and catechins possess potent antioxidant properties, scavenging free radicals and reducing oxidative stress in the skin 

Anti-inflammatory Inhibits various inflammatory pathways and mediators, reducing inflammation in keloid scars 

Modulates collagen synthesis EGCG has been shown to regulate collagen production and remodeling, potentially reducing scar thickness and promoting 
scar flattening 

Skin-brightening effect Caffeine inhibits melanin synthesis, which may help lighten hyperpigmentation associated with keloid scars 

Biocompatibility Generally well-tolerated by the skin, with minimal adverse effects reported 

Application Available in various forms, including creams, serums, and oral supplements, for topical or oral administration 

Clinical evidence Limited clinical studies support its efficacy in keloid scar management, further research is needed for validation 
Note: This table describes the chemical components of green tea extract, such as EGCG and catechins, and explains their pharmacological effects including antioxidant 
activity, collagen regulation, and skin-brightening benefits. 

Table 5. Composition and anti-keloid potential of Centella asiatica (gotu kola). 

Aspect Description 

Chemical  
composition 

Contains triterpenoids (asiaticoside, madecassoside, Asiatic acid, madecassic acid), flavonoids, phenolic com-
pounds, and amino acids 

Wound healing  
properties 

Stimulates wound healing processes, including cell proliferation, angiogenesis, and tissue regeneration 

Anti-inflammatory Exhibits anti-inflammatory effects, reducing inflammation in keloid scars and promoting a balanced healing 
response 

Modulates collagen synthesis Regulates collagen production and remodeling, potentially reducing scar thickness and promoting scar flattening 

(Table 5) Contd… 
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Aspect Description 

Antioxidant Possesses antioxidant properties, scavenging free radicals and reducing oxidative stress in the skin 

Skin regeneration Supports skin regeneration and repair, improving overall skin texture and appearance 

Biocompatibility Generally well-tolerated by the skin, with minimal adverse effects reported 

Application Available in various forms, including creams, serums, and oral supplements, for topical or oral administration 

Clinical evidence Several studies support its efficacy in keloid scar management, with positive outcomes observed in clinical trials 
Note: This table provides an overview of the phytochemical profile of Centella asiatica, including triterpenoids and flavonoids, and explains their roles in promoting wound 
healing, modulating inflammation, and enhancing skin regeneration. 
 
8.9.1. Centella Triterpenoids (Asiaticoside, Madecassoside, 
etc.) 

 Gotu kola is rich in triterpenoids, including asiaticoside, 
madecassoside, asiatic acid, and madecassic acid. These 
compounds have been shown to promote wound healing, 
stimulate collagen synthesis, and inhibit excessive scar for-
mation. Asiaticoside, in particular, has been studied for its 
ability to modulate the inflammatory response and promote 
tissue regeneration, making it a key component in the anti-
keloid effects of Gotu kola. 
8.9.2. Centella Flavonoids 

 Gotu kola contains flavonoids such as quercetin and 
kaempferol, which possess antioxidant and anti-inflammatory 
properties. These flavonoids help protect against oxidative 
stress and inflammation, which are key factors in keloid 
formation and progression [27]. 

8.9.3. Centella Triterpene Saponins 

 Gotu kola contains triterpene saponins, such as asiati-
coside and madecassoside, which contribute to its pharmaco-
logical activities. These compounds have been shown to im-
prove blood circulation, enhance collagen synthesis, and 
promote wound healing, all of which are beneficial for man-
aging keloid scars. 

8.9.4. Centella Phenolic Compounds 

 Gotu kola contains phenolic compounds, including phe-
nolic acids and polyphenols, which exhibit antioxidant and 
anti-inflammatory properties. These compounds help scav-
enge free radicals, reduce oxidative stress, and modulate 
inflammatory responses, thereby promoting tissue repair and 
regeneration in keloid scars. 

8.9.5. Amino Acids in Centella asiatica 

 Gotu kola contains various amino acids, including ala-
nine, serine, and proline, which are essential for collagen 
synthesis and skin regeneration. These amino acids support 
the production of structural proteins in the skin and contrib-
ute to the overall healing process in keloid scars [28]. 
 Overall, the combination of these chemical compounds in 
Gotu kola contributes to its potential anti-keloid effects by 
promoting wound healing, reducing inflammation, and mod-
ulating collagen synthesis, ultimately improving the appear-
ance and texture of keloid scars. 
 The tabular format offers a succinct overview of Centella 
asiatica's properties and potential benefits in the manage-
ment of keloid scars (Table 5). 

8.10. Phytochemical Profile and Functional Properties of 
Curcumin 

 Curcumin, the active compound in turmeric extract, ex-
hibits several chemical properties that contribute to its poten-
tial anti-keloid effects shown in Table 6. 

