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 Abstract 

Skin aging is a multifactorial process driven by intrinsic chronological mechanisms 
and extrinsic environmental and lifestyle factors, among which psychological stress 
has gained recognition as a key accelerator. This narrative review synthesizes 
current evidence from dermatology, psychoneuroimmunology, and environmental 
health on how ultraviolet radiation, air pollution, tobacco smoke, and 
psychological stress independently and synergistically drive accelerated skin aging 
at the molecular level. Environmental stressors primarily inflict oxidative stress, 
DNA damage, and chronic inflammation (inflammaging) via AhR, NF-κB, and 
AP-1 pathways, leading to collagen degradation, elastosis, and pigmentary 
changes. Psychological stress activates the HPA and SAM axes, elevating cortisol 
and catecholamines that impair epidermal barrier function, suppress DNA 
repair, accelerate telomere shortening, and promote neurogenic inflammation. 
Importantly, these stress mediators synergize with pollutants at shared redox-
sensitive nodes, with catecholamines crippling UV-induced DNA repair and 
cortisol amplifying AhR-driven MMP expression. Mitochondrial dysfunction 
emerges as a central hub of mutual amplification. Clinical stigmata range from 
coarse wrinkling and solar lentigines to the "smoker's face" and stress-exacerbated 
barrier disruption. We highlight integrated interventions: topical broad-spectrum 
sunscreens with antioxidants, emerging anti-pollution agents, and mind-body 
practices like mindfulness-based stress reduction. A holistic exposome approach is 
crucial; understanding mechanistic overlaps enables novel prevention strategies 
that combine dermatological care with psychological resilience, addressing root 
causes rather than merely consequences. 
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1. Introduction 
The global demographic transition toward an 
increasingly aged population has amplified the 
medical and psychosocial importance of 
understanding skin aging. As the most visible 
organ, the skin serves as an immediate interface 
between an individual’s biological state and their 
social world, making the maintenance of a 
youthful appearance a significant quality-of-life 
concern (Farage, Miller, Elsner, & Maibach, 

2008). Skin aging is not a uniform biological 
process; it is conventionally divided into two 
distinct yet interacting categories. Intrinsic aging is 
the genetically programmed, inexorable 
chronological decline in cutaneous structure and 
function, characterized by slow, subtle tissue 
atrophy, fine wrinkling, and reduced cellular 
proliferation. Extrinsic aging, in contrast, 
represents a premature acceleration of these 
degenerative changes driven almost entirely by 
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external environmental and lifestyle factors, 
resulting in coarse, deep wrinkles, irregular 
pigmentation, loss of elasticity, and a leathery 
texture that far exceeds what would be expected 
for a given chronological age (Farage et al., 2008; 
Rittié & Fisher, 2015). 
To capture the full spectrum of external forces that 
provoke such accelerated deterioration, 
dermatological research has increasingly adopted 
the exposome paradigm. Originally coined by 
Wild (2005) in the context of cancer 
epidemiology, the exposome describes the totality 
of environmental exposures an individual 
encounters from conception to death. When 
applied to the skin, the skin aging exposome 
encompasses a wide array of external insults 
including solar ultraviolet (UV) radiation, air 
pollution, and tobacco smoke, alongside 
internalized factors such as diet, metabolic 
byproducts, and notably, psychological stress 
(Krutmann et al., 2017). This comprehensive 
framework recognizes that skin aging is not merely 
the product of isolated toxicants but rather the 
cumulative biological fingerprint of a lifetime of 
interacting exposures. Among these, UV radiation 
from sun exposure remains the best-studied 
accelerant of dermal matrix degradation, while 
particulate matter and polycyclic aromatic 
hydrocarbons in polluted air have been shown to 
activate xenobiotic receptors and generate reactive 
oxygen species (Krutmann et al., 2017). Tobacco 
smoke, containing thousands of harmful 
chemicals, simultaneously induces 
vasoconstriction, oxidative damage, and aberrant 
matrix remodeling, giving rise to the clinically 
distinct “smoker’s face” (Morita, 2007). 
Despite the well-established contributions of these 
physical and chemical assaults, the role of 
psychological well-being in the pace of cutaneous 
aging has long been relegated to anecdote. The 
clinical observation that individuals enduring 
chronic stress, bereavement, or caregiving burdens 
often appear older than their years suggests a 
powerful mind-skin connection that extends 
beyond superficial impression. Emerging evidence 
now substantiates this link: elevated perceived 
stress has been associated with accelerated 
telomere shortening in peripheral blood 

mononuclear cells and dermal fibroblasts, a 
hallmark of cellular senescence (Epel et al., 2004). 
Furthermore, psychoneuroimmunological 
research has delineated a functional brain-skin axis 
wherein neurotransmitters, neuropeptides, and 
stress hormones released during activation of the 
hypothalamic-pituitary-adrenal and sympathetic-
adrenal-medullary axes directly modulate 
cutaneous inflammation, barrier integrity, and 
DNA repair capacity (Chen & Lyga, 2014). Thus, 
psychological stress cannot be viewed as a mere 
correlate of poor lifestyle choices that damage the 
skin; rather, it acts as an endogenous biochemical 
stressor capable of inflicting structural and 
functional harm that mirrors and often magnifies 
environmental damage. 
In light of these overlapping and potentially 
synergistic mechanisms, the present review aims to 
systematically map the molecular pathways linking 
major environmental insults and psychological 
stress to accelerated skin aging. By exploring the 
crosstalk between external exposome components 
and internal neuroendocrine mediators, the 
review will highlight how convergent signaling 
nodes such as NF-κB, AP-1, and mitochondrial 
dysfunction create a unified aging trajectory driven 
by combined stressor exposures. Additionally, this 
synthesis seeks to elucidate clinical implications, 
proposing that an integrated dermatological 
approach—one that pairs topical and systemic 
protective strategies with evidence-based stress 
management—may offer superior efficacy 
compared to interventions that address either 
environmental or psychological factors in 
isolation. Ultimately, by framing skin aging as a 
product of the total lived exposome, this work calls 
for a more holistic, mind-skin perspective in both 
research and patient care. 
 
2. Methodology for Literature Search (Brief) 
A systematic literature search was conducted 
across four electronic databases—PubMed, Scopus, 
Web of Science, and PsycINFO—to identify peer-
reviewed studies investigating the impact of 
environmental factors and psychological stress on 
accelerated skin aging. The search strategy 
employed a combination of controlled vocabulary 
and free-text keywords organized into three 
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conceptual blocks linked by the Boolean operator 
AND. The first block focused on the aging 
phenotype itself and included the terms “skin 
aging,” “premature aging,” and “photoaging,” 
combined with OR. The second block captured 
specific environmental exposures, using the terms 
“ultraviolet rays,” “air pollution,” “particulate 
matter,” “tobacco smoke,” and “polycyclic 
aromatic hydrocarbons,” again combined with 
OR. The third block targeted psychological and 
physiological stress mediators, encompassing 
“psychological stress,” “cortisol,” 
“catecholamines,” “HPA axis,” and “mind-body.” 
These three blocks were then combined to retrieve 
articles that intersected the domains of skin aging, 
environmental insult, and stress biology. The 
search was filtered to include only articles 
published in the English language within the last 
20 years, a timeframe chosen to capture the most 
contemporary mechanistic insights and clinical 
evidence. While all study designs were initially 
considered, emphasis was preferentially placed on 
original research that provided mechanistic data—
such as molecular pathway analyses, oxidative 
stress markers, and gene expression studies—as 
well as clinical investigations including 
observational trials, intervention studies, and 
psychophysiological assessments of skin aging 
parameters. This approach ensured a 
comprehensive yet focused retrieval of literature at 
the interface of dermatology, environmental 
health, and psychoneuroimmunology, forming a 
robust foundation for the narrative synthesis that 
follows. 
 
3. Overview of Skin Aging Biology: The Dynamic 
Battlefield 
3.1 Intrinsic Aging: Telomere Attrition, 
Reduced Cellular Proliferation, and Altered 
Hormonal Signaling 
Intrinsic aging constitutes the genetically 
programmed, chronological deterioration of 
cutaneous structure and function that proceeds 
independently of external insults. Central to this 
inexorable process is progressive telomere 
attrition, whereby the protective nucleoprotein 
caps at chromosomal termini shorten with each 
replicative cycle, ultimately triggering replicative 

senescence or apoptosis in keratinocytes and 
dermal fibroblasts (Jin et al., 2023). This genomic 
instability is compounded by cumulative oxidative 
stress and epigenetic drift, which together impair 
cellular proliferation and compromise the 
regenerative capacity of the epidermal basal layer. 
Histologically, intrinsically aged skin exhibits a 
thinned epidermis, flattened dermal-epidermal 
junction, and marked reduction in fibroblast 
numbers and biosynthetic activity, culminating in 
diminished production of type I and type III 
collagen, elastin, and glycosaminoglycans 
(Alsalama et al., 2024; Cosmetic, 2025). Beyond 
telomere biology, intrinsic aging is profoundly 
shaped by declining hormonal signaling. The age-
related reduction in insulin-like growth factor-1 
(IGF-1), a master fibroblast-derived orchestrator of 
collagen synthesis and dermal homeostasis, 
directly contributes to extracellular matrix 
impoverishment (Böhm et al., 2025). Similarly, 
the precipitous drop in estrogen levels at 
menopause accelerates collagen loss, reduces 
dermal thickness, and impairs wound healing, as 
estrogen receptors alpha and beta in epidermal 
keratinocytes and dermal fibroblasts transduce 
protective signals that maintain skin hydration 
and elasticity (Lephart & Naftolin, 2022). Altered 
signaling of growth hormone, melatonin, and 
retinoid pathways further exacerbates the decline 
in cellular metabolism and tissue repair 
mechanisms. Collectively, these interconnected 
hallmarks—telomere erosion, senescence entry, 
and endocrine dysregulation—establish a 
permissive background upon which extrinsic 
factors superimpose their more dramatic and 
clinically visible damage. 
 
3.2 Hallmarks of Accelerated Extrinsic Aging: 
Coarse Wrinkling, Elastosis, Irregular 
Pigmentation, Telangiectasia, and Loss of Skin 
Tone 
Whereas intrinsic aging produces subtle, fine-
textured alterations, extrinsic aging—
predominantly driven by chronic solar ultraviolet 
(UV) radiation, airborne pollution, and tobacco 
smoke—generates a strikingly distinct and 
cosmetically concerning clinical phenotype. The 
quintessential feature of photoaged skin is deep, 
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coarse wrinkling that far exceeds what would be 
expected for a given chronological age, a 
consequence of extensive fragmentation and 
disorganization of the dermal collagen and elastic 
fiber network (Rittié & Fisher, 2015). Solar 
elastosis, the hallmark histological finding, 
manifests as an accumulation of amorphous, 
abnormally thickened, and tangled elastotic 
material in the upper dermis, producing the 
leathery, yellowish, and nodular texture 
characteristic of chronically sun-exposed skin. 
Irregular hyperpigmentation, ranging from diffuse 
mottling to discrete lentigines and ephelides, 
arises from UV-induced melanocyte hyperplasia 
and uneven melanin distribution, a phenomenon 
increasingly recognized as being amplified by 
particulate matter-bound polycyclic aromatic 
hydrocarbons acting through the aryl hydrocarbon 
receptor (Hartung et al., 2025). Telangiectasias, or 
visibly dilated and tortuous superficial dermal 
capillaries, reflect both structural weakening of the 
vessel wall and chronic low-grade inflammation 
that drives angiogenesis. A general loss of skin 
tone and laxity results from the combined 
degradation of collagen fibrils by matrix 
metalloproteinases (MMPs) and the reduced de 
novo synthesis of extracellular matrix 
components, leaving the skin unable to recoil 
against gravitational and muscular forces (Long et 
al., 2025). Importantly, these clinical stigmata are 
not merely additive to intrinsic aging but represent 
a qualitatively distinct, accelerated degeneration 
that can be partially prevented and, to some 
extent, reversed through rigorous photoprotection 
and lifestyle modification. 
 
