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Abstract

Skin aging is a multifactorial process driven by both intrinsic mechanisms—such as telom-
ere shortening, oxidative stress, hormonal decline, and impaired autophagy—and extrinsic
influences including ultraviolet radiation, pollution, smoking, and diet. Together, these
factors lead to the structural and functional deterioration of the skin, manifesting as wrin-
kles, pigmentation disorders, thinning, and reduced elasticity. This review provides an
integrative overview of the biological, molecular, and clinical dimensions of skin aging,
emphasizing the interplay between inflammation, extracellular matrix degradation, and
senescence-associated signaling pathways. We examine histopathological hallmarks and
molecular markers and discuss the influence of genetic and ethnic variations on aging
phenotypes. Current therapeutic strategies are explored, ranging from topical agents
(e.g., retinoids, antioxidants, niacinamide) to procedural interventions such as lasers, in-
tense pulsed light, photodynamic therapy, microneedling, and injectable biostimulators.
Special attention is given to emerging approaches such as microneedle delivery systems,
with mention of exosome-based therapies. The review underscores the importance of per-
sonalized anti-aging regimens based on biological age, phototype, and lifestyle factors. As
the field advances, integrating mechanistic insights with individualized treatment selection
will be key to optimizing skin rejuvenation and preserving long-term dermal health.

Keywords: aging; skin; dermatology; therapy; histology; biomarkers; laser; health;
rejuvenation; light

1. Introduction
Skin aging is a central topic in dermatology, not only due to its esthetic implications

but also because of its broader impact on skin health, function, and disease susceptibility.
As the largest organ of the human body, the skin serves as a barrier, a sensory interface, and
a dynamic regulator of immune and thermoregulatory processes. With age, these functions
become progressively compromised, making skin aging a multidimensional challenge.
Furthermore, as the global life expectancy increases and cosmetic concerns become more
prevalent, understanding the mechanisms and clinical manifestations of skin aging has
gained considerable importance for both preventive and therapeutic dermatology [1].
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Skin aging is broadly categorized into two distinct but interrelated processes: intrinsic
(chronological) aging and extrinsic (environmental) aging. Intrinsic aging reflects the natu-
ral, genetically programmed senescence of cells and tissue over time. It is characterized by
epidermal thinning, decreased cellular turnover, reduced sebaceous activity, diminished
elasticity, and fine wrinkling. This process is largely driven by telomere shortening, oxida-
tive stress, DNA damage, and reduced autophagy, culminating in fibroblast dysfunction
and extracellular matrix (ECM) degradation [2,3].

In contrast, extrinsic aging, often referred to as photoaging, is predominantly induced
by chronic exposure to environmental insults, particularly ultraviolet (UV) radiation. UV
radiation leads to the generation of reactive oxygen species (ROS), DNA damage, and the
upregulation of matrix metalloproteinases (MMPs), which degrade collagen and disrupt the
dermal ECM. Clinically, extrinsic aging is characterized by coarse wrinkles, pigmentation
irregularities, solar lentigines, telangiectasias, and actinic elastosis. Other environmental
factors, such as pollution, smoking, poor nutrition, and lifestyle habits, further exacerbate
these changes by inducing chronic inflammation and accelerating oxidative damage [2].

The impact of aging on skin health extends beyond cosmetic alterations. Age-related
changes impair the skin’s barrier function, delay wound healing, reduce resistance to
mechanical and thermal stress, and increase the susceptibility to infections and neoplasms.
Histologically, aging skin demonstrates a progressive loss of dermal collagen and elastic
fiber integrity, the flattening of the dermoepidermal junction, and diminished microvascular
and immune functions. These changes collectively contribute to the fragile skin phenotype
and complicate dermatologic care in elderly patients [4].

Given its multifactorial nature, the management of skin aging requires a comprehen-
sive understanding of its clinical, histological, and molecular foundations. Some recent
works have been published on this topic, focused on addressing different specific aspects
of skin aging, such as etiology and treatment [5–8]. This review aims to provide a wider,
transversal, and updated overview of the key features of skin aging, with an emphasis on
clinical manifestations, histopathologic correlates, and evidence-based therapeutic strate-
gies. Special attention is given to topical, light-based, mechanical, and minimally invasive
interventions that have demonstrated efficacy in mitigating or reversing signs of aging.

2. Clinical Changes in Aging Skin
2.1. Extrinsic Aging
2.1.1. Role of UV and Blue Radiation

Solar radiation is a form of electromagnetic radiation comprising three types of en-
ergy: visible light (approximately 44%), infrared radiation (around 53%), and a smaller
fraction (3–7%) of ultraviolet (UV) radiation. UV radiation is further subdivided into three
spectral bands based on the wavelength: UVA (320–400 nm), UVB (280–320 nm), and UVC
(100–280 nm). While UVA and UVB reach the Earth’s surface and thus exert significant bio-
logical effects on the skin, UVC is almost entirely absorbed by the ozone layer. Immediately
adjacent to the UVA band lies blue light (400–490 nm), which partially overlaps with the
UVA region due to its location at the high-energy end of the visible spectrum [9]. Blue light
originates from both natural sources (i.e., sunlight) and artificial sources such as electronic
screens (LEDs, computers, televisions, mobile phones) and medical devices. Although the
irradiance of electronic screens is significantly lower—up to 1000 times less than that of
solar radiation—chronic and cumulative exposure has prompted investigations into its
potential adverse effects on the skin, particularly in facial areas [10].

The different wavelengths and energies of radiation determine its depth of penetration
and interactions with the skin. At the tissue level, UVA, due to its longer wavelength,
penetrates deeper into the dermis compared to UVB and is therefore more strongly im-
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plicated in photoaging. In contrast, UVB, which possesses higher energy and a shorter
wavelength, primarily affects the epidermal layer. UV photons damage the skin through
two main mechanisms: direct absorption and photosensitization. In direct absorption,
cellular chromophores—such as nucleic acids, amino acids (tryptophan and tyrosine),
quinones, flavins, porphyrins, and urocanic acid—are capable of absorbing UV radiation
and converting this energy into molecular responses that activate cellular mechanisms [11].
Among these mechanisms, the formation of cyclobutane pyrimidine dimers (CPDs) and
6-4 photoproducts (6-4PPs) is particularly relevant. These DNA lesions interfere with
RNA transcription, activate the tumor suppressor gene p53, and induce apoptosis in ker-
atinocytes [12]. Photosensitization involves the generation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) via UV-activated endogenous or exogenous sensitizers.
These free radicals penetrate the cell nucleus and induce oxidative DNA damage and strand
breaks, contributing to cellular dysfunction [13]. Oxidative stress subsequently triggers
inflammatory pathways and stimulates the overexpression of matrix metalloproteinases
(MMPs), particularly MMP-1, MMP-3, and MMP-9, which degrade key components of
the extracellular matrix, such as collagen and elastin [14]. Clinically, these changes mani-
fest as a loss of skin elasticity, wrinkle formation, hyperpigmented lesions, and impaired
barrier function.

Additionally, UVA1 radiation can induce immediate pigment darkening (IPD), per-
sistent pigment darkening (PPD), and delayed tanning (DT), particularly in individuals
with darker skin phototypes (III–VI) [15]. It has been proposed that the rapid onset of
pigmentation following visible light exposure is photochemical in nature, while delayed
pigmentation is due to neomelanogenesis [16]. Since the primary stimulator of melanogen-
esis, alpha-melanocyte-stimulating hormone (α-MSH), reduces the UV-induced hydrogen
peroxide levels in irradiated melanocytes, a link between pigmentation and oxidative stress
has been suggested [17].

