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The skin is the main barrier that protects us against environmental stressors (physical, 
chemical, and biological). These stressors, combined with internal factors, are responsible 
for cutaneous aging. Furthermore, they negatively affect the skin and increase the risk 
of cutaneous diseases, particularly skin cancer. This review addresses the impact of 
environmental stressors on skin aging, especially those related to general and specific 
external factors (lifestyle, occupation, pollutants, and light exposure). More specifically, 
we have evaluated ambient air pollution, household air pollutants from non-combustion 
sources, and exposure to light (ultraviolet radiation and blue and red light). We approach 
the molecular pathways involved in skin aging and pathology as a result of exposure 
to these external environmental stressors. Finally, we reflect on how components of 
environmental stress can interact with ultraviolet radiation to cause cell damage and the 
critical importance of knowing the mechanisms to develop new therapies to maintain the 
skin without damage in old age and to repair its diseases.

Keywords: skin aging, air pollutant, oxidative stress, inflammation, photo-pollution

INTRODUCTION

The skin is the first defensive barrier of our body being in contact with the environment. All the 
cells and layers of the skin are involved in the barrier defense. However, some environmental factors 
could make the skin vulnerable. It is well-documented that sunlight can produce oxidative stress, 
photoaging, and photocarcinogenesis (Birch-Machin and Bowman, 2016) and more recently, 
research is focused on the assessment of injury that environmental contaminants may cause to the 
skin (Krutmann et al., 2017; Salthammer et al., 2018).

Environmental factors that influence skin aging and carcinogenesis fall into the following major 
categories: sun radiation (ultraviolet radiation, visible light, and infra-red radiation), air pollution, 
tobacco smoke, nutrition, some less well-studied factors, and cosmetic products.

Air pollutions are of more significant interest for also having a possible synergistic effect with 
solar radiation. As new data reported by the World Health Organization (WHO) reported in 2018, 
nine out of 10 people breathe high levels of air pollutants (World Health Organization, 2018). The 
deaths per year due to ambient (outdoor) air pollution reached 4.2 million in 2016. Outdoor air 
pollution originates from natural and anthropogenic sources. Natural sources produce pollution in 
areas where hazards could exist, creating forest fires, natural disasters, and dust torments. However, 
pollution caused by anthropogenic sources is overcome by contamination from natural sources. The 
WHO considers six types of air pollutants: particulate matter, nitrogen dioxide, sulfur dioxide, black 
carbon, carbon monoxide, and ground-level ozone (World Health Organization, 2012).
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In this review, we analyze the effects of environmental 
stressors in skin aging and specifically the air pollution oxidative 
stress effects in premature aging.

SKIN AGING AND OXIDATIVE STRESS

Skin protection is affected by aging that produces inflammation, 
disruption of the skin barrier, decreased ability to repair 
wounds, and increased risk of skin cancer. In the skin aging 
also a reduction of elasticity, pigmentation, and harmful effects 
in the extracellular matrix (ECM) have been found (Krutmann 
et al., 2017).

Several types of cellular stressors are implicated in skin aging, 
including: i) telomere shortening; ii) changes in chromatin 
structure; iii) activation of oncogenes; iv) mitochondrial 
dysfunction; v) oxidative stress; and vi) epigenetic strands (Wang 
and Dreesen, 2018).

The appearance and function of human skin undergo 
profound changes with increasing chronological age (intrinsic or 
chronological aging) and with cumulative exposure to external 
factors (extrinsic aging).

Skin aging is characterized by the appearance of fine wrinkles, 
the loss of elasticity, deleted repair wounds, age spots, and the 
loss of skin tone. Chronological aging leads to a thinning of the 
epidermal and dermal layers as well as loss of sensitivity due to 
the decrease in the production of sex hormones and the number 
of nerve endings. Photoaged skin has deeper wrinkles, a more 
significant loss of elasticity compared with intrinsic aging, and 
a rough texture (Montagna et al., 1989). Exposure to ultraviolet 
radiation (UVR) is related to the appearance of skin cancer.

Most of the events that contribute to intrinsic and extrinsic 
aging, such as mitochondrial dysfunction, inflammation, and 
the abnormality of extracellular matrix homeostasis, are a 
consequence of oxidative stress (Kammeyer and Luiten, 2015; 
Lephart, 2016). In intrinsic aging, reactive oxygen species (ROS) 
are produced through cellular oxidative metabolism. Exposure to 
solar radiation also increases the production of ROS and causes 
damage to DNA, proteins, and lipids and reduces antioxidant 
levels in the skin (Kammeyer and Luiten, 2015).