3.3 Central Molecular Nodes: NF-κB as Master 
Inflammatory Switch, AP-1 Transcription Factor 
Driving MMPs and Inhibiting Procollagen 
Synthesis, and AhR as a Sensor of Environmental 
Toxins 
The divergent clinical phenotypes of intrinsic and 
extrinsic aging converge upon a shared set of 
redox-sensitive transcription factors that translate 
environmental and endogenous stress signals into 

the biochemical effectors of tissue breakdown. 
Nuclear factor-kappa B (NF-κB) operates as a 
master inflammatory switch in the skin. Activated 
by UV-induced reactive oxygen species (ROS), 
particulate matter, and psychological stress 
hormones, NF-κB translocates to the nucleus and 
drives the expression of pro-inflammatory 
cytokines such as interleukin-6 (IL-6), interleukin-
1β, and tumor necrosis factor-alpha (TNF-α), 
establishing a self-perpetuating cycle of chronic 
low-grade inflammation termed inflammaging 
(Shin & Choi, 2024). Concurrently, the activator 
protein-1 (AP-1) transcription factor complex, 
composed of c-Jun and c-Fos proteins, is robustly 
induced by mitogen-activated protein kinase 
(MAPK) cascades downstream of UV and 
pollutant exposure. Once activated, AP-1 
upregulates the transcription of matrix 
metalloproteinases—principally MMP-1 
(collagenase), MMP-3 (stromelysin), and MMP-9 
(gelatinase)—which cleave mature collagen fibrils 
and elastin fibers, while simultaneously 
suppressing the transforming growth factor-beta 
(TGF-β)/Smad pathway responsible for de novo 
procollagen synthesis (Böhm et al., 2025). This 
dual action both destroys existing dermal matrix 
and blocks its replacement, accounting for the net 
collagen deficit observed in aged skin. A third 
critical molecular sensor is the aryl hydrocarbon 
receptor (AhR), a ligand-activated transcription 
factor that recognizes and responds to 
environmental xenobiotics, most notably PAHs 
from air pollution and tobacco smoke. Ligand-
bound AhR translocates to the nucleus, where it 
induces the expression of xenobiotic-metabolizing 
enzymes such as CYP1A1, generates additional 
ROS as byproducts, and potentiates NF-κB and 
AP-1 signaling, thereby linking chemical toxicant 
exposure directly to inflammatory and matrix-
degrading cascades (Accioli et al., 2023; Hartung 
et al., 2025). The crosstalk among NF-κB, AP-1, 
and AhR creates a robust signaling network that 
amplifies the aging response and represents a key 
nexus for therapeutic intervention. 
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Figure 1:: Visual Overview of the Hallmarks of Accelerated vs. Intrinsic Skin Aging. 

 
4. Environmental Factors Driving Accelerated 
Skin Aging 
4.1 Solar Ultraviolet Radiation: The Photoaging 
Paradigm 
4.1.1 Mechanisms: Direct DNA Damage, 
Reactive Oxygen Species, and MAP Kinase 
Signaling 
Solar ultraviolet (UV) radiation constitutes the 
most extensively studied and clinically significant 
environmental driver of accelerated skin aging. 
The mechanisms by which UV radiation inflicts 
cutaneous damage are multifaceted, originating 
with the direct absorption of photonic energy by 
epidermal chromophores and culminating in the 
enzymatic degradation of dermal connective 
tissue. UVB (280–315 nm) radiation directly 
interacts with DNA, inducing the formation of 
cyclobutane pyrimidine dimers (CPDs) and 
pyrimidine (6-4) pyrimidone photoproducts (6-
4PPs), which represent the signature mutagenic 
lesions of sunlight exposure (Sumali, 2023). These 
DNA photoproducts not only threaten genomic 

integrity but also provoke a hypermetabolic state 
in keratinocytes, driven by mitochondrial reactive 
oxygen species (ROS) production and the 
activation of energy sensor enzymes including 
sirtuins and AMPK (CPD-evoked mitochondrial 
ROS, 2021). Concurrently, UVA (315–400 nm) 
radiation, which penetrates more deeply into the 
dermis, generates ROS through 
photosensitization reactions involving 
endogenous chromophores, indirectly damaging 
mitochondrial DNA and oxidizing proteins and 
lipids (Sumali, 2023). The resultant oxidative 
burst serves as the central biochemical switch that 
transduces photic energy into the molecular 
hallmarks of photoaging. ROS activate mitogen-
activated protein kinase (MAPK) cascades, 
including extracellular signal-regulated kinase 
(ERK), c-Jun N-terminal kinase (JNK), and p38, 
which in turn phosphorylate and activate the 
transcription factor activator protein-1 (AP-1), 
composed of c-Fos and c-Jun heterodimers. 
Activated AP-1 upregulates the expression of 
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matrix metalloproteinases—principally MMP-1 
(collagenase), MMP-3 (stromelysin), and MMP-9 
(gelatinase)—which collectively cleave mature type 
I and type III collagen fibrils and elastin fibers, 
dismantling the dermal extracellular matrix. 
Furthermore, AP-1 induces Smad7, a negative 
regulator of transforming growth factor-beta (TGF-
β) signaling, thereby suppressing de novo 
procollagen synthesis and exacerbating the net 
collagen deficit (Journal of Dermatologic Science 
and Cosmetic Technology, 2025). Simultaneously, 
ROS activate nuclear factor-kappa B (NF-κB), the 
master transcriptional regulator of inflammation, 
which drives the release of pro-inflammatory 
cytokines including interleukin-6 (IL-6) and tumor 
necrosis factor-alpha (TNF-α), establishing a self-
perpetuating cycle of chronic low-grade 
inflammation, or inflammaging (Journal of 
Dermatologic Science and Cosmetic Technology, 
2025). 
 
4.1.2 Clinical Features: Dermatoheliosis 
The clinical consequences of chronic UV exposure 
are collectively termed dermatoheliosis, or 
photoaging, and manifest as a constellation of 
visible cutaneous changes that are qualitatively 
distinct from those of intrinsic aging. Photoaged 
skin is characterized by deep, coarse wrinkling, a 
rough and leathery texture, and irregular mottled 
pigmentation, including solar lentigines—large, 
freckle-like hyperpigmented macules—interspersed 
with hypopigmented areas, producing an uneven, 
sallow complexion (Benedetti, 2023). 
Telangiectasias, or visibly dilated and tortuous 
superficial dermal capillaries, reflect structural 
weakening of the vessel wall and chronic 
inflammatory angiogenesis. In addition, 
chronically sun-exposed skin frequently develops 
actinic keratoses—rough, scaly, erythematous 
papules or plaques representing precancerous 
keratinocyte dysplasia—which serve as both a 
cosmetic concern and a biomarker of cumulative 
UV damage and future skin cancer risk (Benedetti, 
2023). The histological correlate of this clinical 
picture is solar elastosis, the accumulation of 
amorphous, abnormally thickened, and 
disorganized elastotic material in the upper 

dermis, which accounts for the leathery, yellowish, 
and nodular quality of photoaged skin. 
 
4.1.3 Visible Light and Infrared Radiation: 
Emerging Roles 
Beyond UV, the solar spectrum contains visible 
light (VL, 380–780 nm) and infrared radiation 
(IR, 780 nm–1 mm), whose contributions to skin 
aging are increasingly recognized. VL, particularly 
blue-violet wavelengths (435–500 nm), has been 
shown to induce persistent hyperpigmentation, 
especially in darker skin phototypes, by stabilizing 
tyrosinase activity and upregulating genes involved 
in melanogenesis, oxidative stress, and matrix 
remodeling (Kim et al., 2023; Journal of 
Dermatologic Science and Cosmetic Technology, 
2025). Repeated low-dose VL exposure induces 
immediate pigment darkening and delayed 
tanning in dark-skinned individuals, while also 
triggering oxidative and inflammatory responses 
across all skin types (Kim et al., 2023). IR 
radiation, primarily through its thermal effects, 
activates the transient receptor potential vanilloid 
1 (TRPV1) channel, leading to MMP-1 
upregulation and accelerated collagen 
degradation, while also inducing heat shock 
proteins (HSP27/70/90) that may partially 
mitigate thermal damage (Horton et al., 2023; 
Journal of Dermatologic Science and Cosmetic 
Technology, 2025). Chronic IR exposure has been 
associated with erythema ab igne-like changes and 
contributes to the cumulative thermal aging of 
habitually exposed skin (Horton et al., 2023). 
 
4.2 Air Pollution: The Urban Plume 
4.2.1 Particulate Matter: Mechanisms of Entry, 
AhR Activation, ROS Generation, and Lipid 
Peroxidation 
Ambient air pollution, a complex mixture of 
particulate matter (PM) and gaseous 
contaminants, has emerged as a potent accelerator 
of extrinsic skin aging. PM is classified by 
aerodynamic diameter, with PM2.5 (≤2.5 μm) and 
PM10 (≤10 μm) being of greatest dermatological 
concern due to their capacity to penetrate the skin 
barrier. Ultrafine particles can enter the skin via 
transcutaneous absorption through the 
intercellular lipid matrix of the stratum corneum, 
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via follicular shunts surrounding hair follicles, and 
through systemic distribution following 
pulmonary inhalation and subsequent blood-
borne delivery to the dermis (Santamaria, 
Gilaberte, Prudkin, & Piquero-Casals, 2025; Skin 
Cancer Induced by Pollution-Mediated ROS, 
2022). Once within the skin, PM exerts its 
deleterious effects primarily through the 
generation of oxidative stress. PM constituents, 
particularly transition metals and organic 
compounds, catalyze the production of ROS, 
which overwhelm endogenous antioxidant 
defenses, leading to lipid peroxidation of cellular 
and organellar membranes, protein oxidation, and 
mitochondrial dysfunction (Reynolds et al., 2021; 
Santamaria et al., 2025). A central mediator of 
PM-induced cutaneous damage is the aryl 
hydrocarbon receptor (AhR), a ligand-activated 
transcription factor expressed in keratinocytes, 
melanocytes, fibroblasts, and dermal dendritic 
cells. PM-bound polycyclic aromatic hydrocarbons 
(PAHs) bind to and activate AhR, which 
translocates to the nucleus and drives the 
expression of xenobiotic-metabolizing enzymes 
such as CYP1A1, simultaneously generating 
additional ROS as metabolic byproducts and 
activating pro-inflammatory and matrix-degrading 
gene programs (Guillon et al., 2022; Hartung et 
al., 2025). Population-based studies have 
consistently demonstrated that chronic exposure 
to combustion-derived PM2.5 is associated with 
the development of lentigines and coarse wrinkles, 
independent of UV exposure (Hartung et al., 
2025). 
 
4.2.2 Polycyclic Aromatic Hydrocarbons and 
Volatile Organic Compounds: Metabolic 
Activation and AhR-Mediated MMP Expression 
Among the myriad of chemicals adsorbed onto 
PM surfaces, polycyclic aromatic hydrocarbons 
(PAHs) and volatile organic compounds (VOCs) 
are of particular toxicological significance for skin 
aging. PAHs, such as benzo[a]pyrene, are 
lipophilic compounds that readily penetrate the 
stratum corneum and undergo metabolic 
activation by cutaneous cytochrome P450 (CYP) 
enzymes, including CYP1A1 and CYP1B1, whose 
expression is itself upregulated by AhR activation. 

