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Abstract

Background: Skin repair and wound healing are tightly regulated biological processes that require
coordinated control of inflammation, redox balance, angiogenesis, and tissue remodeling. Natural
extracts are increasingly investigated not as nonspecific bioactive mixtures, but as sources of
chemically diverse phytochemicals capable of modulating defined molecular signaling pathways
involved in skin repair. Methods: Representative botanical sources, including Aloe Vera, Centella
asiatica, Curcuma longa, Calendula officinalis, and Panax ginseng, have been extensively studied in
preclinical wound models, providing insight into how distinct phytochemical classes intersect with
shared regulatory mechanisms. Results: Flavonoids, terpenoids, phenolic acids, alkaloids, and
polysaccharides have been shown to influence inflammatory signaling, redox sensitive pathways,
growth factor mediated responses, and cellular migration, thereby supporting phase-appropriate
progression of wound healing. At the molecular level, modulation of pathways such as NF-kB, TGF-
B, VEGF, and Nrf2 emerges as a recurring mechanistic theme, while excessive or poorly timed
pathway activation is increasingly recognized as a source of impaired tissue quality or fibrotic risk.
Advances in dermopharmaceutical formulation strategies, including hydrogels, nanoemulsions, and
lipid-based carriers, have improved local delivery and stability of phytochemicals, but also introduce
additional translational and regulatory constraints. Conclusions: This review provides a mechanism
driven and pharmaceutical-oriented synthesis of current evidence, highlighting how molecular
specificity, temporal regulation, and formulation design collectively determine the therapeutic
relevance of plant-derived extracts in skin wound healing.

Keywords: wound healing; phytochemicals; molecular mechanisms; inflammatory signaling; redox
homeostasis; angiogenesis; dermopharmaceutical formulations

1. Introduction

Effective skin repair depends on tightly regulated interactions between inflammatory resolution,
redox control, angiogenesis, and tissue remodeling, which must occur within a restricted temporal
window to ensure functional regeneration.[1] Therapeutic interventions that disturb this balance,
either by insufficient modulation or by excessive pathway activation, risk delaying closure, impairing
tissue quality, or promoting fibrosis.[2] From a pharmaceutical perspective, the challenge in wound
healing therefore lies not in broadly stimulating repair processes, but in selectively and transiently
modulating key molecular pathways in a manner that is compatible with the dynamic biology of the
healing wound.[3]

Against this mechanistic background, natural extracts are increasingly examined as sources of
chemically diverse constituents capable of interacting with defined signaling networks, rather than
as nonspecific bioactive mixtures.[4] Mechanistic studies support the notion that phytochemicals
modulate inflammatory signaling, growth factor, mediated responses, redox sensitive pathways, and
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cell migration in a context dependent manner.[4] However, the same properties that underlie this
multifunctionality, pleiotropic targets, compositional complexity, and sensitivity to dose and timing,
also complicate interpretation and translation.[5] In addition to pathway level modulation of
inflammation and redox signaling, several plant derived extracts exhibit antimicrobial activity
against wound-associated pathogens and have been reported to influence extracellular matrix
production, including collagen synthesis, in preclinical models. Without careful mechanistic
resolution and pharmaceutical framing, reported biological effects risk remaining correlative or
irreproducible, particularly when extrapolated from simplified experimental models.[5] A further
layer of complexity arises from formulation constraints.[6] Many phytochemicals exhibit limited
solubility, stability, or skin penetration, necessitating delivery strategies that may substantially alter
local exposure and pathway engagement.[6] While advanced dermopharmaceutical systems can
address some of these barriers at the delivery level, they also introduce new variables related to
pharmacodynamics, safety, and regulatory feasibility.[6] Consequently, meaningful evaluation of
natural extracts in wound healing requires integrated consideration of molecular mechanisms,
formulation design, and functional repair outcomes, rather than isolated assessment of biological
activity or technological sophistication.[6]

Against this background, this review advances a mechanism driven and pharmaceutical-
oriented perspective on plant derived extracts in skin repair and wound healing. Rather than
cataloguing botanical species or reported bioactivities, the review focuses on how defined classes of
phytochemicals modulate key signaling pathways, how these effects intersect with the phase
dependent biology of wound healing, and where current evidence remains limited or
overinterpreted. The manuscript is structured to progress from molecular mechanisms to
formulation considerations and representative medicinal plants, followed by a critical appraisal of
limitations and translational challenges, thereby providing a coherent framework for evaluating
natural extracts as mechanistically defined and clinically contextualized therapeutic candidates.

