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Abstract: Human skin is a stratified endocrine organ with primary roles in protection against 

detrimental biochemical and biophysical factors in the environment. Environmental stress causes 

gradual accumulation of the macromolecular damage and clinical manifestations consistent 

with chronic inflammatory conditions and premature aging of the skin. Structural proteins of 

cell nucleus, the nuclear lamins and lamina-associated proteins, play an important role in the 

regulation of a number of signal transduction pathways associated with stress. The nuclear 

lamina proteins have been implicated in a number of degenerative disorders with frequent clini-

cal manifestations of the skin conditions related to premature aging. Analysis of the molecular 

signatures in response of the skin to a range of damaging factors not only points at the likely 

involvement of the nuclear lamina in transmission of the signals between the environment and 

cell nucleus but also defines skin’s sensitivity to stress, and therefore the capacities to counteract 

external damage in aging.
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Introduction
Human skin constitutes the largest outermost layer of the body, with a primary func-

tion of protection of the underlying tissues from environmental factors such as infec-

tion, and chemical and biophysical stress.1,2 Skin is a stratified organ consisting of a 

complex epidermal layer, which includes appendages such as the hair follicle and a 

dermal layer consisting of a collagen matrix supported by fibroblasts that actively 

participate in physiological responses in the skin. The development and maintenance 

of skin are supported by direct communication between the dermal and epidermal 

layers, and it is thought that signaling from the dermal compartment is vital for the 

correct functioning of epidermal progenitor cells.3 Important characteristics of skin 

aging are epidermal thinning, loss of elasticity in the dermis and progressive atrophy 

of the subcutaneous fat,4 which lead to a deteriorating quality in the appearance of 

the skin. It has been proposed that the aged fibroblasts could propagate the epidermal 

aging by paracrine mechanisms.5

Changes in the appearance and structure of the skin are caused by not only 

chronological or intrinsic processes but also external factors including ultraviolet (UV) 

exposure, chemical air pollution and relative air humidity. Extrinsic aging factors elicit 

distinct and overlapping effects on the molecular and physiological responses that 

can lead to a cumulative macromolecular damage associated with long-term changes 

in skin barrier, pigmentation and dermal elasticity. The major cellular processes 
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triggered by environmental damage, mostly caused by UV 

and chemical air pollution, are associated with DNA dam-

age, inflammation, increased expression of reactive oxygen 

species (ROS), reduction in antioxidants and accumulation 

of oxidized proteins that impair the activity of proteasome. 

Both acute stress and chronic stress caused by the accumula-

tion of macromolecular damage in response to low doses of 

the environmental stressors over time are thought to drive 

the skin-aging process. Current and future research aims at 

understanding the consequences of the interactions between 

these distinct environmental factors and their combined effect 

on the target organ.5

 The nuclear lamina constitutes a main structural element 

of the cell nucleus that is also involved in signal transduction 

between nucleo-cytoplams and extracellular environment. A 

key component of the nuclear lamina, type V intermediate 

filament proteins lamins assemble into a higher order struc-

ture at the inner nuclear membrane and play a crucial role 

in signal transduction, oxidative stress and DNA damage 

response.6,7 Gene mutations leading to systemic loss of the 

nuclear lamina protein function give rise to a broad range 

of human degenerative disorders affecting the tissues of 

mesenchymal origin and referred to as laminopathies.8 One 

manifestation of the laminopathies is frequently occurring 

skin conditions that are consistent with premature aging and 

include cutaneous atrophy, wrinkles, inflammation, xerosis, 

hyperkeratosis, changes in pigmentation and hair loss. A 

number of studies have suggested that lamin deficiencies 

are linked to diminished capacities of tissue repair due to 

increased sensitivity to stress. In this review, we summarize 

the aspects of the molecular and clinical manifestations of 

the environmental stress on human skin and the likely mecha-

nisms linked to the protective role of the nuclear lamina in 

extrinsic skin aging.