This metabolic processing generates electrophilic 
diol epoxide intermediates that covalently bind to 
DNA, forming bulky DNA adducts that, if 
unrepaired, contribute to mutagenesis and cellular 
senescence (Skin Cancer Induced by Pollution-
Mediated ROS, 2022). Simultaneously, ligand-
activated AhR directly transactivates the 
promoters of MMP-1, MMP-3, and MMP-9, 
promoting collagen and elastin degradation, and 
upregulates pro-inflammatory cytokines, 
perpetuating inflammaging (Guillon et al., 2022; 
Hartung et al., 2025). VOCs, including benzene, 
toluene, and formaldehyde, further contribute to 
oxidative stress by depleting cellular glutathione 
and generating lipid peroxidation products, 
thereby compounding the damage initiated by PM 
and PAHs. 
 
4.2.3 Ground-Level Ozone: Reactions with 
Sebum Lipids and Antioxidant Depletion 
Ground-level ozone (O₃), a secondary pollutant 
formed through photochemical reactions between 
nitrogen oxides and VOCs, represents a potent 
oxidizing agent that directly targets the outermost 
layer of the skin. Unlike PM or PAHs, which must 
penetrate to deeper layers, ozone reacts 
instantaneously with unsaturated lipids present in 
sebum and the intercellular lipid matrix of the 
stratum corneum, generating lipid peroxidation 
products such as malondialdehyde (MDA) and 4-
hydroxy-2-nonenal (4-HNE) (Thiele et al., 2025). 
Experimental studies using murine models have 
demonstrated that in vivo exposure to ozone 
depletes the stratum corneum of its major 
lipophilic antioxidants, vitamin E (α-tocopherol 
and γ-tocopherol), in a dose-dependent manner, 
while simultaneously increasing MDA 
concentrations, reflecting cumulative oxidative 
damage (Thiele et al., 2025). Repeated low-level 
ozone exposures result in progressive antioxidant 
depletion, indicating that the stratum corneum 
possesses a unique susceptibility to oxidative 
damage that compromises its barrier function and 
triggers secondary inflammatory cascades in the 
underlying viable epidermis and dermis. 
Furthermore, ozone depletion of vitamin C in the 
aqueous epidermal compartments exacerbates the 
overall antioxidant deficit, as vitamins C and E 
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function synergistically in cutaneous redox 
networks (Santamaria et al., 2025). By disrupting 
the primary permeability barrier and depleting its 
antioxidant reserve, ozone exposure sensitizes the 
skin to subsequent insults from UV radiation and 

PM, underscoring the synergistic nature of 
environmental stressors in the skin aging 
exposome (Santamaria et al., 2025). 
 
 

 
Table 1: Summary of Environmental Stressors, Active Components, Molecular Targets, and Clinical Signs 
of Aging. 

Stressor 
Category 

Key Active 
Compone
nts 

Primary 
Sensor/Rec
eptor in 
Skin 

Main Molecular 
Pathway Activated 

Downstrea
m Effectors 
& 
Mediators 

Distincti
ve 
Clinical 
Sign of 
Aging 

Ultraviol
et 
Radiatio
n 

UVB 
(280–315 
nm), UVA 
(315–400 
nm), 
Visible 
Light 
(435–500 
nm), 
Infrared 
(780 nm–1 
mm) 

DNA 
(direct 
absorption), 
endogenous 
chromopho
res 
(porphyrins, 
flavins), 
TRPV1 

Direct DNA damage 
(CPDs, 6-4PPs), ROS 
generation → MAPK 
(ERK, JNK, p38) → 
AP-1 activation, NF-
κB activation 

MMP-1, 
MMP-3, 
MMP-9 
(collagen/el
astin 
degradation
), ↓ TGF-
β/Smad (↓ 
procollagen)
, IL-6, TNF-
α 

Deep coarse 
wrinkles, 
leathery 
texture, 
solar 
lentigines, 
actinic 
keratoses, 
telangiectasi
as, solar 
elastosis 

Air 
Pollution 
– 
Particula
te Matter 

PM2.5, 
PM10, 
Diesel 
Exhaust 
Particles 
(transition 
metals, 
organic 
carbon) 

Aryl 
Hydrocarbo
n Receptor 
(AhR), 
intercellular 
lipid 
penetration, 
hair follicles 

AhR activation → 
CYP1A1, ROS 
generation, lipid 
peroxidation, NF-κB 
signaling, 
mitochondrial 
dysfunction 

ROS, 4-
HNE (lipid 
peroxidatio
n), MMP-
1/MMP-3, 
IL-6, TNF-α, 
antioxidant 
depletion 
(vitamin 
E/C) 

Lentigines 
(spotty 
pigmentatio
n), coarse 
wrinkles on 
exposed 
areas, sallow 
complexion, 
exacerbatio
n of 
photoaging 

Air 
Pollution 
– PAHs 
& VOCs 

Benzo[a]py
rene, 
Benzene, 
Toluene, 
Formaldeh
yde 

AhR, 
CYP1A1/1
B1 
(metabolic 
activation) 

Metabolic activation 
to diol epoxides → 
DNA adducts, AhR-
mediated MMP 
expression, 
glutathione depletion 

Bulky DNA 
adducts, 
MMP-1/-3/-
9 
upregulatio
n, oxidative 
stress, 

Irregular 
pigmentatio
n, 
accelerated 
wrinkle 
formation, 
enhanced 



 
Volume 4, Issue 6, 2026 
                                                                                             ISSN: (e) 3007-1607 (p) 3007-1593 

https://fmhr.net                                             | Ali et al., 2026 | Page 1884 

Stressor 
Category 

Key Active 
Compone
nts 

Primary 
Sensor/Rec
eptor in 
Skin 

Main Molecular 
Pathway Activated 

Downstrea
m Effectors 
& 
Mediators 

Distincti
ve 
Clinical 
Sign of 
Aging 

barrier lipid 
disruption 

keratinocyte 
senescence 

Air 
Pollution 
– 
Ground-
Level 
Ozone 

Troposphe
ric ozone 
(O₃) 

Direct 
reaction 
with sebum 
lipids and 
stratum 
corneum 
lipids 

Non-enzymatic lipid 
peroxidation, 
depletion of vitamin 
E (lipophilic) and 
vitamin C 
(hydrophilic) in 
stratum corneum 

Malondiald
ehyde 
(MDA), 
4-HNE, 
compromise
d barrier, 
secondary 
inflammato
ry cytokines 

Exacerbated 
UV/PM 
damage, 
increased 
transepider
mal water 
loss, dull 
rough skin 
surface 

Tobacco 
Smoke 

Nicotine, 
NNK, 
Formaldeh
yde, 
Cadmium, 
PAHs, 
reactive 
aldehydes 

Nicotinic 
acetylcholin
e receptors 
(nAChRs), 
AhR 

Vasoconstriction → 
chronic 
hypoxia/ischemia-rep
erfusion, AhR 
activation → MMP-1, 
direct ROS damage, 
aberrant tropoelastin 
deposition 

MMP-1 
(collagenase
), ↓ TGF-β 
→ ↓ 
procollagen, 
lipid 
peroxidatio
n products, 
disorganize
d elastotic 
material 

"Smoker's 
face": deep 
periorbital 
and perioral 
wrinkling, 
greyish 
pallor, gaunt 
appearance, 
solar 
elastosis-like 
changes in 
non-sun-exp
osed skin 

 
4.3 Tobacco Smoke: The Inhalant Assassin 
Cigarette smoke stands as one of the most 
preventable yet pernicious environmental 
contributors to accelerated skin aging. Unlike UV 
radiation, which primarily targets sun-exposed 
sites, tobacco smoke exerts its aging effects 
systemically and on both exposed and protected 
skin, giving rise to a distinctive clinical phenotype. 
The toxicological burden of cigarette smoke arises 
from its complex chemical composition, 
comprising over 4,000 identified compounds, 
many of which are potent carcinogens, pro-
oxidants, and endocrine disruptors (Puri, Nandar, 

& Kathuria, 2021). Critically, the route of 
exposure and the specific composition of the 
smoke matrix influence the extent of cutaneous 
damage, necessitating a distinction between the 
smoke inhaled by the smoker and that released 
into the environment. 
 
4.3.1 Mainstream vs. Sidestream Smoke: 
Concentration of Toxicants 
Cigarette smoke is broadly categorized into 
mainstream smoke, which is actively inhaled by 
the smoker, and sidestream smoke, which is 
emitted from the smoldering tip of the cigarette 
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between puffs. Both fractions contain high levels 
of cutaneous toxicants, but sidestream smoke is 
generated at lower temperatures and undergoes 
incomplete combustion, resulting in significantly 
higher concentrations of several harmful 
constituents per unit mass (Giebel et al., 2022). 
Among the most impactful cutaneous toxicants 
are nicotine, the primary vasoactive alkaloid; the 
tobacco-specific nitrosamine 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone 
(NNK); formaldehyde; and heavy metals such as 
cadmium, which accumulates in the dermis and 
contributes to extracellular matrix dysfunction 
(Gasmi et al., 2023). Sidestream smoke thus 
represents a dual threat, directly affecting the skin 
of smokers while also exposing non-smokers, 
through passive inhalation, to a cocktail of 
chemicals that readily penetrates the stratum 
corneum and enters the systemic circulation. The 
cumulative dermal dose of these toxicants, 
particularly in smokers, far exceeds the capacity of 
cutaneous detoxification systems, setting the stage 
for chronic oxidative and inflammatory injury. 
 
4.3.2 Mechanisms: Vasoconstriction, Oxidative 
Stress, AhR Activation, and Aberrant 
Elastogenesis 
The pathomechanisms through which tobacco 
smoke accelerates skin aging involve multiple 
convergent pathways that replicate and, in some 
contexts, exacerbate the damage induced by UV 
radiation. Nicotine binds to nicotinic 
acetylcholine receptors (nAChRs) expressed on 
keratinocytes, fibroblasts, and endothelial cells, 
triggering sustained vasoconstriction of the dermal 
microvasculature. This hypoperfusion leads to 
chronic tissue hypoxia and nutritional deficiency, 
impairing collagen biosynthesis and fibroblast 
metabolism, while the resulting ischemia-
reperfusion cycles generate bursts of reactive 
oxygen species (ROS) (Reynolds et al., 2021; 
Giebel et al., 2022). Beyond nicotine, the direct 
generation of ROS by polycyclic aromatic 
hydrocarbons (PAHs) and quinones in smoke 
overwhelms cutaneous antioxidant reserves, 
oxidizing lipids, proteins, and mitochondrial 
DNA. Lipid peroxidation products such as 4-
hydroxy-2-nonenal form adducts with dermal 

proteins, further disrupting extracellular matrix 
architecture. A key molecular mediator of smoke-
induced damage is the aryl hydrocarbon receptor 
(AhR). PAHs present in both mainstream and 
sidestream smoke, including benzo[a]pyrene, are 
high-affinity AhR ligands. AhR activation in 
dermal fibroblasts induces the expression of 
matrix metalloproteinase-1 (MMP-1), which 
cleaves fibrillar collagen, while simultaneously 
suppressing transforming growth factor-β (TGF-β) 
signaling, thereby inhibiting procollagen I 
synthesis (Park et al., 2021; Hartung et al., 2025). 
Furthermore, cigarette smoke uniquely triggers 
aberrant tropoelastin deposition in non-sun-
exposed skin, producing histological solar 
elastosis-like changes—accumulations of 
amorphous, disorganized elastic material—even in 
areas typically shielded from UV, demonstrating 
that tobacco smoke alone can recapitulate the 
hallmark features of photoaging (Zhang et al., 
2024). 
 