Blue light, in turn, induces oxidative stress in dermal tissue mitochondria. In in vitro
models, blue light within the 450–490 nm range has been shown to exert cytotoxic effects on
human dermal fibroblasts and keratinocytes, particularly at high intensities (>30 J/cm2) [18].
This form of blue radiation has a high affinity for cutaneous chromophores such as flavin
adenine dinucleotide (FAD) and flavoproteins, triggering photoreactions similar to those
induced by UVA radiation [19].

At lower intensities, blue light reduces the expression of antimicrobial peptides and
slows epidermal regeneration, thereby compromising skin integrity. Additionally, it has
been associated with reduced cell viability and increased expression of inflammatory
markers at the epidermal level [20].

Moreover, blue light stimulates melanogenesis through the G-protein-coupled mem-
brane receptor opsin-3 [21,22]. In individuals with darker skin, sustained tyrosinase activity
leads to the formation of tyrosinase-associated protein complexes, which are responsible
for the prolonged hyperpigmentation characteristic of these phototypes [9].

2.1.2. Clinical Manifestations

Although wrinkles are part of intrinsic skin aging, external factors—primarily UVA
radiation—significantly contribute to the appearance of deeper and more numerous
wrinkles [23–26].

The increase in reactive oxygen species (ROS) activates inflammatory metabolic pathways,
proinflammatory cytokines, and degradative enzymes such as matrix metalloproteinases
(MMPs), particularly MMP-1, MMP-3, and MMP-9, which degrade type I and III collagen
fibers—the main structures responsible for skin firmness and tensile strength [27–36].
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The degradation of the extracellular matrix prevents the proper regeneration of dermal
components, leading to the structural collapse of the skin and the progressive formation of
wrinkles and folds [34,35].

Solar lentigines are benign pigmented lesions that result from chronic sun exposure.
Histologically, they are characterized by hyperpigmentation of the basal epidermal layer
and irregular melanosome distribution. They arise due to melanocytic hyperplasia induced
by UV radiation, visible light, and other environmental factors [36–40].

The role of p53 has been demonstrated in the induction of skin pigmentation after
UVB exposure, through the increased expression of the pro-opiomelanocortin (POMC)
transcriptome in keratinocytes. Additionally, stromal cell-derived factor 1 (SDF1) deficiency
in senescent fibroblasts, caused by changes in DNA promoter methylation, acts as a potent
stimulus for melanogenic processes, contributing to uneven skin pigmentation [41–43].

Solar elastosis is a prominent clinical and histological manifestation of photoaging. It
is characterized by dermal thickening with the accumulation of abnormal elastotic material.
Similarly to wrinkle formation, ROS generated after UV exposure chronically activate
MMPs, particularly MMP-9 and MMP-12, which appear to play a significant role in the
development of solar elastosis [44–46].

Telangiectasias are visible dilations of superficial capillaries, predominantly found on
the cheeks, nose, and auricular regions. Although their association with cutaneous aging,
particularly in higher phototypes, is well established, the underlying mechanisms are not
fully understood. It is hypothesized that various factors, especially UV radiation, may
induce the downregulation of angiogenesis inhibitors such as thrombospondin-1, thereby
promoting vascular proliferation [47–49].

It has also been described that UV radiation can increase the production of nitric
oxide at the cutaneous level. Although this phenomenon is considered positive from a
cardiovascular perspective, it could facilitate the development of cutaneous telangiectasias
by perpetuating vasodilation [50–53].

2.1.3. Impact of Lifestyle Factors

Extrinsic aging is not solely determined by solar radiation; various lifestyle factors
also play a fundamental role in the progressive deterioration of the skin. Among these,
environmental pollution, smoking, inadequate nutrition, lack of sleep, and exposure to
other sources of radiation, such as infrared and visible blue light, are particularly significant.
These factors act synergistically, exacerbating oxidative, inflammatory, and structural
damage in the skin.

This set of external factors that act on our skin and can accelerate skin damage and
aging has been grouped under the term “exposome”. Below, we will describe in more
detail three of the exposome components that have been most strongly linked to skin aging:
environmental pollution, smoking, and diet [54].

Environmental Pollution

Multiple environmental pollutants have been associated with an increase in signs
of photoaging, including wrinkles and lentigines. Significant contributors include air
quality index (AQI) measurements, nitrogen dioxide (NO2), fine particulate matter (PM2.5),
exposure to fossil fuels, soot, and traffic-related air pollution [55–60]. It is likely that
pollution acts synergistically with UV radiation, leading to a significant increase in reactive
oxygen species (ROS) [54].

Ozone (O3) is probably the most extensively studied environmental compound in
dermatology. Although its skin penetration is limited, it can oxidize lipids and proteins
in the stratum corneum, deplete endogenous antioxidant mechanisms, and even reduce
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the efficacy of exogenous antioxidants such as vitamins C and E [61–63]. Ozone (O3) has
also been studied for its ability to dysregulate inflammatory pathways, particularly the
activation of the NF-κB pathway and an increase in interleukin-8 (IL-8) production, thus
creating a pro-inflammatory environment. Additionally, O3 exposure can enhance the
expression of MMP-9 and COX-2, leading to a reduction in the type I and III collagen levels
in the dermis, contributing to the acceleration of skin aging [64,65].

Regarding other environmental pollutants, an epidemiological study associated air
pollution with the development of lentigines in both Caucasian and Asian populations. The
activation of the aryl hydrocarbon receptor (AhR) in epidermal cells by polycyclic aromatic
hydrocarbons (PAHs) present in polluted air may explain the underlying pathophysiologi-
cal mechanism behind these observations [58,66].

Smoking

Tobacco smoke contains more than 4000 potentially toxic chemical substances. The
association between smoking and premature skin aging has been documented in numerous
studies. This effect appears to be dose-dependent [67–71].

Smoking increases elastic fibers within the reticular dermis, producing changes similar
to those observed in solar elastosis. In vitro studies have demonstrated that tobacco use
induces the upregulation of matrix metalloproteinases 1 and 3 (MMP-1 and MMP-3),
which are involved in collagen degradation. Furthermore, smoking reduces the activity of
transforming growth factor beta 1 (TGF-β1) and the expression of its receptors [72–75].

A recent meta-analysis concluded that there is a clear association between active
smoking and various manifestations of skin aging, although this association is less evident
in former smokers [7].

Diet

Water, proteins, and lipids constitute the primary building blocks for skin construction [76–79].
Although essential in maintaining the cellular structure, excessive lipid intake can alter the skin
composition, leading to negative effects [80]. Excessive lipid intake can impair the collagen structure of
the skin and delay wound healing. Additionally, it promotes a pro-inflammatory skin environment
through increased cytokine production (such as tumor necrosis factor alpha (TNF-α)) and the activation
of inflammasome components. Clinically, this phenomenon is reflected in psoriasis, where
pro-inflammatory diets rich in lipids exacerbate the disease [81–85].

However, not all effects of lipids are detrimental. Omega-3 and omega-6 polyunsat-
urated fatty acids have demonstrated beneficial effects in the prevention and treatment
of skin inflammation, as well as protective roles against UV radiation and environmental
pollutants. Although in vivo evidence remains limited, the effects of polyunsaturated fatty
acids have been studied in vitro [79,86–89].

Processed sugars have been associated with the abnormal glycation of skin compo-
nents, contributing to skin aging [90,91].

The antioxidant, anti-inflammatory, and depigmenting properties of vitamins C and
E are well known. Vitamin C, in addition to its antioxidant action, is essential for proper
collagen synthesis. The combination of both vitamins improves the stability of vitamin E
and enhances its protective action, reducing UV-induced damage and helping to prevent
lipid oxidation caused by reactive oxygen species (ROS) [92–95].