Cutaneous manifestations of the 
systemic loss of the nuclear lamina 
protein function
The nuclear envelope constitutes a main structural compo-

nent of the cell nucleus, providing physical support and a 

functional barrier for an organized intermolecular exchange 

between nucleoplasmic and cytoplasmic compartments and 

extracellular environment. It is composed of a double-unit 

membrane and a fibrous network, the nuclear lamina. Based 

on the biochemical and physical properties, the proteins have 

been classified as A-type lamins (lamin A and C; the products 

of alternative splicing of the LMNA gene) and B-type lamins 

(lamin B1 and B2; the separate products of LMNB1 and 

LMNB2 genes, respectively).9 Both types of lamins undergo 

post-translational modifications that are slightly different for 

each lamin subtype and involve farnesylation, proteolysis and 

carboxymethylation (B-type lamins) or additional proteolytic 

cleavage (A-type lamins) at the C-terminal CAAX motif.10

In addition to the structural roles in the nucleus, the 

nuclear lamina is involved in a range of other important 

functions, including genome organization, coordination of 

DNA replication and repair, transcription, cellular prolifera-

tion, differentiation and stress response pathways.11 Normal 

human skin is characterized by a defined pattern of the 

nuclear lamina protein expression, with A-type lamins mostly 

detected in dermal fibroblasts and suprabasal epithelial cells 

and B-type lamins present in all cell types.12 Gene mutations 

leading to a systemic loss of the nuclear lamina protein func-

tion give rise to a broad range of human degenerative and 

premature aging disorders affecting the tissues of mesen-

chymal origin and referred to as laminopathies. The loss of 

the nuclear lamina function has been linked to deficiency in 

lamins and lamina-associated proteins or altered processing 

of lamin A and is currently thought to underlie a spectrum 

of disorders with strikingly overlapping clinical phenotypes. 

Among the frequently reported problems within the group 

of accelerated aging, lipodystrophy syndromes, peripheral 

nerve and bone disorders are also observed in skin, typically 

in the patients diagnosed with Hutchinson–Gilford progeria 

syndrome (HGPS), familial partial lipodystrophy of the Dun-

nigan type (FPLD), Charcot–Marie–Tooth disease (CMT), 

atypical Werner syndrome (atypical WS), mandibuloacral 

dysplasia (MAD), Barraquer–Simons syndrome (or acquired 

partial lipodystrophy [APL]) and Buschke–Ollendorff syn-

drome (BOS). The clinically defined skin problems linked 

to the nuclear envelope alterations involve dry skin (CMT, 

HGPS, WS), wrinkles (HGFP, WS), cutaneous atrophy 

(MAD), changes in pigmentation (HGPS, FPLD2, MAD, 

WS), hyperkeratosis (FPLD2, MAD), collagenoma (BOS), 

alopecia (CMT, HGPS, WS) and changes in the subcutane-

ous fat (HGPS, FPLD2, MAD, APL). In addition, significant 

abnormalities in the nuclear architecture and its dynamics 

have been routinely detected in fibroblasts from skin biopsies 

of the patients affected by these disorders.8,11

Molecular and clinical 
manifestations of the environmental 
stress on human skin
Uv radiation
One of the most potent extrinsic factors in skin physiol-

ogy is UV radiation, leading to cumulative damage that is 
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dependent on the degree of UV exposure and skin type.13 