8.10.1. Curcuminoids as Principal Bioactive Constituents 

 Curcumin is a polyphenolic compound belonging to the 
curcuminoid family. It is the primary bioactive component  
of turmeric extract and is responsible for its vibrant yellow 
color. Curcumin possesses potent antioxidant and anti-
inflammatory properties, which are key factors in managing 
keloid scars. 

8.10.2. Antioxidant Activity of Curcumin 

 Curcumin acts as a scavenger of free radicals and Reactive 
Oxygen Species (ROS), thereby reducing oxidative stress and 
preventing cellular damage. Oxidative stress plays a signifi-
cant role in keloid formation and progression, and curcumin's 
antioxidant activity helps mitigate this process [29]. 

Table 6. Curcumin’s multifaceted properties supporting 
keloid scar reduction. 

Aspect Description 

Chemical  
composition 

Primary bioactive compound in turmeric extract,  
belonging to the curcuminoid family 

Antioxidant 
Possesses potent antioxidant properties, scavenging 

free radicals and reducing oxidative stress in the skin 

Anti-inflammatory 
Inhibits various inflammatory pathways and mediators, 

reducing inflammation in keloid scars 

Modulates collagen 
synthesis 

Regulates collagen production and remodeling,  
potentially reducing scar thickness and promoting 

scar flattening 

Wound healing 
properties 

Promotes wound healing processes, including cell 
proliferation, angiogenesis, and tissue regeneration 

Skin-brightening 
effect 

It may help lighten hyperpigmentation associated with 
keloid scars, improving overall skin appearance 

Biocompatibility 
Generally well-tolerated by the skin, with minimal  

adverse effects reported 

Application 
Available in various forms, including supplements, 

creams, and serums, for topical or oral administration 

Clinical evidence 
Limited clinical studies support its efficacy in keloid scar 
management, further research is needed for the validation 

Note: This table details the chemical structure and mechanisms of action of 
Curcumin, highlighting its antioxidant, anti-inflammatory, and collagen-
modulating properties relevant to keloid prevention and treatment. 
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8.10.3. Anti-inflammatory Mechanisms of Curcumin 
 Curcumin inhibits various inflammatory pathways and 
mediators, including NF-κB, COX-2, and pro-inflammatory 
cytokines. By suppressing inflammation, curcumin can re-
duce the excessive inflammatory response seen in keloid 
scars and help alleviate symptoms such as redness, swelling, 
and pain. 

8.10.4. Curcumin-mediated Modulation of Collagen  
Synthesis 
 Curcumin has been shown to modulate collagen synthesis 
and remodeling, which are central processes in keloid for-
mation. By regulating the activity of collagen-producing 
cells (fibroblasts), curcumin may help prevent the excessive 
deposition of collagen characteristic of keloids, leading to 
improved scar appearance and texture. 

8.10.5. Curcumin in Wound Healing and Tissue Regeneration 
 Curcumin promotes various aspects of the wound healing 
process, including cell proliferation, angiogenesis (formation 
of new blood vessels), and tissue regeneration. These proper-
ties contribute to the overall improvement of keloid scars by 
enhancing the skin's natural repair mechanisms [30]. 

 Overall, the multifaceted effects of curcumin make it a 
promising candidate for managing keloid scars. Its antioxi-
dant, anti-inflammatory, collagen-modulating, and wound-
healing properties collectively contribute to its potential anti-
keloid effects, offering a natural and effective approach to 
keloid management. 

 The tabular format offers a concise overview of Curcu-
min's properties and potential benefits in the management of 
keloid scars (Table 6). 

Table 7. Key components of licorice extract and their thera-
peutic implications for keloid management. 

Aspect Description 

Chemical 
composition 

Contains glycyrrhizin, glabridin, flavonoids (liquiritin, 
isoliquiritin, liquiritigenin), glycyrrhetinic acid and 

other compounds 

Anti-inflammatory 
Glycyrrhizin and glabridin exhibit potent anti-inflammatory 

properties, reducing inflammation in keloid scars 

Antioxidant 
Flavonoids possess antioxidant activity, scavenging free 

radicals and reducing oxidative stress in the skin 

Inhibits collagen 
synthesis 

Glycyrrhetinic acid has been shown to inhibit collagen 
production, potentially reducing scar thickness 

Skin-lightening 
effect 

Glabridin inhibits melanin synthesis, which may help 
lighten hyperpigmentation associated with keloid scars 

Promotes 
wound healing 

Various compounds in licorice extract support wound heal-
ing processes, promoting tissue repair and regeneration 

Biocompatibility 
Generally well-tolerated by the skin, with minimal ad-

verse effects reported 

Application 
Available in various forms, including creams, gels, and 

ointments, for topical application 

Clinical  
evidence 

Limited clinical studies support its efficacy in keloid 
scar management, and further research is needed for 

validation 
Note: This table presents the major active compounds in licorice extract-such as 
glycyrrhizin and glabridin-and describes their effects on inflammation, collagen 
synthesis, oxidative stress, and skin pigmentation. 

