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ABSTRACT

Skin aging is a complex and multifactorial biological process driven by the interplay of intrinsic
factors such as genetics, hormonal fluctuations, and metabolic activity, along with extrinsic
influences including ultraviolet (UV) radiation, environmental pollution, and lifestyle habits. These
factors collectively induce oxidative stress, inflammation, collagen degradation, and cellular
senescence, leading to visible signs of aging such as wrinkles, loss of elasticity, and pigmentation. In
recent years, plant-derived phytochemicals have gained significant attention as natural, effective,
and safer alternatives to synthetic anti-ageing agents. Owing to their diverse bioactivities,
antioxidant, anti-inflammatory, photoprotective, collagen-preserving, and cell-signalling modulation
they offer multifaceted protection and rejuvenation benefits for the skin.

The primary objective of this review is to critically evaluate the current scientific evidence on major
classes of phytochemicals with anti-aging potential and to elucidate their molecular mechanisms of
action. A comprehensive analysis of literature was performed using peer-reviewed articles, clinical
studies, patents, and review papers from databases such as PubMed, Scopus, and ScienceDirect,
focusing on compounds like bakuchiol, resveratrol, epigallocatechin gallate (EGCG), curcumin,
asiaticoside, and pomegranate polyphenols. Formulation strategies, including nanoencapsulation and
delivery system optimization, are discussed to address limitations related to bioavailability and skin
penetration.

The review also highlights existing research gaps, safety concerns, and the lack of standardized
evaluation protocols that limit the clinical translation of phytochemicals into dermatological practice.
Future directions emphasize interdisciplinary research integrating molecular biology, formulation
technology, and clinical dermatology to develop evidence-based, safe, and effective phytochemical-
based anti-aging therapies.

Introduction

Aging of the skin is a complex biological process characterized
by visible manifestations such as wrinkles, loss of elasticity,
pigmentation irregularities, and dermal thinning [1]. These
alterations result from cumulative damage caused by both
intrinsic factors genetic, hormonal, and metabolic and extrinsic
factors such as ultraviolet (UV) radiation, pollution, and lifestyle
habits. At the molecular level, skin aging is associated with
oxidative stress, chronic inflammation, extracellular matrix
(ECM) degradation, advanced glycation end-product (AGE)
accumulation, telomere shortening, and impaired cell signaling
(2].

Botanical extracts and plant-derived phytochemicals have
been traditionally employed in skincare for their
rejuvenating and healing properties. In recent decades,
modern pharmacological and biochemical studies have
substantiated their roles as antioxidants, anti-inflammatory
agents, and collagen-preserving molecules. Compounds
such as polyphenols, flavonoids, terpenoids, and alkaloids
have demonstrated potential in mitigating oxidative damage
and delaying visible aging signs through various cellular
pathways [3].

Despite growing evidence, there remains a need to
consolidate mechanistic insights and evaluate formulation
challenges associated with phytochemical-based anti-aging
products. Therefore, this review aims to comprehensively
explore the molecular mechanisms of skin aging, highlight
the role of phytochemicals in modulating these pathways,

and discuss formulation strategies to enhance their stability,
bioavailability, and clinical applicability [4].

Current Formulations and Pathways

Mechanistic pathway linking reactive oxygen species (ROS)
generation to collagen degradation

Oxidative Stress Initiation: Ultraviolet (UV) radiation,
pollution, or metabolic stress increase intracellular ROS levels

(5}

Signal Transduction: ROS activate redox-sensitive transcription
factors such as AP-1 (Activator Protein-1) and NF-kB (Nuclear
Factor Kappa-light-chain-enhancer of Activated B cells) [6].

MMP Induction: These transcription factors upregulate matrix
metalloproteinases (MMPs), particularly MMP-1 (collagenase),
MMP-3, and MMP-9, which degrade structural proteins of the
dermal ECM [7].

Collagen Breakdown: MMPs cleave type I and III collagen fibers,
resulting in decreased dermal strength and the formation of
wrinkles [8].

