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Keloids are a challenging dermatological condition characterized by excessive scar formation beyond the original wound site, high recurrence rates, and limited treatment efficacy. Current therapies, such as corticosteroids, surgery, and radiotherapy, often yield suboptimal outcomes and adverse effects. This review evaluates the potential of plant-derived metabolites as safer and more effective alternatives for keloid management. Preclinical and clinical studies demonstrate that compounds like curcumin, epigallocatechin gallate (EGCG), and asiaticoside exhibit anti-fibrotic, anti-inflammatory, and antioxidant properties by modulating key pathways (e.g., TGF-β/Smad, NF-κB, and oxidative stress). Espite promising preclinical and early clinical findings, critical challenges hinder the clinical translation of these metabolites. These include poor and variable bioavailability, inconsistencies in extract standardization, and a paucity of large-scale, rigorously designed trials. Moreover, some metabolites may yield conflicting results or exhibit off-target effects in in vitro systems, necessitating caution in interpreting their true therapeutic potential. Future research should focus on optimizing drug delivery systems, conducting large-scale trials, and integrating personalized medicine approaches. Plant-derived metabolites represent a multi-targeted therapeutic strategy with the potential to address unmet needs in keloid treatment.
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1 INTRODUCTION
Keloids are pathological scars characterized by excessive extracellular matrix (ECM) accumulation, particularly collagen, that extends beyond the original injury site and does not regress over time (Tan et al., 2019). Clinically, these lesions present as raised, firm nodules or plaques, often causing pain, pruritus, and cosmetic disfigurement, which can lead to physical and psychological distress. Unlike hypertrophic scars, keloids exhibit persistent growth and fail to resolve, making them challenging to manage (Trace et al., 2016).
The pathogenesis of keloids involves dysregulated wound healing, driven by aberrant fibroblast activity, excessive collagen synthesis, and impaired ECM degradation (Lee et al., 2023). Central to this process is the overexpression of transforming growth factor-beta (TGF-β), which promotes fibroblast-to-myofibroblast differentiation and sustained fibrogenesis. Additional contributors include chronic inflammation mediated by IL-6, TNF-α, and reactive oxygen species (ROS), as well as heightened angiogenesis via vascular endothelial growth factor (VEGF) (Wang et al., 2024). Epidemiologically, keloids disproportionately affect individuals of African, Asian, and Hispanic descent, with incidence rates as high as 20%, likely due to genetic predisposition and skin type (Naik and Farrukh, 2022).
Current therapeutic strategies—such as intralesional corticosteroids, surgical excision, cryotherapy, and radiotherapy—are limited by variable efficacy, high recurrence rates (50%–80%), and adverse effects, including skin atrophy and dyspigmentation (Walsh et al., 2023; Lee and Seol, 2021). These shortcomings underscore the need for novel, targeted therapies that address the underlying molecular mechanisms of keloid formation.
In recent years, plant-derived bioactive metabolites have emerged as promising candidates due to their pleiotropic anti-fibrotic, anti-inflammatory, and antioxidant properties. Preclinical studies have demonstrated that metabolites such as curcumin, epigallocatechin gallate (EGCG), and asiaticoside modulate key pathways in keloid pathogenesis, including TGF-β/Smad signaling, fibroblast proliferation, and oxidative stress (Gowifel et al., 2020; Adamcakova et al., 2023). However, clinical translation faces challenges such as poor bioavailability, lack of standardized formulations, and insufficiently powered trials (Unahabhokha et al., 2015).
This review aims to systematically evaluate the comparative effectiveness of plant-derived metabolites for keloid management. The objectives are threefold: (1) to analyze evidence from preclinical and clinical studies on the mechanisms and therapeutic potential of these metabolites, (2) to compare their efficacy and safety with conventional therapies, and (3) to identify research gaps and propose future directions for optimizing natural product-based therapies. By consolidating existing evidence, this review seeks to provide a comprehensive understanding of the role of plant-derived metabolites in keloid treatment, highlighting their potential as safe and effective alternatives to conventional therapies. Furthermore, it emphasizes the need for further research to address limitations such as bioavailability, formulation standardization, and clinical validation. Advancing our understanding of these metabolites and their mechanisms will pave the way for innovative, multi-targeted therapies that address unmet needs in keloid management and improve patient outcomes.
The inclusion criteria for this review were defined to encompass studies reporting on clinically relevant outcomes, including the reduction of keloid size and scar tissue thickness, the alleviation of subjective symptoms such as itching and pain, and the evaluation of recurrence rates. Eligible studies included those investigating plant-based therapies either as standalone treatments or as adjuvant interventions in combination with conventional approaches such as corticosteroid injections or surgical excision. Furthermore, only studies employing non-invasive methods, such as digital measurement of keloid size and validated clinical assessment tools like the Vancouver Scar Scale (VSS) and the Patient and Observer Scar Assessment Scale (POSAS), were considered. Studies were excluded if they failed to address these primary outcomes, focused solely on invasive methods without incorporating plant-based interventions, or lacked standardized measurement tools or validated clinical scales. Research involving animal models, in vitro experiments, or studies with no direct clinical applicability to human populations was also excluded. Additionally, reviews, commentaries, and articles lacking original clinical data were deemed ineligible for inclusion.
2 PATHOPHYSIOLOGY OF KELOID FORMATION
2.1 Overview of normal wound healing
Wound healing is a complex biological process that occurs in four phases: hemostasis, inflammation, proliferation, and remodeling, where cells and molecules work in coordination to restore tissue integrity (Mamun et al., 2024). The hemostasis phase begins immediately after injury, with platelet activation and aggregation forming a blood clot that provides a temporary scaffold for immune cells and fibroblast migration. In the inflammatory phase, neutrophils and macrophages clear debris and pathogens, while macrophages release pro-inflammatory cytokines (e.g., IL-6, TNF-α) and growth factors such as TGF-β and VEGF to signal the transition to the proliferation phase (Goswami et al., 2021).
During proliferation, fibroblasts produce ECM components, including type III collagen, to form granulation tissue (Olczyk et al., 2014). Endothelial cells, responding to VEGF, initiate angiogenesis to provide oxygen and nutrients to the healing tissue, while keratinocytes migrate to re-epithelialize the wound surface. In the remodeling phase, type III collagen is replaced by type I collagen, which is more stable and stronger. Matrix Metalloproteinases (MMPs) degrade excess ECM, while Tissue Inhibitors of Metalloproteinases (TIMPs) maintain a balance between synthesis and degradation. Proper healing leads to minimal scarring, but disruptions in any phase can result in pathological fibrosis, such as keloids.
2.2 Dysregulated mechanisms in keloid pathogenesis
Keloid formation results from dysregulation in wound healing, particularly during the proliferation and remodeling phases, where fibroblasts become hyperactive and collagen production is uncontrolled (Férnandez-Guarino et al., 2024). Keloid fibroblasts exhibit increased proliferative activity and produce excessive type I and III collagen even after healing is complete, leading to scar tissue thickening beyond the original wound site. TGF-β is central to keloid pathogenesis, stimulating fibroblast proliferation, myofibroblast differentiation, ECM synthesis, and inhibiting MMPs that normally degrade excess collagen (Shan et al., 2023). Additionally, VEGF is overexpressed, promoting abnormal angiogenesis that supports fibroblast activity by supplying oxygen and nutrients (Fitzgerald et al., 2018).
Pro-inflammatory cytokines like IL-6, TNF-α, and IL-1β sustain chronic inflammation in the keloid tissue, further stimulating fibroblast activity and collagen production (Wang et al., 2020). Oxidative stress, caused by reactive oxygen species (ROS) accumulation, exacerbates fibroblast activation, TGF-β production, and pro-fibrotic signaling, worsening fibrosis (Liu and Desai, 2015). The interplay of fibroblast hyperactivity, TGF-β/VEGF dysregulation, chronic inflammation, and oxidative stress leads to progressive and resilient pathological scarring in keloids (Figure 1).
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Conventional keloid treatments, including corticosteroid injections, surgical excision, cryotherapy, and radiotherapy, are typically single-target approaches that address limited aspects of pathogenesis, such as inflammation or scar size reduction (Walsh et al., 2023). While these treatments may provide temporary relief, keloid recurrence rates remain high (50%–80%), particularly after surgical excision without adequate adjuvant therapy (Lee and Seol, 2021). Furthermore, repeated corticosteroid use can cause adverse effects, such as skin atrophy, telangiectasia, and depigmentation, limiting patient satisfaction. The variability in treatment response reflects the complexity of keloid pathogenesis, involving hyperactive fibroblasts, TGF-β/VEGF dysregulation, and oxidative stress.
This underscores the need for multi-targeted therapies capable of addressing multiple pathogenic pathways simultaneously. Plant-derived metabolites present a promising solution due to their ability to modulate various mechanisms involved in keloid formation. Metabolites such as curcumin, EGCG, and asiaticoside exhibit anti-fibrotic activity by suppressing the TGF-β/Smad pathway, inhibiting fibroblast proliferation, and reducing collagen synthesis (Boo, 2024). They also possess anti-inflammatory and antioxidant properties, mitigating pro-inflammatory cytokine production (e.g., IL-6, TNF-α) and ROS accumulation. Additionally, natural metabolites offer benefits such as safety, bioavailability, and synergistic effects in addressing keloid pathogenesis. Given the multi-targeted nature of these metabolites, they may serve as effective alternatives or complements to conventional therapies. However, further research is required, including validation of their mechanisms of action, preclinical testing, and large-scale clinical trials to assess safety, efficacy, and optimal formulations. Incorporating plant-derived therapies into keloid management could overcome the limitations of conventional approaches, offering a more holistic and innovative solution.
3 PLANT-DERIVED METABOLITES
3.1 Classification of plant-based metabolites
Plant-based metabolites offer significant therapeutic potential in keloid management due to their ability to target multiple pathogenic pathways, including fibrosis, inflammation, and oxidative stress. These bioactive molecules can be categorized into polyphenols, terpenoids, alkaloids, and glycosides, based on their chemical structure and biological activity. Polyphenols, such as flavonoids (e.g., quercetin and EGCG from green tea) and curcuminoids (e.g., curcumin from Curcuma longa), exhibit strong anti-fibrotic and anti-inflammatory effects. Flavonoids inhibit fibroblast proliferation, suppress pro-fibrotic mediators like TGF-β, and reduce oxidative stress by scavenging free radicals (Chang et al., 2023; Zhao et al., 2024). Curcuminoids reduce ECM deposition and myofibroblast differentiation by modulating the TGF-β/Smad signaling pathway (Xu et al., 2024; Zhang et al., 2020).