2. Materials and Methods

Literature relevant to the molecular and pharmaceutical aspects of skin repair and wound
healing was identified through targeted searches of PubMed, Web of Science, and Scopus. The
primary focus was placed on studies published within the last 5-7 years to reflect current mechanistic
understanding, while earlier publications were considered when they provided seminal insights into
key signaling pathways or experimental models. Selection was restricted to peer reviewed primary
research articles addressing cutaneous wound healing, with emphasis on in vivo studies or in vitro
investigations supported by clear mechanistic rationale and functional relevance.

Inclusion criteria required that studies examined defined molecular pathways involved in
inflammation, redox regulation, growth factor signaling, angiogenesis, or cell migration, and that
they reported outcomes linked to tissue repair rather than wound closure alone. Purely descriptive
studies, ethnopharmacological surveys, reviews, and opinion pieces were excluded. The retained
literature was critically evaluated based on mechanistic depth, appropriateness of the experimental
model, temporal and cell type resolution, and the presence of functional healing endpoints. When
formulation strategies were discussed, evaluation considered whether delivery systems were
mechanistically justified, aligned with the targeted phase of wound healing, and supported by
translationally relevant outcomes rather than by physicochemical performance alone.
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Figure 1. Overview of the literature identification, selection, and critical evaluation workflow applied in this review.

The diagram outlines the stepwise process used to identify primary research articles, apply
mechanistic and translational relevance criteria, and integrate selected evidence into pathway,
focused and pharmaceutical analyses.

3. Molecular Mechanisms of Skin Repair Modulated by Natural Extracts

This section synthesizes mechanistic evidence from primary preclinical studies addressing how
plant derived phytochemicals modulate key molecular pathways across distinct phases of skin
wound healing. Rather than presenting outcomes in isolation, the evidence is organized according to
signaling axes and cellular processes that govern inflammatory resolution, redox homeostasis,
angiogenesis, cellular migration, and tissue remodeling.

3.1. Modulation of Inflammatory Signaling Pathways

Inflammation is required for wound repair; however, the magnitude and timing of inflammatory
signaling determine whether early host defense transitions efficiently toward tissue regeneration. Plant
derived extracts influence this balance primarily by modulating, rather than abolishing, pro inflammatory
signaling. Among the pathways implicated, the NF-«xB axis occupies a central position due to its role in
regulating early cytokine release, leukocyte recruitment, and oxidative stress responses. Multiple in vivo
wound models show that several phytochemical classes attenuate excessive NF-«B activation in wound
tissue, with concomitant reductions in TNF-a, IL-18, and IL-6 expression, while preserving early
inflammatory cues required for debris clearance and host defense; however, direct temporal analyses of
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early inflammatory kinetics remain limited.[7,8] This modulation is context- and dose dependent, and
complete suppression of NF-«B signaling is neither observed nor desirable in physiologically relevant
models of skin repair.[9]

Beyond NF-«B, mitogen activated protein kinase (MAPK) pathways, including p38, JNK, and ERK,
represent additional nodes through which natural compounds influence inflammatory signaling. Stress
activated kinases such as p38 and JNK are frequently downregulated by flavonoids and phenolic acids,
correlating with reduced inflammatory mediator production, whereas ERK signaling, more closely
associated with cell survival and proliferation, tends to be preserved or indirectly enhanced. [9,10]

This differential regulation indicates that plant derived bioactives preferentially shift
inflammatory signaling toward a pro healing phenotype rather than inducing broad pathway
inhibition. However, in many studies’ MAPK modulation is inferred primarily from phosphorylation
status, with limited integration of functional wound healing endpoints, most available data derive
from keratinocyte and macrophage models. [10]

The cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) axis represents
another frequently reported target of natural extracts. Terpenoids and triterpenes, in particular, have
been shown to reduce COX-2 and iNOS expression in inflamed skin, thereby limiting prolonged
prostaglandin and nitric oxide production associated with chronic inflammation. [8,9] Although
these effects are frequently presented as beneficial, excessive emphasis on enzyme downregulation
risks oversimplifying the roles of COX-2 and iNOS, which also contribute to angiogenesis and tissue
remodeling at later stages of the healing cascade. Consequently, reviewer scrutiny often centers on
whether COX-2 and iNOS modulation is linked to improved tissue architecture rather than solely to
reduced inflammatory markers. [8]