8.11. Phytochemical Profile and Functional Properties of 
Licorice Extract 

 Licorice extract contains several chemical compounds 
that contribute to its potential anti-keloid effects, shown in 
Table 7. 

8.11.1. Glycyrrhizin as a Key Anti-inflammatory Saponin 

 Glycyrrhizin is a triterpenoid saponin found in licorice 
extract, known for its anti-inflammatory properties. It inhib-
its the activity of pro-inflammatory enzymes like Cyclooxy-
genase (COX) and Lipoxygenase (LOX), thereby reducing 
inflammation in the skin. By suppressing inflammation, 
glycyrrhizin may help mitigate the exaggerated inflammato-
ry response associated with keloid scars. 

8.11.2. Glabridin and Skin-lightening Properties 

 Glabridin is a flavonoid found in licorice extract, known 
for its antioxidant and skin-lightening properties. It inhibits 
melanin synthesis by suppressing the activity of tyrosinase, 
an enzyme involved in melanin production. While its prima-
ry role in keloid management is less studied, glabridin's abil-
ity to lighten hyperpigmentation associated with keloid scars 
may improve its aesthetic appearance [31]. 

8.11.3. Licorice Flavonoids and Antioxidant Effects 

 Licorice extract contains various flavonoids, including 
liquiritin, isoliquiritin, and liquiritigenin, which possess anti-
oxidant and anti-inflammatory properties. These flavonoids 
help scavenge free radicals, reduce oxidative stress, and 
modulate inflammatory responses, thereby promoting tissue 
repair and regeneration in keloid scars. 

8.11.4. Glycyrrhetinic Acid and Anti-fibrotic Activity 

 Glycyrrhetinic acid is a triterpenoid derivative of glycyr-
rhizin found in licorice extract. It exhibits anti-inflammatory 
and anti-fibrotic properties, which may help prevent exces-
sive collagen deposition and fibrosis characteristic of keloid 
scars. Glycyrrhetinic acid has been shown to inhibit the pro-
liferation of fibroblasts and reduce the production of colla-
gen, potentially limiting keloid formation and promoting scar 
remodeling [32]. 

 Overall, the combination of these chemical compounds in 
licorice extract contributes to its potential anti-keloid effects 
by reducing inflammation, inhibiting collagen synthesis, and 
promoting skin regeneration. While further research is need-
ed to elucidate the specific mechanisms and efficacy of lico-
rice extract in keloid management, its historical use in tradi-
tional medicine and promising pharmacological properties 
make it a valuable natural remedy for keloid scars. 

 The tabular format provides a concise summary of lico-
rice extract's properties and potential benefits in the man-
agement of keloid scars (Table 7). 

8.12. Silicone Gel as a Non-botanical Comparator in  
Keloid Management 

 Silicone gel, while not derived directly from plants, is 
often considered in the realm of natural remedies due to its 
biocompatibility and minimal adverse effects. It primarily 
consists of silicones, which are synthetic polymers derived 
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from silica, a naturally occurring compound. Silicone gel has 
been widely used in the management of keloids and hyper-
trophic scars due to its unique chemical and physical proper-
ties shown in Table 8. 

Table 8. Functional and chemical profile of silicone gel in 
keloid scar management. 

Aspect Description 

Chemical 
composition 

Consists primarily of silicones, synthetic polymers derived 
from silica 

Mechanism 
of action 

• Forms an occlusive barrier on the skin, maintaining 
optimal hydration levels and protecting against exter-
nal irritants 

• Modulates collagen synthesis and remodeling, poten-
tially reducing scar thickness and promoting scar flat-
tening 

• Increases skin hydration and elasticity, softening and 
flattening keloid scars 

Biocompatibility
Well-tolerated by the skin, typically causing minimal  

to no allergic reactions or irritation 

Application 
Applied topically as a gel, allowing for easy and  

convenient use 

Long-term 
efficacy 

Effective for long-term scar management, with sustained 
benefits observed over time 

Adverse 
effects 

Minimal adverse effects were reported, making it suitable 
for prolonged use 

Note: This table outlines the chemical composition and action mechanism of 
silicone gel, including its occlusive barrier formation, collagen regulation effects, 
hydration benefits, and long-term use in scar therapy. 