Chronological Skin Aging
Skin that is aged only by intrinsic factors virtually doesn’t exist. 
In general, individuals wear a skin that reflects several stages of 
extrinsic aging, superimposed on the level of intrinsic aging.

The intrinsic or chronological aging is a multifactorial 
phenomenon in which several factors such as genetics and 
metabolism are involved (Poljšak and Dahmane, 2012; Quan et al., 
2015). In the skin, around 1.5–5% of the oxygen consumed is 
converted into ROS by intrinsic processes (Poljšak and Dahmane, 
2012), being ROS essential factors in intrinsic aging.

Keratinocytes and fibroblasts are the primary sources of 
mitochondrial ROS in the skin. Melanogenesis also produces 
hydrogen peroxide and ROS causing melanocytes are under 
oxidative stress of high degree. (Slominski et al., 2004; Slominski 
et al., 2012a). The production of ROS in the mitochondria 
of keratinocytes occurs in the deepest cells of the epidermis, 

especially in the stem cells at the basal layer; in the final process 
of differentiation, the keratinocytes stratum corneum lose their 
organelles. However, ROS are also produced in the endoplasmic 
reticulum (ER) being members of the cytochrome P450 family, 
the main ROS producers. The family of cytochrome P450 is 
responsible for the detoxification of xenobiotics or lipophilic 
compounds (Rinnerthaler et al., 2015). Finally, also the cytosol 
produces ROS as a product of the metabolism of arachidonic 
acid. The lipoxygenase and cyclooxygenase enzymes use 
arachidonic acid to synthesize prostaglandin (PG) and the 
leukotrienes, respectively. Both proteins produce superoxide in 
the presence of the nicotinamide adenine dinucleotide (NADH) 
and nicotinamide adenine dinucleotide phosphate (NADPH). 
Arachidonic acid levels are relatively low in the skin but they 
increase in skin aging (Rinnerthaler et al., 2015).

As the skin ages, and due to the imbalance in the production 
of free radicals, the number of keratinocytes and fibroblasts 
decreased as a consequent reduction in the turnover of the 
epidermis and the subsequent decrease in collagen and 
proteoglycans, respectively. All this leads to atrophy and 
contributes to fibrosis. These changes may also lead to increased 
production of free radicals (Tulah and Birch-Machin, 2013).

Another crucial factor in skin aging is the increased expression 
of matrix metalloproteinases (MMPs) and decreased expression 
of MMP inhibitors (TIMP). These alterations may be related to 
the production of ROS. The increase of ROS up-regulated the 
activator protein-1 (AP-1), which suppresses the transforming 
growth factor β (TGF-β) receptors, which in turn blocks the 
synthesis of collagen (Quan et al., 2015). Activation of AP-1 
stimulates collagen degrading by MMP and activates the nuclear 
factor kappa B (NF-κB), an activator of the inflammatory response 
(Poljšak and Dahmane, 2012). The increasing inflammatory 
response with overexpression of cytokines and interleukins 
stimulates the production of ROS (Quan et al., 2015).

Photoaging
Oxidative stress is the primary cause of extrinsic aging or 
photoaging caused mainly UVR. Other environmental 
extrinsic factors also cause skin aging (Krutmann et al., 2017). 
The principal effects of UVR in the skin are DNA damage, 
oxidative stress, deleterious impact on the ECM, inflammation, 
and immunosuppression (Kochevar et al., 2012; Zamarrón 
et al., 2018) (Figure 1). The UVR effect on the skin also 
includes activation of the neuroendocrine system by nerve 
transmission or by cutaneous originating chemical mediators 
(see the review Slominski et al., 2012b; Slominski et al., 2018a). 
Environmental stress, in the skin, as occurs in photoaging, can 
produce activation of the hypothalamic–pituitary–adrenal 
(HPA) axis either by nervous route or by humoral factors. 
This activation induces homeostatic responses to counteract 
the damage and systemic (Slominski and Wortsman, 2000; 
Slominski et al., 2013a; Slominski et al., 2013b; Slominski et al., 
2015). Oxidative stress is the leading cause of photoaging, and 
it is involved in several diseases, including cancer (Kammeyer 
and Luiten, 2015). UVR, mostly UV-B radiation, alters DNA 
by the formation of pyrimidine–pyrimidine dimers (mainly 
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thymine–thymine dimers). Those dimer creations are the basis 
of mutations in specific genes, including the tumor suppressor 
gene p53. UV-B radiation also damages DNA through ROS 
promoting the generation of 8-hydroxy-2′-deoxyguanosine 
(8-OH-dG), a marker of DNA oxidative damage (Kochevar 
et  al., 2012). However, 8-OH-dG is the major UVA-induced 
DNA lesion (Kammeyer and Luiten, 2015).