Intervention Points:
o Antioxidants (e.g., vitamin C, polyphenols, flavonoids)
neutralize ROS.

« MMP Inhibitors (e.g., tissue inhibitors of metalloproteinases
[TIMPs], certain plant extracts) prevent collagen
degradation.
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o Collagen Boosters (e.g., retinoids, peptides) stimulate fibroblast activity and new collagen synthesis (Figure 1).
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Figure 1. Mechanistic pathway linking reactive oxygen species (ROS) generation to collagen degradation

Formulation approaches for enhancing stability and delivery

Formulation strategies are critical for improving the stability,
penetration, and efficacy of phytochemicals in topical and
oral applications [9]. Approaches such as nanoencapsulation,
liposomal delivery, microemulsions, and polymer-based
carriers have shown promise in protecting sensitive

bioactives from degradation and enhancing their controlled
release. These technologies are increasingly utilized in
pharmaceuticals, nutraceuticals, and cosmeceuticals to
optimize the therapeutic potential of natural compounds [9]
(Figure 2).

Formuletion approaches for
enhancing stability and delivery

Encapsulzstion Nanoparticles
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Formulation approaches for enhancing stability and delivery
with relevant examples beneficial for pharmaceuticals,
nutraceuticals, and cosmeceuticals:

Encapsulation
Concept

The bioactive compound is enclosed within a protective
coating or matrix to shield it from environmental factors
(light, oxygen, pH, moisture) and control its release [10].

Advantages
o Protects unstable compounds from degradation.
o Masks unpleasant taste or odor.

o Allows controlled or targeted release.

Examples

o Vitamin C encapsulated in polymeric microspheres to
prevent oxidation in cosmetic creams.

o Curcumin encapsulated in gelatin capsules to improve
oral stability.

Nanoparticles

Concept

The compound is incorporated into nano-sized carriers (1-
100 nm) such as solid lipid nanoparticles (SLNs) or polymeric
nanoparticles, which improve solubility, stability, and
bioavailability [11].

Advantages
o Increased surface area for better absorption.
» Can cross biological barriers (e.g., skin, intestinal wall).
¢ Sustained release profiles.

Examples

o Resveratrol loaded into PLGA nanoparticles for anti-
aging formulations.

o Paclitaxel in albumin-bound nanoparticles (Abraxane®)
for cancer therapy.

Conjugation
Concept

The bioactive molecule is chemically linked to another
molecule (carrier, polymer, or targeting ligand) to enhance its
stability, solubility, or specificity toward target tissues [12].

Advantages

o Improves water solubility of hydrophobic drugs

o Enhances targeted delivery to diseased cells.

o Reduces toxicity by directing the drug to specific sites.
Examples

o Polyethylene glycol (PEG) conjugation (PEGylation) of
proteins to improve half-life (e.g., PEG-interferon for
hepatitis treatment).

» Folic acid-conjugated nanoparticles for targeting cancer
cells with overexpressed folate receptors.

Liposomes
Concept

Spherical vesicles composed of phospholipid bilayers that
can encapsulate both hydrophilic and hydrophobic molecules
[13].

Advantages
o Biocompatible and biodegradable.
o Protects sensitive compounds from enzymatic degradation.
o Can be tailored for controlled or targeted release.
Examples

e Doxorubicin in liposomal form (Doxil®) to reduce
cardiotoxicity in cancer patients.

o Coenzyme Q10 liposomes in anti-aging skincare products
for better skin penetration.

The production, chemical composition and mechanisms of
the above phytochemicals are explained in Table 1.

Table 1. Phytochemicals, their botanical sources, mechanisms of action, and clinical evidence levels.