The role of vitamin D has gained increasing importance in recent years. The active
metabolites of vitamin D3 exert anti-inflammatory, antioxidant, photoprotective, and DNA
repair effects. These compounds activate nuclear receptors such as VDR, AhR, LXR, and
RORα/γ and also participate in non-genomic mechanisms through the 1,25D3-MARRS
receptor. Additionally, they stimulate antioxidant pathways, such as the activation of
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Nrf2 and DNA repair mechanisms mediated by p53, while simultaneously inhibiting
pro-inflammatory pathways like NF-κB. From an inflammatory perspective, vitamin D
is capable of regulating B and T lymphocyte activity at the cutaneous level, as well as
modulating the production of various pro-inflammatory cytokines (TNF-α, IFN-γ, IL-1,
IL-6, IL-9, IL-17) [96–100].

Vitamin D also plays an important role in reducing the activation of the NF-κB pro-
inflammatory pathway [101,102]. Furthermore, vitamin D increases the expression of the
transcription factor Nrf2, which regulates key antioxidant defense genes such as CAT,
SOD-1, and SOD-2 [103,104]. Vitamin D also contributes to the production and activation
of p53, enhances other DNA repair mechanisms that reduce UVB-induced cyclobutane
pyrimidine dimers (CPDs), and regulates keratinocyte apoptosis in response to solar
damage [105–108]. In addition to the major nutrients and vitamins, other dietary elements
can contribute to reducing skin aging: collagen and its derived peptides, when administered
as nutritional supplements, contribute to the synthesis of collagen and hyaluronic acid by
dermal fibroblasts and may play a role in reducing oxidative stress [109,110]. Polyphenols
exert antioxidant effects, also helping to reduce cutaneous oxidative stress. In a review
published by Cao et al., numerous studies are compiled highlighting the antioxidant role of
polyphenol-rich extracts [109].

2.2. Intrinsic Aging
2.2.1. Genetic and Hormonal Influences

Skin aging is driven by both intrinsic (chronological) and extrinsic (environmental)
factors, with the former being strongly influenced by genetic predisposition and hor-
monal changes. Below are the main genetic and hormonal alterations associated with
cutaneous aging.

Genetic Changes

Genetic predisposition plays a major role in the aging process and the condition
of an individual’s skin. Certain genes are involved in the regulation of cellular repair,
responses to oxidative stress, and the synthesis of structural proteins such as collagen and
elastin. Notably, many of the genes implicated in skin aging exhibit pleiotropy, meaning
that they influence multiple phenotypic traits. Among these key genes, single-nucleotide
polymorphisms (SNPs) are predominantly located within a small group of 44 central
pleiotropic genes and 32 genes associated with skin pigmentation, many of which are
clustered in chromosomal band 16q24.3 [111].

Transcriptomic analyses have further revealed that most of the genes identified in the
context of aging are differentially expressed with age, indicating a functional link between
gene expression profiles and skin aging [112]. Additionally, genes traditionally linked to
skin pigmentation also play significant roles in other skin phenotypes, such as wrinkle
formation and loss of elasticity, reinforcing their pleiotropic character [113].

Moreover, familial background can exert a strong influence on aging trajectories.
Individuals with family members who exhibit slower aging processes, including better
skin condition, are more likely to experience delayed cutaneous aging themselves. This
observation further supports the notion that genetic factors play a crucial role in the
biological aging process [114].

Hormonal Changes

Menopause leads to significant hormonal alterations, particularly a decline in estrogen
levels, which profoundly impacts skin aging due to the presence of estrogen receptors
in it. The skin expresses two isoforms of nuclear estrogen receptors: ERα (restricted to
sebaceous and eccrine glands) and ERβ (widely distributed in dermal fibroblasts, sebocytes,
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adipocytes, melanocytes, and keratinocytes) [115]. Estrogen is essential in maintaining
skin thickness, hydration, and elasticity. Since the collagen and elastin profiles in the skin
mirror the 17β-estradiol levels throughout aging and during and after menopause [116],
its decline leads to reduced collagen synthesis, decreased skin hydration, and increased
wrinkle formation. Consequently, postmenopausal women typically experience accelerated
skin aging characterized by dryness, thinning, and loss of elasticity [117,118].

In men, the age-related decline in testosterone levels also affects skin health. Like
estrogen, testosterone helps to maintain skin thickness and sebum production, and its
reduction can result in drier skin and diminished elasticity. Although these effects are
generally less pronounced than those associated with declining estrogen, they contribute
to the overall aging process of the skin [117].

Other hormones, such as growth hormone (GH) and dehydroepiandrosterone (DHEA),
also influence skin aging and decline with age [119]. GH stimulates cellular regeneration
and repair, while DHEA contributes to sebum production, supporting skin hydration and
barrier function [120]. Thus, age-related reductions in these hormones lead to increased
skin dryness, decreased elasticity, impaired tissue regeneration, and reduced protection
against UV radiation [121].

Insulin-like growth factor 1 (IGF-1), a hormone that mediates the effects of pituitary
GH, is primarily produced in the liver but is also locally synthesized by dermal fibroblasts.
In senescent fibroblasts, IGF-1 production is significantly reduced, leading to atrophy in con-
nective tissue-rich organs such as the skin and contributing to an aged skin phenotype [122].
Keratinocytes do not synthesize IGF-1 and thus depend on its local availability to maintain
homeostasis. Since IGF-1 inhibits the activation of matrix-degrading metalloproteinases
(MMPs) [123], its deficiency reduces epidermal cell proliferation and differentiation, result-
ing in atrophy and compromised barrier function [124].

Oxytocin (OXT), a neuropeptide synthesized in the hypothalamus and released by
the posterior pituitary, is also produced in various extraneural tissue types. In the cuta-
neous context, both OXT and its receptor (OXTR) are expressed in human dermal fibrob-
lasts and keratinocytes. Studies in animal models have demonstrated the protective and
anti-inflammatory effects of OXT, including reduced ROS levels, increased glutathione
concentrations, and decreased expression of pro-inflammatory cytokines such as IL-6 [125].

Melatonin (N-acetyl-5-methoxytryptamine), a hormone secreted by the pineal gland
and primarily involved in circadian rhythm regulation, is also produced by extrapineal sites,
including the skin. In the skin, melatonin undergoes phototransformation upon UVA/UVB
exposure and oxidative stress, generating metabolites such as 6-hydroxymelatonin and
acetylserotonine, which have antioxidant properties [126]. Moreover, melatonin exhibits
anti-inflammatory and anti-apoptotic effects, participates in DNA repair by reducing p53
activation, and modulates mitochondrial function via tyrosinase activity [127].

Finally, retinoids—compounds derived from retinol (vitamin A)—exert beneficial
effects on nearly all skin cell types. In keratinocytes, they promote differentiation; in
fibroblasts, they enhance the expression of collagen types I and III, elastin, fibronectin, and
glycosaminoglycans, while reducing collagenase activity; in melanocytes, they suppress
tyrosinase activity and melanin production; and, in sebocytes, they inhibit proliferation and
lipid synthesis, accounting for their sebosuppressive effects [128]. Although plasma retinol
levels do not vary significantly with age [129], its cutaneous functionality is impaired by
factors such as UVB exposure, oxidative stress, and aging, since UVB radiation reduces
epidermal retinol concentrations and the expression of retinoic acid receptor alpha (RAR-α)
and gamma (RAR-γ), leading to a functional vitamin A deficiency in the skin [130].
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2.2.2. Other Intrinsic Factors Related to Aging
Metabolic Processes

Metabolism influences skin aging through its role in regulating cellular energy pro-
duction, nutrient supply, and waste removal. As metabolic processes slow with age, cells
receive reduced energy and nutrients, impairing their function and regenerative capac-
ity. Diminished metabolic activity also results in the slower elimination of cellular waste,
contributing to the accumulation of damaged proteins and lipids in the skin [131]. Addition-
ally, metabolic activity can generate advanced glycation end products (AGEs)—proteins or
lipids that become glycated due to exposure to sugars. AGEs can cross-link collagen fibers,
making them stiff and less elastic, which contributes to wrinkle formation and reduced
skin elasticity [132].