Terpenoids, such as asiaticosides from Centella asiatica and betulinic acid, regulate fibroblast activity, suppress abnormal angiogenesis, and promote balanced collagen synthesis. Asiaticosides, for instance, reduce VEGF expression and normalize fibroblast behavior, facilitating proper tissue remodeling (Narisepalli et al., 2023; Wang et al., 2024). Alkaloids and glycosides also show promise in inhibiting fibrosis. Berberine, an alkaloid from Berberis, exerts anti-proliferative effects on fibroblasts, reducing excessive collagen production (Bai et al., 2020). Ginsenosides, glycosides from Panax ginseng, suppress pro-inflammatory cytokines like IL-6 and TNF-α and lower oxidative stress (Im, 2020). These plant-based metabolites, with their multi-target mechanisms, are ideal candidates for addressing the complex molecular pathways underlying keloid pathogenesis.
3.2 Criteria for selecting metabolites in this review
The plant-based metabolites discussed in this review were systematically selected based on their therapeutic potential, supported by preclinical studies, clinical evaluations, and mechanistic studies (Figure 2). Priority was given to metabolites with demonstrated efficacy in relevant in vitro models (e.g., keloid fibroblast cultures) or in vivo models of fibrosis or hypertrophic scarring. Studies needed to provide mechanistic insights, such as inhibition of fibroblast proliferation, regulation of collagen synthesis, or suppression of key pathways (e.g., TGF-β/SMAD, Akt/PI3K, NF-κB) (Hernández-Aquino et al., 2020; Kong et al., 2015; He et al., 2023).
[image: Diagram showing plant-based compounds with anti-fibrotic, anti-inflammatory, and antioxidant properties. Anti-fibrotic includes curcumin, EGCG, and asiaticoside targeting TGF-β/Smad, Akt/PI3K, and ERK/MAPK, respectively. Anti-inflammatory includes curcumin, berberine, quercetin, and resveratrol reducing IL-6, TNF-α and shifting macrophages from M1 to M2. Antioxidant includes resveratrol, EGCG, and asiaticoside neutralizing ROS and increasing SOD, catalase for redox balance.]FIGURE 2 | Mechanism of plant-based metabolites in keloid therapy.Metabolites supported by clinical data (e.g., randomized controlled trials (RCTs), observational studies, case series) involving patients with keloids or hypertrophic scarring were prioritized. Outcomes of interest included reduction in scar size/thickness, improvement in scar characteristics (e.g., elasticity, color), alleviation of symptoms (e.g., pruritus, pain), recurrence rates, and safety assessments using validated tools (e.g., VSS, POSAS) (Kulawik-Pióro and Goździcka, 2022; Ud-Din et al., 2019).
Metabolites with well-documented anti-fibrotic, anti-inflammatory, and/or antioxidant properties relevant to keloid pathogenesis were included. Evidence of interaction with key molecular pathways (e.g., TGF-β, NF-κB, ROS scavenging) was required. Anti-fibrotic effects were assessed by evaluating inhibition of fibroblast proliferation, suppression of myofibroblast differentiation, and reduction of ECM deposition. Anti-inflammatory activity was measured by modulation of cytokines (e.g., IL-6, TNF-α), and antioxidant activity by the ability to scavenge free radicals and/or enhance endogenous enzymes (e.g., SOD, catalase) (Ashrafizadeh et al., 2020; Huang et al., 2019; Tan et al., 2021).
4 PRECLINICAL EVIDENCE OF PLANT-DERIVED METABOLITES
4.1 Anti-fibrotic effects
Plant-based metabolites exhibit potent anti-fibrotic effects by targeting multiple molecular pathways involved in keloid pathogenesis. A key pathway is TGF-β/Smad, which regulates fibroblast activation and collagen synthesis (Chen et al., 2015). Preclinical studies show that curcumin inhibits TGF-β1 expression in keloid fibroblasts, disrupting Smad2/3 phosphorylation and preventing pro-fibrotic signal transduction (Murakami and Shigeki, 2024). Curcumin also suppresses fibroblast differentiation into myofibroblasts, which are responsible for tissue contraction and excessive collagen production (Yu et al., 2019). Similarly, EGCG from green tea inhibits the Akt/PI3K and ERK/MAPK pathways, reducing fibroblast proliferation and downregulating collagen genes (COL1A1 and COL3A1), thus limiting ECM deposition (Bae et al., 2018).
Preclinical studies using asiaticosides from Centella asiatica show the ability of this metabolite to suppress TGF-β1 expression while inhibiting VEGF formation (He et al., 2023). Additionally, asiaticosides regulate MMPs and TIMPs, which balance collagen degradation and ECM homeostasis, preventing excessive collagen accumulation in keloid tissue (Bian et al., 2013). In vivo studies show that asiaticosides reduce scar thickness and improve collagen distribution in fibrosis models (Bian et al., 2013; Yao et al., 2017; Diniz et al., 2023). In summary, plant-based metabolites target key mechanisms involved in fibroblast proliferation, myofibroblast differentiation, and ECM synthesis, with effects on TGF-β, Akt/PI3K, and MMP/TIMP pathways. Their multi-target potential makes them promising candidates for the development of effective anti-keloid therapies.
4.2 Anti-inflammatory and immunomodulatory properties
Chronic inflammation plays a critical role in keloid pathogenesis, fostering a microenvironment that promotes fibroblast hyperactivity and excessive ECM production (Nangole and Agak, 2019; Limandjaja et al., 2020). Plant-based metabolites, such as curcumin, have been shown to modulate inflammatory responses by suppressing the NF-κB pathway, a key regulator of pro-inflammatory cytokine expression (Kahkhaie et al., 2019). By inhibiting NF-κB activation, curcumin reduces the levels of cytokines such as IL-6 and TNF-α, decreasing inflammation and preventing fibroblast hyperproliferation in keloid tissue. Additionally, metabolites like berberine can modulate macrophage polarization, which is crucial for resolving inflammation during wound healing. In keloids, an imbalance in macrophage polarization leads to persistent inflammation. Berberine and asiaticosides promote the transition of macrophages from the pro-inflammatory M1 phenotype to the M2 phenotype, reducing pro-fibrotic cytokine production and supporting tissue remodeling (Sun et al., 2023; Xiong et al., 2023).
Other metabolites, including quercetin and resveratrol, also exhibit anti-inflammatory effects by reducing IL-6 and TNF-α levels and decreasing inflammatory cell infiltration in keloid tissue (Song et al., 2024). These mechanisms inhibit fibroblast activation, thereby limiting ECM accumulation. Through their ability to modulate inflammation and immune responses, plant-based metabolites offer a comprehensive approach to addressing the inflammatory components of keloid development.
4.3 Antioxidant effects
Oxidative stress, induced by reactive oxygen species (ROS), plays a pivotal role in keloid pathogenesis by enhancing fibroblast activation and exacerbating pro-fibrotic pathways, such as TGF-β. Plant-based metabolites effectively capture ROS and reduce oxidative stress, thereby inhibiting fibroblast hyperactivity and ECM production. Polyphenols like resveratrol and EGCG act as potent antioxidants, neutralizing ROS, protecting fibroblasts from oxidative damage, and attenuating the inflammatory pathways triggered by oxidative stress (Liu et al., 2023).
Moreover, plant-based metabolites can enhance the activity of endogenous antioxidant enzymes, including superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). Preclinical studies have shown that asiaticosides increase the expression of SOD and catalase in animal models of fibrosis, promoting redox homeostasis and preventing TGF-β pathway activation due to oxidative stress (Tan et al., 2021). Curcumin has also been reported to reduce ROS production and increase glutathione levels, a key cellular antioxidant (Jakubczyk et al., 2020). By mitigating oxidative stress and enhancing endogenous antioxidant systems, plant-based metabolites protect fibroblasts from oxidative damage and inhibit the activation of pro-fibrotic pathways involved in keloid formation.
4.4 Mechanistic insights from in vitro and in vivo studies
In vitro and in vivo studies provide valuable insights into the mechanisms by which plant-based metabolites inhibit keloid development. In vitro studies using keloid fibroblast cultures have demonstrated that metabolites such as curcumin, EGCG, and asiaticoside effectively suppress fibroblast proliferation, inhibit TGF-β1 expression, and reduce collagen synthesis (Ti et al., 2022). Curcumin interferes with the TGF-β/SMAD pathway, while EGCG inhibits the Akt/PI3K pathway, which is involved in myofibroblast differentiation (Liu et al., 2024).
In vivo studies using animal models of fibrosis have shown similar results. Mice induced with hypertrophic scar tissue exhibited reduced scar thickness, decreased collagen deposition, and improved ECM organization following treatment with asiaticoside or EGCG (Zhang et al., 2024). Additionally, in vivo studies revealed reductions in abnormal angiogenesis, ROS production, and enhancements in antioxidant enzyme activity. A summary of relevant preclinical findings is provided in Table 1.
TABLE 1 | Preclinical evidence of plant-derived metabolites showing anti-keloid effects.	Plant metabolite	Plant species	Study design	Dose	Target pathway	Mechanism	References
	Curcumol	N/A	In vitro	160 mg/L of curcumol	Extracellular signal regulated kinase (ERK) signaling	↓ keloid fibroblast proliferation, collagen synthesis, and ERK pathway	Yuan et al. (2021)
	Asiaticoside	N/A	In vivo (rabbit)	12 and 24 mg/kg/d for 60 days	Transforming growth factor beta (TGF-1)/Smad	↓ hypertrophic scar, ↓ TGF-1, ↑ SMAD7	Huang et al., 2021
	Gallic acid	N/A	In vitro, ex vivo (tissue explant)	25, 50, 100 μM	AKT/ERK	↓ proliferation, migration, invasion, angiogenesis; ↑ apoptosis	Wang et al. (2018)
	Madecassoside	Centella asiatica	In vitro	10, 30, 100 μM for an additional 24 h	PI3K/AKT, p38 mitogen activated protein kinase (MAPK)	↓ migration of keloid fibroblasts	Song et al. (2012)
	Asiatic acid	Centella asiatica	In vitro	3, 10, 30 μM for 24 h	TGF-1/Smad, peroxisome proliferator activated receptor gamma (PPAR-ɤ)	↓ TGF 1-induced collagen, plasminogen activator inhibitor-1 (PAI-1) via PPAR- ɤ	Bian et al. (2013)
	Resveratrol	N/A	In vitro	20, 40, 80 μM	Hypoxia induciblefactor 1-alpha (HIF-1)	↓ proliferation, ↑ apoptosis, ↓ collagen	Si et al. (2020)
	Aspidin PB	Dryopteris fragrans (L) Schott	In vitro	5, 20 and 40 μmol/L	PI-3K/Akt, Smad	↓ fibrogenesis, collagen, connective tissuegrowth factor (CTGF), alpha-smooth muscleactin (-SMA)	Song et al. (2015)
	Genistein	Glycine max	In vitro	370, 37, 3.7, 0.37 μM	Nuclear factor kappa-light chain-enhancer of activated B cells (NF-KB), Akt, activator protein 1 (AP-1), TGF	↓ TGF isoforms, CTGF, modulated apoptosis	Jurzak et al., 2014
	Wubeizi ointment	Rhus chinensis Mill	In vivo	3% and 5% Wubeizi ointment	PI3K/AKT, mammalian target of rapamycin (mTOR)	↓ proliferation, ↑ apoptosis, modulated mTOR	Tang et al. (2020a)
	Tagitinin C	Tithonia diversifolia (Hemsley) A. Gray	In vitro	0.125, 0.25, 0.5 and 1 μg/mL	N/A	↓ collagen, ↓ VEGF, no effect on tumor necrosis factor alpha (TNF-α)	Wicaksana et al. (2020)
	Corilagin	N/A	In vitro	10, 25, 75 μM	TGF-1/Smad	↓ collagen, proliferation, migration, TGF-1	Li et al. (2021)
	Galangin	Chinese galangal root	In vivo	N/A	TGF-1/Smad	↓ fibrosis, TGF-1, ↑ Smad7	Ru et al. (2021)
	Galla chinensis ointment	Salvia miltiorrhiza	In vivo	5% Galla chinensis ointment	Phosphatase and tensin homolog (PTEN)/Akt/mTOR	↓ keloid, ↑ PTEN/Akt/mTOR, anti-inflammatory	Tang et al. (2020b)