A critical distinction in evaluating inflammatory modulation by natural extracts lies between
anti-inflammatory and pro regenerative effects. Several studies indicate that specific phytochemicals
facilitate the transition from a pro-inflammatory to a resolution phase by promoting macrophage
polarization toward a resolution associated M2-like phenotype and increasing IL-10 production.
[7,11] These changes contribute to the establishment of a microenvironment conducive to fibroblast
activation and re epithelialization. Nonetheless, much of the supporting evidence remains
correlative, particularly when derived from in vitro macrophage assays lacking in vivo validation.
Overall, available evidence indicates that plant derived extracts can fine tune inflammatory signaling
during wound healing, while highlighting the need for mechanistic studies that integrate temporal
regulation, cell type specificity, and functional repair outcomes. [11] In selected models, attenuation
of inflammatory signaling is accompanied by reduced microbial burden at the wound site, suggesting
that immunomodulatory effects may indirectly contribute to antimicrobial defense without direct
bactericidal activity.

3.2. Regulation of Growth Factors, Medicated Responses

Growth factor signaling represents a regulatory interface between inflammatory resolution and
tissue regeneration during wound healing, with transforming growth factor-f3 (TGF-$) and vascular
endothelial growth factor (VEGF) pathways exerting context dependent effects on repair outcomes.
Preclinical wound models indicate that plant derived extracts influence these axes primarily by
modulating downstream signaling dynamics rather than inducing sustained growth factor
overexpression. In fibroblasts, several triterpenoid and saponin rich extracts enhance TGF-3/Smad2/3
signaling during the proliferative phase as assessed at early to intermediate post injury time points,
where enhanced myofibroblast differentiation and extracellular matrix deposition are observed.[9,12]
However, this effect is highly sensitive to temporal regulation, since prolonged or excessive activation
of TGF- signaling, particularly in the absence of Smad7, mediated negative feedback, is associated
with fibrotic remodeling rather than functional tissue restoration.[2,12]

Beyond fibroblast activation, VEGF, dependent angiogenic signaling is a key determinant of
oxygen and nutrient delivery to regenerating tissue. Phytochemicals such as polyphenols and
curcuminoids have been reported to increase VEGF expression or signaling activity in endothelial
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cells with fibroblast and macrophage, derived VEGF contributing indirectly, often through redox
sensitive mechanisms involving HIF-1a stabilization.[13] In vivo wound models indicate that
moderate enhancement of VEGF signaling correlates with histologically detectable increases in
capillary density and accelerated wound closure.[14] Nevertheless, angiogenic responses attributed
to natural extracts are often inferred from surrogate measures, including VEGF expression or in vitro
tube formation, which provide limited information on vessel maturation, perfusion, or long-term
stability.[15] As a result, reviewer scrutiny often centers on whether angiogenesis is functionally
integrated into tissue repair rather than merely amplified at the molecular level.[15]

Crosstalk between growth factor pathways further complicates interpretation of phytochemical
effects. TGF-[3 signaling can indirectly influence angiogenesis through paracrine interactions between
fibroblasts and endothelial cells, while VEGF driven neovascularization may reciprocally regulate
fibroblast activity and collagen organization.[16] Certain extracts appear to coordinate these
processes through a transient, pro-regenerative signaling milieu that supports keratinocyte migration
and re-epithelialization without sustaining profibrotic cues. However, mechanistic evidence for such
coordinated regulation remains limited, as many studies rely on single time point analyses and lack
cell specific resolution within the wound microenvironment in vivo. [16]

From a translational perspective, modulation of growth factor signaling by natural extracts must
be interpreted with caution. Acute wound models often overestimate pro regenerative benefits
compared to chronic or impaired healing conditions, where dysregulated growth factor responses
are already present.[5] Moreover, variability in extract composition and dosing complicates
reproducibility and risk assessment, particularly with respect to fibrotic outcomes.[2] Overall,
available evidence indicates that plant-derived compounds can fine tune growth factor mediated
responses in skin repair, while highlighting the need for temporally resolved, cell specific studies
linking signaling modulation to durable and functionally relevant healing outcomes.[3]

3.3. Oxidative Strss Control and Redox Homeostasis

Redox balance is a key regulator of phase specific wound progression, as reactive oxygen species
(ROS) function both as damaging agents and as signaling mediators that coordinate inflammation,
proliferation, and remodeling. In this context, the Nrf2 Keapl pathway represents a central
regulatory axis through which cells adapt to oxidative stress during skin repair. Beyond direct radical
scavenging, several plant derived compounds modulate N1f2 activation and nuclear translocation,
thereby inducing a transcriptional program that enhances endogenous antioxidant defenses, an effect
primarily supported by expression-based and short term functional assays.[17,18] Downstream
targets such as heme oxygenase-1 (HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1)
contribute to cytoprotection, redox buffering, and resolution of oxidative stress, particularly in
keratinocytes and macrophages exposed to the inflammatory wound milieu.[19,20]