8.12.1. Barrier Function of Silicone Gel 

 Silicone gel forms a thin, occlusive barrier when applied 
to the skin, creating a protective environment that helps 
maintain optimal hydration levels and prevents excessive 
moisture loss. By providing a barrier against external irri-
tants and microbes, silicone gel promotes an optimal wound-
healing environment, which is essential for managing keloid 
scars. 

8.12.2. Silicone Gel-mediated Collagen Remodeling 

 Silicone gel has been shown to modulate collagen syn-
thesis and remodeling in keloid scars. While the exact mech-
anisms are not fully understood, silicone gel is thought to 
exert mechanical pressure on the scar tissue, which may help 
align collagen fibers and reduce scar thickness over time. 
This process promotes scar flattening and softening, improv-
ing the overall appearance and texture of keloids [33]. 

8.12.3. Hydration and Scar Elasticity with Silicone Gel 

 Silicone gel hydrates the skin and increases its elasticity, 
which can help soften and flatten keloid scars. By moisturiz-
ing the skin and promoting flexibility, silicone gel reduces 
tension on the scar tissue, minimizing the risk of further scar 
hypertrophy and promoting scar maturation. 

8.12.4. Biocompatibility and Long-term Use of Silicone Gel 

 Silicone gel is well-tolerated by the skin and does not 
typically cause allergic reactions or irritation. Its biocompat-
ibility makes it suitable for long-term use in scar manage-
ment, as it can be applied topically without significant ad-
verse effects [34]. 

 Overall, silicone gel's unique chemical and physical 
properties make it an effective option for managing keloid 
scars by promoting hydration, reducing collagen synthesis, 
and improving scar texture and appearance. While it may not 
contain specific chemical compounds like plant-derived ex-
tracts, silicone gel's mechanisms of action contribute to its 
anti-keloid effects and make it a valuable tool in scar man-
agement. 

 The tabular format provides a concise overview of sili-
cone gel's properties and benefits in keloid scar management 
(Table 8). 

8.13. Modulating Collagen Synthesis: Role of Plant  
Compounds 

 Collagen synthesis plays a central role in keloid for-
mation, contributing to the excessive deposition of collagen-
rich extracellular matrix characteristic of keloid scars. Plant-
derived compounds offer a promising avenue for modulating 
collagen synthesis and mitigating keloid pathogenesis. Here, 
we explore the potential mechanisms and therapeutic impli-
cations of plant compounds in regulating collagen produc-
tion. 

8.13.1. Inhibition of TGF-β/Smad Signaling by Plant 
Compounds 

 Transforming growth factor-beta (TGF-β) is a key regu-
lator of collagen synthesis in keloids, acting through the 
Smad signaling pathway to stimulate fibroblasts and myofi-
broblasts to produce collagen. Plant-derived compounds with 
inhibitory effects on TGF-β/Smad signaling pathways can 
attenuate collagen synthesis and prevent excessive scar for-
mation. 

8.13.2. Antioxidant-mediated Regulation of Collagen  
Synthesis 

 Oxidative stress contributes to collagen overproduction 
in keloids by promoting fibroblast activation and ECM re-
modeling. Plant compounds with antioxidant properties, such 
as polyphenols, flavonoids, and carotenoids, can scavenge 
free radicals and reduce oxidative damage, thereby inhibiting 
collagen synthesis and fibrosis [35]. 

8.13.3. Anti-inflammatory Modulation of Collagen Deposition 

 Chronic inflammation is associated with increased colla-
gen deposition in keloids, driven by pro-inflammatory cyto-
kines and chemokines. Plant-derived compounds with anti-
inflammatory activity, such as curcumin, resveratrol, and 
quercetin, can suppress inflammatory mediators and attenu-
ate collagen synthesis in keloid scars. 

8.13.4. Regulation of Matrix Metalloproteinases (MMPs) 

 Imbalances in Matrix Metalloproteinase (MMP) activity 
contribute to excessive collagen accumulation in keloids. 
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Plant compounds with MMP-inhibitory effects, such as 
green tea catechins and Epigallocatechin Gallate (EGCG), 
can regulate ECM turnover and prevent collagen overpro-
duction in keloid scars. 

8.13.5. Direct Collagen-modulating Phytochemicals 

 Some plant-derived compounds directly modulate colla-
gen synthesis by regulating collagen gene expression or post-
translational modifications. For example, asiaticoside from 
Centella asiatica has been shown to stimulate collagen pro-
duction and promote wound healing in keloids. 

8.13.6. Regulation of Fibroblast Phenotype by Plant-derived 
Agents 

 Plant compounds can influence fibroblast behavior and 
phenotype, affecting their ability to produce collagen and 
ECM components. Compounds that promote fibroblast apop-
tosis or inhibit myofibroblast differentiation may mitigate 
collagen deposition and fibrosis in keloid scars [36]. 