N/A: Not mentioned.
5 CLINICAL EVIDENCE OF PLANT-DERIVED METABOLITES
5.1 Overview of clinical studies
A number of clinical studies have evaluated the effectiveness of plant-based metabolites in the management of keloids, including designs such as RCTs, observational studies, and case reports. RCTs, which are considered the gold standard in clinical research, allow for more objective measurements regarding the effectiveness of plant metabolites by comparing intervention and control groups. Observational studies and case reports, despite methodological limitations such as lack of controls or small samples, still make an important contribution to understanding the therapeutic potential of plant-based metabolites in keloid patients.
5.2 Effectiveness and safety profiles
Various plant-based metabolites have been evaluated in clinical studies for their effectiveness and safety in managing keloids. Curcumin, derived from Curcuma longa, has been tested in topical and nanoparticle formulations. Studies indicate that curcumin reduces keloid thickness, inhibits fibroblast proliferation, and improves scar texture and color by suppressing the TGF-β pathway and reducing oxidative stress and inflammation. Reported side effects, such as mild skin irritation, suggest a favorable safety profile (Murakami and Shigeki, 2024).
Aloe vera, known for wound-healing, has been evaluated for keloids. Evidence from Bagheri et al. (2023) suggests Aloe vera gel can reduce keloid size, alleviate symptoms like itching and pain, enhance skin hydration, suppress inflammation, and improve scar elasticity, potentially by modulating collagen production. (Bagheri et al., 2023).
Centella asiatica, containing asiaticosides, is used in topical formulations. Clinical studies, including Shome et al. (2018), report significant reductions in keloid size, increased elasticity, and improved appearance, attributed to inhibition of TGF-β1, suppression of fibroblast proliferation, and reduction in angiogenesis (Shome et al., 2018).
Green tea polyphenol EGCG shows clinical promise. A study by Ud-Din et al. (2019) found topical EGCG reduced keloid redness, thickness, and inflammatory symptoms. Its mechanisms include suppressing fibroblast activity, inhibiting collagen, and modulating oxidative stress. Comparatively, these metabolites reduce keloid size/thickness and symptoms with minimal side effects like mild irritation, unlike corticosteroids. However, variability in dosage, duration, and formulation complicates cross-study comparison (Ud-Din et al., 2019). A summaries of clinical studies on plant-derived metabolites can be seen on Table 2.
TABLE 2 | Clinical studies on plant-derived metabolites for keloid treatment.	Treatment type	Study design	Sampel size	Duration	Effectiveness	References
	Onion extract gel	Randomized double-blind placebo controlled trial	30	16 weeks	Significant improvements in volume, length, width, induration	Perez et al. (2010)
	Allium cepa, allantoin, pentaglycan gel	Open-label nonrandomized controlled clinical trial	30	24 weeks	Significant reduction in erythema and neoangiogenesis in treatment group	Campanati et al., 2010
	Onion extract andallantoin patch	Intra individual randomized observer-blind controlledtrial	125	12–24 weeks	Significant improvement in Patient and Observer Scar Assessment Scale, Global Aesthetic Improvement Scale for treated scars	Prager and Gauglitz, 2018
	Copaibaoil in siliconegel	Randomized double-blind placebo controlled trial	42	84 days	Significant improvement in Manchester Scar Scale, high satisfaction (89%)	Waibel et al., 2021
	Aloevera, pracaxioil,epi gallocatechin gallate, carapa oil	Prospective observational survey	522	4–8 months	52%–74% reduction in scar size; 73%–88% reduction in itching	Harris et al., 2018
	Epigallocatechin-3-Gallate	Randomizes double-blind trial	62	6 weeks	Effective in reduced keloid redness, thickness, and inflammatory symptoms	Ud-Din et al. (2019)
	Aloe vera-based gel cream	Pilot study	42	8 weeks	Effective in reduced keloid size and alleviated symptoms	Bagheri et al. (2023)