4.3.3 The “Smoker’s Face”: Deep Periorbital and 
Perioral Wrinkling, Greyish Skin Pallor, and 
Gaunt Appearance 
The cumulative effect of these molecular insults 
manifests clinically as the well-characterized 
“smoker’s face,” a constellation of features 
identifiable across diverse ethnic groups. The most 
prominent stigmata are deep, narrow wrinkling 
radiating from the periorbital and perioral regions, 
often presenting as “crow’s feet” around the eyes 
and vertical lines around the lips, commonly 
referred to as “smoker’s lines” (Puri et al., 2021). 
These wrinkles are the direct consequence of 
MMP-mediated collagen degradation and the loss 
of elastic recoil due to abnormal elastotic deposits. 
A distinct greyish or sallow facial pallor results 
from nicotine-induced chronic vasoconstriction, 
reduced hemoglobin oxygenation, and the 
accumulation of lipofuscin-like pigments, which 
impart a tired and unhealthy hue. In longstanding 
smokers, a generalized gaunt appearance emerges 
from the combined loss of subcutaneous fat, 
dermal thinning, and prominence of bony 
landmarks, particularly in the cheeks and temples. 
Importantly, these changes occur independently 
of age, sun exposure, and body mass index, and 
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prospective studies have demonstrated that the 
risk of developing moderate to severe wrinkling is 
two- to three-fold higher in smokers compared to 
never-smokers (Gasmi et al., 2023). The clinical 
picture is so consistent that the presence of a 
smoker’s face can allow clinicians to infer smoking 
status with significant accuracy, underscoring the 
potency of tobacco smoke as an inhalant assassin 
of youthful skin. 
 
5. Psychological Stress as an Endogenous Aging 
Accelerator 
5. Psychological Stress as an Endogenous Aging 
Accelerator 
Psychological stress, once considered merely a 
subjective correlate of a modern lifestyle, is now 
recognized as a powerful endogenous biochemical 
driver of accelerated skin aging. The skin, far from 
being a passive barrier, is an active peripheral 
stress-responsive organ equipped with its own 
functional equivalents of the central 
neuroendocrine axes. Chronic activation of these 
cutaneous stress systems, driven by perceived 
psychosocial adversity, generates a cascade of 
molecular events that directly target the structural 
integrity and regenerative capacity of the skin, 
producing an aged phenotype that is both additive 
to and synergistic with environmental damage 
(Slominski et al., 2021). 
 
5.1 The Neuroendocrine-Immune Interface in 
Skin 
The skin functions as a complete, autonomously 
responsive neuroendocrine organ. It expresses all 
elements of the classical hypothalamic-pituitary-
adrenal (HPA) axis and the sympathetic-adrenal-
medullary (SAM) axis locally, in addition to 
receiving systemic hormonal and neural inputs 
from the central nervous system. This 
bidirectional communication network, often 
termed the brain-skin axis, ensures that emotional 
and psychological states are instantaneously 
translated into biochemical signals that alter 
cutaneous physiology. Within this interface, 
keratinocytes, melanocytes, fibroblasts, and 
resident immune cells all synthesize and respond 
to stress hormones, neuropeptides, and 
neurotransmitters, making the skin a sensitive 

mirror of the individual's allostatic load 
(Slominski et al., 2021; Choi & Di Nardo, 2023). 
 
5.1.1 Hypothalamic-Pituitary-Adrenal (HPA) 
Axis 
In response to perceived stress, the central HPA 
axis is activated: the paraventricular nucleus of the 
hypothalamus secretes corticotropin-releasing 
hormone (CRH), which stimulates the anterior 
pituitary to release adrenocorticotropic hormone 
(ACTH), ultimately driving the adrenal cortex to 
produce and secrete cortisol, the principal 
glucocorticoid in humans. However, the skin itself 
possesses a fully functional peripheral HPA axis. 
Keratinocytes, dermal fibroblasts, and 
melanocytes produce CRH, pro-opiomelanocortin 
(POMC), and ACTH, and the entire enzymatic 
machinery necessary to synthesize cortisol de novo 
from cholesterol (Slominski et al., 2021). 
Cutaneous cortisol production is regulated by 
local stress signals, including UV radiation and 
inflammatory cytokines, and contributes 
significantly to the total cortisol pool within the 
skin. Elevated cortisol levels, whether from 
systemic or local synthesis, exert profound 
catabolic and immunosuppressive effects, binding 
to glucocorticoid receptors expressed throughout 
the epidermis and dermis and transducing signals 
that directly drive the aging process (Slominski et 
al., 2021). 
 
5.1.2 Sympathetic-Adrenal-Medullary (SAM) 
Axis 
Concurrent with HPA activation, psychological 
stress triggers the SAM axis, leading to rapid 
release of catecholamines. Sympathetic nerve 
terminals, which densely innervate the skin and 
reach the epidermis and dermis, release 
norepinephrine locally, while the adrenal medulla 
releases epinephrine into the systemic circulation. 
Cutaneous cells, including keratinocytes, 
fibroblasts, and mast cells, express alpha- and beta-
adrenergic receptors, making them highly 
responsive to catecholamine signaling 
(Roggenkamp et al., 2022). The immediate 
physical proximity of nerve endings to epidermal 
and dermal cells enables direct neuro-cutaneous 
transmission, such that stress-induced 
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neurotransmitter release can instantly modify 
cellular metabolism, immune function, and tissue 
remodeling. The chronic overactivity of the SAM 
axis in individuals experiencing sustained 
psychological stress thus establishes a persistent 
pro-aging biochemical environment within the 
skin (Roggenkamp et al., 2022). 
 
5.2 Downstream Effector Mechanisms of Stress-
Induced Skin Aging 
5.2.1 Oxidative Stress and Telomere Dynamics 
Glucocorticoids, at chronically elevated levels, 
induce a significant burst of reactive oxygen 
species (ROS) within skin cells by promoting 
mitochondrial dysfunction and simultaneously 
suppressing the expression of endogenous 
antioxidant enzymes such as superoxide dismutase 
and catalase (Tomiyama & Epel, 2022). This redox 
imbalance leads to cumulative oxidative damage to 
proteins, lipids, and DNA, with particularly 
detrimental consequences for telomere integrity. 
Telomeres, the protective guanine-rich repetitive 
sequences at chromosomal ends, are exquisitely 
sensitive to oxidative stress, and ROS-mediated 
single-strand breaks accelerate telomere attrition 
beyond that attributable to the end-replication 
problem alone. Chronic psychological stress has 
been consistently associated with shorter telomere 
length in peripheral blood leukocytes and in 
dermal fibroblasts, effects mediated in part by 
reduced telomerase reverse transcriptase (TERT) 
activity under sustained cortisol exposure 
(Tomiyama & Epel, 2022; Choi & Di Nardo, 
2023). This accelerated telomere shortening drives 
cells into replicative senescence, establishing a 
permanent state of growth arrest and the secretion 
of a pro-inflammatory senescence-associated 
secretory phenotype (SASP), which propagates 
aging into the surrounding tissue. 
 
5.2.2 DNA Damage and Repair Defects 
Beyond inducing oxidative DNA lesions, 
catecholamines directly impair the cellular 
machinery responsible for repairing external 
mutagenic damage, establishing a critical synergy 
point with environmental stressors. Activation of 
beta-adrenergic receptors on keratinocytes and 
fibroblasts by norepinephrine and epinephrine 

has been shown to suppress the nucleotide 
excision repair (NER) pathway, the principal 
mechanism for removing UV-induced cyclobutane 
pyrimidine dimers and 6-4 photoproducts (Kim et 
al., 2022). Through cyclic AMP-dependent 
signaling, catecholamines downregulate the 
expression of key NER factors, including XPA and 
XPC, allowing DNA photolesions to persist and 
increasing the risk of mutagenesis and cellular 
senescence. This repair defect is a prime example 
of stress–environment synergy, wherein 
psychological stress dramatically amplifies the 
genotoxic impact of UV radiation, a link further 
explored in Section 6 (Kim et al., 2022). 
 
5.2.3 Epidermal Barrier Dysfunction 
Cortisol directly compromises the skin's primary 
protective structure—the epidermal permeability 
barrier. It suppresses keratinocyte proliferation 
and terminal differentiation, resulting in a thinner 
stratum corneum with reduced synthesis of critical 
barrier constituents: ceramides, which form the 
extracellular lipid lamellae; and structural proteins 
including filaggrin and loricrin, essential for 
corneocyte integrity and natural moisturizing 
factor generation (Chen et al., 2022). 
Consequently, chronic stress leads to increased 
transepidermal water loss (TEWL), reduced 
stratum corneum hydration, and heightened 
susceptibility to irritants and allergens. Barrier 
disruption itself serves as a danger signal, 
activating keratinocytes to release cytokines that 
initiate homeostatic repair responses; however, 
under sustained stress, this acute protective 
reaction is converted into chronic low-grade 
inflammation, further driving matrix degradation 
and accelerating the aging process (Chen et al., 
2022). 
 
5.2.4 Neurogenic Inflammation and 
Inflammaging 
Psychological stress triggers neurogenic 
inflammation through the release of 
neuropeptides, including substance P and 
calcitonin gene-related peptide (CGRP), from 
sensory nerve fibers in the skin. These 
neuropeptides bind to receptors on mast cells, 
triggering degranulation and the release of pro-
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inflammatory mediators—tumor necrosis factor-
alpha (TNF-α), histamine, and tryptase—directly 
into the dermal microenvironment (Peters et al., 
2022). Histamine further induces vasodilation and 
vascular permeability, while tryptase activates 
proteinase-activated receptors (PARs) on 
fibroblasts and keratinocytes, amplifying the 
inflammatory cascade. Importantly, this 
neurogenic pathway also converges on NF-κB, the 
master inflammatory transcription factor, which 

drives sustained expression of interleukin-6 and 
other SASP components, creating a self-
perpetuating loop of inflammaging. This sterile, 
low-grade inflammation degrades collagen and 
elastin, recruits immune cells, and accelerates 
cellular senescence, making the stressed skin a 
chronically inflamed tissue that progressively loses 
its youthful architecture and function (Peters et 
al., 2022) 

 

 
Figure 2: Psychoneuroimmunological Pathways Linking Perceived Stress to Skin Cell Senescence and 

Matrix Degradation. 
 