 Harnessing the collagen-modulating properties of plant-
derived compounds offers a promising strategy for develop-
ing novel therapies to address keloid pathogenesis. By tar-
geting multiple pathways involved in collagen synthesis and 
fibrosis, plant compounds may offer synergistic effects and 
improved therapeutic outcomes for keloid patients. Further 
research is needed to elucidate the specific mechanisms of 
action and clinical efficacy of plant-derived compounds in 
keloid management. 

8.14. Promotion of Fibroblast Apoptosis: A Novel Anti-
keloid Strategy 

 Keloid pathogenesis is characterized by dysregulated 
fibroblast proliferation and resistance to apoptosis, contrib-
uting to excessive collagen deposition and scar formation. 
Targeting fibroblast apoptosis represents a promising thera-
peutic approach for keloid management, aiming to reduce 
scar size and prevent recurrence. Here, we explore strategies 
for promoting fibroblast apoptosis as a novel anti-keloid 
strategy. 

8.14.1. Small-molecule and Natural-product Apoptosis  
Inducers 

 Various compounds, including small molecules, peptides, 
and natural extracts, have been identified as apoptosis induc-
ers in fibroblasts. These agents target intracellular signaling 
pathways involved in apoptosis regulation, such as the in-
trinsic (mitochondrial) or extrinsic (death receptor-mediated) 
pathways. By activating pro-apoptotic factors or inhibiting 
anti-apoptotic proteins, apoptosis inducers promote pro-
grammed cell death in keloid fibroblasts. 

8.14.2. Cytokine-based Modulation of Fibroblast Apoptosis 

 Cytokines and growth factors play critical roles in regu-
lating fibroblast survival and apoptosis. Modulating the ex-
pression or activity of pro-survival cytokines, such as TGF-β 
or interleukins, can sensitize keloid fibroblasts to apoptotic 
stimuli. Conversely, enhancing the secretion of pro-apoptotic 
cytokines, such as tumor necrosis factor-alpha (TNF-α) or 
Fas ligand (FasL), can trigger fibroblast apoptosis and inhibit 
keloid formation [37]. 

8.14.3. Gene Therapy Approaches Targeting Fibroblast 
Survival 

 Gene therapy approaches offer targeted strategies for 
inducing fibroblast apoptosis in keloids. By delivering thera-
peutic genes encoding pro-apoptotic proteins (e.g., Bax, Bid) 
or RNA interference molecules targeting anti-apoptotic 
genes (e.g., Bcl-2, survivin), gene therapy vectors can repro-
gram keloid fibroblasts to undergo apoptosis selectively. 

8.14.4. Combination Strategies to Enhance Apoptosis-
induced Scar Regression 

 Synergistic combinations of apoptosis inducers, cytokine 
modulators, and gene therapy vectors may enhance the effi-
cacy of anti-keloid strategies. By targeting multiple signaling 
pathways involved in fibroblast survival and apoptosis, com-
bination therapies can overcome resistance mechanisms and 
achieve more profound and sustained effects on keloid re-
gression [38]. 

 Promoting fibroblast apoptosis represents a promising 
avenue for developing novel anti-keloid therapies with the 
potential to improve scar outcomes and prevent recurrence. 
Further preclinical and clinical studies are warranted to eval-
uate the safety, efficacy, and long-term benefits of apoptosis-
inducing strategies in keloid management. 

8.15. Candidate Compounds: Identification and  
Characterization 
 Identifying and characterizing candidate compounds with 
anti-keloid properties is essential for developing effective 
therapeutic interventions. Several approaches are utilized to 
screen and evaluate potential compounds for their ability to 
modulate key processes involved in keloid pathogenesis. 

8.15.1. High-throughput Screening of Anti-keloid Candidates 

 High-throughput Screening (HTS) assays enable the rap-
id screening of large compound libraries to identify mole-
cules that exhibit desired biological activities. Automated 
platforms and robotics facilitate the screening of diverse 
chemical libraries, natural product extracts, or small mole-
cule libraries against keloid-derived cell lines or animal 
models. Compounds showing promising activity in HTS 
assays are selected for further characterization. 

8.15.2. Structure-activity Relationship (SAR) Optimization 

 SAR studies involve systematically modifying the  
chemical structure of lead compounds to optimize their 
pharmacological properties, potency, and selectivity. By 
synthesizing analogs or derivatives of candidate compounds 
and assessing their structure-activity relationships, medicinal 
chemists can identify structural motifs essential for anti-
keloid activity and develop more potent or bioavailable de-
rivatives [39]. 

8.15.3. Molecular Docking and Virtual Screening  
Approaches 

 Computational methods, such as molecular docking and 
virtual screening, are used to predict the binding affinity and 
mode of interaction between candidate compounds and their 
target proteins or receptors implicated in keloid pathogene-
sis. In silico modeling and simulation techniques help priori-
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tize compounds for experimental validation based on their 
predicted binding energies, pharmacokinetic properties, and 
drug-likeness criteria. 