Immune System Deterioration

The immune system plays a crucial role in maintaining skin health by defending
against pathogens, supporting wound healing, and regulating inflammation. With aging,
the immune system becomes less efficient—a phenomenon known as immunosenescence.
This decline results in reduced skin resilience, slower wound healing, and increased sus-
ceptibility to infections and cutaneous disorders. Age-related immune dysfunction is
characterized by a decrease in both the number and functionality of immune cells, includ-
ing T lymphocytes and macrophages, which compromises the skin’s ability to respond
to insults and repair itself effectively [133]. Moreover, aging is frequently associated with
chronic low-grade inflammation. This persistent inflammation is marked by elevated levels
of inflammatory markers and cytokines, which can damage skin cells and extracellular
matrix components, thereby accelerating the aging process [134].

2.2.3. Clinical Features: Skin Thinning, Dryness, Fine Wrinkles, and Loss of Elasticity

The clinical manifestations of intrinsic photoaging often parallel those of extrinsic
photoaging, making it virtually impossible to clearly distinguish between changes caused
exclusively by chronological skin aging and those induced by external factors. Cuta-
neous changes associated with normal aging include impaired barrier function, cutaneous
immunosenescence, alterations in cellular turnover and wound healing responses, dys-
regulation of vasomotor phenomena, changes in sebaceous and sweat gland secretions,
alterations in sensitivity and proprioception, and a decreased capacity for vitamin D synthe-
sis, among others. Clinically, this is manifested as skin thinning, dryness, loss of elasticity,
increased wrinkling, and pigmentary alterations [135].

Skin thinning is often attributed to intrinsic aging. Histologically, it correlates with
the flattening of the dermoepidermal junction and a reduction in the contact surface area
between the dermis and the epidermis [2,3,25,136].

Clinically, this results in thinner, more fragile skin, a condition that has been recently
described under different terms, such as dermatoporosis, cutaneous insufficiency, or skin
failure. This emerging concept refers to the compromised ability of aged skin to repair
itself, properly heal wounds, and, in advanced stages, even maintain its own structural
integrity [137–143]. Figure 1 shows a schematic representation of the intrinsic and extrinsic
factors of skin aging.
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Figure 1. Schematic illustration comparing intrinsic and extrinsic aging mechanisms.

2.2.4. Differences in Skin Aging Patterns Based on Phototypes

Facial aging in Fitzpatrick skin types V–VI exhibits unique characteristics due to
structural and functional differences in the skin and facial skeleton. African American skin
is characterized by a thicker stratum corneum, increased fibroblast activity, and larger, more
dispersed melanosomes, conferring greater skin thickness, improved elasticity, and natural
protection against photoaging. This explains the delayed onset of wrinkles, generally
beginning in the fifth decade of life, and their reduced severity compared to individuals
with lighter skin tones [136,144–149].

Fitzpatrick skin types V–VI present distinct anthropometric characteristics in their
facial morphology. A greater forehead height is noted, accompanied by shorter nasal and
ear lengths. Additionally, they exhibit a broader nasal base due to an increased alar width,
as well as a wider palpebral fissure and mouth width. The lips are generally prominent.
Ocular proptosis is also characteristic, with anterior displacement of the eyeballs, resulting
in scleral show and increased infraorbital shadowing. Lastly, bimaxillary protrusion—the
forward positioning of both jaws—contributes to greater overall facial convexity [148–150].
These anatomical features correlate with clinical findings. With age, the midface shows
marked eyelid laxity, descent of the malar fat pads, and the early formation of nasolabial
folds [136,148,149,151,152]. Although brow ptosis occurs, it tends to be less pronounced
than in other ethnic groups [149].

Submental fat accumulation combined with thicker cervical skin contributes to a
more obtuse and less defined cervicomental angle with aging. Lip aging is minimal in this
population, with less volume loss and reduced perioral lentigo formation. Overall, the aging
pattern in this group emphasizes facial volume redistribution more than the formation of
fine wrinkles [136,145,148,149]. Asian skin tends to show fewer visible wrinkles during the
early decades of life, with a delay in the appearance of fine lines until the fifth decade.

Pigmentary photoaging predominates over wrinkle formation, with the early onset of
solar lentigines, melasma, and pigmented seborrheic keratoses. It has been suggested that
the higher lipid content of the stratum corneum may enhance the persistence and adverse
effects of environmental pollutants [148,149].

East Asians (Chinese, Japanese, Koreans) typically present with a broader facial
structure (increased bitemporal and bizygomatic width) and a flatter facial profile. The nasal
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bridge is usually lower, the upper eyelid is fuller, and the supratarsal crease is lower. Aging
in this group includes pronounced malar fat pad descent, infraorbital shadowing, and the
predominance of wrinkle formation around the periorbital and perioral areas [136,148,149].

Differences in skin aging depending on phototypes are compiled in Table 1.

Table 1. Comparative table summarizing structural and clinical aging patterns observed in Black,
Asian, and Caucasian skin.

Feature Fitzpatrick Skin
Types V–VI Asian Skin Caucasian Skin

Dermis
structure

Thick dermis and stratum
corneum

Thick dermis,
intermediate melanin

Thin dermis and
epidermis

Melanin and
pigmentation

High melanin, large
dispersed melanosomes

Moderate melanin,
prone to pigment
retention

Low melanin, higher
UV sensitivity

Wrinkle onset Delayed (5th decade) Delayed (late 4th to
5th decade) Early (3rd–4th decade)

Periorbital
aging Less pronounced

Pronounced
wrinkling and
hollowing

Crow’s feet and
forehead lines

Midface aging
Marked malar fat pad
descent, infraorbital
hollowing

Early malar descent,
flat midface

Visible volume loss,
deeper folds

Perioral aging Minimal volume loss,
fewer perioral wrinkles

Moderate perioral
aging

Marked lip volume
loss, rhytids

Neck/jawline
changes

Submental fullness,
obtuse cervicomental
angle

Less defined jawline
with aging

Sagging and
jowls common

Pigmentary
disorders

Frequent lentigines and
uneven pigmentation

Melasma, lentigines,
seborrheic keratoses

Solar lentigines,
telangiectasias

3. Alterations in the Histology of Aging Skin
Throughout the aging process, the skin endures intricate structural changes that in-

fluence all skin layers and annexes. The histological appearance of a normal epidermis is
illustrated in Figure 2. The superficial dermis in individuals under the age of 50 exhibits a
porous structure, with collagen fibers that are thin and have varying orientations. How-
ever denser, non-oriented collagen fibers are observed in the deep dermis compared to
the superficial dermis. These aspects are still present after 50 years, with some changes
becoming more apparent as individuals age. The significance of comprehending the funda-
mental changes in the epidermis and its conjunctive components to gain a more complete
understanding of the aging process is underscored by several studies [153–155].

The aging processes of both types of collagen fibers occur at approximately the same
age and proceed in tandem with the changes that affect elastic fibers after the age of
50. Collagen fibers endure changes. The process commences with the narrowest fibers
being impacted, followed by the fragmentation and rupture of more superficial dermis
fibers. This leads to a progressive reduction in the thickness and density of the superficial
dermis, resulting in a thicker appearance of collagen fibers. The thinning is a result of
the quantitative reduction in collagen fibers, whereas the increased density is a result of
the lysation of the narrowest fibers, which vanish almost completely, leaving only slightly
bulkier ones [154,155].
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Figure 2. The skin: morphological differences between the epidermis and the dermis. Hematoxylin–
eosin, scale bar = 10 microns. The photograph is the property of one of the authors (SB).