Phytochemical classes including flavonoids, phenolic acids, and certain terpenoids have been
shown to influence Nrf2 signaling, often through redox sensitive modification of Keapl cysteine
residues or indirect modulation of upstream kinases.[18,20] In keratinocytes, Nrf2 activation has been
associated with improved resistance to oxidative injury and enhanced migratory capacity,
predominantly in in vitro or acute stress models.[4,20] In fibroblasts, redox homeostasis regulated via
Nrf2-dependent pathways appears to facilitate survival and matrix producing activity during the
proliferative phase.[17] However, these effects are highly context-dependent, since excessive or
sustained Nrf2 activation during later remodeling stages can alter redox signaling required for
growth factor responsiveness and matrix remodeling.[17,21]

A critical distinction that reviewers expect to see addressed is that between direct antioxidant
activity and regulation of redox signaling. While many studies report reduced ROS levels following
treatment with natural extracts, such observations alone do not establish therapeutic relevance. Low
to moderate ROS concentrations are necessary for processes such as angiogenic signaling and growth
factor activation, and indiscriminate ROS suppression may be counterproductive.[21] Consequently,
mechanistic relevance is strongest in studies demonstrating that Nrf2-mediated transcriptional
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responses are linked to functional outcomes, such as improved wound closure rates, reduced
oxidative damage to newly formed tissue, or enhanced tensile strength, rather than solely with
biochemical markers of antioxidant capacity.[4,21]

Despite growing interest in redox targeted mechanisms, several limitations temper translational
interpretation. Much of the available evidence is derived from in vitro models or short term in vivo
studies that rely on expression-based readouts of Nrf2 or its target genes without assessing long term
tissue integrity or scar quality.[4,18] Moreover, cell-type specificity within the wound
microenvironment is often insufficiently resolved, complicating attribution of observed effects to
keratinocytes, fibroblasts, or immune cells.[5] Overall, available evidence indicates that plant derived
compounds can support wound healing by fine tuning redox homeostasis through Nrf2 dependent
mechanisms, while highlighting the need for temporally resolved and cell specific studies linking
redox signaling modulation to durable and functionally meaningful repair outcomes.[4]

3.4. Effects on Cellular Proliferation and Migration

Effective wound closure requires tightly coordinated proliferation and migration of multiple
skin-resident cell populations, notably keratinocytes, fibroblasts, and endothelial cells. Plant-derived
compounds influence these processes through modulation of intracellular signaling pathways that
govern cytoskeletal dynamics, cell cycle progression, and cell matrix interactions, rather than by
uniformly stimulating cell growth. In keratinocytes, several phytochemicals activate pathways such
as ERK1/2 and PI3K/Akt, supporting cell survival and directional migration rather than increased
proliferative index at the wound edge, thereby facilitating early re epithelialization.[22,23] Notably,
these effects appear to be most pronounced under stress condition, supporting a role in restoring
impaired migratory capacity rather than driving supraphysiological proliferation.[22]

Fibroblast responses to natural extracts are intrinsically context dependent reflecting the dual
requirement for cell expansion and controlled matrix deposition. Phytochemical-mediated
modulation of signaling networks, including TGF-3, dependent and focal adhesion, related
pathways, has been linked to enhanced fibroblast migration, predominantly in preclinical wound
models.[23,24] However, increased fibroblast proliferation alone does not equate to improved
healing, as excessive or poorly regulated fibroblast activity may predispose to fibrosis, particularly
in TGF-p, enriched microenvironments.[12] In selected models, attenuation of inflammatory
signaling is accompanied by reduced microbial burden at the wound site, suggesting that
immunomodulatory effects may indirectly contribute to antimicrobial defense without direct
bactericidal activity. Consequently, mechanistic relevance is strongest in studies linking fibroblast
migration and proliferation to improved granulation tissue organization and subsequent remodeling,
rather than to cell number increases in isolation.[24]

Endothelial cell proliferation and migration underpin angiogenic sprouting and vascular
network formation, processes that are indirectly influenced by phytochemicals through growth factor
signaling and redox modulation. In vitro assays such as scratch wound closure, transwell migration,
and tube formation are commonly used to demonstrate these effects, yet they provide limited insight
into vessel maturation or functional perfusion.[25] In vivo evidence for enhanced endothelial
migration and proliferation is more compelling when accompanied by histological or functional
assessments of neovascular integration within regenerating tissue.[25]