8.15.4. In vitro Validation of Anti-keloid Activity 

 Candidate compounds identified through computational 
or HTS approaches are validated using in vitro assays to as-
sess their effects on cellular processes relevant to keloid 
pathogenesis. Cell-based assays measuring fibroblast prolif-
eration, collagen synthesis, apoptosis induction, or extracel-
lular matrix remodeling provide insights into the mecha-
nisms of action and therapeutic potential of candidate com-
pounds. 

8.15.5. In vivo Evaluation in Experimental Keloid Models 

 Promising candidate compounds are evaluated in preclin-
ical animal models of keloid formation to assess their effica-
cy, safety, and pharmacokinetics in a physiological context. 
Animal studies involve administering candidate compounds 
via topical application, injection, or oral administration and 
monitoring their effects on scar size, collagen deposition, 
tissue remodeling, and adverse effects [40]. 

 By systematically identifying and characterizing candi-
date compounds with anti-keloid properties, researchers can 
advance the development of targeted therapies for keloid 
management. Integration of multidisciplinary approaches, 
including medicinal chemistry, computational modelling, 
and preclinical validation, facilitates the discovery of novel 
pharmacological agents with the potential to improve scar 
outcomes and enhance patient quality of life. 

8.16. Therapeutic Implications: Potential Applications in 
Keloid Management 

 The identification of plant-derived compounds with anti-
keloid properties opens new avenues for keloid management, 
offering natural, multi-targeted therapeutic strategies. Based 
on their diverse pharmacological actions ranging from anti-
inflammatory to collagen-regulating properties, these com-
pounds can be developed into various treatment forms. Here 
are some of the most promising therapeutic applications 

8.16.1. Topical Applications of Phytochemical-based  
Therapies 
 Many plant-derived compounds, including aloe vera, 
Centella asiatica, and green tea extract, are suitable for topi-
cal application due to their ability to be absorbed directly at 
the site of scarring. Topical formulations, such as gels, 
creams, or ointments, allow for localized treatment with min-
imal systemic side effects. 

8.16.2. Potential Intralesional Use of Plant-derived  
Compounds 
 Compounds like curcumin and glycyrrhizin could be 
formulated for direct injection into keloid lesions, delivering 
high concentrations to the affected area and potentially im-
proving scar resolution by targeting collagen synthesis and 
fibroblast activity more effectively. 

8.16.3. Combination Therapies with Conventional Modalities 
 Combining plant-derived compounds with existing thera-
pies, such as corticosteroid injections, laser treatments, or 

surgical excision, could improve treatment efficacy. For ex-
ample, pairing EGCG with corticosteroids could enhance the 
reduction of fibroblast proliferation and collagen deposition. 

8.16.4. Integration into Personalized Keloid Treatment 
Strategies 
 By leveraging plant-derived compounds with specific 
anti-fibrotic and anti-inflammatory properties, personalized 
treatment plans could be developed for patients based on 
their unique keloid characteristics, genetic predispositions, 
and response to therapy. 

8.16.5. Prophylactic Use in High-risk Individuals 
 For individuals prone to keloid formation, prophylactic 
treatment with botanical compounds after skin trauma (such 
as surgery or burns) could mitigate excessive scarring. This 
would be particularly useful in patients with a history of ke-
loid development, where compounds like Centella asiatica 
can aid in balanced collagen production [41]. 

 The therapeutic potential of plant-derived compounds for 
keloid management is promising, with several compounds 
demonstrating efficacy in modulating key processes such as 
fibroblast proliferation, collagen synthesis, and inflamma-
tion. The following are the key takeaways from this review: 

8.16.6. Key Mechanistic Takeaways from Plant-derived 
Therapies 
 Compounds like curcumin, EGCG, asiaticoside, and aloe 
vera act on multiple pathways (e.g., TGF-β/Smad, MAPK/ 
ERK), providing comprehensive approaches to managing 
keloid formation. 

8.16.7. Clinical Relevance, Limitations, and Evidence Gaps 
 Compounds such as aloe vera and Centella asiatica have 
shown positive outcomes in clinical trials, while others like 
EGCG and glycyrrhizin are supported by strong preclinical 
evidence and hold potential for future clinical testing. 

8.16.8. Synergistic and Multimodal Treatment Opportunities 
 Combining plant-derived compounds with conventional 
treatments may enhance efficacy and reduce recurrence rates 
in keloid management [42]. 