5.3. Clinical Studies and Real-World Evidence: 
Translating mechanistic pathways into tangible 
clinical evidence, a growing body of real-world 
research corroborates the role of psychological 
stress as a significant accelerator of skin aging. One 
of the most compelling lines of investigation 
involves the chronic stress experienced by 
caregivers, such as parents of chronically ill 
children, which has been consistently linked to 
accelerated biological aging. Landmark studies 
and subsequent meta-analyses have demonstrated 
that caregivers exhibit significantly shorter 
telomere length in peripheral blood mononuclear 
cells compared to carefully matched controls, an 

effect mediated by the cumulative impact of years 
of sustained cortisol elevation and elevated 
oxidative stress burden (Tomiyama & Epel, 2022). 
These truncated telomeres reflect a systemic 
cellular aging process that is equally operative in 
dermal fibroblasts, directly connecting the 
psychological burden of caregiving to the cellular 
hallmarks of skin aging and providing a 
quantifiable molecular signature of stress-induced 
premature senescence. 
Further evidence emerges from naturalistic 
experiments involving academic stress, where the 
predictable and temporally circumscribed pressure 
of major examinations induces measurable 
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deterioration in cutaneous homeostasis. 
Prospective studies have shown that during high-
stakes examination periods, healthy students 
experience significant increases in transepidermal 
water loss (TEWL), a functional measure of 
epidermal barrier integrity, alongside reductions 
in stratum corneum hydration and alterations in 
sebum composition that correlate with acne flare-
ups (Choi & Di Nardo, 2023). These barrier 
disturbances are accompanied by elevated 
circulating cortisol and cutaneous catecholamine 
levels, which directly suppress keratinocyte 
differentiation and ceramide synthesis. While 
typically transient, the repeated activation of these 
stress-induced barrier repair cascades over an 
academic career models the chronic disruption 
that, when sustained over decades, is hypothesized 
to drive the insidious barrier failure and low-grade 
inflammation characteristic of aged skin (Choi & 
Di Nardo, 2023). Thus, the acute physiological 
response to examination stress implicates the same 
neuroendocrine pathways that promote skin 
aging, providing a real-world microcosm of the 
chronic stress-aging connection. 
A distinct but complementary perspective is 
offered by the clinical features of Parkinson’s 
disease, in which facial hypomimia—a progressive 
reduction in spontaneous facial expressivity due to 
bradykinesia and rigidity of the facial 
musculature—mimics and often exaggerates the 
deep expression lines associated with aging. 
Recent observational studies have demonstrated 
that individuals with Parkinson’s disease are 
consistently perceived as significantly older than 
their chronological age, with the severity of 
hypomimia directly correlating with the perceived 
age gap (Gunnery et al., 2021). This phenomenon 
occurs not because of true accelerated cutaneous 
aging per se, but because the chronic immobility 
of facial muscles leads to the fixation and 
deepening of nasolabial folds, glabellar furrows, 
and perioral rhytides, which are among the most 
prominent visual cues used by observers to 
estimate age. This illustrates a non-inflammatory, 
biomechanical pathway through which a disorder 
of the central nervous system, by altering the 
neural control of facial expression, produces an 
aged appearance that phenocopies the wrinkles of 

chronologically older skin. Collectively, these 
diverse clinical strands—from caregiver telomere 
biology, through examination-induced barrier 
breakdown, to the facial stigmata of Parkinson’s 
disease—converge to validate the concept that 
psychological and neurological stress, through 
multiple intersecting mechanisms, materially 
contributes to the visible and biological aging of 
the skin. 
 
6. The Crossroads: Synergistic Interplay Between 
Environment and Stress 
The traditional siloed study of environmental and 
psychological stressors as independent accelerators 
of skin aging overlooks a critical clinical reality: 
these factors coexist, interact, and mutually 
amplify each other’s deleterious impact. The skin, 
situated at the interface of the external exposome 
and internal neuroendocrine milieu, is uniquely 
vulnerable to synergistic crosstalk wherein 
combined exposures produce damage that far 
exceeds the sum of their individual effects. 
Understanding these converging pathways is 
essential, as it identifies molecular hubs that 
constitute high-value targets for integrated 
prevention and treatment strategies. 
 
6.1 Potentiation of Photocarcinogenesis and 
Photoaging 
Pioneering proof-of-concept studies in animal 
models have definitively established that 
psychological stress can potently enhance both 
photoaging and photocarcinogenesis. Chronic 
restraint stress applied to SKH-1 hairless mice 
concurrently exposed to sub-carcinogenic doses of 
ultraviolet B (UVB) radiation produces a 
dramatically accelerated and amplified phenotype 
compared to UVB alone. Stressed mice develop 
significantly more skin tumors, with shorter 
latency and larger size, alongside a marked 
exacerbation of dermal elastosis—the histological 
hallmark of photoaging characterized by the 
accumulation of abnormally thickened, 
disorganized elastic fibers (Saul et al., 2021). The 
underlying mechanisms converge on two key 
stress-induced neuroendocrine mediators: 
glucocorticoids and catecholamines. Stress-level 
cortisol and norepinephrine act on skin cells to 
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suppress the production of interleukin-12 (IL-12), 
a pivotal cytokine for initiating protective T-helper 
1-mediated anti-tumor immune responses and for 
promoting DNA repair fidelity; concurrently, they 
upregulate prostaglandin E2 (PGE2) and vascular 
endothelial growth factor (VEGF), creating a 
microenvironment that is simultaneously 
immunosuppressed, pro-inflammatory, and pro-
angiogenic (Saul et al., 2021). Critically, stress 
hormones directly impair the nucleotide excision 
repair (NER) machinery responsible for clearing 
UVB-induced cyclobutane pyrimidine dimers and 
6-4 photoproducts, allowing mutagenic DNA 
lesions to persist and propagate. This defective 
DNA repair is mediated by β2-adrenergic receptor 
signaling and glucocorticoid receptor 
transrepression of key NER proteins such as XPA 
and XPC. Thus, psychological stress not only fails 
to protect against UV damage but actively 
sabotages the skin’s intrinsic genomic surveillance 
systems, transforming a manageable phototoxic 
challenge into a pathway of accelerated aging and 
neoplasia. 
 
6.2 The “Toxic Cocktail”: Stress + Pollution 
The convergence of psychological stress with 
airborne pollutants creates a particularly 
pernicious “toxic cocktail” that supercharges the 
molecular machinery of skin aging. Unlike UV, 
which is intermittent and can be partially avoided, 
the combination of chronic low-level stress and 
ubiquitous urban pollutants, particularly 
particulate matter and polycyclic aromatic 
hydrocarbons (PAHs), represents a continuous 
and escalating threat in the modern exposome. 
 
6.2.1 AhR-AP-1-NF-κB Crosstalk 
At the heart of the stress–pollution synergy lies a 
powerful transcriptional crosstalk centered on the 
aryl hydrocarbon receptor (AhR), AP-1, and NF-
κB. PAHs from diesel exhaust and industrial 
emissions are high-affinity ligands for AhR, which, 
upon activation, translocates to the nucleus and 
induces the expression of xenobiotic-metabolizing 
enzymes, pro-inflammatory cytokines, and matrix 
metalloproteinases (MMPs). Concurrently, 
cortisol, acting through glucocorticoid receptors, 
and catecholamines, through adrenergic receptors, 

potentiate NF-κB signaling and AP-1 activation. In 
vitro studies using human keratinocytes have 
demonstrated that co-exposure to cortisol and 
benzo[a]pyrene results in additive and sometimes 
synergistic increases in NF-κB-driven IL-6 
secretion and AP-1-dependent MMP-1 and MMP-
3 expression, far exceeding levels induced by either 
stressor alone (Hartung et al., 2025). This 
transcriptional amplification occurs because both 
pathways converge on common co-activators and 
kinase cascades; cortisol can prime chromatin 
accessibility at NF-κB response elements, while 
AhR can interact directly with NF-κB subunits to 
stabilize the transcriptionally active complex. The 
resultant massive release of pro-inflammatory 
cytokines and collagenolytic enzymes devastates 
the dermal matrix and perpetuates a self-sustaining 
cycle of inflammaging. 
 
6.2.2 Mitochondrial Dysfunction as a Central 
Hub 
Mitochondria have emerged as a central hub for 
the synergistic amplification of oxidative stress by 
environmental and psychological stressors. Both 
particulate matter and stress hormones inflict 
direct damage to mitochondrial DNA (mtDNA), 
which lacks protective histones and robust repair 
mechanisms. PM2.5 disrupts the electron 
transport chain through the generation of 
superoxide and the uncoupling of oxidative 
phosphorylation, while glucocorticoids induce 
mitochondrial permeability transition pore 
opening and release of pro-apoptotic factors. 
These parallel assaults result in mutual 
amplification of reactive oxygen species (ROS) 
production: damaged mitochondria leak 
increasing amounts of electrons, overwhelming 
antioxidant defenses already depleted by chronic 
stress-induced suppression of superoxide 
dismutase and glutathione peroxidase (Reynolds 
et al., 2021). The resulting mitochondrial crisis 
releases damage-associated molecular patterns 
(DAMPs), including oxidized mtDNA fragments, 
which are recognized by cytosolic pattern 
recognition receptors and further activate NF-κB 
and inflammasome pathways, propagating a feed-
forward loop of inflammation and oxidative injury 
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that accelerates cellular senescence in both the 
epidermis and dermis. 
 
6.3 Lifestyle Mediators: The Vicious Cycle 
The synergy between environment and stress is not 
confined to direct molecular interactions; it is 
powerfully reinforced by behavioral and 
physiological mediators that create a self-defeating 
cycle of damage amplification. Chronic 
psychological stress profoundly disrupts sleep 
architecture, leading to reductions in both sleep 
duration and quality, with direct consequences for 
cutaneous repair. Melatonin, the pineal hormone 
that peaks during nocturnal sleep, acts as a potent 
lipophilic and hydrophilic antioxidant in the skin 
and specifically facilitates the nucleotide excision 
repair of UV-induced DNA damage; stress-
induced insomnia suppresses melatonin secretion, 
thereby crippling the critical overnight window of 
genomic repair and leaving DNA lesions 
unremedied (Slominski et al., 2021). Additionally, 
sleep deprivation elevates evening cortisol levels, 
which themselves further impair barrier function 
and melatonin production, locking the skin into a 
state of unrepaired daily damage. 
Dietary choices made under stress compound the 
damage through advanced glycation end-products 
(AGEs). Psychological stress drives cravings for 
high-sugar and high-glycemic-index foods, which 
accelerate non-enzymatic glycation reactions 
between reducing sugars and dermal proteins, 
forming cross-linked AGEs such as glucospane 

and pentosidine. These cross-links stiffen collagen 
and elastin fibers, rendering them brittle and 
resistant to normal proteolytic turnover, while 
simultaneously activating the receptor for AGEs 
(RAGE), triggering NF-κB signaling and MMP 
secretion. Glycation synergizes directly with the 
cross-linking effects of UV-induced oxidation and 
pollutant-driven carbonyl stress, producing a 
dermal matrix that is progressively rigid, 
fragmented, and unable to support regenerative 
fibroblast function (Gkogkolou & Böhm, 2023). 
Finally, stress commonly precipitates maladaptive 
coping behaviors, most notably increased tobacco 
smoking and excessive alcohol consumption. Both 
are well-documented independent accelerators of 
skin aging: tobacco smoke delivers AhR ligands, 
nicotine-mediated vasoconstriction, and direct 
ROS, while alcohol induces dehydration, depletes 
vitamin A stores, and generates acetaldehyde-
protein adducts. When adopted as coping 
mechanisms for stress, these behaviors add a third, 
self-inflicted layer of environmental exposure atop 
the existing exposome, closing a vicious cycle in 
which the psychological perception of stress leads 
to behaviors that further subject the skin to the 
very toxins that accelerate its aging. Breaking this 
cycle necessitates interventions that 
simultaneously address environmental protection, 
psychological resilience, and lifestyle modification, 
as monofocal approaches remain insufficient 
against the networked biology of the stress-
exposome nexus 

 
Table 2: Synergistic Mechanisms: A Matrix of Stress x Environment Interactions on Aging Pathways. 

Environme
ntal 
Stressor 

Synergy with 
Systemic 
Cortisol 

Synergy with 
Local 
Cutaneous 
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P 

Net Aging 
Effect 

Central 
Molecular 
Node 
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315 nm) 

Cortisol 
suppresses 
nucleotide 
excision 
repair (NER) 
via 
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e binds 
β2-adrenergic 
receptors on 
keratinocytes 
and 

Substance 
P released 
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triggers 

Accelerate
d 
photoagin
g with 
deep 
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NF-κB/AP-1/M
APK axis; 
mitochondrial 
ROS; impaired 
DNA repair 
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Environme
ntal 
Stressor 

Synergy with 
Systemic 
Cortisol 

Synergy with 
Local 
Cutaneous 
Norepinephri
ne 

Synergy 
with 
Substance 
P 

Net Aging 
Effect 

Central 
Molecular 
Node 

glucocorticoi
d receptor 
transrepressi
on of 
XPA/XPC, 
amplifying 
UVB-induce
d 
cyclobutane 
pyrimidine 
dimers; 
simultaneous
ly enhances 
PGE2 and 
VEGF, 
promoting 
elastosis and 
angiogenesis. 

fibroblasts, 
suppressing 
IL-12 and NER 
while 
up-regulating 
VEGF and 
MMP-1; 
impairs DNA 
repair and 
drives 
photocarcinog
enesis and 
photoaging. 

mast cell 
degranulati
on (TNF-α, 
histamine, 
tryptase), 
potentiatin
g 
UVB-induc
ed NF-κB 
activation 
and dermal 
matrix 
degradation
. 

wrinkles, 
pronounce
d solar 
elastosis, 
telangiecta
sias, and 
increased 
skin tumor 
formation. 