6 COMPARATIVE EFFECTIVENESS OF PLANT-DERIVED METABOLITES
6.1 Mechanistic comparison
Mechanistic comparisons of plant-based metabolites reveal significant differences in their targeting of molecular pathways, with most metabolites acting in a multi-targeted manner to address keloid pathogenesis. Metabolites like curcumin and EGCG exert anti-fibrotic effects by inhibiting the TGF-β/SMAD pathway, a key mediator of fibroblast activation, myofibroblast differentiation, and collagen synthesis (Ashrafizadeh et al., 2020; Azeredo et al., 2024). Additionally, they suppress pro-inflammatory cytokine production (IL-6, TNF-α) via NF-κB pathway inhibition, reducing the inflammatory environment that promotes keloid growth (Huang et al., 2019; Kang et al., 2024).
Antioxidants like resveratrol, asiaticoside, and EGCG scavenge free radicals and enhance endogenous antioxidants (SOD, catalase), reducing oxidative stress driving fibroblast hyperactivity (Ashraf et al., 2024; Eze et al., 2024; Zheng et al., 2024). This dual action differentiates plant-based metabolites from conventional therapies like corticosteroids, which primarily focus on anti-inflammatory effects but fail to address progressive fibrosis and oxidative stress simultaneously (Choudhury and MacNee, 2017). Thus, plant-based metabolites offer a more effective, holistic, and multi-targeted approach to keloid management by targeting pro-fibrotic, inflammatory, and oxidative pathways (Mushtaq et al., 2023).
6.2 Comparative efficacy in preclinical models
Preclinical research using fibroblast and animal models has enabled direct comparisons of the effectiveness of various plant-based metabolites in keloid management. In vitro studies show that metabolites such as curcumin, EGCG, and asiaticosides significantly inhibit fibroblast proliferation and myofibroblast differentiation compared to controls (Boo, 2024; Meetam et al., 2024). For example, curcumin and EGCG both suppress TGF-β1 expression and reduce type I and III collagen; however, EGCG demonstrates superior antioxidant effects by inhibiting ROS (Ashrafizadeh et al., 2020; Mokra et al., 2022).
In vivo studies on animal models further support these findings. Asiaticosides reduced keloid size, improved collagen matrix organization, and decreased abnormal angiogenesis compared to untreated groups (Bandopadhyay et al., 2023; Song et al., 2024). EGCG was effective in suppressing VEGF production and local inflammation in fibrosis models (Mokra et al., 2022; Zhou et al., 2018). Comparative studies indicated that Asiaticosides may be more effective against angiogenesis, while curcumin excels in modulating TGF-β/Smad and exhibiting antioxidant activity (Pattnaik et al., 2023; Song et al., 2024). These findings highlight the potential of these metabolites to target specific aspects of keloid pathogenesis.
6.3 Comparative clinical outcomes
In clinical studies, the effectiveness of plant-based metabolites in managing keloids has been assessed based on clinical outcomes such as keloid size reduction, texture improvement, symptom relief, and recurrence rate. For instance, a study on curcumin reported a 30%–40% reduction in keloid thickness after 8–12 weeks of topical treatment (Di Lorenzo et al., 2024). Epigallocatechin gallate-based formulations significantly improved tissue elasticity and alleviated itching and pain in 70%–80% of patients (Harris et al., 2018). In comparison, Aloe vera demonstrated efficacy in reducing inflammation and enhancing scar hydration, but was less effective than EGCG in inhibiting collagen synthesis (Meetam et al., 2024; Shedoeva et al., 2019). EGCG, derived from green tea polyphenols, effectively reduced redness and keloid thickness with a favorable safety profile, showing no significant side effects (Murakami and Shigeki, 2024; Xu et al., 2021). Overall, epigallocatechin gallate and curcumin were more effective in reducing keloid size and improving elasticity, while EGCG and Aloe vera excelled in managing inflammation and subjective symptoms.
Regarding safety, plant-based metabolites offer significant advantages over conventional treatments such as corticosteroids, with minimal side effects, including mild irritation or local allergic reactions (Wahyuni et al., 2021). However, variability in dosage, formulation, and treatment duration across studies highlights the need for further research with more standardized study designs to allow for more direct comparisons.
6.4 Limitations of current comparative studies
Although studies on plant-based metabolites for keloid management show promising results, several significant limitations must be addressed. A primary concern is the heterogeneity in study designs, including variations in measurement methods, treatment duration, and metabolite dosages. For instance, some studies utilized topical formulations, while others employed oral or injectable extracts, which influenced the bioavailability and therapeutic efficacy of the metabolites (Sitarek et al., 2020).
Additionally, the small sample sizes in many clinical studies limit the ability to draw broad, generalizable conclusions (Figure 3). Variability in clinical endpoints, such as keloid size, recurrence rates, and symptom improvement, further complicates comparisons across studies. Another challenge is the lack of standardized evaluation protocols in both preclinical and clinical research, with inconsistent reporting of key parameters like molecular pathway inhibition, histological changes, and subjective symptom assessments. To address these issues, large-scale, multicenter studies with standardized designs are essential, including uniformity in formulation, dosage, and treatment duration. Comprehensive evaluations utilizing molecular biomarker imaging and analysis technologies will enhance our understanding of the mechanisms of action of plant-based metabolites and ensure more consistent and reliable results.
[image: Flowchart illustrating key limitations and proposed solutions for plant-based compound research in keloid management. On the left, limitations include heterogeneous study designs, small sample sizes, inconsistent clinical endpoints, and lack of standardized protocols. On the right, solutions include large-scale multicenter studies, standardized designs, comprehensive molecular evaluations, and consistent reporting.]FIGURE 3 | Challenges and future directions in plant-based metanol metabolites research for keloid management.7 CHALLENGES AND LIMITATIONS
Despite the promising potential of plant-based metabolites in keloid management, several challenges and limitations must be addressed to optimize their effectiveness and clinical application. Preclinical studies often face limitations in the standardization of experimental models, both in vitro and in vivo. In vitro fibroblast cultures frequently fail to replicate the complex microenvironment of keloid tissue, hindering the translation of laboratory findings into clinically relevant outcomes (Hofmann et al., 2023). Similarly, existing animal models do not fully mimic the pathophysiological features of human keloids. In clinical studies, small sample sizes, short observation periods, and inadequate control groups undermine the reliability and generalizability of results. Moreover, variability in the purity, formulations, and dosages of metabolites complicates comparisons and consistent interpretations (Dhangar et al., 2017).
Bioavailability and pharmacokinetics remain significant challenges, particularly for metabolites like curcumin, which exhibit low natural bioavailability. Innovations in drug delivery systems, such as nanotechnology or lipid-based formulations, are required to enhance targeted release to keloid tissues (Farasati Far et al., 2023). Additionally, the quality control and reproducibility of plant-based products pose challenges, as variations in extraction methods, raw material sources, and active metabolite concentrations can impact therapeutic efficacy (Upton et al., 2020). Another important limitation is the tendency of many plant-derived metabolites, particularly polyphenols, to interfere with a variety of in vitro assays due to their chemical reactivity and non-specific binding properties. These compounds, such as curcumin and EGCG, can act as pan-assay interference compounds (PAINS), leading to assay-dependent effects that may not correspond to true pharmacological activity (Nagle et al., 2006). Their interactions with proteins and redox-sensitive assay components may produce misleading signals, making it challenging to determine specific mechanisms of action. Consequently, some of the therapeutic claims based on in vitro data may overestimate their clinical relevance. Future research must apply orthogonal assay systems, validate findings in relevant in vivo models, and assess bioavailability and target engagement to distinguish genuine therapeutic effects from assay artifacts. To address these issues, standardization of research protocols is essential, including the development of more representative experimental models, large-scale clinical trials with rigorous designs, and enhanced quality control in product development. Overcoming these obstacles will improve the integration of plant-based therapies into effective, evidence-based keloid treatments.
8 FUTURE DIRECTIONS AND RECOMMENDATIONS
The development of plant compound-based therapies for keloid management requires a more innovative and structured approach. A key focus should be improving the bioavailability and delivery of plant metabolites through advanced technologies such as nanotechnology, which facilitates targeted delivery to keloid tissues. Modern formulation technologies, including liposomes and micelles, can enhance the stability, absorption, and release of active metabolites, particularly those with low bioavailability like curcumin (Obeid et al., 2023; Tabanelli et al., 2021). Additionally, large-scale, rigorously designed clinical trials, such as randomized controlled trials (RCTs), are essential to consistently assess the safety and efficacy of these metabolites. These studies should employ standardized protocols and identify reliable biomarkers to objectively measure therapeutic outcomes.
Further research should explore combination therapies, such as plant metabolites used alongside corticosteroids, radiotherapy, or photobiomodulation therapy (PBMT), to enhance treatment effectiveness and reduce recurrence rates (Chen et al., 2022). The integration of personalized medicine, which tailors treatments based on genetic profiles and molecular characteristics, is a promising direction. This approach allows for individualized therapy adjustments according to keloid features like TGF-β expression, hypoxia, and tissue composition (Morand et al., 2020). With innovations in formulation technology, structured clinical studies, combination therapies, and personalized treatment strategies, plant-based metabolites hold potential as effective, safe, and sustainable solutions for keloid management.
9 CONCLUSION
Plant-based metabolites have demonstrated significant potential in the management of keloids, attributed to their multi-targeted mechanisms, which encompass anti-fibrotic, anti-inflammatory, and antioxidant properties. These metabolites present a notable advantage over conventional therapies, which typically operate through a singular mechanism. The anti-fibrotic effects of metabolites such as curcumin, asiaticoside, and EGCG are mediated through the inhibition of the TGF-β/SMAD signaling pathway, suppression of fibroblast proliferation, and reduction in collagen synthesis. Furthermore, the anti-inflammatory activity of these metabolites is exerted by the downregulation of pro-inflammatory cytokines, such as IL-6 and TNF-α. Additionally, the antioxidant properties of polyphenols like resveratrol and EGCG help mitigate oxidative stress, a critical factor in fibroblast hyperactivity and the accumulation of extracellular matrix components in keloids. Notwithstanding the promising therapeutic effects of these plant-based metabolites, there exists an imperative need for further investigation aimed at standardizing treatment parameters, including dosage, formulation, and treatment duration. Establishing clear and evidence-based clinical guidelines is essential for the consistent and effective application of these therapies in clinical practice. To substantiate their clinical utility, large-scale, rigorously designed randomized controlled trials (RCTs) are required to comprehensively assess the safety, efficacy, and long-term outcomes of these metabolites. In parallel, optimization of delivery systems, such as nanoparticles, liposomes, and micelles, should be explored to enhance the bioavailability and stability of plant-based metabolites, particularly those with inherent pharmacokinetic limitations.
The incorporation of personalized medicine strategies represents an important avenue for future research. Tailoring therapeutic interventions based on individual patients' genetic profiles and keloid characteristics could not only enhance treatment efficacy but also reduce the risk of recurrence. Personalized approaches could enable the identification of the most suitable plant-based metabolites for specific patient populations, thus improving overall clinical outcomes. In conclusion, with continued research efforts focused on standardization, optimization of drug delivery systems, and the integration of personalized medicine, plant-based metabolites hold considerable promise as innovative, effective, and sustainable solutions for keloid management. These metabolites offer a valuable alternative to conventional therapies, with the potential to provide more targeted, safe, and enduring treatments for individuals suffering from this complex dermatological condition.
AUTHOR CONTRIBUTIONS
AP: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review and editing. SN: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review and editing. PS: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review and editing. RS: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
REFERENCES
	Adamcakova, J., Balentova, S., Barosova, R., Hanusrichterova, J., Mikolka, P., Prso, K., et al. (2023). Effects of green tea polyphenol epigallocatechin-3-gallate on markers of inflammation and fibrosis in a rat model of pulmonary silicosis. Int. J. Mol. Sci. 24 (3), 1857. doi:10.3390/ijms24031857