The inflammatory effect of UVR is due to the oxidation 
of the membrane lipids and the production of arachidonic 
acid. Cyclooxygenase enzymes (COX) convert arachidonic 
acid into PG, amplifying the recruitment of inflammatory 
cells. Besides, other pro-inflammatory cytokines are activated 
ROS as interleukin-6 (IL-6). ROS also induce the activation of 
tumor necrosis factor-α (TNF-α) and NF-κB expression. In 
addition, UVR promotes peroxidation by ROS, which causes 
the expression of inducible nitric oxide synthase (iNOS) that 
mediates angiogenesis and hyperpermeability by up-regulation 
of the vascular endothelial growth factor (VEGF) (Christensen 
et al., 2017).

UVR also induces immunosuppression and immunological 
tolerance. A marked decrease in the numbers of epidermal 
Langerhans cells and isomerization of the urocanic acid 
[3-(1H-imidazole-4-yl)-2-propenoic acid; UCA] have been 
described to be induced by UVR. The isomerization of trans-UCA 
to the cis-isomer represents a signal of immune suppression. Also, 
the immunosuppressive effects of UVR are due to the actions of 
immunomodulatory molecules such as TNF-α, prostaglandin 
PG E2, and IL-10 (Christensen et al., 2017).

The excess of ROS induced by UVR also activates the 
mitogen-activated protein kinases (MAPKs) and NF-κB, and 
finally increases the transcription of the MMPs. The increase 
of MMPs causes dysregulation of the ECM homeostasis and 
the degradation of collagen and elastin (Kochevar et al., 2012). 
But not only ultraviolet radiation produces oxidative stress 
and aging. Also, infrared radiation (IR), used as therapeutic 
effects at low doses, has a harmful impact on the skin related 
to photoaging. While IR-B and IR-C only induce effects in the 
upper layers of the skin, IR-A penetrates deeper into the skin 

FIGURE 1 | Effects of air pollution and ultraviolet radiation (UVR) on the skin. A simplified representation of the effects of epidermal keratinocyte effects of 
particulate matter (PM), polycyclic aromatic hydrocarbons (PAH), ozone (O3), and UVR. The AhR binds to PM, PHA, O3, and UVR adducts. After ligand binding, 
AhR translocates to the nucleus and induces the transcription of cytochrome P450 (CYP 1A1, CYP 1B1). CYP 1A1 generates toxic and reactive intermediates 
of xenobiotics, increasing ROS. In addition to the canonical AhR pathway, the activation of AhR affects NF-κB pathways. NF-κB induces an increase of 
proinflammatory cytokines and MMP and decreases TGF-β, and I collagen synthesis. ROS also induces NF-κB activation. Among the next targets of the pollutants 
are the proinflammatory mediators (COX and PGE2). Pollutants induce the production of NALP3a. NALP3 stimulates caspase-1 to promote proinflammatory 
cytokines. In epidermal KC, AhR activation results from the absorbance of UVB radiation by tryptophan (Trp). Trp induces the generation of 6-formylindolo[3,2-b]
carbazole (FICZ). FICZ is a high-affinity ligand for AhR. ROS induced by pollutants alters lipids, proteins, and DNA. Also, oxidative stress causes overexpression of 
MMP in the ECM and collagen degradation.
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(Albrecht et al., 2019). IR-A generates mitochondrial ROS, 
followed by an increase in MMP-1 through the activation of the 
MAPK. It was also shown that the IR-A leads to overexpression 
of MMP-9 without an increase in TIMP expression. Finally, IR-A 
decreases the synthesis of collagen, promotes angiogenesis, and 
increases the number of mast cells, events associated with skin 
aging (also, as observed in aging, IR-A decreases the turnover of 
keratinocytes and the cellular density of epidermal Langerhans 
cells, which influences the repair of the wound). It also alters the 
levels of TGB-β (Slominski et al., 2018a).