The deep dermis also experiences changes, as collagen fibers begin to thicken to a
certain extent, thereby supplying the deep dermis with a specific density. This thickening
of collagen fibers in the subsurface stratum is a compensatory response to the reduced
skin resistance at the surface. Fragmentation processes and the gradual, progressive
amplification of collagen fiber fragmentation and lysis occur as the deep dermis matures.
Microscopic examinations demonstrate that the lysis of certain collagen fibers induces
the formation of spaces between the remaining fibers, which initially appear diminutive
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but expand in size. The deep dermis becomes more fibrous as collagen fibers become
increasingly thick by the age of 70 [154,155].

Histological investigations have demonstrated that collagen fibers are present in the
deep dermis in individuals aged 75–80, with the fibrils becoming more flexible and tussled.
The strength of collagen fibers is diminished as a result of this process, as they are not
as densely packed. The dermis’s resistance to the epidermis is directly impacted by this
process, which continues to affect additional structural components [154,155].

Elastic fibers also endure substantial modifications. Elastic fibers are sparse and com-
paratively long in the superficial dermis in subjects under the age of 50, but they are denser
and longer in the deep dermis. Several changes become more apparent as individuals age
after 50 years. At the outset, there is a propensity for the fragmentation of a limited number
of elastic fibers, both in the superficial and deep dermis. The superficial dermis progres-
sively thins and loses its flaccid appearance by the age of 55. The tinctorial affinity of and
quantitative reduction in elastic fibers result in a greater degree of fragmentation [154,155].

Elastic fibers exhibit progressive thickening in the deep dermis, and elastolysis pro-
cesses are documented. The aspect of fragmentation becomes more apparent during aging,
as a result of the more pronounced thickening of elastic fibers and the fact that a few fibers
maintain an elongated appearance [154,155].

The fragmentation process has an impact on all elastic fibers, with numerous fragments
demonstrating structural modifications and tinctorial affinity. The progressive processes of
elastolysis are responsible for the incremental loss of elastic fibers. Significant differences
in skin vasculature have been revealed by histological investigations, which implies a
direct correlation with skin aging processes. Subjects under the age of 50 exhibit a highly
vascularized superficial dermis with a high number of small caliber vessels.

The vasculature is well represented in regions with a thicker epidermis, where the
superficial dermis exhibits papillae [154,155]. The diameter of the vessels progressively
decreases as a result of discrete but progressive changes in vessel size that occur at the
onset of aging processes. As long as the superficial dermis remains relatively lax, study
results indicate that the number of vessels does not decrease significantly, even in more
advanced stages of aging [154,155].

When the superficial dermis loses its papillary aspect, it becomes thinner and increas-
ingly dense, resulting in a progressive reduction in the size and number of blood vessels.
They become scarce and diminutive as the process of senescence advances, resulting in a
numerical decline. The progressive reduction in the dermal vasculature is represented by a
progressive numerical reduction and a reduction in size, which is a result of modifications
to the vascular wall components [154,155].

The degenerative and alterative processes that affect the components of the vascular
walls do not affect all vessels simultaneously, as some areas may have a greater number of
vessels and progress at a quicker pace. The vessels with the narrowest walls, which are the
smallest in all cases examined, seem to be the most susceptible. Alternative processes were
also observed in the case of certain larger caliber vessels with denser walls [154,155].

The tendency of thrombus organization to occupy the vessel lumen, which makes
circulation more difficult and accentuates processes of stasis and enlargement, suggests the
loss of functionality in some vessels. The morphological characteristics of the epidermis
indicate that the vasculature is distinct based on the time of investigation [154,155]. Table 2
summarizes the histological alterations that occur during skin aging.
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Table 2. Layer-specific summary of skin aging changes, including approximate age of onset and
associated clinical manifestations.

Skin Layer Change with Aging Approx. Age
of Onset Clinical Implications

Epidermis
Thinning and flattening
of dermoepidermal
junction

30–40 years Fragile skin, increased
permeability

Epidermis Reduced turnover and
delayed wound healing 40+ years Delayed regeneration

and poor healing

Dermis Collagen and elastin
fragmentation 40–50 years Loss of firmness,

wrinkles

Dermis
Reduced fibroblast
activity and
ECM remodeling

50+ years Loss of elasticity,
thinning

Vasculature Capillary rarefaction
and decreased diameter 50–60 years Reduced oxygenation,

pallor

Vasculature
Vascular wall
degeneration and risk
of stasis

60+ years Edema, sluggish
healing

Annexes Sebaceous and sweat
gland atrophy 50+ years Dryness, impaired

thermoregulation

3.1. The Molecular Mechanisms of Skin Aging
3.1.1. Telomere Shortening

Telomeres, which are situated at the termini of linear chromosomes in eukaryotes, are
essential for the prevention of degradation or fusion with the chromosomes that surround
them. Telomere shortening is indicative of the malfunction of this protective mechanism,
which results in cellular senescence and aging. In order to preserve the length of telomeres,
telomerase incorporates the telomeric sequence TTAGGG. The DNA damage response
(DDR) pathway and downstream effectors, such as cyclin-dependent kinase inhibitors
p16 and p21, are activated by telomeres, which are significant in chronological skin aging.
This causes cell cycle arrest. The intrinsic aging-induced cellular senescence that is a result
of cell division can be attributed to the gradual shortening of telomeres [156,157].

3.1.2. Oxidative Stress and MMPs

The relationship between skin aging and oxidative stress and/or matrix metallopro-
teinases (MMPs) has been the subject of numerous studies over the past three decades. The
chronological aging process is significantly influenced by reactive oxygen species (ROS),
which are essential for mitochondrial aerobic metabolism. Skin inflammation and wrinkle
formation are induced by ROS in sun-protected regions. The transmembrane signaling
pathway is disrupted by oxidative stress, resulting in DNA damage and an increase in the
expression of tumor necrosis factor alpha (TNF-α) and MMPs. MMPs, a superfamily of
zinc-containing metalloproteinases, have the ability to degrade ECM molecules, thereby
decreasing collagen synthesis. The oxidation of macromolecules, including cellular lipids,
proteins, and DNA, is also a consequence of elevated ROS levels, which results in cellu-
lar dysfunction. The primary biomarker of aging is oxidative protein damage, which is
frequently observed in the photodamaged epidermis. Lipofuscin accumulates as the cell
matures, resulting in the formation of “age spots”. Lipofuscin serves as a redox-active site
for free radicals and proteasome inhibitors, thereby initiating a cycle that contributes to
protein aggregation [156,157].
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Increased ROS also results in the oxidation of macromolecules, such as cellular lipids,
proteins, and DNA, leading to cellular dysfunction with aging.

3.1.3. The Role of Cytokines in Aging Skin

The activation of numerous inflammatory signaling pathways through surface re-
ceptors such as epidermal growth factor (EGF) receptors, transforming growth factor
(TGF) receptor, Toll-like receptors, interleukin 1 (IL-1) receptor, and TNF receptor is a
critical feature of the skin aging process by cytokines. Major cytokines secreted by ker-
atinocytes include interleukins, colony-stimulating factors (CSFs), TGF-α, TGF-β, TNF-α,
and platelet-derived growth factor (PDGF). Through the production of reactive oxygen
species (ROS), UV radiation can either directly or indirectly activate signaling, result-
ing in inflammation and age-related diseases, including type 2 diabetes, arthritis, and
dementia [156,157]. TNF-α, a primary effector cytokine in cutaneous proinflammatory
processes, induces the elevation of MMP-9 and inhibits collagen synthesis. The epidermis
is irreversibly damaged as a result of persistent exposure to TNF-α, which disrupts MMP-9
production. Multiple pathways, such as NF-κB, AP1, hypoxia-inducible factor 1-alpha
(HIF-1α), and nuclear factor erythroid 2-related factor 2 (Nrf-2), are associated with ele-
vated TNF-α levels [156,157]. The IL-1 levels in the epidermis increase with age, which in
turn triggers age-related processes by promoting skin inflammation. The synthesis of IL-1
decreases with age, while the IL-1 related proinflammatory response is stimulated by IL-1
receptor antagonist (IL-1ra). Key transcription factors associated with inflammatory and
immune responses, including NF-κB, AP-1, c-Jun N-terminal kinase (JNK), and MAPKs,
are induced by IL-1 and IL-6. The pathogenesis of numerous age-related maladies is linked
to IL-18, a cytokine from the IL-1 superfamily [156,157]. In the dermal fibroblasts of the
aged human epidermis, cysteine-rich protein 61 (CCN1), an ECM-associated matricellular
protein, can be induced. This process stimulates MMP-1 production and downregulates
the TGF-β type II receptor, thereby preventing TGF-β signaling, which is essential in
maintaining ECM homeostasis.