Phytochemical Botanical Source ~ Mechanism of Action Clinical Evidence Level*

Epigallocatechin Camellia sinensis  Antioxidant; inhibits collagen degradation Lgvel ) I - Randomizgd controllgd

gallate (EGCG) (Green tea) via MMP suppression; protects against Uv-  trials in humans show improved skin
induced oxidative stress elasticity

Curcumin Curcuma longa Anti-inflammatory via NF-kB inhibition; ~ Level II - Clinical studies report

(Turmeric) enhances collagen synthesis; scavenges re@uctlon n wrinkles and improved

ROS skin hydration

Resveratrol Vitis vinifera Activates SIRTI pathway; protects dermal ~ Level Il - Human studies show

(Grapes)
Aloe-emodin & Aloe vera
Aloin
Ginsenosides Panax ginseng Antioxidant;

formation

Silymarin Silybum marianum

(Milk thistle)

fibroblasts from oxidative damage

Promotes fibroblast proliferation;
increases collagen type I synthesis

stimulates
fibroblast activity; inhibits wrinkle

ROS scavenger; inhibits UVB-
induced MMP-1 expression

photoprotection and improved skin
smoothness

Level III - Observational studies and
small trials show improved skin
hydration

Level II - Clinical studies report anti-
photoaging effects

dermal

Level III - Limited clinical evidence;
strong in vitro and animal model
data
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Quercetin Allium cepa, Ginkgo ~ Anti-inflammatory; stabilizes collagen Level Il - Few human studies;
biloba,  Sophora and elastin fibers promising preclinical evidence
japonica

Genistein Soybeans (Glycine ~ Phytoestrogen; promotes collagen Level II - Clinical trials show

skin thickness improvement in
postmenopausal women

Level II Human studies show
reduction in wrinkle depth

max) synthesis; reduces skin atrophy

Asiaticoside & Centella asiatica

Madecassoside

Stimulates collagen type I & III synthesis;
improves tensile strength of skin

Level Observational studies

Beta-carotene Carrot (Daucus  Antioxidant; quenches singlet - !
carota), Sweet  oxygen; protects against UV- suggest protective effects
potato ([pomoea  induced damage
batatas)

Methodology

Bakuchiol: A retinol alternative that stimulates collagen-

This review was compiled through an extensive literature related genes without RAR activation, reducing irritation.

survey using databases such as PubMed, Scopus, and
ScienceDirect, focusing on studies published between 2000
and 2025. Keywords included “phytochemicals,” “anti-aging,”

Anthocyanins: Berry pigments that reduce ROS, glycation, and
UV-induced damage, improving elasticity and barrier function.

Table 2 explains the Phytoconstituents involved in antiaging

“collagen,” “oxidative stress,” “MMP inhibition,”

nanocarriers,”

and “clinical trials.” Selection criteria prioritized peer-reviewed
experimental, mechanistic, and randomized clinical trials
assessing anti-aging effects of botanical compounds. Data
were critically analyzed to summarize molecular mechanisms,
formulation strategies, safety profiles, and regulatory aspects.

Skin Aging Mechanisms

Aging involves both intrinsic (chronological) and extrinsic
(photoaging) pathways. The central driver is oxidative stress,
which triggers signaling cascades leading to collagen
degradation.

Mechanistic pathway linking reactive oxygen species (ROS)
to collagen degradation

Oxidative Stress Initiation: UV radiation, pollution, or
metabolic stress elevate intracellular ROS levels.

Signal Transduction: ROS activate redox-sensitive transcription
factors such as AP-1and NF-kB.

MMP Induction: These transcription factors increase

expression of MMP-1, MMP-3, and MMP-9.

Collagen Breakdown: MMPs degrade type I and III collagen
in the ECM, reducing tensile strength and promoting wrinkle
formation.

Intervention Points:
Antioxidants (vitamin C, polyphenols) neutralize ROS.

MMP Inhibitors (plant extracts, TIMPs) block collagenase
activity.

Collagen Boosters (retinoids, peptides) stimulate fibroblast
collagen synthesis.

Anti-Aging Phytoconstituents

Polyphenols: Resveratrol, EGCG, quercetin, and punicalagins
exhibit potent antioxidant and anti-inflammatory effects,
suppress MMPs, and modulate cell signaling to preserve
ECM integrity.

Terpenoids and Saponins: Compounds such as asiaticoside,
ginsenosides, and ursolic acid stimulate fibroblast
proliferation, enhance collagen synthesis, and promote wound
repair.