In the same way and until a few decades ago, the visible light 
(VIS) did not seem to induce photobiological effects on the skin. 
The works of Pathak in 1962 (Pathak et al., 1962) and those of 
Kollias and Baqer in 1984 (Kollias and Baqer, 1984) made it 
possible to hypothesize that VIS could contribute to photo-aging. 
Both authors appreciated hyperpigmentation after subjecting 
the skin to VIS. Exposure of human skin to different doses of 
VIS, from 40 to 180 J/cm2, produced ROS in a dose-dependent 
manner. VIS also produces DNA damage indirectly through ROS 
production (Slominski et al., 2018a).

In human skin, VIS plus IR increases MMP-1 and MMP-9 
expression, decreases type I procollagen levels, and recruits 
macrophages to the irradiated site. Visible blue-violet light 

degrades carotenoids and generates free radicals and ROS. Both 
UVA and VIS induced pigmentation in skin types IV–VI, but the 
pigmentation induced by VIS was darker and more sustained. 
These findings have potential implications and clinical relevance 
because of the possible role of VIS in the pathogenesis of photo-
induced pigmentary disorders (Zamarrón et al., 2018).

Skin Barrier and Aging
The cutaneous barrier (microbiome, immune barriers, chemicals, 
and physical factors) allows protection to the body and maintains 
skin homeostasis. The epidermis exerts the barrier functions of 
the skin, and the stratum corneum (SC) is mostly responsible 
for these barrier functions. Dry skin occurs on aged skin with 
redness and itching. These signs on aged skin are related to 
impaired enzymatic processes, partly due to the decrease in the 
water content of SC (Tončić et al., 2017).

The tight junctions between the keratinocytes, anchored 
in their cytoskeleton, contribute to the physical barrier. The 
chemical barrier consists of lipids, antimicrobial peptides, and 
degradation products of filaggrin (FLG). The intercellular lipid 
determines the permeability of the stratum corneum. In addition, 
the surface of the skin is covered by a lipid film produced by 

FIGURE 2 | Skin responses to air pollutions (particulate matter, PM; polycyclic aromatic hydrocarbons PAH; and ozone, O3) and ultraviolet radiation.
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the sebaceous glands in the dermis that is secreted through the 
pilosebaceous follicles. Human sebum is mainly composed of 
squalene, wax monoesters, and triglycerides. This permeability 
barrier also protects against potentially toxic substances from the 
environment. Some of the stratum corneum lipids also serve as 
substrates for the enzymatic production of potent antimicrobials 
(Wertz, 2018). The immunological barrier and antimicrobial 
defense are aspects of great importance in the cutaneous 
barrier. Also, the skin is colonized by an abundant and diverse 
community of microbes, known as “microbiome” (Dąbrowska 
et al., 2018). The cutaneous microbiome plays an essential role in 
the cell cycle of the keratinocytes and in the immune networks of 
the skin that have systemic implications.

The aged epidermis increases susceptibility to irritant contact 
dermatitis and, often, severe xerosis, and impaired permeability 
to the drug, suggesting alterations of the barrier (Dąbrowska 
et al., 2018). Thus, in the aging of the skin, its barrier function 
is diminished, with high protease activity and a decreased 
production of natural moisturizing factor (NMF) formed from 
the proteolysis of FLG.

With aging, cellular replacement in the skin and mechanical 
protection continually decreases. The healing of wounds and 
immune responses is delayed. Likewise, thermoregulation, the 
production of sweat, and the creation of sebum are compromised. 
Also, the proliferation and desquamation of keratinocytes are 
reduced (Rinnerthaler et al., 2015).

The Aryl Hydrocarbon Receptor in Skin 
Aging
The aryl hydrocarbon receptor (AhR) is a cytosolic ligand-
activated transcription factor expressed in the skin (keratinocytes, 
fibroblasts, and melanocytes) as well as in regulatory T cells. AhR 
contributes to physiological and physiopathological processes in 
the skin and regulates cellular proliferation, inflammation, and 
melanogenesis (Eckers et al., 2016).