Across cell types, a recurring limitation in the literature is the reliance on short term or single
cell assays to infer regenerative benefit.[26] Proliferation markers or migration rates measured in
isolation may overestimate therapeutic relevance if not contextualized within the multicellular and
temporally regulated wound environment. Moreover, dose dependence and extract composition are
rarely standardized, complicating translational interpretation. Overall, available evidence indicates
that plant derived compounds can support wound healing by facilitating coordinated cell
proliferation and migration, provided these effects are tightly regulated and integrated into the
broader sequence of tissue repair events rather than treated as standalone regenerative drivers.[26]
To facilitate integration of the mechanistic evidence discussed above, the principal signaling
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pathways, phytochemical classes, cellular targets, and functional outcomes implicated in plant
mediated wound repair are summarized in Table 1.

Table 1. Molecular Mechanisms Targeted by Plant Derived Phytochemicals during Distinct Phases of Skin
Wound Healing.

Molecular

Path
Axis athway Representative Primary Cellular Targets

Phytochemical Classes
Flavonoids, phenolic acids,
terpenoids

Wound Healing Phase

Early inflammatory phase =~ NF-«B signaling Keratinocytes, macrophages

MAPK pathways (p38,

Early inflammatory phase "Flavonoids, phenolic acids Keratinocytes, macrophages

JNK, ERK)
. . . Macrophage
Resol.u.tlon / prOhferatlvepolarization (M1 —Polyphenols, triterpenoids Macrophages
transition R
M2-like)
Proliferative phase TGF-f3/Smad signaling Triterpenoids, saponins Fibroblasts
VEGF-mediated Endothelial cells (direct);

Proliferative ph Polyphenol inoi
roliferative phase angiogenic signaling olyphenols, curcuminoids fibroblasts/macrophages (indirect)

Nrf2-Keapl redoxFlavonoids, phenolic acids
signaling terpenoids
Re-epithelialization ERK1/2, PI3K/Akt Diverse phytochemicals Keratinocytes

Multiple phases "Keratinocytes, fibroblasts, macrophages

! Mechanistic effect summarized in this table are derived from preclinical in vivo and mechanistically supported
in vitro wound healing models. Reported pathway modulation reflects context and phase dependent

observations and should not be interpreted as uniform or sustained activation across all stages of skin repair.

4. Evidence from Key Medicinal Plants

The wound healing activity of medicinal plants can be understood through their convergence
on a restricted set of molecular and cellular processes regulating inflammatory resolution, redox
control, angiogenesis, and tissue remodeling. Among the most extensively studied botanical sources,
Aloe Vera, Centella asiatica, Curcuma longa, Calendula officinalis, and Panax ginseng provide
representative examples of how distinct phytochemical profiles intersect with shared regulatory
pathways, albeit with varying degrees of mechanistic clarity and translational maturity.

Extracts from Aloe Vera are predominantly associated with modulation of early inflammatory
responses and redox homeostasis, largely attributed to polysaccharides and phenolic
constituents.[27] Preclinical wound models report attenuation of sustained NF-«B activation during
early inflammatory stages, together with improved keratinocyte migration under oxidative stress
conditions, consistent with Nrf2-dependent cytoprotective signaling discussed in Section 3.3.[27]
However, despite widespread use in topical formulations, mechanistic attribution remains
complicated by extract heterogeneity and limited resolution of cell type specific effects. Accordingly,
the translational relevance of Aloe Vera currently resides primarily in supportive wound care
applications rather than in pathway specific therapeutic modulation. Beyond inflammatory and
redox modulation, Aloe Vera extracts have been reported to limit microbial colonization in wound
environments, primarily as a secondary consequence of improved barrier restoration and immune
regulation rather than direct antimicrobial activity.

In contrast, Centella asiatica represents one of the most mechanistically substantiated botanical
sources in wound healing, largely due to its triterpenoid constituents. These compounds consistently
engage TGF-f/Smad signaling in fibroblasts, promoting granulation tissue formation and collagen
deposition, as outlined in Section 3.2.[28,29] Nevertheless, dose dependence and long-term scar
quality remain insufficiently addressed, particularly when extracts are incorporated into advanced
delivery systems that can amplify pathway activation beyond physiologically optimal ranges.[29]
Curcuma longa derived preparations, rich in curcuminoids, intersect multiple regulatory axes,
including inflammatory signaling, redox control, and angiogenic responses. Consistent with the
mechanistic framework discussed in Sections 3.1, 3.3, curcuminoids modulate inflammatory and
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redox sensitive pathways and indirectly influence VEGF associated angiogenic signaling under
hypoxic conditions.[30] While these multimodal effects are attractive from a mechanistic standpoint,
translational interpretation is constrained by poor intrinsic bioavailability and heavy reliance on
formulation driven enhancement, as discussed in Section 5.[30] Consequently, reported therapeutic
benefits are often inseparable from the employed delivery strategy, complicating attribution to the
botanical extract alone. In selected preclinical models, curcuminoid-based interventions have also
been associated with improved collagen fiber organization and tensile properties of the regenerated
tissue, effects that appear to depend on tightly regulated growth factor signaling rather than
generalized enhancement of matrix deposition.