Curcuminoids: Curcumin modulates inflammatory signaling
via NF-kB inhibition and activates Nrf2 for antioxidant defense.

activities. Figure 3 shows the Carbon structure of the
Phytoconstituents.

Table 2. Anti-Wrinkle Phytoconstituents and its clinical studies.

Phytochemical Published Limitations
Evidence
(with citation)

Resveratrol Topical emulsion Not oral dose of 75
trial (22-23 mg/day in 50
women, 8 weeks) women as in your
(26] table.

Pomegranate RCT: pomegranate Outcome

polyphenols juice/extract  vs different
placebo, 74 women, (erythema,/UV
UVB-erythema resistance) vs
outcomes. " TEWL/texture

Soy isoflavones RCT: adult women, Dose/duration

(genistein) improved aged skin. ®  may vary.
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Figure 3. Structure of Anti-Wrinkle Phytoconstituents.
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Polyphenols resveratrol, EGCG, quercetin, punicalagins

Core anti-aging actions: potent antioxidant (direct ROS
scavenging + upregulation of endogenous antioxidant enzymes),
anti-inflammatory (inhibit NF-B /AP-1), inhibit MMP expression,
modulate cell signalling that preserves ECM and reduces
senescence [14-15].

Resveratrol

o Mechanisms: widely reported to activate SIRT1 (NAD-
dependent deacetylase) improves mitochondrial function
(PGC-1), promotes DNA repair and stress resistance; inhibits
NF-B and AP-1 reduced MMP transcription; antioxidant and
mild hormetic stressor (activates AMPK in some contexts)
[16].

Effects: preserves fibroblast function, increases collagen
gene expression, reduces senescence-associated secretory
phenotype (SASP).

Notes: Dbioavailability is poor orally topical
stabilized /encapsulated forms are used in cosmetics.
Evidence: many preclinical studies; some small
clinical cosmetic studies show improvement in fine
lines/skin texture.

EGCG (epigallocatechin-3-gallate)

e Mechanisms: strong radical scavenger, inhibits MAPK
phosphorylation and AP-1/NF-B activation after UV
exposure suppresses MMPs and inflammatory cytokines;
modulates cell cycle and promotes DNA repair pathways in
keratinocytes /fibroblasts.

Effects: photoprotection (reduces UV-induced inflammation
and DNA damage), anti-inflammatory, MMP suppression
(17].

Notes: used topically (green tea extracts). Oral high doses
have been associated with rare hepatotoxicity topical use
generally safe.

Quercetin

¢ Mechanisms: antioxidant + metal chelator; activates Nrf2 in
some systems (boosts phase II antioxidant enzymes), inhibits
NF-B and AP-1 lowers MMPs and inflammatory mediators.

Also, anti-glycation activity reported [18].

Effects: reduces oxidative damage, stabilizes ECM, anti-
inflammatory. Good for photoprotection and reducing
pigmented lesions (via tyrosinase modulation).

Punicalagins (pomegranate polyphenols)

e Mechanisms: very strong antioxidant capacity, inhibit
MMPs, reduce UV-induced ROS/inflammation, and

scavenge reactive carbonyls (antiglycation activity) [19].

Effects: protects fibroblasts and keratinocytes from
UV /oxidative injury; helps preserve collagen /elastin.

Terpenoids / Saponins asiaticoside, ginsenosides, ursolic

acid

o stimulate fibroblast activity / ECM synthesis, support
wound healing, modulate inflammation.

Asiaticoside (Centella asiatica)

o Mechanism: stimulates fibroblast proliferation and collagen
(I &I1I) synthesis often via TGF-3 /Smad signalling, enhances
angiogenesis and ECM remodelling [20].

Effects: improved wound healing, increased tensile strength
of healed tissue, better remodelling useful for scars and
dermal atrophy. Evidence strong in wound-healing
preclinical and some clinical cosmeceutical studies.