3.1.4. Regulation of Autophagy

Autophagy (ATG) is a critical cell self-digestion mechanism that transports harmful or
damaged proteins, lipids, and other cellular constituents to the lysosome for enzymatic
degradation. It is composed of five primary stages: initiation, nucleation, elongation,
fusion, and payload degradation. The activity of ATG-related proteins, LC3, and GABA
type A receptor-associated protein is regulated by the ubiquitin-like conjugation system.
Autophagic processes prevent stress-induced cellular senescence and extend the replicative
lifespan of cells. Nevertheless, the relationship between ATG and epidermis degeneration
remains ambiguous. Aging and ATG are distinct processes, as indicated by numerous
investigations [154–157].

3.1.5. Skin Aging and Apoptosis

Apoptosis, a process that eliminates damaged cells without inducing inflammation,
can be a double-edged weapon in the context of aging. The persistence of functionally
deficient post-mitotic cells can result from the resistance of aging cells to apoptosis that can
develop during low-level chronic stress events. Host defense mechanisms can exacerbate
anti-apoptotic signaling, resulting in a senescent, pro-inflammatory phenotype, as aging
cells are significantly resistant to apoptosis. The primary cause of age-related resistance to
apoptosis is a functional deficiency in the p53 network. p53 is a transcription factor that
serves as a gatekeeper for DNA mutations, and DNA damage activates checkpoint path-
ways and DNA repair mechanisms. In the extracellular matrix (ER), the stress recognition
system experiences a decline as it ages, thereby preventing apoptosis. In a murine model, it
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was found that the functional activity of p53 decreases as it ages, and the premature aging
that is induced by the forced activation of p53 does not correspond to a physiological aging
process [156,157].

3.1.6. The Function of MicroRNAs in the Aging of the Skin

MicroRNAs (miRNAs) are small non-coding RNAs that are involved in a variety of
biological and pathological processes, including aging, and regulate the translation of
mRNAs. Their expression can function as a biomarker of aging, including chronological
aging and photoaging, as well as age-related maladies. The regulation of molecules impli-
cated in the insulin-like growth factor 1 and mTOR signaling pathways is related to the
role of miRNAs in skin aging. During replicative senescence, an analysis of age-associated
cutaneous mRNAs in keratinocytes revealed an increase in the expression of miR-130,
miR-138, and miR-181a/b, which target the p63 and sirtuin 1 mRNAs. The upregulation of
miR-137 and miR-668 is linked to β-galactosidase activity, whereas miR-191 can obstruct
the G1–S phase transition, resulting in cell cycle arrest and a quiescent state. In senescent
epidermis fibroblasts, miRNA deregulation is linked to the decreased expression of trans-
membrane receptors and ECM components. Senescent dermal fibroblasts exhibit elevated
miRNA levels, which influence all stages of the cellular life cycle. Through the downregu-
lation of integrin alpha 5, miR-152 has the potential to reduce dermal fibroblast adhesion.
The expression of the B-Myb transcription factor is regulated by the upregulation of the
miR-29 and miR-30 miRNA families during fibroblast senescence. The downregulation of
critical molecules in the TGF-β signaling pathway is associated with the overexpression
of miR-449 and miR-9 in Langerhans cells, which leads to a reduction in the function of
Langerhans cells [156,157].

3.1.7. The Microbiome of the Skin

The human microbiome, which encompasses all microorganisms identified in hu-
man tissue, is an essential element of the epidermal barrier system. It is home to viruses,
fungi, and up to one million bacteria per square centimeter of surface area. Aging is one
of the numerous pathologic conditions that can result from imbalances in the epidermis
microbiota. The epidermis microbiome’s composition is contingent upon demographic
characteristics, physiological conditions, antibacterial treatment, and preservation mea-
sures. Research has demonstrated that the epidermis microbiome undergoes changes
and diversification as individuals age, with elderly individuals exhibiting a greater
degree of alpha diversity and a greater susceptibility to pathogenic invasion. The density
of lipophilic bacteria on the skin increases with sebaceous levels during puberty, whereas
the density is reduced in geriatric skin. It has been demonstrated that the microbial
distribution on the cranium varies among age categories, with Firmicutes being more
prevalent in the youngest age group. Moreover, significant disparities in the microbial
composition of the geriatric and younger groups were observed in age-related micro-
biota profiles for intrinsic skin aging and photoaging, The elevated enrichment of nine
microbial communities and 18 pathways in the skin microbiome is a significant factor in
skin aging [156,157]. A schematic representation of the molecular markers of skin aging
is depicted in Figure 3.
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Figure 3. Summary of key biomarkers involved in skin aging, grouped by pathophysiological pathway.

4. Therapeutic Approaches to Skin Aging
4.1. Topical Therapies

Topical cosmetics are the main approach regarding non-invasive strategies for the
treatment of skin aging. Their mechanisms vary from stimulating cellular turnover and
collagen synthesis to reducing oxidative stress or improving epidermal barrier function. A
well-structured regimen can significantly delay the visible signs of aging and enhance skin
quality [158].

As some of the most studied actives, retinoids (vitamin A derivatives) stand as the
gold standard in treating skin aging. Retinol, the most commonly used form in over-the-
counter formulations, promotes epidermal renewal and dermal collagen production, visibly
improving fine lines, rough texture, and pigmentation. Clinical studies confirm its efficacy
in long-term use [159]. Nevertheless, retinoids are associated with skin irritation and
teratogenicity, making them unsuitable during pregnancy and for patients with sensitive
skin. In such cases, alternative agents like glycolic acid and azelaic acid offer evidence-based
and well-tolerated options [158,160].

Retinaldehyde is a first-generation retinoid used in cosmeceuticals as a direct precursor
of retinoic acid. It offers greater biological potency than retinol while maintaining better
skin tolerability compared to retinoic acid, thus providing an optimal balance between
efficacy and safety. Clinical studies have shown that concentrations of 0.05–0.1% improve
the epidermal thickness, skin elasticity, and hydration, with effects comparable to glycolic
acid peels and good tolerability even with long-term use. Its low irritancy combined with
its ability to induce both epidermal and dermal remodeling makes retinaldehyde a key
active ingredient in anti-aging formulations [158,160].

Glycolic acid is an alpha-hydroxy acid (AHA) of low molecular weight. Glycolic
acid acts as a chemical exfoliant by loosening corneocyte adhesions, promoting epidermal
renewal, and stimulating dermal fibroblasts. This dual action enhances the skin texture and
decreases wrinkles and pigmentation [161]. Concentrations of around 10% in formulations
with a pH above 3.5 are typically used for anti-aging purposes in daily care products. Long-
term use leads to dermal thickening and wrinkle reduction, with studies demonstrating
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efficacy even after 12 months of use. Higher concentrations are used in dermatologic
procedures such as chemical peels. However, gradual introduction is advised due to
glycolic acid’s potential irritative effects, especially in sensitive skin types [159–161].