Extracts of Calendula officinalis are predominantly discussed in the literature for their anti-
inflammatory and antimicrobial effects with reported effects on fibroblast migration and early
angiogenic signaling. However, the available evidence is dominated by descriptive outcomes, such
as accelerated wound closure, without sufficient mechanistic dissection linking these effects to
defined signaling pathways.[31] As a result, Calendula occupies an intermediate evidentiary
position: supportive of wound repair processes, yet mechanistically under characterized, despite
consistent phenotypic outcomes, relative to more intensively studied species.[31] Reported
antimicrobial effects of Calendula officinalis extracts are predominantly descriptive and insufficiently
linked to defined molecular targets, limiting their mechanistic interpretation and translational
relevance despite consistent phenotypic outcomes.

Finally, Panax ginseng offers a distinct mechanistic profile through ginsenoside mediated modulation
of angiogenesis, cell proliferation, and redox sensitive signaling. Available preclinical data indicate
coordinated effects on endothelial and fibroblast responses, including VEGF, related pathways and
stress-adaptive signaling cascades.[32] While these findings align with a pro regenerative framework,
translational advancement remains limited by variability in ginsenoside composition and insufficient
comparative studies against simpler botanical or synthetic interventions.[14,32]

These botanical examples indicate that therapeutic relevance in wound healing is determined not by
plant identity alone, but by alignment of phytochemical composition, mechanistic engagement, and
formulation strategy with controlled and phase-appropriate modulation of repair processes. Across
species, a recurring limitation lies in the extrapolation of preclinical findings without adequate
consideration of dose, timing, and extract standardization. [33] Meaningful progress in this area will
depend less on expanding the list of candidate plants and more on integrating mechanistic rigor with
translationally relevant evaluation frameworks. [33]

5. Dermopharmaceutical and Formulation Perspectives

Although preclinical studies provide mechanistic insight into the wound healing activity of
plant derived extracts, translation into dermopharmaceutical products remains limited by
formulation specific constraints. A substantial proportion of wound relevant phytochemicals is
characterized by poor aqueous solubility, chemical instability, and limited skin penetration,
collectively limiting effective local exposure at the wound site.[34] In addition, the complex and
variable composition of botanical extracts complicates dose standardization, reproducibility and
therapeutic predictability.[33] From a reviewer perspective, addressing these physicochemical and
biopharmaceutical limitations is essential to justify claims of pharmaceutical relevance.[33]

Most advanced delivery systems investigated to date are designed to address physicochemical
and biopharmaceutical limitations rather than to directly augment the intrinsic biological activity of
the extracts. Hydrogel based formulations are among the most frequently studied systems in
preclinical wound models, primarily due to their ability to maintain hydration, enable sustained
release, and retain hydrophilic or macromolecular constituents at the wound interface[35] When
mechanistically justified, hydrogels may also modulate wound microenvironmental factors such as
hydration, pH, and oxygen diffusion, indirectly supporting cellular migration and matrix
remodeling.[35] Accordingly, the contribution of hydrogels is more accurately interpreted as
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supportive, since many reported benefits arise from carrier-associated effects rather than from altered
extract pharmacodynamics.[35]

Lipid-based carriers, including nanoemulsions, liposomes, and solid lipid nanoparticles, are
predominantly investigated to improve the solubility, stability, and cutaneous delivery of lipophilic
phytochemicals such as terpenoids and curcuminoids.[34,36] In preclinical models, these systems can
increase local drug deposition and prolong residence time within superficial skin layers, which may
be most relevant during the early inflammatory phase of wound healing.[36] A recurring concern is
whether improvements in penetration metrics translate into measurable gains in wound healing
quality particularly when functional endpoints such as tensile strength, scar quality, or long term
tissue integrity are not assessed alongside pharmacokinetic improvements.[36]