Ginsenosides (Panax species)

¢ Mechanism: modulate oxidative stress and inflammation,
can up-regulate collagen synthesis and down-regulate
MMPs; influence multiple signalling nodes (MAPKs, NF-B)
[21].

Effects: improved dermal matrix quality and skin resilience;
sometimes used for photoprotection and anti-fatigue effects
in skin.

Ursolic acid

o Mechanism: pentacyclic triterpenoid that inhibits NF-«B
and reduces protease/MMP activity, while stimulating
collagen expression; also, antifibrotic at some doses [22].

« Effects: reduces skin thinning, improves firmness, supports
wound repair.

Curcuminoids curcumin

o Mechanisms: potent anti-inflammatory via inhibition of IKK
— decreased NF-kB activation, direct antioxidant activity,
activation of Nrf2 (increasing HO-1, NQO1, glutathione
system), suppression of MMP expression, and modulatory
effects on TGF- in wound healing [23].

Effects: reduces chronic inflammatory signalling, protects
against UV-induced oxidative damage, supports wound
healing and collagen deposition.

Formulation notes: curcumin is poorly bioavailable and
chemically wunstable (light, pH), tends to stain
nanoencapsulation or complexation (liposomes,
cyclodextrin, lipid nanoparticles) improves topical /oral
delivery. Clinical evidence for systemic anti-aging is
limited but topical/adjunctive benefits are promising
in preclinical and small clinical studies.

Bakuchiol

Quick correction: Bakuchiol is not a benzophenone. It's a

meroterpenoid /phenolic compound (from
Psoralea/Oralized as “babchi”).
e Mechanism: transcriptomic studies show bakuchiol

modulates many of the same genes as retinol
(collagen/ECM and cell-turnover genes), but it does so
without classical retinoic acid receptor (RAR) agonism i.e.,
it phenocopies many retinoid effects without the same
irritation profile. It also has antioxidant and anti-
inflammatory activity and can inhibit melanogenesis
(tyrosinase /MITF pathways) to improve pigmentation [24].

Effects: improves fine lines, texture, pigmentation with
lower irritation than retinoids attractive alternative /adjunct
to retinol in topical anti-aging products.

Anthocyanins (berry pigments)

e Mechanisms: polyphenolic antioxidants that scavenge ROS,
chelate metal ions (reduce Fenton chemistry), activate Nrf2
in some systems, and inhibit formation of AGEs
(antiglycation) by scavenging reactive carbonyl species. They
also reduce inflammatory signalling and protect
lipids/proteins in the stratum corneum [25].

Effects: UV-related protection (as adjuncts), decreased
glycation-mediated collagen crosslinking (so improved
elasticity), and enhanced barrier integrity via reduced
oxidative damage to barrier lipids/proteins. Most evidence
is preclinical; dietary intake shows some systemic skin
benefits, but topical use is limited by pigment/staining and
stability.
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Molecular Mechanisms of Action

Mechanistic strategies in anti-ageing interventions
Antioxidants
Mechanism of Action

e ROS (reactive oxygen species) such as superoxide anion
(02), hydroxyl radicals (-OH), and hydrogen peroxide (H202)
are generated from UV radiation, pollution, and metabolic
processes.

Excess ROS triggers oxidative stress, damaging DNA, lipids
(lipid peroxidation), and proteins, leading to premature
aging.

Antioxidants donate electrons to ROS, neutralizing them
before they can react with biomolecules.

Many antioxidants also activate Nrf2/ARE pathway,
increasing endogenous antioxidant enzymes like SOD,
catalase, and glutathione peroxidase.

Molecular Targets: ROS, Nrf2 signaling, mitochondrial redox
balance.

Examples

o Vitamin C (ascorbic acid): Water-soluble antioxidant that

regenerates vitamin E, enhances collagen hydroxylation.

Vitamin E (tocopherols): Lipid-soluble antioxidant
protecting cell membranes from lipid peroxidation.