PM2.5 
(Particulate 
Matter) 

Cortisol 
primes 
chromatin at 
NF-κB 
response 
elements, 
enhancing 
PM2.5-induc
ed 
AhR- NF-κB 
crosstalk; 
leads to 
massive 
synergistic 
IL-6 and 
MMP-1 
release far 
beyond 
single 
exposures. 

Norepinephrin
e amplifies 
PM2.5-triggere
d oxidative 
stress and 
AhR-mediated 
CYP1A1 
expression; 
mutual ROS 
amplification 
and 
mitochondrial 
dysfunction. 

Substance 
P induces 
mast 
cell-derived 
TNF-α and 
tryptase, 
which 
synergize 
with 
PM-bound 
PAHs to 
hyperactiva
te 
AhR/NF-κ
B signaling, 
increasing 
MMP-3 and 
MMP-9. 

Urban-plu
me skin 
aging: 
lentigines, 
coarse 
wrinkles 
on 
exposed 
sites, 
barrier 
impairmen
t, and dull 
complexio
n. 

AhR/NF-κB 
crosstalk; 
mitochondrial 
DAMPs 
(mtDNA); lipid 
peroxidation 
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Environme
ntal 
Stressor 

Synergy with 
Systemic 
Cortisol 

Synergy with 
Local 
Cutaneous 
Norepinephri
ne 

Synergy 
with 
Substance 
P 

Net Aging 
Effect 

Central 
Molecular 
Node 

Benzo[a]py
rene (PAH) 

Cortisol and 
BaP 
co-stimulate 
glucocorticoi
d receptor–
AhR 
interaction, 
leading to 
additive 
NF-κB 
activation 
and maximal 
IL-6/MMP-1 
production; 
glucocorticoi
d suppresses 
GILZ, 
removing an 
anti-inflamm
atory brake. 

Catecholamine
s block 
nucleotide 
excision repair 
of BaP-DNA 
adducts, 
increasing 
mutagenic 
lesions; also 
enhance 
AP-1-driven 
MMP 
expression, 
accelerating 
collagenolysis. 

Substance 
P strongly 
potentiates 
AhR-depen
dent NF-κB 
induction, 
causing a 
massive 
IL-6 and 
IL-8 
secretory 
burst that 
expands the 
SASP 
phenotype 
in 
fibroblasts. 

Profound 
genomic 
instability, 
accelerated 
cellular 
senescence
, 
exponenti
al increase 
in 
senescent 
fibroblasts, 
and deep 
dermal 
matrix 
collapse. 

AhR/NF-κB/A
P-1 
transcriptional 
amplification; 
defective DNA 
repair; SASP 
propagation 

 
7. Integrated Pathways of Damage: The 
Common Final Road 
The preceding sections have delineated the 
independent mechanisms through which 
environmental insults and psychological stress 
accelerate cutaneous aging. However, the true 
biological impact of the skin aging exposome 
emerges from the convergence of these ostensibly 
disparate stressors onto a shared set of molecular 
executioners. Irrespective of whether the initiating 
trigger is a photon, a particulate matter-bound 
polycyclic aromatic hydrocarbon, or a wave of 
cortisol released during a stressful life event, the 
downstream circuitry that dismantles the dermal 
matrix and drives cellular senescence coalesces 
around a limited number of redox-sensitive 
transcription factors, mitochondrial checkpoints, 
and genomic caretakers. Understanding this 
unified molecular pathway is essential, as it reveals 
the points of maximum leverage for intervention. 

 
7.1 The Inflammaging Spiral: NF-κB as the 
Central Inflammatory Hub 
Chronic, low-grade, sterile inflammation—termed 
inflammaging—has emerged as one of the most 
pervasive hallmarks of accelerated biological aging, 
and the skin provides a uniquely accessible 
window into this process. At the core of the 
inflammaging spiral lies nuclear factor-kappa B 
(NF-κB), a transcription factor that functions as a 
master rheostat of the cellular stress response. 
External stressors, including UV-induced reactive 
oxygen species (ROS) and PM2.5-bound PAHs, 
activate NF-κB through multiple upstream 
kinases, notably IκB kinase (IKK), which 
phosphorylates and degrades the inhibitory IκB 
proteins, liberating NF-κB to translocate to the 
nucleus. Simultaneously, psychological stress 
mediators—particularly cortisol acting through 
glucocorticoid receptor transactivation and 
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substance P released from cutaneous sensory 
nerves—potentiate NF-κB signaling by enhancing 
its DNA-binding affinity and by suppressing the 
expression of anti-inflammatory regulators such as 
glucocorticoid-induced leucine zipper (GILZ) 
(Choi & Di Nardo, 2023). Once activated, NF-κB 
drives the transcription of a battery of pro-
inflammatory cytokines, including interleukin-6 
(IL-6), interleukin-1β (IL-1β), and tumor necrosis 
factor-alpha (TNF-α), as well as chemokines and 
matrix metalloproteinases. These secreted factors 
create a tissue microenvironment that is not 
merely inflamed but actively senescent. They 
induce neighboring fibroblasts and keratinocytes 
to exit the cell cycle and adopt a senescence-
associated secretory phenotype (SASP), thereby 
releasing additional IL-6, IL-8, and MMPs that 
reinforce the inflammatory milieu. In this way, 
NF-κB establishes a self-perpetuating positive-
feedback loop: inflammatory cytokines generate 
ROS, which further activate NF-κB, which in turn 
produces more cytokines and SASP factors, 
progressively recruiting more cells into senescence 
and expanding the zone of tissue damage across 
the skin. Crucially, the convergence of external 
and internal stress signals on NF-κB creates a 
situation in which combined exposure—for 
instance, a psychologically stressed individual 
residing in a polluted urban environment—
experiences a spiral of inflammaging that is far 
more aggressive than the sum of each factor alone 
(López-Otín et al., 2023). 
 
7.2 Matrix Catabolism vs. Synthesis: AP-1 as the 
Universal Downstream Executor 
While NF-κB orchestrates the inflammatory 
dimension of skin aging, the activator protein-1 
(AP-1) transcription factor complex represents the 
principal molecular switch that tips the balance 
from extracellular matrix homeostasis to net 
destruction. AP-1, composed of c-Jun and c-Fos 
heterodimers, is activated by the mitogen-activated 
protein kinase (MAPK) cascades—ERK, JNK, and 
p38—that are themselves triggered by UV-induced 
ROS, AhR-mediated signaling downstream of 
PAHs, and β-adrenergic receptor stimulation by 
stress-induced catecholamines. Thus, UV 
radiation, environmental pollutants, and 

psychological stress all converge on AP-1, 
establishing it as a universal downstream executor 
of skin aging irrespective of the upstream insult. 
Activated AP-1 binds to the promoter regions of 
multiple matrix metalloproteinase genes, most 
critically MMP-1 (collagenase), MMP-3 
(stromelysin), and MMP-9 (gelatinase), driving 
their transcription and the subsequent enzymatic 
cleavage of mature type I and type III collagen 
fibrils and elastic fibers (Shin & Choi, 2024). 
Simultaneously, AP-1 interferes with the 
transforming growth factor-beta (TGF-β)/Smad 
pathway, the principal anabolic signaling cascade 
responsible for procollagen synthesis in dermal 
fibroblasts. AP-1 does so by upregulating the 
inhibitory Smad7 and by directly antagonizing 
Smad2/3 transcriptional complexes, thereby 
suppressing the production of newly synthesized 
procollagen type I. The net outcome is a dual 
assault: existing matrix is catabolized while its 
replacement is blocked. Over years of persistent 
multi-stressor activation, this imbalance produces 
the collagen-poor, fragmented dermal architecture 
that underlies the clinical stigmata of coarse 
wrinkling, laxity, and loss of resilience. 
Importantly, the convergence of UV, PAHs, and 
catecholamines on AP-1 means that an individual 
who is simultaneously sun-exposed, pollution-
exposed, and psychologically stressed is subjecting 
their dermal fibroblasts to a chronic, unremitting 
catabolic signal that no single protective measure 
can fully counteract. 
 
7.3 Mitochondrial Free Radical Theory Update: 
Mitohormesis and Its Failure Under Chronic 
Combined Stress 
Mitochondria are no longer viewed solely as 
passive victims of oxidative damage; instead, they 
are recognized as dynamic signaling hubs whose 
response to stress follows a biphasic dose-response 
curve elegantly captured by the concept of 
mitohormesis. Mitohormesis posits that transient, 
low-intensity mitochondrial stress—such as that 
induced by moderate exercise, caloric restriction, 
or low-dose phytochemicals—triggers a beneficial 
adaptive response characterized by enhanced 
mitochondrial biogenesis, improved antioxidant 
capacity, and increased cellular stress resistance 
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(López-Otín et al., 2023). Moderate ROS 
production activates the transcription factor Nrf2 
and the mitochondrial unfolded protein response, 
upregulating a suite of protective genes that fortify 
the cell against subsequent insults. However, the 
chronic, high-intensity, multi-stressor 
environment created by the combination of 
environmental toxicants and persistent 
psychological stress overwhelms this hormetic 
capacity, pushing mitochondria from adaptive 
signaling into frank dysfunction. Both PM2.5 and 
glucocorticoids directly damage the mitochondrial 
electron transport chain, uncoupling oxidative 
phosphorylation and precipitating a massive, 
uncontrolled burst of ROS that exceeds the 
scavenging capacity of superoxide dismutase and 
glutathione peroxidase, enzymes whose expression 
is itself suppressed by sustained cortisol signaling 
(Marchi et al., 2023). This catastrophic ROS 
overload damages mitochondrial DNA (mtDNA), 
which lacks protective histones and is situated in 
close proximity to the electron transport chain, 
leading to mtDNA mutations and deletions that 
further cripple respiratory function. Damaged 
mitochondria then release their contents into the 
cytosol as damage-associated molecular patterns 
(DAMPs), including oxidized mtDNA fragments 
and N-formylated peptides. These mitochondrial 
DAMPs are recognized by pattern recognition 
receptors such as Toll-like receptor 9 (TLR9) and 
the NLRP3 inflammasome, triggering additional 
NF-κB activation and IL-1β secretion, adding yet 
another inflammatory feed-forward loop to the 
inflammaging spiral (Marchi et al., 2023). Thus, 
the failure of mitohormesis under chronic 
combined stress converts mitochondria from 
guardians of cellular resilience into potent 
accelerators of aging. 
 