Azelaic acid is a dicarboxylic acid that exhibits anti-inflammatory, antioxidant, an-
tibacterial, and depigmenting properties. Azelaic acid downregulates pro-inflammatory
cytokines and inhibits tyrosinase, being a valuable agent against both “inflammaging”
and hyperpigmentation [162]. Azelaic acid is photostable, non-photosensitizing, and safe
for use during pregnancy and lactation. The typical concentrations of azelaic acid range
from 10% to 20%, with good tolerance, making azelaic acid a viable long-term option for
low-irritation routines [162,163].

Another essential pillar in aging prevention is the use of topical antioxidants, espe-
cially in combination with broad-spectrum sunscreens. Vitamin C (ascorbic acid) is the
most researched topical antioxidant, with proven benefits in neutralizing free radicals,
stimulating collagen production, and inhibiting melanogenesis [158,159]. In addition to
pure ascorbic acid, modern formulations increasingly include botanical antioxidants, such
as flavonoids, polyphenols, and carotenoids from fruits, vegetables, and algae. The syn-
ergistic use of antioxidants in the morning, followed by sunscreen, provides enhanced
photoprotection against both ultraviolet and visible light-induced oxidative damage [159].

A multifunctional ingredient of interest is niacinamide (vitamin B3). This water-
soluble vitamin acts as a precursor to NAD+/NADH, which are essential coenzymes for
cellular energy metabolism, DNA repair, and oxidative stress regulation. Niacinamide
has demonstrated broad-spectrum effects: it improves fibroblast proliferation and dermal
matrix integrity, increases collagen and elastin synthesis, and strengthens epidermal barrier
function by reducing transepidermal water loss [164]. Niacinamide also possesses anti-
inflammatory properties and the ability to inhibit melanosome transfer to keratinocytes,
making it effective in treating hyperpigmentation disorders such as melasma and post-
inflammatory hyperpigmentation [165]. Niacinamide is well tolerated in all skin types and
typically used in concentrations from 2% to 10%. Its formulation versatility, photostability,
and affordability make it one of the most widely adopted ingredients in modern anti-aging
skincare [166].

Finally, any topical anti-aging strategy must be completed with hydration and barrier
maintenance. Aging skin is more vulnerable to transepidermal water loss and barrier
disruption due to lipid deficiency and the thinning of the stratum corneum. Topical
products containing humectants (e.g., glycerin, hyaluronic acid), emollients, and barrier-
restoring agents (e.g., ceramides, cholesterol, fatty acids) play a complementary role in
maintaining skin and improving the efficacy of antiaging products [159].

4.2. Light-Based Therapies
4.2.1. Intense Pulsed Light (IPL)

Intense pulsed light (IPL) therapy is a widely used non-invasive technique for skin
rejuvenation, particularly effective in treating the clinical manifestations of photoaging,
such as dyschromia, telangiectasias, lentigines, and overall skin texture irregularities.
Unlike lasers, which operate at a single wavelength, IPL devices emit non-coherent, broad-
spectrum light typically ranging from 500 to 1200 nm. This light can be filtered to selectively
target chromophores such as melanin and hemoglobin, enabling the simultaneous treatment
of pigmentary and vascular lesions with a single device [167].

The mechanism of action of IPL is based on the principle of selective photothermolysis.
Energy from the light source is absorbed by specific targets in the skin, generating heat
and leading to the controlled destruction of undesired tissue structures, such as pigmented
lesions or dilated capillaries, while sparing the surrounding healthy tissue. In addition,
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IPL has been shown to stimulate dermal fibroblasts and increase collagen synthesis, likely
through sublethal thermal injury and the activation of the transforming growth factor-beta
(TGF-β) signaling pathway. This dermal remodeling contributes to improved skin elasticity
and reduced fine lines, thereby complementing its pigment-corrective effects [167,168].

Clinical studies have reported significant improvements in skin tone, pigmentation
uniformity, and surface smoothness following IPL treatments, with high patient satisfaction
and minimal downtime. Typically, a series of three to six sessions spaced 3–4 weeks apart
is recommended to achieve optimal results. Maintenance sessions may be performed every
6–12 months depending on the degree of photodamage and patient expectations [168].

One of the advantages of IPL is its relatively favorable safety profile. Side effects
are generally mild and transient, including erythema, edema, and a sensation of warmth
during and shortly after the procedure. The risk of post-inflammatory hyperpigmentation
or blistering is low when appropriate settings are used and when patients adhere to strict
photoprotection post-treatment. Nonetheless, caution is advised in patients with Fitzpatrick
skin types IV–VI, who are more prone to pigmentary alterations [167].

In comparative studies, IPL has demonstrated efficacy similar to that of certain non-
ablative lasers for pigmentary and vascular components of photoaging. However, for
deeper wrinkles and advanced dermal laxity, IPL may be less effective than ablative laser
modalities. Emerging protocols increasingly combine IPL with other energy-based devices,
such as fractional lasers or radiofrequency, to maximize the therapeutic outcomes by
targeting multiple aging pathways simultaneously [167,168].

4.2.2. Laser Therapies

Laser technologies for skin rejuvenation can be broadly categorized into ablative and
non-ablative modalities, each with distinct mechanisms and clinical implications. Ablative
lasers, such as CO2 (10,600 nm) and Er:YAG (2940 nm), target water as their chromophore,
leading to the vaporization of epidermal and dermal structures. These induce robust
collagen remodeling and are highly effective in treating moderate-to-severe photoaging
but are associated with longer recovery periods and higher risks of adverse effects such
as post-inflammatory hyperpigmentation and infection [167]. Fractional ablative CO2

lasers (FACL), which create microscopic zones of ablation surrounded by intact tissue,
have emerged as the gold standard due to their balance of efficacy and safety. Expert
consensus underscores the importance of individualized treatment parameters, particularly
for Fitzpatrick phototypes III–IV, and the use of prophylactic antimicrobials and post-
procedural skincare to mitigate complications [169].

Non-ablative lasers, including neodymium-doped yttrium aluminum garnet (Nd:YAG)
(1064 nm), Er:Glass, and diode lasers, act primarily through dermal coagulation, with-
out disrupting the epidermis. These systems offer reduced downtime and lower risk
profiles but generally require more treatment sessions to achieve comparable outcomes.
Meta-analyses reveal no statistically significant difference in efficacy between ablative and
non-ablative lasers when assessed for overall wrinkle reduction and patient satisfaction,
although ablative systems trend toward higher improvement rates in more severe photoag-
ing. Notably, combining different laser wavelengths—such as Nd:YAG with potassium
titanyl phosphate (KTP) or Er:YAG—can enhance the treatment response while minimizing
adverse effects. These combinations yield higher quartile improvement and satisfaction
rates, along with reduced pain and erythema compared to monotherapies [170–172].

4.2.3. Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) involves the application of a topical photosensitiz-
ing agent—most commonly 5-aminolevulinic acid (ALA) or methyl-aminolevulinate
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(MAL)—followed by illumination with a specific light source to activate the photosensitizer.
This leads to the generation of reactive oxygen species, resulting in selective damage to
target cells. PDT has been extensively evaluated for its efficacy in treating actinic keratoses
and has gained interest in the context of photoaging. A systematic review of randomized
controlled trials supports its utility in reducing fine wrinkles and mottled pigmentation
and improving skin texture, particularly with MAL-based regimens [173].

Clinical trials indicate that PDT is a safe and effective non-invasive option for fa-
cial photodamage, with MAL-based protocols yielding more consistent outcomes and
higher-quality evidence than ALA. The efficacy of PDT appears enhanced when com-
bined with red or blue light sources, which optimize protoporphyrin IX (PpIX) activation.
Despite its benefits, PDT is associated with transient adverse effects such as burning,
erythema, and edema, and its tolerability is sometimes limited by procedure-related
discomfort. Nonetheless, its dual action—targeting both neoplastic and degenerative
changes—positions PDT as a unique and valuable modality within the spectrum of skin
rejuvenation treatments [174,175].