« Polyphenols: Resveratrol, catechins (green tea), quercetin.
Clinical Significance

o Topical and dietary antioxidants reduce wrinkle depth,
improve skin elasticity, and prevent photoaging.

o Prevent oxidative damage in neurodegenerative and
cardiovascular aging processes.

MMP Inhibitors
Mechanism of Action

Matrix metalloproteinases (MMP-1: collagenase, MMP-3:
stromelysin, MMP-9: gelatinase) degrade collagen and
elastin fibers.

UV radiation and ROS activate AP-1 and NF-kB
transcription factors, increasing MMP expression.

MMP inhibitors downregulate AP-1/NF-kB or directly
inhibit MMP catalytic sites (Zn?*-dependent enzymes).

Molecular Targets: MMP catalytic zinc-binding sites, AP-1,
NF-kB signaling.
Examples

Green tea polyphenols (EGCG): Suppress UV-induced
MMP expression.

Soy isoflavones: Reduce MMP activity through estrogen
receptor modulation.

Tetracyclines (e.g., doxycycline):
inhibition (used in dermatology).

Direct enzymatic

Clinical Significance

o Prevent collagen breakdown, delay wrinkle formation,
maintain skin structure.

o Potential role in arthritis and cardiovascular aging where
MMP overactivity occurs.

Collagen Stimulators
Mechanism of Action

o Fibroblasts synthesize procollagen I and III, which are
converted to mature collagen fibrils.

» Aging and photoaging reduce fibroblast activity and collagen
turnover.

o Collagen stimulators activate TGF-f signaling and MAPK
pathways to increase fibroblast proliferation and ECM
synthesis.

Molecular Targets: Fibroblast receptors,
signaling, MAPK pathway.

TGF-B/Smad

Examples

Retinoids (retinol, tretinoin): Bind to RAR/RXR receptors,
upregulate procollagen gene expression.

Peptides (palmitoyl pentapeptide-4): Signal fibroblasts to
produce collagen.

Vitamin C: Cofactor for prolyl and lysyl hydroxylase in
collagen cross-linking.

Clinical Significance

o Improves dermal density, reduces fine lines, and

strengthens skin barrier.

Used in anti-aging cosmeceuticals and wound-healing
formulations.

Photoprotectants
Mechanism of Action

UVB (280-320 nm) damages DNA directly; UVA (320-400
nm) generates ROS leading to photoaging.

Photoprotectants absorb or scatter harmful UV rays, quench
excited singlet oxygen, and activate cytoprotective Nrf2

signaling.
Reduce UV-induced inflammation by downregulating COX-
2 and pro-inflammatory cytokines.

Molecular Targets: UV photons, ROS, Nrf2/ARE pathway,
NF-kB inflammation pathway.

Examples

o Carotenoids (B-carotene, lycopene, lutein): Absorb UV

light, quench singlet oxygen.

Flavonoids (apigenin, quercetin): UV absorption + antioxidant
activity.

Polypodium leucotomos extract: Enhances endogenous
photoprotection.

Clinical Significance

o Prevents erythema, pigmentation disorders, and UV-
induced skin cancers.

o Reduces long-term photoaging effects.
Senescence Modulators
Mechanism of Action

o Cellular senescence is a permanent cell-cycle arrest state
triggered by DNA damage, telomere shortening, or
oxidative stress.

» Senescent cells secrete pro-inflammatory factors (SASP:
IL-6, IL-8, MMPs), accelerating tissue aging.

© Reseapro Journals 2025
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Senescence modulators either:

o Suppress SASP (senomorphic action).
o Clear senescent cells (senolytic action).
L]

Enhance autophagy to remove damaged components.

Modulate sirtuins (SIRT1, SIRT3, SIRT6) to improve DNA
repair and mitochondrial function.

Molecular Targets: SASP cytokines, p16~INK4a, p21™~Cipl,
sirtuins, AMPK.

Examples

e Quercetin + Dasatinib: Senolytic combination studied in
aging research.

o Resveratrol: SIRT1 activator.

o Curcumin: SASP suppression via NF-kB inhibition.
Clinical Significance

o Reduces chronic inflammation, preserves tissue homeostasis.

o Potential applications in skin rejuvenation, neuroprotection,
and metabolic health.