The effects of UV on human skin are largely dependent 

on the wavelength. Based on electrophysical properties, 

UV is subdivided into UVA (320–400 nm, 90–95% of the 

solar UV), UVB (280–320 nm, 5–10% of the total solar 

UV) and UVC (100–280 nm, absorbed by atmospheric 

ozone). UV penetrates the skin in a wavelength-dependent  

manner, and human skin is exposed to both UVA and UVB 

simultaneously. Importantly, although each wavelength 

range is recognized to have distinct effects, UVA and UVB 

combined could exert the molecular signals that affect the 

skin in an overlapping manner.14,15 Most of the alterations 

detected in the photo-damaged skin had been previously 

considered to be caused by UVB. UVB is the most energetic 

radiation but reaches only the epidermis because of its short 

wavelength. It is directly absorbed by DNA leading to muta-

genic photoproducts16 and induces a cascade of cytokines 

and neurohormonal mediators in an inflammatory response 

and sunburn.17,18 Such responses can be associated further 

with increased cell divisions following the activation of the 

tumor protein p53 (p53) signaling pathway and DNA repair 

immediately after UV exposure, leading to an increase in 

the epidermal thickness.19

A number of studies have demonstrated that longer 

wavelength UVA penetrates deeply into the basal layer of 

the epidermis and dermis and induces profound alterations 

in the dermal connective tissue that are directly linked to the 

generation of ROS. The feedback between ROS production 

by mitochondria and mitochondrial DNA (mtDNA) dam-

age leads to mtDNA mutations that are up to 10-fold more 

recurrent in photo-aged skin.20 ROS affect a number of signal 

transduction pathways, for example, the activity of nuclear 

transcription factors NF-κB and AP-1 that trigger the synthe-

sis of inflammatory cytokines and matrix metalloproteinases 

(MMPs) to decrease the expression of collagen I and III.21–23 

ROS can also contribute to the oxidative damage of DNA, 

cell membranes and proteins via indirect photosensitizing 

reactions.24,25 The accumulation of oxidized proteins impairs 

proteasomal function and the cellular ability to dispose of 

damaged molecules.26

Skin sensitivity to UV light and susceptibility to photo-

damage have been linked to constitutive pigmentation. 

UV stimulates an increase in the melanin production but 

melanin also plays an important role in protecting the skin 

keratinocytes against radiation, with DNA damage and cel-

lular transformation occurring more frequently in lightly 

pigmented skin.27 Interestingly, melanin was also shown 

to reduce UV-induced DNA damage in cultured cells.28 In 

addition, alpha-melanocyte-stimulating hormone (a-MSH), 

ligand of the melanocortin 1 receptor (MC1R), not only 

induces melanin synthesis but has also an ability to reduce 

UVB-induced DNA damage by enhanced nucleotide excision 

repair (NER) in melanocytes, therefore directly influencing 

UV resistance.29 It is however recognized that UV exposure 

associates with significantly more pronounced occurrence 

of pigment spots in human skin.31

The changes associated with DNA damage, oxidative 

stress, inflammation, ECM degradation and melanogenesis 

are collectively responsible for early signs of photo-aging 

including solar elastosis, pigment irregularities and telangi-

ectasias.30–32 A schematic illustration of the molecular mecha-

nisms for UV-induced skin aging is represented in Figure 1.

A-type lamins demonstrate increased expression in the 

epidermis of photo-exposed young human skin, suggestive 

of the likely photo-protective mechanism (Markiewicz, 2016 

unpublished data). Recently, the A-type lamins have been 

implicated in DNA damage response pathways. Lamin-

deficient progeroid fibroblasts demonstrate persistent levels 

of basal DNA damage, increase in DNA damage-responsive 

genes such as ataxia-telangiectasia mutated (ATM) kinase 

and sensitivity to genotoxic factors such as UV and ion-

izing radiation.33,34 Importantly, the A-type lamins regulate 

the levels of DNA repair protein p53-binding protein 1 

(53BP1) and facilitate its rapid recruitment to the sites of 

DNA damage, with the DNA repair significantly impaired 

due to delayed recruitment and proteasomal degradation of 

53BP1 in laminopathy cells.33–35 In addition to the impaired 

recruitment of the DNA repair components, the cells also 

demonstrate an abnormal accumulation of NER protein, 

xeroderma pigmentosum group A (XPA), at sites of DNA 

damage.36 A deficiency in the mechanisms of repair of the 

DNA damage caused by UV light could also be closely linked 

with changes in pigmentation, such as hyperpigmentation 

and mottled pigmentation present in HGPS, FPLD2, MAD 

and atypical WS.

Recently, a novel role for A-type lamins has also emerged 

in the regulation of intracellular redox homeostasis. Lamin 

A-deficient and progeroid fibroblasts demonstrate increased 

basal levels of ROS together with upregulated expression and 

an impaired activity of ROS-detoxifying enzymes in response 

to oxidative stress.37,38 Lamin A has been shown to be essential 

for an adaptive response to oxidative stress, with conserved 

C-terminal cysteine residues promoting the formation of 

inter- and intra-disulfide bonds upon mild oxidative stress. 
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Consequently, loss of these residues or lamin A deficiency 