 While these findings are encouraging, several challenges 
remain in translating plant-derived therapies from research to 
clinical practice: 

1. Scalability and Standardization: The extraction and 
formulation of plant-derived compounds need to be 
standardized to ensure consistency in bioactive com-
pound concentrations. Variations in growing condi-
tions, harvesting times, and extraction methods can 
lead to inconsistent therapeutic effects. 

2. Regulation and Quality Control: The regulation of 
herbal and plant-based treatments often varies be-
tween countries, making it difficult to ensure the 
quality, efficacy, and safety of these products on a 
global scale. Rigorous clinical trials and regulatory 
approval processes are necessary to establish plant-
derived therapies as mainstream treatment options. 

3. Bioavailability and Delivery: Many plant-derived 
compounds, such as curcumin, suffer from low bioa-
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vailability when applied topically or taken orally. In-
novative delivery systems, such as nanocarriers or 
liposomes, may be required to enhance the absorption 
and effectiveness of these compounds in keloid man-
agement. 

4. Side Effects and Long-term Use: Although plant-
derived therapies are generally considered safe, po-
tential side effects and toxicities must be evaluated, 
particularly for long-term use. For example, licorice 
extract (glycyrrhizin) can cause side effects like ele-
vated blood pressure in some individuals, and long-
term safety data for keloid treatments is limited [43]. 

 To maximize the therapeutic potential of plant-derived 
compounds for keloid management, future research should 
focus on: 

1. Conducting large-scale clinical trials to validate the 
efficacy and safety of promising compounds. 

2. Developing advanced delivery systems to improve 
bioavailability and targeted application. 

3. Standardizing extraction and formulation processes to 
ensure consistent results across different product 
batches. 

4. Exploring combination therapies that integrate botan-
ical extracts with conventional treatment options to 
achieve synergistic effects. 

 By addressing these challenges, plant-derived com-
pounds could emerge as effective and safe options for pre-
venting and treating keloids, providing patients with more 
natural and holistic alternatives to conventional therapies 
[44]. 

9. FUTURE DIRECTIONS: TRANSLATIONAL  
OPPORTUNITIES AND CHALLENGES 

 The development of novel anti-keloid compounds pre-
sents exciting translational opportunities for improving ke-
loid management. However, several challenges must be ad-
dressed to translate promising preclinical findings into clini-
cal applications effectively. Here are future directions, trans-
lational opportunities, and challenges in the field of keloid 
research: 

9.1. Clinical Translation 

 Translating preclinical research findings into clinically 
viable treatments requires rigorous validation through well-
designed clinical trials. Collaborative efforts between re-
searchers, clinicians, and industry partners are essential for 
conducting large-scale clinical studies evaluating the safety, 
efficacy, and long-term outcomes of anti-keloid compounds 
in diverse patient populations [45]. 

9.2. Biomarker Identification 

 Biomarkers predictive of keloid formation, progression, 
and response to therapy are needed to personalize treatment 
approaches and improve patient outcomes. Identifying mo-
lecular signatures, genetic markers, or imaging biomarkers 
associated with keloid susceptibility and treatment response 

facilitates patient stratification, treatment selection, and mon-
itoring of therapeutic efficacy. 

9.3. Precision Medicine Approaches 

 Leveraging advances in genomics, proteomics, and mo-
lecular profiling enables the development of personalized 
treatment strategies tailored to individual patient characteris-
tics and keloid phenotypes. Precision medicine approaches 
incorporate patient-specific factors, such as genetic poly-
morphisms, cytokine profiles, and tissue microenvironments, 
to optimize treatment selection, dosing, and response moni-
toring [46]. 

9.4. Combination Therapies 

 Investigating synergistic combinations of anti-keloid 
compounds with existing therapies or novel treatment mo-
dalities offers opportunities for improving treatment out-
comes and addressing multidimensional aspects of keloid 
pathogenesis. Combination therapies targeting multiple 
pathways involved in fibrosis, inflammation, and wound 
healing may enhance therapeutic efficacy and reduce the risk 
of keloid recurrence. 

9.5. Regulatory Approval 

 Obtaining regulatory approval for novel anti-keloid com-
pounds requires navigating complex regulatory pathways 
and demonstrating safety, efficacy, and manufacturing quali-
ty standards through preclinical and clinical studies. Regula-
tory agencies play a critical role in evaluating the risk-benefit 
profiles of anti-keloid therapies and ensuring their timely 
approval and accessibility to patients [47]. 

9.6. Patient Engagement and Education 

 Engaging patients in clinical research, fostering patient-
centered care approaches, and promoting patient education 
and empowerment are essential for enhancing treatment ad-
herence, satisfaction, and long-term outcomes. Patient advo-
cacy groups, support networks, and educational resources 
play pivotal roles in raising awareness, reducing stigma, and 
advocating for improved keloid care. 