AhR can be activated for a large variety of endogenous or 
exogenous ligands. The AhR exogenous ligands are abundant and 
include environmental ozone (O3) as well as other air pollutant 
chemicals such as particulate matter (PM) and persistent organic 
pollutants (POPs) such as dioxin. In its inactive state in the 
cytosol, AhR forms a protein complex. After ligand binding, 
AhR is translocated to the nucleus and mediates numerous 
biological effects by inducing the transcription of several genes. 
The AhR target genes encode drug-metabolizing enzymes such 
as cytochrome P450 (CYP) 1A1, 1A2, and 1B1 as well as proteins 
that control cell division, apoptosis, and cell differentiation (Esser 
et al., 2018) (Figure 1).

CYP enzymes are phase 1 metabolizing enzymes that 
catalyze biotransformation of xenobiotics as polycyclic 
aromatic hydrocarbons (PAH); however, this biochemical 
process sometimes generates toxic and reactive intermediates 
of xenobiotics, which misbalance redox homeostasis, increasing 
ROS (Larigot et al., 2018). On the other hand, AhR in the non-
canonical pathway also plays a critical role in regulated T cell 
responses. Some AhR ligands modulate the regulatory T cells 
differentiation or increase the proinflammatory differentiation 

of Th 17. Therefore, activation of AhR is critical in the increase 
of proinflammatory responses (O’Driscoll and Mezrich, 2018). 
In addition to the canonical AhR pathway, the activation of 
AhR often affects other signal transduction pathways, including 
NF-κB signals (Pollet et al., 2018).

AhR may serve as a sensor for UVR, and its formation explains 
cutaneous as well as extracutaneous induction of CYP1A1 
enzyme activity after skin exposure to UVR (Eckers et al., 2016).

Conversely, the activation of AhR in chronic inflammatory 
skin diseases, such as atopic dermatitis (AD) and psoriasis, 
is entirely different from activation in healthy skin. In AD, 
activation of AhR exerts anti-inflammatory activity by preventing 
inflammation of the skin. Therefore, the alteration of the AhR 
signaling in the skin can have detrimental or beneficial effects, 
depending on the disease, the participating cells, and the activity 
of the immune system (Haarmann-Stemmann et al., 2015). Thus, 
in 2018, the fourth AhR meeting concluded that the normal 
physiological AhR continues to present different results due to its 
highly complex and tissue-specific functions. Some examples of 
its tasks are autoimmunity, metabolic imbalance, inflammatory 
skin diseases, gastrointestinal diseases, cancer development, 
and perhaps aging. Accurate knowledge of AhR signaling can 
generate novel therapies (Esser et al., 2018).

SKIN AGING AND AIR POLLUTION

The increase in air pollution has harmful effects on human 
skin. The skin is exposed to environmental air pollutants, such 
PAHs, oxides, volatile organic compounds (VOCs), PM, and 
O3. Although human skin acts as a biological barrier against 
pro-oxidative air pollutants, prolonged exposure to their high 
levels can induce alterations in skin homeostasis and has been 
associated with aging as well as inflammatory skin conditions 
(AD and eczema). The risk of skin cancer induced by air 
pollution is one of the central health fundamental problems 
from environmental studies (Mancebo and Wang, 2015; 
Krutmann et al., 2017).

Three mechanisms seem to be involved in the adverse effects 
of ambient air pollutants on skin health: a) the generation of free 
radicals; b) the induction of an inflammatory cascade; and c) the 
impairment of the skin barrier (Figure 2). Thus, chronic exposure 
to O3 produces oxidative damage in the stratum corneum, which 
generates free-radical species. Also, O3 depletes the reserves of 
both enzymatic and non-enzymatic antioxidants in the skin 
and decreases vitamin C and E levels. In the mitochondria, O3 
decreases ATP and sirtuin 3, a protein related to the elimination 
of free radicals. Also, the other air pollutants promote oxidative 
stress and a proinflammatory environment in the skin. The 
inflammatory mediators activate the chemotaxis of granulocytes 
and phagocytosis. The response to environmental stressors also 
activates cutaneous and central neuroendocrine responses. 
Epidermal keratinocytes, Langerhans cells, melanocytes, and 
dermal cells such as fibroblasts, macrophages, mast cells, and 
lymphocytes may be involved in skin cutaneous neuroendocrine 
responses. On the other hand, extrinsic factors can alter skin 
immunity and the immune system of skin interacts with the 
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neuroendocrine responses (Slominski et al., 2012b; Slominski 
et al., 2018a). Ultimately, all the processes previously related 
produce direct and indirect toxicity to the skin (Mancebo and 
Wang, 2015; Krutmann et al., 2017).