promotes the nuclear disorganization and premature cellular 

aging concurrent with chronic ROS stimulation and enhanced 

sensitivity to oxidative stress.6

Enhanced inflammatory responses transmitted by the 

transcription factor NF-κB can also be triggered by defects in 

the nuclear lamina structure. The transcriptional activation of 

NF-κB and increased levels of pro-inflammatory cytokines or 

attenuated NF-κB activity in response to cytokine stimulation 

have been reported in the models of premature aging associ-

ated with lamin A.39,40 In addition to the role in inflammation, 

NF-κB has been implicated in mechanotransduction, with the 

transcriptional activity highly affected by the elasticity of the 

extracellular matrix.41 NF-κB also inhibits the expression of 

the collagen I (COL) gene.42 Interestingly, collagen levels and 

matrix elasticity have been recently demonstrated to directly 

affect the cellular levels of lamin A, and lamin deficiency 

leads to defects in mechanotransduction and increased 

sensitivity to mechanical stress in the fibroblasts.40,43 This 

mechanism could also play some role in the remodeling of 

the extracellular matrix and alterations in dermal elasticity 

underlying aging and premature aging of the skin. Wrinkles 

and cutaneous atrophy are typically present in HGPS, atypical 

WS and MAD syndrome.8

Chemical air pollution
The chemical air pollution has a major detrimental effect on 

human skin. Various air pollutants are generated from natural or 

human-made sources and include polycyclic aromatic hydrocar-

bons (PAHs; combustion of the organic material and automobile 

exhaust fumes), volatile organic compounds (VOCs; emissions 

from organic solvents and industrial facilities), particulate 

matter (PM; mixtures of particles from industrial sources), 

oxides (emitted from combustion sources) and ozone (O
3
; 

interacts with UV, VOCs and nitrogen oxides to form active 

components of the photochemical smog).44 The compounds 

mostly affect the outermost barrier of the skin but can also be 

absorbed via hair follicles and sebaceous glands or directly 

into the subcutaneous adipose tissue.45,46 On the biochemical 

level and similarly to UV, chemical air pollutants interact with 

and activate the reactions associated with oxidative stress and 

DNA damage. PAHs are converted into redox-cyclic quinines 

that activate xenobiotic metabolism via ROS and epoxides and 

diols that bind DNA.44,47 VOCs lead to the formation of pho-

tochemical oxidant products.48 PM acts as a carrier for metals, 

ions and organic compounds with the capacities to localize in 

mitochondria and generate ROS.49,50 Nitrogen dioxide (NO
2
) 

leads to the generation of free radicals that stimulate oxidization 

of amino acids and lipid peroxidation.51

Pigmentation

UVB UVA

Tyrosinase
TRP1

DNA mutagenesis

Nucleus
AP-1

ROS

MMPs
ECM

Collagen breakdown

Cytokines
Respiratory chain damage

Mitochondrium

mtDNA

NF-κB

p53/DNA repair

αMSH
MC1R

Figure 1 Schematic representation of the molecular mechanisms underlying the DNA damage, oxidative stress, inflammation, ECM degradation and pigmentation in UV-
induced skin aging.
Abbreviations: eCM, extracellular matrix; ROS, reactive oxygen species; Uv, ultraviolet.
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 Most air pollutants act as unspecific irritants and 