 
 
 
 

7.4 Telomere Attrition and Cellular Senescence: 
Telomeres as Integrators of Cumulative 
Allostatic Load 
Telomeres, the repetitive hexanucleotide 
sequences capping chromosome ends, serve as a 
molecular clock that integrates the cumulative 
burden of oxidative stress, inflammation, and cell 
division—the very parameters that define allostatic 
load, the physiological cost of chronic stress. Both 
environmental and psychological stressors 
accelerate telomere attrition through mechanisms 
that converge on oxidative damage: the guanine-
rich telomeric repeat sequence is exquisitely 
sensitive to ROS-induced modifications, and each 
oxidative lesion can cause disproportionate 
telomere shortening by disrupting the binding of 
shelterin proteins and impeding telomerase 
processivity (Tomiyama & Epel, 2022). 
Glucocorticoids additionally suppress the 
expression of telomerase reverse transcriptase 
(TERT), the catalytic subunit of telomerase, in 
both peripheral blood mononuclear cells and 
dermal fibroblasts, thereby blunting the enzyme's 
capacity to replenish terminal telomeric sequences 
after replication. Pollutant exposure compounds 
this through PAH-mediated adduct formation 
within telomeric DNA, further destabilizing the 
shelterin complex. Once telomeres reach a 
critically short threshold, they trigger a persistent 
DNA damage response that arrests the cell in an 
irreversible state of replicative senescence. 
Critically, short telomeres not only halt 
proliferation but also activate the SASP, thereby 
linking genomic instability directly to the 
inflammaging spiral. In this manner, telomere 
length acts as a cumulative biological record of the 
total stressor burden borne by the skin, reflecting 
the integrated impact of UV, pollution, smoking, 
and psychological adversity across the lifespan. 
The convergence of all major skin aging stressors 
on telomere dynamics and mitochondrial 
function, unified through NF-κB and AP-1 
signaling, underscores the need for therapeutic 
strategies that target these central nodes rather 
than individual upstream triggers. 
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Figure 3: The Unified Molecular Pathway: Convergence of UV, Pollution, and Psychological Stress on 

the NF-κB/AP-1/MMP Axis Leading to Matrix Degradation and Senescence. 
 
8. Strategies for Intervention and Prevention: A 
Mind-Skin Approach 
The recognition that environmental insults and 
psychological stress converge upon shared 
molecular pathways of skin aging necessitates an 
equally integrated therapeutic strategy. An 
effective, modern approach must transcend the 
traditional siloed focus on either external 
photoprotection or internal stress reduction, 
instead weaving together topical, systemic, and 
mind-body interventions to comprehensively 
target the aging exposome. 
 
8.1 Environmental Protections 
Topical defense remains the cornerstone of 
environmental skin aging prevention, with broad-
spectrum sunscreens providing the first line of 
protection against UV-induced DNA damage and 
collagen degradation. Contemporary formulations 
now extend far beyond simple UVB filtration, 
incorporating antioxidants such as vitamin C (L-
ascorbic acid), vitamin E (alpha-tocopherol), and 
ferulic acid, which synergistically quench reactive 
oxygen species and stabilize the photoprotective 
network (Silva et al., 2023). Chelating agents, 
including ethylenediaminetetraacetic acid (EDTA) 
and phytic acid, further augment these 
formulations by sequestering pro-oxidant metal 
ions that catalyze hydroxyl radical generation. In 
parallel, the rising awareness of cutaneous 
pollution damage has driven the development of 

anti-pollution claims substantiated by specialized 
ingredients. Anti-adhesion polymers form a 
breathable film over the skin that repels 
particulate matter adherence, while rinse-off and 
leave-on cleansing polymers facilitate the removal 
of PM2.5 without barrier perturbation 
(Santamaria et al., 2025). Notably, 
biotechnologically derived mycosporine-like 
amino acids (MAAs) from algae and cyanobacteria 
have emerged as multifunctional agents that not 
only absorb UV radiation but also function as aryl 
hydrocarbon receptor (AhR) antagonists, 
competitively inhibiting the binding of PAHs and 
thereby preventing AhR-mediated MMP 
induction and oxidative stress (Rosic, 2022). 
Systemic protection complements topical 
measures through an antioxidant-rich diet 
abundant in carotenoids (beta-carotene, lycopene) 
and polyphenols (green tea catechins, resveratrol, 
flavonoids), which accumulate in the skin and 
enhance its endogenous photooxidative defense. 
Optimization of vitamin D status through 
controlled sun exposure or supplementation 
ensures adequate cutaneous antimicrobial peptide 
production and immune regulation without excess 
UV damage (Bikle, 2021). 
 
8.2 Psychological Stress Management 
Given the profound impact of neuroendocrine 
mediators on skin aging, evidence-based 
psychological interventions have become 
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legitimate and powerful tools in dermatological 
practice. Mindfulness-based stress reduction 
(MBSR), meditation, and cognitive behavioral 
therapy (CBT) have all been shown to significantly 
lower circulating cortisol levels and attenuate 
sympathetic nervous system tone, thereby 
reducing the biochemical drivers of stress-induced 
inflammaging (Choi & Di Nardo, 2023). In 
clinical trials, participants completing structured 
mindfulness programs demonstrated measurable 
improvements in transepidermal water loss and 
skin barrier recovery kinetics following tape 
stripping, directly linking psychological 
intervention to enhanced epidermal function 
(Chen et al., 2022). Sleep hygiene interventions 
targeting the restoration of the skin’s circadian 
repair rhythm represent another critical 
component. Nocturnal melatonin secretion, 
which peaks during deep sleep, acts as both a 
potent lipophilic and aqueous-phase antioxidant 
and a direct facilitator of nucleotide excision 
repair; disrupted sleep suppresses this protective 
hormone, leaving DNA damage unrepaired. 
Consequently, melatonin has been investigated 
both as a topical agent in night creams and as a 
systemic supplement to reinforce the skin's 
overnight recovery (Slominski et al., 2021). 
Physical activity, when appropriately dosed, 
potentiates protective mitohormesis: moderate 
aerobic exercise transiently increases 
mitochondrial ROS production, which in turn 
activates the Nrf2 antioxidant response and 
mitochondrial biogenesis, strengthening cellular 
resilience. However, exhaustive endurance 
exercise can overwhelm these adaptive pathways, 
producing sustained oxidative stress and elevating 
circulating pro-inflammatory cytokines, 
underlining the importance of exercise intensity 
modulation in skin aging prevention (López-Otín 
et al., 2023). 
 

8.3 Pharmacological and Cosmeceutical Agents 
Topical retinoids, particularly all-trans retinoic 
acid (tretinoin) and its precursors, remain the 
gold-standard pharmacological intervention for 
both photoaging and intrinsic aging. Retinoids act 
primarily through retinoic acid receptors (RARs) 
and retinoid X receptors (RXRs) to antagonize AP-
1 transcriptional activity, thereby suppressing 
MMP-driven collagen degradation, while 
simultaneously stimulating TGF-β/Smad-
mediated procollagen synthesis and epidermal 
hyperplasia (Böhm et al., 2025). Looking beyond 
retinoids, the emerging field of senotherapeutics 
offers promising new avenues. Senolytics, agents 
that selectively eliminate senescent cells, and 
senomorphics, which suppress the senescence-
associated secretory phenotype (SASP) without 
inducing cell death, are under active investigation. 
Topical formulations containing rapamycin 
derivatives and the natural flavonoid fisetin have 
demonstrated the capacity to reduce dermal 
senescent cell burden and SASP factor secretion in 
preclinical models, improving collagen density 
and tissue architecture (Zhang et al., 2024). 
Finally, a novel class of anti-stress neurocosmetics 
directly targets the cutaneous neuroendocrine 
interface. Acetyl hexapeptide-8 (Argireline) and 
palmitoyl tetrapeptide-7/9 act as 
neurotransmitter-inhibiting peptides that 
attenuate catecholamine release from cutaneous 
nerve endings and reduce the downstream 
expression of pro-inflammatory mediators. 
Additionally, small molecule antagonists of 
corticotropin-releasing hormone (CRH) and 
substance P receptor (neurokinin-1 receptor) are 
being explored for their capacity to block stress-
induced mast cell degranulation and neurogenic 
inflammation at the source, thereby severing the 
link between psychological stress and dermal aging 
(Peters et al., 2022). 
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Table 3: Integrative Intervention Matrix: Linking Specific Stressors to Topical, Systemic, and Mind-Body 
Strategies. 

Stressor / Target 
Pathway 

Topical 
Defense 

Systemic & 
Lifestyle 
Protection 

Psycho-Beh
avioral 
Interventio
n 

Mechanism 
of 
Integrated 
Action 

Net 
Anti-Agin
g Benefit 

UV 
Radiation (Phot
oaging, DNA 
damage, ROS) 

Broad-spec
trum SPF 
50+ 
sunscreens
; 
antioxidan
ts (Vit C, 
E, ferulic 
acid); 
DNA 
repair 
enzymes 
(photolyas
e) 

Carotenoid- 
and 
polyphenol-r
ich diet 
(lycopene, 
green tea); 
vitamin D 
optimization
; oral 
nicotinamid
e 

Sun-protecti
ve behavior 
reinforced 
by 
mindfulness 
(reduces 
intentional 
tanning); 
stress 
reduction 
lowers 
cortisol-med
iated DNA 
repair 
suppression 

Topical 
filters block 
CPD 
formation; 
antioxidants 
quench 
ROS; lower 
cortisol 
preserves 
NER and 
telomerase 
activity; 
combined 
effect > sum 
of parts 

Prevention of 
coarse 
wrinkles, 
lentigines, 
and actinic 
keratoses; 
reduced 
epigenetic 
age 
acceleration 

Air Pollution – 
PM2.5, 
PAHs (AhR 
activation, 
oxidative stress, 
barrier 
disruption) 

Anti-adhes
ion 
polymers; 
particulate 
chelating 
cleansers; 
AhR 
antagonist
s (MAAs); 
barrier-rep
air 
ceramides 

High-fiber 
diet 
promoting 
gut eubiosis 
to reduce 
systemic 
endotoxemia
; omega-3 
fatty acids 
for 
anti-inflamm
atory effect 

Mindfulnes
s-based 
stress 
reduction 
(MBSR) 
lowers 
cortisol, 
which 
otherwise 
potentiates 
AhR-NF-κB 
crosstalk; 
breathing 
exercises 
reduce 
inhaled 
pollutant 
load 

Topical 
barrier 
shields PM 
entry; 
systemic 
anti-inflam
matories 
dampen 
AhR 
signaling; 
lower 
cortisol 
attenuates 
IL-6 and 
MMP-1 
synergy; 
reduces 
mitochondri
al ROS 
amplificatio
n 

Diminished 
pollution-ind
uced 
lentigines 
and coarse 
wrinkles; 
preserved 
barrier 
integrity; 
lowered 
inflammaging 
markers 
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Stressor / Target 
Pathway 

Topical 
Defense 

Systemic & 
Lifestyle 
Protection 

Psycho-Beh
avioral 
Interventio
n 

Mechanism 
of 
Integrated 
Action 

Net 
Anti-Agin
g Benefit 

Tobacco 
Smoke (Vasocon
striction, 
AhR/MMP-1, 
elastosis) 

Antioxida
nt serums 
(resveratro
l, ferulic 
acid); 
retinoids 
to 
counteract 
MMP-1; 
topical 
niacinami
de for 
barrier 
support 

Smoking 
cessation 
(gold-standar
d); 
high-antioxi
dant diet; 
vitamin C 
supplementa
tion to 
reverse 
plasma 
ascorbate 
depletion 

CBT for 
smoking 
cessation; 
stress 
managemen
t to weaken 
cue-induced 
cravings; 
mindfulness 
to break the 
stress-smoki
ng cycle 

Cessation 
eliminates 
direct 
toxicant 
exposure; 
retinoids 
antagonize 
AP-1 and 
restore 
collagen; 
CBT 
reduces 
cortisol-drive
n craving, 
enhancing 
quit success; 
combined 
prevention 
of elastosis 
and 
“smoker’s 
face” 

Reduction of 
deep 
periorbital/p
erioral 
wrinkling; 
improved 
skin pallor 
and elasticity; 
reversal of 
non-sun-expo
sed elastosis 

Chronic 
Psychological 
Stress (Cortisol, 
catecholamines, 
neurogenic 
inflammation) 

Neurocos
metic 
peptides 
(acetyl 
hexapepti
de-8, 
palmitoyl 
tetrapepti
de-7); 
CRH/sub
stance P 
antagonist
s; 
barrier-for
tifying 
ceramides 

Adaptogenic 
herbs 
(ashwagandh
a); 
magnesium 
supplementa
tion; 
adequate 
sleep for 
melatonin-m
ediated 
repair 

MBSR, 
meditation, 
CBT, and 
sleep 
hygiene 
lower 
HPA/SAM 
output; 
moderate 
aerobic 
exercise for 
mitohormes
is; 
relaxation 
techniques 
reduce 
substance P 
release 

Neurocosme
tics block 
local 
catecholami
ne signaling; 
systemic 
adaptogens 
lower 
cortisol; 
mind-body 
intervention
s restore 
circadian 
repair and 
reduce 
NF-κB-drive
n 
inflammagin

Improved 
barrier 
function (↓ 
TEWL), 
reduced 
neurogenic 
inflammation
, slower 
telomere 
attrition, 
diminished 
stress-aggravat
ed wrinkling 
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Stressor / Target 
Pathway 

Topical 
Defense 

Systemic & 
Lifestyle 
Protection 

Psycho-Beh
avioral 
Interventio
n 

Mechanism 
of 
Integrated 
Action 

Net 
Anti-Agin
g Benefit 

g; integrated 
approach 
breaks the 
stress-aging 
spiral 

 
 

 
Figure 4: The Holistic “Skin-Mind” Exposome Prevention Model: From External Protection to Internal 

Resilience. 
 