	Ashraf, M. V., Khan, S., Misri, S., Gaira, K. S., Rawat, S., Rawat, B., et al. (2024). High-altitude medicinal plants as promising source of phytochemical antioxidants to combat lifestyle-associated oxidative stress-induced disorders. Pharm. Basel, Switz. 17 (8), 975. doi:10.3390/ph17080975

	Ashrafizadeh, M., Zarrabi, A., Hushmandi, K., Zarrin, V., Moghadam, E. R., Hashemi, F., et al. (2020). Toward regulatory effects of curcumin on transforming growth factor-beta across different diseases: a review. Front. Pharmacol. 11, 585413. doi:10.3389/fphar.2020.585413

	Azeredo, P. D. S., Fan, D., Murphy, E. A., and Carver, W. E. (2024). Potential of plant-derived compounds in preventing and reversing organ fibrosis and the underlying mechanisms. Cells Basel, Switz. 13 (5), 421. doi:10.3390/cells13050421

	Bae, M., Park, Y.-K., and Lee, J.-Y. (2018). Food components with antifibrotic activity and implications in prevention of liver disease. J. Nutr. Biochem. 55, 1–11. doi:10.1016/j.jnutbio.2017.11.003

	Bagheri, M., Werres, M., Fuchs, P. C., Seyhan, H., Lefering, R., Grieb, G., et al. (2023). Which moisturizer to use in scar therapy after burn injuries? A subjective and objective skin and scar evaluation after topical treatment with dexpanthenol, Aloe vera, and plant oil. Med. Kaunas. Lith. 59 (10), 1874. doi:10.3390/medicina59101874

	Bai, F., Tao, H., Wang, P., Wang, L., Zhou, X., Wang, F., et al. (2020). Berberine hydrochloride inhibits inflammation and fibrosis after canalicular laceration repair in rabbits. Life Sci. 261 (118479), 118479. doi:10.1016/j.lfs.2020.118479

	Bandopadhyay, S., Mandal, S., Ghorai, M., Jha, N. K., Kumar, M., Ghosh, A., et al. (2023). Therapeutic properties and pharmacological activities of asiaticoside and madecassoside: a review. J. Cell. Mol. Med. 27 (5), 593–608. doi:10.1111/jcmm.17635

	Bian, D., Zhang, J., Wu, X., Dou, Y., Yang, Y., Tan, Q., et al. (2013). Asiatic acid isolated from Centella asiatica inhibits TGF-β1-induced collagen expression in human keloid fibroblasts via PPAR-γ activation. Int. J. Biol. Sci. 9 (10), 1032–1042. doi:10.7150/ijbs.7273

	Boo, Y. C. (2024). Insights into how plant-derived extracts and compounds can help in the prevention and treatment of keloid disease: established and emerging therapeutic targets. Int. J. Mol. Sci. 25 (2), 1235. doi:10.3390/ijms25021235

	Campanati, A., Savelli, A., Sandroni, L., Marconi, B., Giuliano, A., Giuliodori, K., et al. (2010). Effect of allium cepa-allantoin-pentaglycan gel on skin hypertrophic scars: clinical and video-capillaroscopic results of an open-label, controlled, nonrandomized clinical trial. Dermatol. Surg. 36 (9), 1439–1444. doi:10.1111/j.1524-4725.2010.01654.x

	Chang, J., Huang, C., Li, S., Jiang, X., Chang, H., and Li, M. (2023). Research progress regarding the effect and mechanism of dietary polyphenols in liver fibrosis. Mol. Basel, Switz. 29 (1), 127. doi:10.3390/molecules29010127

	Chen, S., Liu, J., Yang, M., Lai, W., Ye, L., Chen, J., et al. (2015). FN14, a downstream target of the TGF-Β signaling pathway, regulates fibroblast activation. PLoS ONE 10 (12), e0143802. doi:10.1371/journal.pone.0143802

	Chen, T., Yang, D., Lei, S., Liu, J., Song, Y., Zhao, H., et al. (2022). Photodynamic therapy-a promising treatment of oral mucosal infections. Photodiagnosis Photodyn. Ther. 39 (103010), 103010. doi:10.1016/j.pdpdt.2022.103010

	Choudhury, G., and MacNee, W. (2017). Role of inflammation and oxidative stress in the pathology of ageing in COPD: potential therapeutic interventions. COPD J. Chronic Obstr. Pulm. Dis. 14 (1), 122–135. doi:10.1080/15412555.2016.1214948

	Dhangar, K. R., Jagtap, R. B., Surana, S. J., and Shirkhedkar, A. A. (2017). Impurity profiling of drugs towards safety and efficacy: theory and practice. J. Chil. Chem. Soc. 62 (2), 3543–3557. doi:10.4067/s0717-97072017000200024

	Di Lorenzo, R., Forgione, F., Bernardi, A., Sacchi, A., Laneri, S., and Greco, G. (2024). “Clinical studies on topical curcumin,”, Skin Pharmacol. Physiology 36, 235–248. doi:10.1159/000535100