immunomodulators, and levels of exposure that exceed the 

defensive capacities of the skin lead to the inflammatory and 

allergic conditions such as contact dermatitis, atopic derma-

titis, telangiectasia and premature aging.52–54 The primary 

target of ozone is the epidermis, and the oxidative damage 

is mediated by the formation of lipid peroxides and malo-

ndialdehyde and significant depletion of the nonenzymatic 

antioxidants such as vitamin E, vitamin C and glutathione 

(GSH) in the skin.45,55,56 The impact of ozone on human skin 

in vivo has been analyzed using a specially designed expo-

sure chamber with defined partial pressure corresponding to 

environmentally relevant, low doses of O
3
. The exposure of 

skin samples to ozone in this system induced oxidative stress 

and 70% reduction in vitamin E in the stratum corneum.56 

Ozone is also capable of inducing inflammation, which is 

mediated by redox-sensitive transcription factors nuclear 

factor erythroid 2-related factor 2 (NRF2) and NF-kB in 

control of cellular detoxification.57 Increased oxidative stress 

and impairment in the antioxidative responses associated 

with lamin A-associated premature aging phenotypes have 

also been recently attributed to the suppressed activity of 

the transcriptional factor NRF2.58 Exposure to VOCs and 

NO
2 
increases cytokines in the keratinocytes and oxidation 

of macromolecules in stratum corneum.51,59 Clinical studies 

using a controlled climate chamber and involving control 

subjects and patients with atopic dermatitis evaluated the 

effects of short-term exposure and low concentration (0.1 ± 

0.02 ppm) of NO
2
 on skin in vivo. Exposure to NO

2 
resulted 

in significant changes in skin surface and epidermal barrier 

function evidenced as an increase in transepidermal water 

loss (TEWL) in both groups.51

On the molecular level, one of the important mechanisms 

of the synergistic effects of air pollution is binding of the 

aryl hydrocarbon receptor (AhR) leading to the activation of 

xenobiotic metabolism and changes in skin pigmentation.60,61 

AhR ligands such as dioxin or PAH have a capacity to induce 

proliferation of melanocytes.62 PM, especially the small-size 

airborne particles from traffic sources, is highly reactive 

toward skin surface and can also directly interact with mela-

nocytes to affect their function. PM in association with bound 

PAHs can also generate oxidative stress that contributes to 

extrinsic skin aging. A recent detailed epidemiological study 

involving 400 volunteers demonstrated a significant impact 

of PM air pollution, particularly pigment spots and to less 

extent wrinkles that occur independently on UV radiation or 

in the absence of UV overexposure.50 The study was based on 

the objective determination of traffic-related PM and PAH 

exposure by measurements of ambient particles and estima-

tion of soot in fine dust at fixed monitoring sites in rural and 

urban areas of residence. The clinical assessment of skin 

aging was performed using validated score of intrinsic and 

extrinsic skin aging, Scinexa, with extrinsic aging represented 

by pigment spots, coarse wrinkles, elastosis and telangiecta-

sia. Exposure to traffic-related air pollution correlated with 

the signs of extrinsic skin aging, in particular increased 

numbers of facial pigment spots, which had scores higher 

by up to 20% on forehead and cheeks, and less pronounced 

but still evident effect of wrinkles.50

Relative air humidity
The proper function of the skin depends on the intact, water-

proof barrier that is composed of protein-rich corneocytes 

surrounded by the intercellular lipids in stratum corneum 

and crucial to the maintenance of healthy skin.63 Epidermal 

keratinocytes undergo cell divisions and differentiation 

while migrating toward the surface of the skin to form the 

outermost barrier comprising the corneocytes.64 Natural 

moisturizing factor (NMF) is composed of free amino acids 

and their derivatives such as urocanic acid, sugars, inorganic 

salts, lactic acid and urea that attract and bind water from 

the atmosphere into the corneocytes even at a low relative air 

humidity.65,66 This mechanism facilitates hydration, mainte-

nance of the osmotic pressure and activities of the enzymes 

involved in desquamation as well as increases the elasticity 

of the stratum corneum.67 The free amino acids are derived 

from the proteolysis of the filaggrin protein, making up to 

70–100% of the amino acid content in the stratum corneum. 

This processing is dependent on the water content within the 

corneocytes and external relative humidity, occurring at the 

outermost surface in humid environment and in deeper layers 

in low humidity. In addition, low air humidity impairs the 

ability of hydrolytic enzymes to break down filaggrin into 

NMF.68,69 Low humidity leads further to changes in the val-

ues of TEWL and skin roughness, which is a measure of the 

integrity of the skin barrier function. The rapid alterations in 

skin properties, such as decrease in skin surface conductance 

and elasticity, can manifest at a low difference in relative air 

humidity.70,71 Reduced levels or loss of NMF and damage to 

the skin barrier are associated with a number of chronic and 

age-related skin conditions. Xerosis manifests as scaling and 

flaking of the skin that can be experienced in low-humidity 

environment and becomes more prevalent with age. Local-

ized areas of xerotic skin accompany a range of inflammatory 

skin conditions such as atopic dermatitis, irritant contact 

dermatitis, psoriasis and ichthyosis.72–74
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The normal epidermal barrier function relies on the 