9. Future Directions and Research Gaps 
The comprehensive mapping of pathways linking 
environmental insults and psychological stress to 
accelerated skin aging, as presented in this review, 
illuminates critical gaps in current knowledge and 
opens a wide vista for future investigation. While 
substantial progress has been made in delineating 
individual mechanisms, the field now requires a 

paradigm shift toward integrated, multi-
dimensional approaches that capture the full 
complexity of the skin aging exposome. Four 
interconnected areas stand out as particularly 
promising for advancing both scientific 
understanding and clinical practice: personalized 
exposome monitoring, multi-omics profiling, the 
gut-brain-skin axis, and rigorous interventional 
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studies that test combined mind-body and 
dermatological protocols. 
 
9.1 Personalized Exposome Monitoring 
A major limitation of current exposome research 
is its reliance on coarse, population-level exposure 
estimates that fail to capture the individual’s 
dynamic, real-time encounter with environmental 
and internal stressors. The next frontier lies in the 
deployment of wearable sensor technologies 
capable of continuously monitoring personal 
exposure to established skin aging drivers. 
Miniaturized, skin-adherent UV dosimeters can 
now log cumulative erythemal and UVA doses 
with high temporal resolution, enabling 
individualized sun protection recommendations 
based on actual rather than assumed exposure 
(Grandahl et al., 2022). Simultaneously, portable 
air pollution monitors measuring PM2.5 and 
PM10 concentrations in the breathing zone and at 
the skin surface provide a direct readout of the 
personal pollution plume. Perhaps most 
revolutionary is the emergence of non-invasive 
cortisol biosensors that quantify stress hormone 
levels in sweat, eccrine fluid, or interstitial fluid in 
real time (Wang et al., 2023). By integrating these 
data streams through smartphone-based 
platforms, it becomes feasible to construct a 
personalized exposome dashboard that tracks, in 
parallel, the fluctuating burdens of UV, pollution, 
and psychological stress—the three pillars of 
extrinsic skin aging. Such monitoring could 
underpin adaptive, just-in-time interventions, such 
as triggering a reminder to reapply sunscreen, 
initiating a brief mindfulness exercise when 
cortisol spikes are detected, or recommending 
indoor activities when personal pollution 
exposure surpasses a threshold. Validation of 
these integrated monitoring platforms against 
clinical and molecular biomarkers of skin aging is 
an urgent research priority. 
 
9.2 Multi-Omics Approaches 
The heterogeneity in individual susceptibility to 
identical environmental and psychological 
stressors—why one person develops deep wrinkles 
while another retains smooth skin despite similar 
lifestyles—remains inadequately explained. Multi-

omics technologies offer a powerful lens to resolve 
this variability by capturing the molecular 
fingerprints of cumulative stressor burden across 
multiple biological layers. Epigenomics, 
particularly DNA methylation-based aging clocks, 
has leapfrogged to the forefront. The original 
Horvath pan-tissue clock and its successor, the 
skin-specific “SkinClock,” estimate biological age 
from methylation patterns at select CpG sites, 
with the deviation between epigenetic age and 
chronological age (epigenetic age acceleration) 
serving as a robust predictor of age-related decline 
(Boroni et al., 2022). Applying these clocks to 
epidermal and dermal biopsies before and after 
stress-mitigation interventions could provide a 
gold-standard molecular endpoint for skin aging 
trials. Beyond epigenomics, proteomic profiling of 
the stratum corneum and dermal interstitial fluid 
promises to identify novel protein signatures of 
combined UV, pollution, and stress damage, while 
skin microbiomics characterizes shifts in the 
cutaneous microbial ecosystem induced by urban 
living and psychological distress. Integrating these 
omics layers through systems biology approaches 
will be essential to construct a holistic biological 
age index for the skin, moving beyond 
chronological age to a true measure of dermal 
resilience. 
 
9.3 The Gut-Brain-Skin Axis 
An emerging paradigm with profound 
implications for holistic skin aging prevention is 
the gut-brain-skin axis. Psychological stress, 
through both HPA axis activation and sympathetic 
neural pathways, profoundly alters the 
composition and function of the gut microbiome, 
inducing a state of dysbiosis characterized by 
reduced microbial diversity and an expansion of 
pro-inflammatory pathobionts (Salem et al., 2021). 
This stress-driven dysbiosis compromises intestinal 
barrier integrity, increasing epithelial permeability 
and allowing the translocation of bacterial 
lipopolysaccharide and other inflammatory 
mediators into the systemic circulation. The 
resultant low-grade endotoxemia fuels systemic 
inflammation, with interleukin-17 (IL-17), a 
signature cytokine of dysbiosis-associated immune 
activation, emerging as a potential link to skin 
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aging. IL-17 promotes keratinocyte 
hyperproliferation while simultaneously activating 
dermal fibroblasts to secrete MMP-1 and pro-
inflammatory chemokines, thereby contributing 
to matrix degradation and inflammaging. Early 
evidence suggests that psychological stress may 
accelerate skin aging not only through direct 
neuroendocrine effects on the skin but also 
indirectly by perturbing the gut ecosystem and 
generating a systemic pro-aging inflammatory 
milieu. Future research should determine whether 
interventions that restore gut eubiosis—such as 
targeted probiotics, prebiotics, or dietary fiber—
can attenuate stress-induced skin aging, and 
whether the benefits of mind-body interventions 
are partially mediated through gut microbial 
normalization. 
 
9.4 Interventional Studies 
The most pressing gap in translating mechanistic 
knowledge into clinical benefit is the absence of 
robust, randomized controlled trials (RCTs) that 
test integrated, multi-modal interventions against 
monotherapies. While cognitive behavioral 
therapy (CBT) and mindfulness-based stress 
reduction have been shown to lower cortisol and 
improve barrier function, and topical antioxidants 
with retinoids have documented anti-aging 
efficacy, no definitive trial has yet compared the 
combined protocol of CBT plus a topical anti-
aging regimen against either arm alone or against 
placebo, using both clinical and molecular 
endpoints (Ganceviciene et al., 2023). Such a trial 
would ideally randomize middle-aged adults with 
high perceived stress and measurable photoaging 
to four groups: topical broad-spectrum sunscreen 
with antioxidant serum alone, a structured 8-week 
CBT or MBSR program alone, the combination of 
both, and a control condition. Outcomes would 
include semi-quantitative wrinkle grading, skin 
elasticity, TEWL, and molecular markers such as 
MMP-1 and procollagen I levels in dermal suction 
blister fluid, telomere length in skin fibroblasts, 
and facial epigenetic age acceleration. Only 
through such rigorous designs can the additive or 
synergistic benefits of a mind-skin approach be 
demonstrated and translated into evidence-based 
clinical guidelines. Ultimately, these four research 

directions, pursued in concert, will propel the field 
from a fragmented understanding of isolated 
stressors toward a truly integrated model of skin 
aging prevention that honors the inseparability of 
mind and environment in shaping cutaneous 
destiny. 
 
10. Conclusion 
The evidence assembled in this review compels a 
fundamental reconceptualization of skin aging as 
the visible manifestation of a life-long dialogue 
between the external world and the internal 
psychological landscape. Far from operating in 
isolation, environmental insults—solar ultraviolet 
radiation, airborne particulate matter, ground-
level ozone, and tobacco smoke—and the 
biochemical mediators of psychological stress 
converge upon shared molecular executioners. 
The aryl hydrocarbon receptor, NF-κB, and AP-1 
serve as common transcriptional nodes through 
which photons, pollutants, and stress hormones 
alike dismantle the dermal extracellular matrix, 
while mitochondrial dysfunction and telomere 
attrition reflect the integrated burden of chronic 
oxidative and inflammatory pressure. Crucially, 
the relationship between environment and 
emotion is not merely additive but synergistic; 
catecholamines impair the DNA repair pathways 
that would otherwise clear UV photolesions, 
cortisol potentiates AhR-driven inflammation in 
the presence of polycyclic aromatic hydrocarbons, 
and stress-induced sleep disruption suppresses the 
nocturnal melatonin surge that facilitates genomic 
restoration. This crosstalk creates a vicious cycle in 
which psychological distress amplifies the 
destructive capacity of every environmental 
exposure, and visibly aged skin in turn may deepen 
psychosocial distress, trapping the individual in a 
self-perpetuating loop of accelerated decline. 
Within this framework, the skin emerges as a 
uniquely accessible biological mirror, reflecting 
the cumulative burden of the exposome across the 
entire lifespan. Fine wrinkles, irregular 
pigmentation, and loss of elasticity are not merely 
cosmetic imperfections; they are the physical 
inscription of years of sun exposure, urban 
dwelling, tobacco use, interpersonal strain, and 
chronic worry. The dermatological examination 
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can thus be understood as a visual history-taking 
that reveals the sum total of an individual’s lived 
experience, a concept that elevates skin aging from 
a cosmetic concern to a meaningful biomarker of 
allostatic load and systemic health. 
This understanding demands a paradigm shift in 
both clinical dermatology and the cosmetics 
industry. The prevailing model, which has long 
prioritized topical defense through sunscreens, 
antioxidants, and retinoids—while undeniably 
essential—addresses only one half of the equation. 
An integrated “environmental and emotional 
dermatology” must now come to the forefront, 
one that pairs external photoprotection and anti-
pollution strategies with evidence-based 
interventions that lower cortisol, reduce 
sympathetic tone, and restore psychological 
resilience. Mindfulness-based stress reduction, 
cognitive behavioral therapy, sleep hygiene, and 
moderate physical activity should be regarded as 
legitimate anti-aging interventions, prescribed 
alongside moisturizers and serums. Only by 
addressing the root causes of stress-induced 
endocrine dysregulation and reducing the total 
exposome burden can the field hope to move 
beyond managing the consequences of skin aging 
toward preventing its accelerated onset. The future 
of dermatology lies not in choosing between inner 
serenity and outer protection, but in recognizing 
that they are two facets of a single, unified 
therapeutic goal: resilient skin emerging from a 
balanced mind and a protected environment. 
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