Formulation and Delivery Pathways

Phytochemicals often exhibit poor solubility, low permeability,
and instability. Modern formulation strategies enhance their
delivery and efficacy:

A. Encapsulation: Protects compounds from oxidation and
enables controlled release (e.g., vitamin C microspheres,
curcumin capsules).

B. Nanoparticles: Improve solubility, stability, and penetration
(e.g., resveratrol-loaded PLGA nanoparticles).

C. Conjugation: Chemical linkage with polymers improves
solubility and targeting (e.g., PEGylation).

D. Liposomes: Phospholipid vesicles for dual hydrophilic /lipophilic
encapsulation (e.g., CoQI0 liposomes).

Combination Strategies: Synergistic formulations such as
bakuchiol + vitamin C or EGCG + sunscreen enhance
photoprotection and collagen renewal.

Toxicity and Regulatory Approach

While generally safe, phytochemicals may cause allergic
dermatitis, photosensitivity, or contamination-related toxicity.

o Regulatory Status: Products are classified as cosmetics or
therapeutics depending on claims and concentration.

Quality Standards: Good Manufacturing Practice (GMP),
standardized extracts, and marker-based authentication
are essential.

Safety Testing: Includes dermal irritation, sensitization,
and phototoxicity assays before commercialization.

Current Challenges and Future Perspective
Challenges

o Poor bioavailability and instability under environmental

stress.

Lack of standardized extraction and quantification
protocols.

o Limited large-scale, placebo-controlled clinical trials.
Future Directions

« Development of advanced nanoformulations for targeted
dermal delivery.

Integration of omics-based biomarkers for mechanistic
validation.

Multi-center RCTs with objective tools (3D profilometry,
histological scoring).

Exploring synergistic blends of phytochemicals with
vitamins, peptides, or probiotics.

Conclusions

Phytochemicals represent a diverse and promising group of
bioactive compounds capable of addressing the multifactorial
nature of skin aging through antioxidant, anti-inflammatory,
photoprotective, and collagen-preserving mechanisms. The
objective of this review was to explore and consolidate the
mechanistic pathways, clinical evidence, formulation
strategies, and safety aspects of major phytoconstituents
with anti-aging potential. This objective has been effectively
fulfilled by systematically summarizing current data on
prominent compounds such as bakuchiol, resveratrol,
epigallocatechin gallate (EGCG), curcumin, asiaticoside, and
pomegranate polyphenols. These natural agents demonstrate
significant efficacy in preclinical and clinical models,
primarily through modulation of oxidative stress, inhibition
of matrix metalloproteinases (MMPs), stimulation of
fibroblast activity, and protection against photoaging.

Despite these encouraging findings, several limitations
persist. Most available studies rely on small sample sizes,
short treatment durations, or lack standardized extract
compositions, making it difficult to compare results or
establish optimal doses. Furthermore, bioavailability issues,
poor stability, and limited skin penetration restrict their
translational potential. Many phytochemicals are evaluated
under controlled laboratory conditions that do not fully
replicate the complexity of human skin physiology.
Regulatory ambiguities and variability in extraction and
formulation techniques further constrain clinical acceptance.

Future research should prioritize the development of
standardized phytochemical formulations supported by
robust clinical trials with well-defined biomarkers and
imaging-based endpoints. Integration of advanced delivery
systems such as nanoparticles, liposomes, and hydrogels
could enhance skin targeting and bioavailability. Multi-omics
approaches, including genomics and metabolomics, may help
elucidate precise molecular mechanisms and identify
synergistic phytochemical combinations. Moreover, long-
term safety, pharmacokinetic profiling, and real-world
evidence are essential for regulatory validation.

In conclusion, while phytochemicals hold immense potential
as natural anti-aging agents, their successful translation into
standardized, effective, and safe dermatological applications
will depend on bridging current research gaps through
multidisciplinary  collaboration between pharmacologists,
dermatologists, and formulation scientists.
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