maintenance of the properly organized cornified envelope 

formed in the terminal stages of the keratinocyte differentia-

tion program. A key stage to this process, a degradation of 

cell nucleus in the upper layers of the epidermis, is mediated 

by protein kinase B (AKT)-dependent phosphorylation and 

degradation of lamin A/C. The inhibition of this mechanism 

contributes to the nuclear retention in the cornified layer of 

the epidermis (parakeratosis), which is commonly associated 

with dry skin conditions and profound changes in the expres-

sion of terminal differentiation markers including filaggrin.75 

Changes in skin moisture can reflect both the relative air 

humidity and the mechanisms linked to the maintenance of 

epidermal cell turnover and the mechanical properties of the 

skin such as epidermal elasticity. Interestingly, the skin of 

lamin-deficient animal models characterized by an absence 

of all nuclear lamins (lamin A/C, B1 and B2) in keratino-

cytes demonstrates impaired development and profound 

disorganization of stratum corneum due to parakeratosis and 

accumulation of neutral lipid droplets, which is accompanied 

by thickened stratum granulosum and hyperkeratosis. Skin 

barrier defects are additionally evidenced by ichthyosis and 

severe epidermal water loss leading to dehydration.76 A defi-

ciency in the mechanisms responsible for the maintenance of 

the skin barrier properties, skin hydration and desquamation 

could be also underlying some of the phenotypes character-

izing laminopathies, with dry skin frequently present in CMT, 

FPLD2 and atypical WS.

Molecular mechanisms of repair in 
extrinsically aged skin
Environmental factors associated with extrinsic skin aging 

exert a broad range of molecular and cellular effects that 

fall into distinct categories; nevertheless, they can also dem-

onstrate inevitable overlapping outcomes. Some chemical 

air pollutants (ozone, nitrogen dioxide and sulfur dioxide) 

significantly reduce the effects of shorter wavelength UV; 

therefore, the ratio of UVB/UVA and their biological influ-

ence are highly dependent on the thickness of the ozone 

layer and air pollution. UVA in combination with chemical 

air pollutants significantly increases photo-damage in the 

skin through overlapping effects and cross-talk reactions 

of photochemical processes.77,78 Chemical air pollution not 

only induces xenobiotic metabolism in the skin but also has 

a well-documented effect on pigmentation, oxidative stress 

response and inflammation that are the common physiological 

outcomes of UV radiation. Similarly, UV radiation affects 

the epidermal thickness and skin elasticity, and both param-

eters are also strongly associated with reciprocal responses 

to relative air humidity (Figure 2).

Genotoxic stress and molecular damage trigger the cor-

responding defense mechanisms involving DNA repair fac-

tors and ROS-detoxifying enzymes that play a crucial role 

in restoring the cellular structure and function. The main 

UV-induced DNA damage cellular response is the NER path-

way involving several major repair components that include 

RAD, replication protein A, excision repair 1 (or ERCC1) and 

Relative air humidity

Skin hydration

Desquamation

Elasticity of the stratum corneum

Epidermal thickness

Xenobiotic metabolism

Chemical air pollution UV radiation

Pigmentation

Oxidative stress

Inflammation

Skin elasticity

Figure 2 Schematic diagram representing the distinct and overlapping effects of relative air humidity, air pollution and Uv radiation on human skin.
Abbreviation: Uv, ultraviolet.
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xeroderma pigmentosum complementation group E protein 