	Diniz, L. R. L., Calado, L. L., Duarte, A. B. S., and de Sousa, D. P. (2023). Centella asiatica and its metabolite Asiatic acid: wound healing effects and therapeutic potential. Metabolites 13 (2), 276. doi:10.3390/metabo13020276

	Eze, F. N., Bunyapongpan, A., and Prapunpoj, P. (2024). Neuroprotective effect against amyloidogenic transthyretin aggregates - induced cytotoxicity on human neuroblastoma cell by phenolic-rich Centella asiatica extract. Heliyon 10 (20), e39159. doi:10.1016/j.heliyon.2024.e39159

	Farasati Far, B., Naimi-Jamal, M. R., Sedaghat, M., Hoseini, A., Mohammadi, N., and Bodaghi, M. (2023). Combinational system of lipid-based nanocarriers and biodegradable polymers for wound healing: an updated review. J. Funct. Biomaterials 14 (2), 115. doi:10.3390/jfb14020115

	Férnandez-Guarino, M., Naharro-Rodriguez, J., and Bacci, S. (2024). Disturbances in the skin homeostasis: wound healing, an undefined process. Cosmetics 11 (3), 90. doi:10.3390/cosmetics11030090

	Fitzgerald, G., Soro-Arnaiz, I., and De Bock, K. (2018). The warburg effect in endothelial cells and its potential as an anti-angiogenic target in cancer. Front. Cell Dev. Biol. 6, 100. doi:10.3389/fcell.2018.00100

	Goswami, K. K., Bose, A., and Baral, R. (2021). Macrophages in tumor: an inflammatory perspective. Clin. Immunol. Orl. Fla. 232 (108875), 108875. doi:10.1016/j.clim.2021.108875

	Gowifel, A. M. H., Khalil, M. G., Nada, S. A., Kenawy, S. A., Ahmed, K. A., Salama, M. M., et al. (2020). Combination of pomegranate extract and curcumin ameliorates thioacetamide-induced liver fibrosis in rats: impact on TGF-β/Smad3 and NF-κB signaling pathways. Toxicol. Mech. Methods 30 (8), 620–633. doi:10.1080/15376516.2020.1801926

	Harris, D., Visser, J., Hurwitz, P., and Dietze, D. (2018). 253 Physician- and patient-reported outcomes following use of a compounded scar/burn gel: results from a prospective observational survey study. J. Burn Care Res. 39 (Suppl_1), S94. doi:10.1093/jbcr/iry006.175

	He, Z., Hu, Y., Niu, Z., Zhong, K., Liu, T., Yang, M., et al. (2023). A review of pharmacokinetic and pharmacological properties of asiaticoside, a major active constituent of Centella asiatica (L.) urb. J. Ethnopharmacol. 302 (Pt A), 115865. doi:10.1016/j.jep.2022.115865

	Hernández-Aquino, E., Quezada-Ramírez, M. A., Silva-Olivares, A., Ramos-Tovar, E., Flores-Beltrán, R. E., Segovia, J., et al. (2020). Curcumin downregulates smad pathways and reduces hepatic stellate cells activation in experimental fibrosis. Ann. Hepatology 19 (5), 497–506. doi:10.1016/j.aohep.2020.05.006

	Hofmann, E., Fink, J., Pignet, A.-L., Schwarz, A., Schellnegger, M., Nischwitz, S. P., et al. (2023). Human in vitro skin models for wound healing and wound healing disorders. Biomedicines 11 (4), 1056. doi:10.3390/biomedicines11041056

	Huang, J., Zhou, X., Xia, L., Liu, W., Guo, F., Liu, J., et al. (2021). Inhibition of hypertrophic scar formation with oral asiaticoside treatment in a rabbit ear scar model. Int. Wound J. 18 (5), 598–607. doi:10.1111/iwj.13561

	Huang, T.-H., Lin, C.-F., Alalaiwe, A., Yang, S.-C., and Fang, J.-Y. (2019). Apoptotic or antiproliferative activity of natural products against keratinocytes for the treatment of psoriasis. Int. J. Mol. Sci. 20 (10), 2558. doi:10.3390/ijms20102558

	Im, D.-S. (2020). Pro-resolving effect of ginsenosides as an anti-inflammatory mechanism of Panax ginseng. Biomolecules 10 (3), 444. doi:10.3390/biom10030444

	Jakubczyk, K., Drużga, A., Katarzyna, J., and Skonieczna-Żydecka, K. (2020). Antioxidant potential of curcumin-A meta-analysis of randomized clinical trials. Antioxidants Basel, Switz. 9 (11), 1092. doi:10.3390/antiox9111092

	Jurzak, M., Adamczyk, K., Antończak, P., Garncarczyk, A., Kuśmierz, D., and Latocha, M. (2014). Evaluation of genistein ability to modulate CTGF mRNA/protein expression, genes expression of TGFβ isoforms and expression of selected genes regulating cell cycle in keloid fibroblasts in vitro. PubMed. 71 (6), 972–986. Available online at https://pubmed.ncbi.nlm.nih.gov/25745770.

	Kahkhaie, K. R., Mirhosseini, A., Aliabadi, A., Mohammadi, A., Mousavi, M. J., Haftcheshmeh, S. M., et al. (2019). Curcumin: a modulator of inflammatory signaling pathways in the immune system. Inflammopharmacology 27 (5), 885–900. doi:10.1007/s10787-019-00607-3

	Kang, Y., Liu, X., Chen, X., Duan, Y., Wang, J., and Gao, C. (2024). Advances of nanobiomaterials for treating skin pathological fibrosis. Adv. Nanobiomed Res. 4 (8). doi:10.1002/anbr.202400008

	Kong, D., Zhang, F., Shao, J., Wu, L., Zhang, X., Chen, L., et al. (2015). Curcumin inhibits cobalt chloride-induced epithelial-to-mesenchymal transition associated with interference with TGF-β/Smad signaling in hepatocytes. Laboratory Investigation; a J. Tech. Methods Pathology 95 (11), 1234–1245. doi:10.1038/labinvest.2015.107

	Kulawik-Pióro, A., and Goździcka, W. J. (2022). Plant and herbal extracts as ingredients of topical agents in the prevention and treatment radiodermatitis: a systematic literature review. Cosmetics 9 (3), 63. doi:10.3390/cosmetics9030063

	Lee, C. C., Tsai, C.-H., Chen, C.-H., Yeh, Y.-C., Chung, W.-H., and Chen, C.-B. (2023). An updated review of the immunological mechanisms of keloid scars. Front. Immunol. 14, 1117630. doi:10.3389/fimmu.2023.1117630

	Lee, J. W., and Seol, K. H. (2021). Adjuvant radiotherapy after surgical excision in keloids. Med. Kaunas. Lith. 57 (7), 730. doi:10.3390/medicina57070730

	Li, Y., Yu, Z., Zhao, D., and Han, D. (2021). Corilagin alleviates hypertrophic scars via inhibiting the transforming growth factor (TGF)-β/Smad signal pathway. Life Sci. 277, 119483. doi:10.1016/j.lfs.2021.119483

	Limandjaja, G. C., Niessen, F. B., Scheper, R. J., and Gibbs, S. (2020). The keloid disorder: heterogeneity, histopathology, mechanisms and models. Front. cell Dev. Biol. 8, 360. doi:10.3389/fcell.2020.00360

	Liu, C., Li, S., Zhang, C., and Jin, C.-H. (2024). Recent advances in research on active compounds against hepatic fibrosis. Curr. Med. Chem. 31 (18), 2571–2628. doi:10.2174/0929867331666230727102016

	Liu, H.-M., Cheng, M.-Y., Xun, M.-H., Zhao, Z.-W., Zhang, Y., Tang, W., et al. (2023). Possible mechanisms of oxidative stress-induced skin cellular senescence, inflammation, and cancer and the therapeutic potential of plant polyphenols. Int. J. Mol. Sci. 24 (4), 3755. doi:10.3390/ijms24043755

	Liu, R.-M., and Desai, L. P. (2015). Reciprocal regulation of TGF-β and reactive oxygen species: a perverse cycle for fibrosis. Redox Biol. 6, 565–577. doi:10.1016/j.redox.2015.09.009

	Mamun, A. A., Shao, C., Geng, P., Wang, S., and Xiao, J. (2024). Recent advances in molecular mechanisms of skin wound healing and its treatments. Front. Immunol. 15, 1395479. doi:10.3389/fimmu.2024.1395479

	Meetam, T., Angspatt, A., and Aramwit, P. (2024). Evidence of potential natural products for the management of hypertrophic scars. J. Evidence-Based Integr. Med. 29, 2515690X241271948. doi:10.1177/2515690X241271948