Formulation studies frequently obscure the distinction between technological complexity and
demonstrable therapeutic advancement. Claims that nanocarriers or complex delivery platforms
inherently enhance wound healing are often insufficiently supported when compared to simpler
formulations or appropriate controls or clinically relevant comparators.[37] Moreover, increased
bioavailability may carry unintended consequences, including off target effects or excessive
activation of pathways such as TGF-{3 signaling, potentially increasing fibrotic risk.[12] Mechanistic
alignment between the delivery system, the bioactive constituents, and the targeted phase of wound
healing therefore represents a critical but frequently underdeveloped aspect of formulation
studies.[37]

Translation into regulated dermopharmaceutical products introduces additional challenges that
extend beyond formulation performance. The scalability of advanced delivery systems, long term safety
of nanomaterials, and regulatory classification of botanical based formulations remain significant
hurdles.[36,38] Regulatory agencies require well defined composition, stability, and safety profiles,
particularly under pharmaceutical rather than cosmetic regulatory frameworks.[38] Accordingly, the
translational value of dermopharmaceutical formulations will depend on mechanism guided design
and rigorous evaluation of therapeutic benefit and regulatory feasibility, rather than on formulation
novelty per se.[33,38] Importantly, formulation-driven enhancement of biological responses should be
interpreted within the context of phase-specific wound biology, as delivery strategies optimized for
early inflammatory modulation may not be appropriate during proliferative or remodeling stages. Key
formulation challenges, mechanistic rationales, and translational limitations associated with plant
derived wound healing products are summarized in Table 2.

Table 2. Dermopharmaceutical Formulation Strategies for Plant Derived Wound Healing Agents: Mechanistic

Rationale and Translational Constraints.

Translational and

Formulation Type  Primary DeliveryRelevant Mechanistic Implications Regulatory Limitations

Rationale Phytochemical Classes

Indi £ cell
ndirect support of ce Many benefits attributable

Local retention; moistPolysaccharides, migration and  matrix K K
. s . . to carrier properties rather
Hydrogels* wound environment;hydrophilic remodeling viay extract
sustained release polyphenols microenvironment .
. pharmacodynamics
modulation

Increased local exposure inPenetration metrics often

Improved SOhlblhtyTerpenoicls, essentialsuperficial wound layers,not linked to improved

Nanoemulsions and dispersion of

il inoi iall hancingti li long-
lipophilic compounds oils, curcuminoids potentially ' er'1 ancingtissue quality or long-term
early-phase signaling outcomes
Encapsulation and Stability, scalability, and

Altered cellular uptake

Liposomes protection of unstablePolyphenols, flavono1dsan d pathway engagement

batch reproducibility

phytochemicals remain challenging
Solid lipidControlled release andLipophilic Prolonged residence timeRISk of overexposure and
. . s . off target pathway
nanoparticles improved stability ~ phytochemicals at the wound surface L
activation
Combination of, . . Multimodal modulation ofIncreased formulation
. . Mixed  phytochemical, . .
Composite systems  retention d rofiles inflammatory and redoxcomplexity complicates
enhanced delivery P pathways regulatory approval
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Conventional ~ topicalSimplicity and Su.pportlve deliveryLimited control over

. .. .. Broad without targetedexposure and  pathway
formulations regulatory familiarity

modulation specificity

! Reported mechanistic implications are based on preclinical wound healing studies and reflect the combined
contribution of phytochemical activity and delivery system associated effects. Improvements in formulation
performance do not necessarily correspond to enhanced intrinsic bioactivity or clinically translatable therapeutic

benefit.

6. Limitations, Knowledge Gaps, and Translational Challenges

Despite substantial progress in delineating how plant derived extracts modulate wound healing
pathways, several systemic limitations continue to constrain interpretation and translational
advancement. A recurring limitation across mechanistic studies is the reliance on simplified
experimental models that fail to recapitulate the temporal, multicellular, and phase dependent
organization of skin repair.[39] Pathway modulation based readouts therefore limit insight into how
these signals are coordinated across successive phases of healing.[39,40] Moreover, mechanistic
conclusions are frequently extrapolated from in vitro or acute in vivo models without adequate
validation in chronic or impaired wound settings where dysregulated inflammation, oxidative stress,
and growth factor signaling, fundamentally alter therapeutic responsiveness.[5,39]

From both botanical and formulation perspectives, heterogeneity represents a central and
unresolved challenge. Variability in extract composition, plant source, processing methods, and
dosing complicates cross study comparison and undermines reproducibility, even when nominally
identical species are investigated.[33] While advanced delivery systems can mitigate some
bioavailability and stability issues, they also introduce additional layers of complexity, including
altered pharmacodynamics, potential off target effects, and regulatory uncertainty.[36] Importantly,
improvements in penetration or local concentration do not inherently translate into superior healing
outcomes particularly when pathway activation exceeds the narrow therapeutic window required
for regenerative rather than fibrotic responses.[36] Collectively, these issues highlight a persistent gap
between mechanistic plausibility and functionally meaningful repair.[39]