 The translational opportunities and challenges in keloid 
research highlight the need for interdisciplinary collabora-
tions, innovative approaches, and patient-centric strategies to 
advance the development and implementation of novel anti-
keloid therapies. By addressing these challenges and capitaliz-
ing on emerging opportunities, researchers and clinicians can 
revolutionize keloid management and improve the quality of 
life for individuals affected by this debilitating condition. 

10. HARNESSING NATURE’S POTENTIAL FOR  
KELOID THERAPY 

 Nature offers a rich source of bioactive compounds with 
diverse pharmacological properties, making it an attractive 
avenue for developing novel therapies for keloids. By har-
nessing the therapeutic potential of natural products, re-
searchers aim to identify and characterize compounds that 
modulate key pathways involved in keloid pathogenesis. 
Here's how nature's potential can be leveraged for keloid 
therapy: 
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10.1. Botanical Extracts 

 Plants produce a vast array of secondary metabolites, 
including polyphenols, alkaloids, terpenoids, and flavonoids, 
which exhibit anti-inflammatory, antioxidant, and anti-
fibrotic activities. Botanical extracts derived from medicinal 
plants have been traditionally used in folk medicine for 
wound healing and skin conditions. Screening botanical ex-
tracts for their anti-keloid effects may lead to the discovery 
of novel therapeutic agents with fewer side effects compared 
to synthetic drugs [48]. 

10.2. Marine Compounds 

 Marine organisms, such as sponges, corals, and algae, 
produce bioactive compounds with unique chemical struc-
tures and pharmacological activities. Marine-derived com-
pounds, such as peptides, polyketides, and alkaloids, show 
promise as anti-keloid agents by targeting fibroblast prolifer-
ation, collagen synthesis, and extracellular matrix deposition. 
Marine natural products offer untapped potential for discov-
ering novel drug candidates with enhanced efficacy and se-
lectivity. 

10.3. Microbial Metabolites 

 Microorganisms, including bacteria, fungi, and actino-
mycetes, produce a vast array of secondary metabolites with 
diverse biological activities. Microbial metabolites, such as 
antibiotics, enzymes, and peptides, exhibit anti-inflammatory, 
immunomodulatory, and anti-fibrotic properties that may be 
beneficial for keloid therapy. Exploring the microbial diver-
sity and screening microbial extracts for anti-keloid activity 
may lead to the discovery of novel drug leads and therapeu-
tic targets [49]. 

10.4. Traditional Medicine 

 Traditional medicine systems, such as Traditional Chi-
nese Medicine (TCM), Ayurveda, and Indigenous healing 
practices, offer valuable insights into the use of natural rem-
edies for skin disorders, including keloids. Traditional herbal 
formulations and medicinal plants used in these systems 
have been empirically validated for their efficacy in wound 
healing, scar reduction, and skin regeneration. Integrating 
traditional knowledge with modern scientific approaches 
facilitates the discovery of novel botanical remedies and 
therapeutic strategies for keloid management. 

10.5. Multi-target Approaches 

 Natural products often exhibit pleiotropic effects by tar-
geting multiple pathways involved in keloid pathogenesis. 
By modulating inflammation, oxidative stress, fibroblast 
activation, and extracellular matrix remodeling, natural com-
pounds offer holistic approaches to keloid therapy. Combin-
ing multiple natural products or synergistic combinations of 
natural and synthetic agents may enhance therapeutic effica-
cy and reduce the risk of adverse effects [50]. 
 Harnessing nature's potential for keloid therapy offers a 
promising approach to discovering safe, effective, and sus-
tainable treatments for this challenging dermatological con-
dition. By exploring the rich biodiversity of natural resources 
and integrating traditional knowledge with modern scientific 

advances, researchers can unlock new insights into keloid 
pathophysiology and develop innovative therapies that im-
prove patient outcomes and quality of life. 

CONCLUSION 

 This review highlights the therapeutic potential of plant-
derived compounds in keloid management. Key findings 
indicate that curcumin, EGCG, asiaticoside, and glycyrrhizin 
target fibrotic pathways such as TGF-β/Smad and MAPK/ 
ERK, reducing fibroblast proliferation and excessive colla-
gen synthesis. These compounds provide a promising foun-
dation for alternative keloid treatments, with potential inte-
gration into clinical practice. Although these findings high-
light the potential of plant-derived compounds in keloid 
treatment, further studies are needed to optimize their formu-
lation, improve bioavailability, and evaluate long-term safety 
in clinical settings. Standardized clinical trials will be essen-
tial to validate their efficacy and integration into existing 
treatment protocols. By leveraging the anti-fibrotic proper-
ties of plant-derived compounds, future research can con-
tribute to developing safer, more effective keloid therapies. 
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