	Mokra, D., Joskova, M., and Mokry, J. (2022). Therapeutic effects of green tea polyphenol (‒)-Epigallocatechin-3-gallate (EGCG) in relation to molecular pathways controlling inflammation, oxidative stress, and apoptosis. Int. J. Mol. Sci. 24 (1), 340. doi:10.3390/ijms24010340

	Morand, C., De Roos, B., Garcia-Conesa, M. T., Gibney, E. R., Landberg, R., Manach, C., et al. (2020). Why interindividual variation in response to consumption of plant food bioactives matters for future personalised nutrition. Proc. Nutr. Soc. 79 (2), 225–235. doi:10.1017/S0029665120000014

	Murakami, T., and Shigeki, S. (2024). Pharmacotherapy for keloids and hypertrophic scars. Int. J. Mol. Sci. 25 (9), 4674. doi:10.3390/ijms25094674

	Mushtaq, Z., Imran, M., Hussain, M., Saeed, F., Imran, A., Umar, M., et al. (2023). Asiatic acid: a review on its polypharmacological properties and therapeutic potential against various maladies. Int. J. Food Prop. 26 (1), 1244–1263. doi:10.1080/10942912.2023.2209702

	Nagle, D. G., Ferreira, D., and Zhou, Y. D. (2006). Epigallocatechin-3-gallate (EGCG): chemical and biomedical perspectives. Phytochemistry 67 (17), 1849–1855. doi:10.1016/j.phytochem.2006.06.020

	Naik, P. P., and Farrukh, S. N. (2022). Influence of ethnicities and skin color variations in different populations: a review. Skin Pharmacol. Physiology 35 (2), 65–76. doi:10.1159/000518826

	Nangole, F. W., and Agak, G. W. (2019). Keloid pathophysiology: fibroblast or inflammatory disorders?JPRAS open 22, 44–54. doi:10.1016/j.jpra.2019.09.004

	Narisepalli, S., Salunkhe, S. A., Chitkara, D., and Mittal, A. (2023). Asiaticoside polymeric nanoparticles for effective diabetic wound healing through increased collagen biosynthesis: in-vitro and in-vivo evaluation. Int. J. Pharm. 631 (122508), 122508. doi:10.1016/j.ijpharm.2022.122508

	Obeid, M. A., Alsaadi, M., and Aljabali, A. A. (2023). Recent updates in curcumin delivery. J. Liposome Res. 33 (1), 53–64. doi:10.1080/08982104.2022.2086567

	Olczyk, P., Mencner, Ł., and Komosinska-Vassev, K. (2014). The role of the extracellular matrix components in cutaneous wound healing. BioMed Res. Int. 2014, 747584. doi:10.1155/2014/747584

	Pattnaik, S., Mohanty, S., Sahoo, S. K., and Mohanty, C. (2023). A mechanistic perspective on the role of phytoconstituents-based pharmacotherapeutics and their topical formulations in chronic wound management. J. Drug Deliv. Sci. Technol. 84 (104546), 104546. doi:10.1016/j.jddst.2023.104546

	Perez, O. A., Viera, M. H., Patel, J. K., Konda, S., Amini, S., Huo, R., et al. (2010). A comparative study evaluating the tolerability and efficacy of two topical therapies for the treatment of keloids and hypertrophic scars. J. Drugs Dermatol. 9 (5), 514–518. 

	Prager, W., and Gauglitz, G. G. (2018). Effectiveness and safety of an overnight patch containing allium cepa extract and allantoin for post-dermatologic surgery scars. Aesth. Plast. Surg. 42 (4), 1144–1150. doi:10.1007/s00266-018-1172-4

	Ru, Z., Hu, Y., Huang, S., Bai, L., Zhang, K., and Li, Y. (2021). Bioflavonoid galangin suppresses hypertrophic scar formation by the TGF- β/Smad signaling pathway. Evidence-Based Complementary Altern. Med. 2021, 2444839. doi:10.1155/2021/2444839

	Shan, L., Wang, F., Zhai, D., Meng, X., Liu, J., and Lv, X. (2023). Matrix metalloproteinases induce extracellular matrix degradation through various pathways to alleviate hepatic fibrosis. Biomedecine & Pharmacother. Biomed. & Pharmacother. 161 (114472), 114472. doi:10.1016/j.biopha.2023.114472

	Shedoeva, A., Leavesley, D., Upton, Z., and Fan, C. (2019). Wound healing and the use of medicinal plants. Evidence-Based Complementary Altern. Med. ECAM 2019, 2684108. doi:10.1155/2019/2684108

	Shome, D., Khare, S., and Kapoor, R. (2018). An algorithm using botox injections for facial scar improvement in fitzpatrick type IV–VI skin. Plastic Reconstr. Surg. Glob. Open 6 (8), e1888. doi:10.1097/gox.0000000000001888

	Si, L., Zhang, M., Guan, E., Han, Q., Liu, Y., Long, X., et al. (2020). Resveratrol inhibits proliferation and promotes apoptosis of keloid fibroblasts by targeting HIF-1α. J. Plastic Surg. Hand Surg. 54 (5), 290–296. doi:10.1080/2000656X.2020.1771719

	Sitarek, P., Kowalczyk, T., Wieczfinska, J., Merecz-Sadowska, A., Górski, K., Śliwiński, T., et al. (2020). Plant extracts as a natural source of bioactive compounds and potential remedy for the treatment of certain skin diseases. Curr. Pharm. Des. 26 (24), 2859–2875. doi:10.2174/1381612826666200417160049

	Song, J., Xu, H., Lu, Q., Xu, Z., Bian, D., Xia, Y., et al. (2012). Madecassoside suppresses migration of fibroblasts from keloids: involvement of p38 kinase and PI3K signaling pathways. Burns 38 (5), 677–684. doi:10.1016/j.burns.2011.12.017

	Song, R., Li, G., and Li, S. (2015). Aspidin PB, a novel natural anti-fibrotic compound, inhibited fibrogenesis in TGF-β1-stimulated keloid fibroblasts via PI-3K/Akt and smad signaling pathways. Chemico-Biological Interact. 238, 66–73. doi:10.1016/j.cbi.2015.06.005

	Song, Z., Li, W., He, Q., Xie, X., Wang, X., and Guo, J. (2024). Natural products - dawn of keloid treatment. Fitoterapia 175 (105918), 105918. doi:10.1016/j.fitote.2024.105918

	Sun, Q., Hu, S., Lou, Z., and Gao, J. (2023). The macrophage polarization in inflammatory dermatosis and its potential drug candidates. Biomedecine & Pharmacother. Biomed. & Pharmacother. 161 (114469), 114469. doi:10.1016/j.biopha.2023.114469

	Tabanelli, R., Brogi, S., and Calderone, V. (2021). Improving curcumin bioavailability: current strategies and future perspectives. Pharmaceutics 13 (10), 1715. doi:10.3390/pharmaceutics13101715

	Tan, S., Khumalo, N., and Bayat, A. (2019). Understanding keloid pathobiology from a quasi-neoplastic perspective: less of a scar and more of a chronic inflammatory disease with cancer-like tendencies. Front. Immunol. 10, 1810. doi:10.3389/fimmu.2019.01810

	Tan, S. C., Bhattamisra, S. K., Chellappan, D. K., and Candasamy, M. (2021). Actions and therapeutic potential of madecassoside and other major constituents of centella asiatica: a review. Appl. Sci. Basel, Switz. 11 (18), 8475. doi:10.3390/app11188475

	Tang, Z., Cao, Y., Ding, J., Zhai, X., Jing, M., Wang, M., et al. (2020a). Wubeizi ointment suppresses keloid formation through modulation of the mTOR pathway. BioMed Res. Int. 2020, 3608372. doi:10.1155/2020/3608372

	Tang, Z., Ding, J., Zhai, X., Jing, M., Guan, Z., and Li, Y. (2020b). MicroRNA-21 May be involved in the therapeutic effects of Galla chinensis ointment on keloid. J. Int. Med. Res. 48 (3), 300060520909602. doi:10.1177/0300060520909602

	Ti, Y. L., Song, F., Fang, Z., and Zhang, P. (2022). Plants and phytochemicals inhibit scar formation: a systematic review. Industrial Crops Prod. 185 (115113), 115113. doi:10.1016/j.indcrop.2022.115113

	Trace, A. P., Enos, C. W., Mantel, A., and Harvey, V. M. (2016). Keloids and hypertrophic scars: a spectrum of clinical challenges. Am. J. Clin. Dermatology 17 (3), 201–223. doi:10.1007/s40257-016-0175-7