(or XPE/DDB2).79–81 DNA damage also triggers the activation 

of checkpoint pathways, which initiate a temporary cell cycle 

arrest to allow the DNA repair. The cell cycle checkpoints 

are activated by transcription factor p53 in response to its 

phosphorylation by kinases ATM, ATM-related (ATR) and 

checkpoint kinase ½ (CHK1/2) and expression of the genes 

involved in the NER pathway, cell cycle inhibitors and pro-

apoptotic proteins.81–83

 In addition to the DNA repair, the second crucial mecha-

nism of protection of skin cells against the damage and 

stimulation of repair involves a network of endogenous anti-

oxidants that maintain ROS scavenging reactions and opti-

mum redox balance. The system includes both nonenzymatic 

antioxidants such as ascorbate, GSH and a-tocopherol and 

antioxidant/detoxification enzymes such as catalase (CAT), 

superoxide dismutase (SOD), glutathione peroxidase (GPx), 

glutathione reductase (GR), thioredoxin reductase (TrxR), 

glutamate cysteine ligase (GCL), glutathione transferase 

(GST), heme oxygenase-1 (HO-1) and NAD(P)H quinine oxi-

doreductase-1 (NQO1).84–87 Expression of the genes involved 

in adaptive responses of skin to oxidative stress and damage 

is regulated by redox transcription factors NRF2 and FoxO 

(Forkhead box) family.87,88

Endogenous antioxidants and DNA repair can be influ-

enced by several precursors and intermediates of melano-

genesis, which could have other important functions in skin 

environment in addition to the biosynthesis of melanin.89 For 

example, the eumelanin intermediate, 5,6-dihydroxyindole-

2-carboxylic acid can stimulate the expression and activity 

of SOD and CAT upon entry into keratinocytes.90 The main 

enzyme in the melanin synthesis pathway, dopachrome tau-

tomerase, has been also demonstrated to regulate the p53 

signaling pathway, which has a direct effect on the induction 

of hormonal agonists of MCR1 in melanocytes in response to 

UV-induced DNA damage.91 Finally, tyrosinase and dopaqui-

none are involved in the interactions with antioxidant GSH, 

indicating a crucial role of the oxidative stress in the switch 

between eumelanogenesis and pheomelanogenesis.92,93

Premature aging of the skin characterized by skin atrophy 

and abnormal pigmentation is associated with deficiencies 

in the proteins involved in DNA repair and antioxidant 

defense.94 Defects in NER are present in progeroid syndromes 

WS, HGPS and XP, with XP additionally demonstrating 

hypersensitivity to solar UV.95–97 Premature skin aging is 

also linked with mutations in the ATM gene, resulting in 

inherited deficiencies in the checkpoint pathways and gradual 

accumulation of DNA damage.98 Research of the past several 

years demonstrated that the multiple components essential 

in the repair of the molecular damage are also functionally 

associated with the nuclear lamina proteins. A-type lamins 

control the expression levels and recruitment of DNA repair 

factors 53BP1, ATM, RAD and A(XPA) and the basal levels 

of DNA damage.33–36 Lamin A also regulates the activity of 

redox transcription factor NRF258 and expression and activity 

of ROS-detoxifying enzymes SOD, CAT, GST and GPX in 

response to oxidative stress.6,37,38 The accumulation of DNA 

damage, impaired redox homeostasis and inflammation 

could be responsible for the overlapping phenotypes associ-

ated with premature skin aging, such as decreased elasticity, 

hyperkeratosis and changes in pigmentation observed in 

laminopathies (Table 1).

Conclusion
The nuclear lamina proteins play important role in the 

maintenance of the structural properties of cell nuclei. The 

functional importance of the nuclear lamins and lamina-

associated proteins has been recently highlighted by the 

reports indicating lamina involvement in the stabilization 

and recruitment of DNA repair proteins as well as transcrip-

tion factors central to inflammatory response and redox 

homeostasis. Consequently, gene deficiencies leading to 

the loss of the nuclear lamina protein functions underlie 

a broad spectrum of degenerative disorders with frequent 

manifestations of prematurely aged skin. Typically, the 

abnormalities in nuclear morphology and chromatin 

organization characterizing the fibroblasts obtained from 

skin biopsies of laminopathy patients are accompanied by 

impaired growth, increased basal levels of DNA damage 

and ROS as well as enhanced sensitivity to oxidative and 

genotoxic stress. Environmental factors such as UV radia-

tion, chemical air pollution and relative air humidity have 

both distinct and overlapping effects on skin characteristics 

associated with extrinsic aging including loss of elastic-

ity, changes in epidermal thickness and pigmentation that 

are also evident in many degenerative disorders harboring 

lamin mutations. On the molecular level, analysis of the 

biological markers and signaling pathways indicates the 

extrinsic aging factors trigger many repair mechanisms or 

cellular damage phenotypes that are also regulated by the 

nuclear lamina proteins. This leads to the likely suggestion 

that the clinical manifestations of skin problems associ-

ated with laminopathies, and particularly with progeroid 

syndromes, arise because of impaired capacity to neutralize 

the damage caused by environmental factors and point at 

the nuclear lamina as a cellular safeguard against the stress. 
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Addressing the roles of the DNA repair pathways, activ-

ity of antioxidant proteins and inflammatory responses in 

the context of both intrinsic and extrinsic aging will add a 

novel dimension to understand the laminopathies and aging. 

Furthermore, this also leads to the outstanding questions 

on the influence of the environment on the expression 

and activity of the nuclear lamina proteins, which remain 

unresolved challenge. Studies on these aspects, bringing 

the focus onto the association between cell nucleus and 

cellular environment, will facilitate a search for effective 

therapeutic agents such as bioactive molecules for DNA 

repair, ROS scavengers and anti-inflammatory factors, 

with a practical impact not only in dermatology but also 

in better understanding of aging.
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