4.3. Mechanical Rejuvenation Techniques
4.3.1. Microdermabrasion

Microdermabrasion is a non-invasive, mechanical exfoliation technique that is widely
used in cosmetic dermatology for superficial skin resurfacing. It utilizes abrasive crystals or
diamond-tipped devices combined with vacuum suction to remove the stratum corneum,
promoting epidermal regeneration and enhancing the skin texture. This controlled exfoli-
ation induces a cascade of repair processes, including increased cell turnover, fibroblast
activation, and neocollagenesis, which contribute to improved skin smoothness, tone, and
radiance [176].

Although microdermabrasion is considered less aggressive than other resurfacing
methods, it has shown efficacy in addressing mild photoaging signs such as dullness,
fine lines, and irregular pigmentation. The procedure is generally well tolerated, with
minimal downtime and rare adverse effects, making it suitable for individuals seeking
gradual esthetic improvement. However, its superficial mode of action limits its impact
on deeper dermal structures or moderate-to-severe rhytids, and it is often combined with
other modalities to enhance the outcomes [176].

4.3.2. Microneedling

Microneedling, also known as percutaneous collagen induction therapy, involves
the creation of controlled microinjuries to the skin using fine needles, typically delivered
through dermarollers or motorized pens. These microchannels stimulate a wound healing
response characterized by the release of growth factors, upregulation of collagen types I and
III, and remodeling of the extracellular matrix. It is particularly effective in improving skin
texture, reducing fine wrinkles, and treating scars, including atrophic acne scars [176,177].

Recent studies have explored microneedling in combination with adjuvant treatments,
such as platelet-rich plasma (PRP), polynucleotides, and exosomes, to amplify the regen-
erative effects. A randomized controlled study evaluating microneedling with PRP for
periorbital rejuvenation reported subjective improvements in skin homogeneity and texture
in over 70% of patients, despite a lack of statistically significant changes in dermatologist-
assessed photonumeric scales [178,179].

Microneedle patch technology represents a novel evolution of this technique, offering
the precise, painless, and self-administered transdermal delivery of bioactive agents. These
dissolvable or hydrogel-based microneedle arrays have been developed to deliver antioxi-
dants, extracellular vesicles, mRNA, or stem-cell derived products directly into the dermis
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to combat photoaging at the molecular level. Preclinical studies suggest that microneedle
patches loaded with adipose-derived extracellular vesicles (EVs) can promote collagen
remodeling, reduce oxidative stress, and enhance the epidermal structure, making them a
promising strategy for anti-aging interventions [176,180,181].

4.3.3. Chemical Peels

Chemical peels induce the controlled chemical exfoliation of the skin using caustic
agents that vary in their depth of penetration—from superficial (epidermal) to medium
and deep (papillary to reticular dermis). These peels remove damaged layers of skin,
stimulate epidermal regeneration, and trigger dermal remodeling via fibroblast activation
and collagen neosynthesis. The most commonly used agents in esthetic dermatology
include glycolic acid (GA) and trichloroacetic acid (TCA), each with distinct penetration
profiles and clinical indications [176].

Superficial peels with glycolic acid (typically 20–70%) are effective for fine lines,
dyspigmentation, and mild textural irregularities. Medium-depth peels with TCA (20–35%)
are more effective for photoaging signs such as deeper rhytids and solar lentigines, but they
require more downtime and carry a higher risk of side effects such as erythema, edema,
and post-inflammatory hyperpigmentation, especially in darker skin types [182].

A split-face comparative study evaluating 70% GA versus 30–35% TCA for photodam-
age and acne scarring demonstrated significant improvements with both agents in terms
of elasticity, hydration, and wrinkle reduction. However, TCA achieved superior reduc-
tions in wrinkle depth, while GA exhibited better tolerability and fewer adverse effects,
especially in patients with sensitive or Fitzpatrick IV–VI skin. Additionally, combination
protocols (e.g., 70% GA followed by 15% TCA) have been shown to enhance the peel depth
and efficacy while maintaining a favorable safety profile, optimizing the results with less
irritation [183].

Chemical peels remain a cornerstone of mechanical skin rejuvenation due to their
versatility, cost-effectiveness, and ability to address a broad spectrum of photodamage.
Patient selection, pre-peel priming (e.g., retinoids), and post-peel care are critical in max-
imizing outcomes and minimizing risks, particularly in higher-risk phototypes or when
using medium-depth peels.

4.4. Injectable and Minimally Invasive Procedures

Injectable and minimally invasive procedures provide effective and customizable
strategies to address the visible signs of facial aging. These include botulinum toxin
injections, dermal fillers, and biostimulatory or mesotherapy-based treatments.

Botulinum toxin type A (BT) is the most widely used procedure for esthetic purposes.
BT acts by inhibiting acetylcholine release at the neuromuscular junction, resulting in
temporary muscle relaxation and the softening of dynamic wrinkles. BT is used for glabellar
lines, forehead creases, and crow’s feet. Several botulinum toxin formulations are currently
approved for wrinkle treatment, each differing slightly in their onset, diffusion properties,
and duration of effect, requiring individualized application depending on the treatment
area and patient response [184].

Hyaluronic acid-based dermal fillers are primarily used to restore facial volume lost
with age or to enhance features such as the lips and cheekbones, aiming to re-establish
the youthful “inverted triangle” of facial proportions. The injection technique, anatomical
plane, and choice of filler depend on the product’s density, viscosity, and cross-linking char-
acteristics. Lower-density gels may be used for fine lines or superficial corrections, while
high-density fillers are more appropriate for deeper structural support. Some formulations
also stimulate neocollagenesis, offering both volumizing and regenerative effects [185].
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Mesotherapy is a classic used technique in esthetic dermatology. Unlike neurotoxins
or volumizing fillers, mesotherapy acts on the skin’s biological environment rather than on
the muscles or deep structural volume. Mesotherapy consists of microinjections spaced
approximately 1 cm apart into the dermis, delivering substances such as vitamins, amino
acids, peptides, or hyaluronic acid. This treatment is generally safe and well tolerated and
aims to improve skin quality, hydration, and elasticity over time [186].

5. Conclusions
Skin aging is a complex, multifactorial process driven by the convergence of intrin-

sic biological mechanisms—such as telomere attrition, hormonal decline, and oxidative
stress—and extrinsic factors including UV radiation, pollution, and lifestyle. These pro-
cesses culminate in the progressive structural and functional deterioration of the skin,
characterized by collagen loss, dermal thinning, pigmentary changes, and impaired barrier
and immune function. Clinically, the manifestations are heterogeneous and vary across
phototypes, highlighting the need for individualized approaches.

In recent years, anti-aging dermatology has transitioned from a purely cosmetic
focus to a regenerative and preventive discipline grounded in molecular biology and
tissue remodeling. Topical agents such as retinoids, antioxidants, and niacinamide remain
central in maintaining epidermal homeostasis, while energy-based devices, injectable
biostimulators, and advanced delivery systems (e.g., microneedle patches, exosome-based
therapies) offer increasingly precise and synergistic treatment options. These modalities not
only target visible signs of aging but also modulate the underlying inflammatory, oxidative,
and metabolic pathways.

The future of anti-aging dermatology lies in personalization. The integration of omics
data (genomics, epigenetics, transcriptomics, microbiome) with clinical and lifestyle factors
will enable stratified interventions tailored to individual aging trajectories. This precision-
based approach has the potential to redefine therapeutic goals—shifting from the correction
of age-related features to the preservation of skin health, resilience, and biological youth.

Ultimately, successful anti-aging strategies must be comprehensive, evidence-based,
and patient-centric. Beyond esthetics, they should aim to restore skin function, prevent
age-related vulnerability, and enhance quality of life in an aging population. As our under-
standing deepens, dermatologists are uniquely positioned to lead this evolution—bridging
science and individualized care to meet the demands of modern longevity.
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