	Ud-Din, S., Foden, P., Mazhari, M., Al-Habba, S., Baguneid, M., Bulfone-Paus, S., et al. (2019). A double-blind, randomized trial shows the role of zonal priming and direct topical application of epigallocatechin-3-gallate in the modulation of cutaneous scarring in human skin. J. Investigative Dermatology 139 (8), 1680–1690.e16. doi:10.1016/j.jid.2019.01.030

	Unahabhokha, T., Sucontphunt, A., Nimmannit, U., Chanvorachote, P., Yongsanguanchai, N., and Pongrakhananon, V. (2015). Molecular signalings in keloid disease and current therapeutic approaches from natural based compounds. Pharm. Biol. 53 (3), 457–463. doi:10.3109/13880209.2014.918157

	Upton, R., David, B., Gafner, S., and Glasl, S. (2020). Botanical ingredient identification and quality assessment: strengths and limitations of analytical techniques. Phytochemistry Rev. Proc. Phytochemical Soc. Eur. 19 (5), 1157–1177. doi:10.1007/s11101-019-09625-z

	Wahyuni, I. S., Sufiawati, I., Nittayananta, W., Puspitasari, I. M., and Levita, J. (2021). Efficacy and safety of plant-based therapy on recurrent aphthous stomatitis and oral mucositis in the past decade: a systematic review. J. Herbmed Pharmacol. 10 (2), 179–187. doi:10.34172/jhp.2021.19

	Waibel, J., Patel, H., Cull, E., Sidhu, R., and Lupatini, R. (2021). Prospective, randomized, double-blind, placebo-controlled study on efficacy of copaiba oil in silicone-based gel to reduce scar formation. Dermatol. Ther. 11 (6), 2195–2205. doi:10.1007/s13555-021-00634-5

	Walsh, L. A., Wu, E., Pontes, D., Kwan, K. R., Poondru, S., Miller, C. H., et al. (2023). Keloid treatments: an evidence-based systematic review of recent advances. Syst. Rev. 12 (1), 42. doi:10.1186/s13643-023-02192-7

	Wang, X., Liu, K., Ruan, M., Yang, J., and Gao, Z. (2018). Gallic acid inhibits fibroblast growth and migration in keloids through the AKT/ERK signaling pathway. Acta Biochimica Biophysica Sinica 50 (11), 1114–1120. doi:10.1093/abbs/gmy115

	Wang, Y., Chen, S., Bao, S., Yao, L., Wen, Z., Xu, L., et al. (2024a). Deciphering the fibrotic process: mechanism of chronic radiation skin injury fibrosis. Front. Immunol. 15, 1338922. doi:10.3389/fimmu.2024.1338922

	Wang, Z., Zhao, F., Deng, J., Song, H., Ma, F., Chen, L., et al. (2024b). Photopolymerized multifunctional hydrogel loaded with asiaticoside and growth factor for accelerating diabetic wound healing. ACS Appl. Polym. Mater. 6 (7), 4267–4281. doi:10.1021/acsapm.4c00381

	Wang, Z.-C., Zhao, W.-Y., Cao, Y., Liu, Y.-Q., Sun, Q., Shi, P., et al. (2020). The roles of inflammation in keloid and hypertrophic scars. Front. Immunol. 11, 603187. doi:10.3389/fimmu.2020.603187

	Wicaksana, A. Y., Nugrahaningsih, D. A. A., and Wahyuningsih, M. S. H. (2020). Effect of tagitinin C isolated from kembang bulan [ Tithonia diversifolia (hemsley) A. Gray] leaves on VEGF and TNF- α expressions of keloid fibroblast. J. Thee Med. Sci. (Berkala Ilmu Kedokteran) 52 (4). doi:10.19106/jmedsci005204202001

	Xiong, K., Deng, J., Yue, T., Hu, W., Zeng, X., Yang, T., et al. (2023). Berberine promotes M2 macrophage polarisation through the IL-4-STAT6 signalling pathway in ulcerative colitis treatment. Heliyon 9 (3), e14176. doi:10.1016/j.heliyon.2023.e14176

	Xu, B., Zhang, J.-E., Ye, L., and Yuan, C.-W. (2024). Curcumin interferes with TGF- β 1-induced fibrosis in NRK-49F cells by reversing ADAMTS18 gene methylation. Chin. J. Integr. Med. 30 (7), 600–607. doi:10.1007/s11655-023-3564-9

	Xu, F.-W., Lv, Y.-L., Zhong, Y.-F., Xue, Y.-N., Wang, Y., Zhang, L.-Y., et al. (2021). Beneficial effects of green tea EGCG on skin wound healing: a comprehensive review. Mol. Basel, Switz. 26 (20), 6123. doi:10.3390/molecules26206123

	Yao, C. H., Yeh, J. Y., Chen, Y. S., Li, M. H., and Huang, C. H. (2017). Wound-healing effect of electrospun gelatin nanofibres containing Centella asiatica extract in a rat model. J. tissue Eng. Regen. Med. 11 (3), 905–915. doi:10.1002/term.1992

	Yu, D., Zhuang, Z., Ren, J., Hu, X., Wang, Z., Zhang, J., et al. (2019). Hyaluronic acid-curcumin conjugate suppresses the fibrotic functions of myofibroblasts from contractive joint by the PTGER2 demethylation. Regen. Biomater. 6 (5), 269–277. doi:10.1093/rb/rbz016

	Yuan, W., Sun, H., Yu, L., and Wang, J. (2021). Curcumol inhibits keloid fibroblast proliferation and collagen synthesis through the ERK signaling pathway. Nan Fang Yi Ke Da Xue Xue Bao = J. South. Med. Univ. 41 (5), 687–693. doi:10.12122/j.issn.1673-4254.2021.05.08

	Zhang, L., Liu, Y., Wang, X., Li, C., Shen, M., Di, L., et al. (2020). Curcumin alleviates TGF-β1-induced fibrosis in NRK-49F cells via suppression of miR-21 expression, and regulation of the TGF-β1/smad3 signaling pathway. J. Traditional Chin. Med. Sci. 7 (1), 68–74. doi:10.1016/j.jtcms.2020.01.001

	Zhang, Y., Liu, E., Gao, H., He, Q., Chen, A., Pang, Y., et al. (2024). Natural products for the treatment of hypertrophic scars: preclinical and clinical studies. Heliyon 10 (17), e37059. doi:10.1016/j.heliyon.2024.e37059

	Zhao, B., Liu, K., Liu, X., Li, Q., Li, Z., Xi, J., et al. (2024). Plant-derived flavonoids are a potential source of drugs for the treatment of liver fibrosis. Phytotherapy Res. PTR 38 (6), 3122–3145. doi:10.1002/ptr.8193

	Zheng, X.-Q., Zhang, X.-H., Gao, H.-Q., Huang, L.-Y., Ye, J.-J., Ye, J.-H., et al. (2024). Green tea catechins and skin health. Antioxidants Basel, Switz. 13 (12), 1506. doi:10.3390/antiox13121506

	Zhou, J., Lei, Y., Chen, J., and Zhou, X. (2018). Potential ameliorative effects of epigallocatechin-3-gallate against testosterone-induced benign prostatic hyperplasia and fibrosis in rats. Int. Immunopharmacol. 64, 162–169. doi:10.1016/j.intimp.2018.08.038


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Prananda, Nugraha, Situmorang and Syahputra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1576851-g003.gif
[
e






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Comparative effectiveness of plant-derived compounds in keloid management: a review		1 INTRODUCTION

		2 PATHOPHYSIOLOGY OF KELOID FORMATION		2.1 Overview of normal wound healing

		2.2 Dysregulated mechanisms in keloid pathogenesis

		2.3 Need for multi-targeted therapies





		3 PLANT-DERIVED METABOLITES		3.1 Classification of plant-based metabolites

		3.2 Criteria for selecting metabolites in this review





		4 PRECLINICAL EVIDENCE OF PLANT-DERIVED METABOLITES		4.1 Anti-fibrotic effects

		4.2 Anti-inflammatory and immunomodulatory properties

		4.3 Antioxidant effects

		4.4 Mechanistic insights from in vitro and in vivo studies





		5 CLINICAL EVIDENCE OF PLANT-DERIVED METABOLITES		5.1 Overview of clinical studies

		5.2 Effectiveness and safety profiles





		6 COMPARATIVE EFFECTIVENESS OF PLANT-DERIVED METABOLITES		6.1 Mechanistic comparison

		6.2 Comparative efficacy in preclinical models

		6.3 Comparative clinical outcomes

		6.4 Limitations of current comparative studies





		7 CHALLENGES AND LIMITATIONS

		8 FUTURE DIRECTIONS AND RECOMMENDATIONS

		9 CONCLUSION

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Comparative effectiveness of
plant-derived compounds in
keloid management: a review





OPS/images/fphar-16-1576851-g001.gif





OPS/images/fphar-16-1576851-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