Translational barriers in wound healing are further amplified by the multifactorial nature of
clinical wounds and the absence of standardized evaluation frameworks. Endpoints such as
accelerated closure are frequently prioritized over long term measures of tissue quality, tensile
strength, or scar architecture, limiting clinical relevance.[39] In addition, regulatory requirements for
botanical based dermopharmaceuticals demand well defined composition, safety, and
manufacturing consistency, criteria that are challenging to meet for multicomponent natural extracts
incorporated into complex formulations.[38] Addressing these gaps will require a shift toward
temporally resolved, cell specific, and outcome oriented study designs, coupled with greater
emphasis on standardization and comparative benchmarking.[33,40] Such an approach is necessary
to move the field beyond isolated proof of concept observations toward reproducible and clinically
translatable wound-healing strategies.[39]

7. Future Perspectives and Research Directions

Progress in the development of plant-derived therapeutics for skin repair depends less on
expanding candidate lists than on the application of mechanism-guided experimental design. Priority
should be given to moving beyond crude extracts toward active fractions, defined phytochemical
combinations, or single lead compounds with clearly delineated molecular targets.[41] Such an
approach allows more rigorous evaluation of dose-response relationships, temporal activity
windows, and pathway-specific effects, particularly for signaling axes with narrow therapeutic
ranges such as TGF-B—mediated matrix deposition or redox-sensitive Nrf2 signaling.[2,12]
Mechanistic studies must be designed to resolve cell-type—specific responses within the wound
microenvironment recognizing that keratinocytes, fibroblasts, endothelial cells, and immune cells
may respond divergently to the same bioactive stimulus.[1,3,5]
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Temporally resolved and functionally anchored study designs are required to capture the
dynamic progression of wound healing.[40] Single time-point measurements or expression-based
readouts rarely provide sufficient evidence for therapeutic relevance; pathway modulation should
instead be linked to integrated functional outcomes, including tissue architecture, tensile strength,
vascular maturity, and scar quality, assessed across distinct healing phases.[40] Greater reliance on
chronic and impaired wound models is necessary to assess whether proposed mechanisms remain
operative under clinically relevant pathological conditions.[5,39]

From a translational standpoint, formulation strategies should be guided by biological phase
and target pathway rather than by technological complexity. Delivery systems should be aligned
with the intended target pathway, cellular compartment, and phase of wound healing, rather than
selected on the basis of novelty or technological complexity.[37,36] Parallel efforts in standardization,
comparative benchmarking against existing therapies, and regulatory-aligned study design will be
necessary to bridge preclinical findings with clinical feasibility.[33,38] Future progress will also
depend on integrating comparative benchmarking against existing standard of care treatments to
contextualize mechanistic benefits within clinically meaningful performance thresholds. Collectively,
these considerations support a more disciplined integration of natural product chemistry, wound
biology, and pharmaceutical science, positioning plant derived compounds as mechanistically
defined and clinically contextualized therapeutic candidates rather than broadly acting remedies. [41]

8. Conclusions

The therapeutic relevance of plant derived extracts in skin repair depends less on the breadth of
reported bioactivities than on the precision with which specific molecular pathways are modulated
within defined temporal windows of the healing process. Anti-inflammatory, redox regulating,
angiogenic, and pro migratory effects contribute meaningfully to repair only when coordinated with
the phase dependent biology of the wound and constrained within narrow functional thresholds.
Uncontrolled pathway activation, whether inflammatory suppression, growth factor signaling, or
redox modulation, carries a clear risk of impaired tissue quality or fibrotic remodeling, reinforcing
the importance of mechanistic discrimination over nonspecific pathway stimulation. Pharmaceutical
relevance emerges at the intersection of molecular mechanism, formulation design, and translational
feasibility. Advances in delivery systems can mitigate intrinsic limitations of phytochemicals, but do
not replace the requirement for mechanistic clarity and functional validation. Botanical complexity,
extract variability, and regulatory constraints limit interpretability when descriptive outcomes are
not supported by standardized, outcome-oriented evaluation. Within this framework, natural
extracts are best viewed not as inherently regenerative agents, but as sources of chemically defined
modulators whose value depends on controlled and context appropriate integration into evidence
based wound healing strategies.
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