As mentioned earlier, WHO (World Health Organization, 
2012) considers six types of air pollutants, but the six types could 
be classified attending to the source in four groups: particulate 
matter (PM), persistent organic pollutants (POP) (e.g., dioxins), 
gaseous pollutants (e.g., CO, SO2, NOx, VOCs, O3), and heavy 
metals (e.g., lead, mercury).

Particulate Matter
Particulate matter is a common indirect indicator of air 
pollution and constitutes one of the most critical problems for 
air quality and climate changes. The literature on atmospheric 
PM has increased enormously over the last 10 years due in part 
to the advances in technologies that have allowed for a better 
understanding of their chemical and physical properties (van 
Donkelaar. et al., 2019).

PM affects more people than any other air pollutants. Chronic 
exposure to PM increased the risk of developing respiratory 
and cardiovascular diseases, as well as cancer (Lelieveld et al., 
2015; Hamanaka and Mutlu, 2018). In this regard, particles with 
a diameter of 10 µm or less (PM10) can penetrate deeply in the 
lung, being the particles most dangerous to health those with a 
diameter of 2.5 µm or less (PM2.5). PM2.5 can pass the pulmonary 
barrier and reach the blood. In 2012, the WHO estimated that an 
average annual reduction in PM2.5 equal to or less than 35 μm/m3, 
something that is very common in many cities, could reduce 
deaths related to air pollution by around 15% (World Health 
Organization, 2012).

PM consists of a mixture of components that may be liquid and 
solid as well as organic and inorganic. Although PM changes its 
physical and chemical characteristics depending on the location, 
common chemical constituents of PM include sulfates, nitrates, 
ammonium, organic carbon, particle-bound water, metals, and 
PAH (Hopke and Rossner, 2006; World Health Organization, 
2014). The WHO references the levels of PM in μg/m3 annual and 
24-h averages. The reference values for PM10 are 20 and 50 μg/m3, 
respectively, and 10 and 25 μg/m3, respectively, for PM2.5 (World 
Health Organization, 2014).

Recently, ultrafine particles (UFPs) (≤100 nm in diameter) that 
are abundant in urban air have been considered to be a health risk 
having a more significant potential for adverse effects for humans 
since they can penetrate the bloodstream and accumulate in the 
lungs and other organs of the body (Krutmann et al., 2014). The 
examples of UFP are diesel exhaust particles, cooking products, 
heating, and wood burning in indoor environments. However, 
there are no reference values for them.

Not only does PM affect the lung or cardiovascular system, 
but there is also a relationship with exposure to PM skin diseases. 
Today, there is more evidence available on the effects of PM 
on skin damage including skin aging (Vierkötter et al., 2010; 
Krutmann et al., 2017; Ngoc et al., 2017). The small PM can pass 
into the circulation and damage the dermis, without alterations 
to the epidermis. On the other hand, PM also causes alterations 

to the skin barrier. The transdermal passage is also accepted, 
starting from the hair follicles and sweat glands or through the 
stratum corneum (Magnani et al., 2016).

The specific components of the PM and their concentrations 
are not well understood (O’Driscoll et al., 2019). Several 
researchers have been made to identify the effects of toxic effect 
of each component, PAH. PAHs are ubiquitous environmental 
toxicants and AhR ligands. However, until now, only existing 
air quality standards focus exclusively on benzo(a)pyrene (B[a]
P), a member of PAH, bound to the PM10 fraction (Pehnec and 
Jakovljević, 2018), with few results of the effects of PAH binding 
to PM in human health.

In our review, we will deal with PM10, PM2.5, and UFP effects 
on the skin. PAH has the characteristics of POP and PAH will 
be discussed in the next section, with particular references to 1 
of the 16 PAHs with carcinogenic power, such as B[a]P (Idowu 
et al., 2019).

Particulate Matter and Oxidative Stress/Inflammation
PM causes damage to the skin surface and even in the dermis 
in the case of PM with a smaller diameter or some of the PM 
compounds that can reach the dermis via blood circulation.

Several studies in vivo and in vitro support the idea that 
PM induces skin damage by producing oxidative stress and 
inflammation, and both mechanisms are essential contributors 
to skin aging (Table 1, Figure 1). Exposure of the skin to PM 
induces lipid peroxidation, ROS, DNA damage, apoptosis, and 
extracellular matrix damage (Magnani et al., 2016; Lee et al., 
2016a; Zhang et al., 2017a; Idowu et al., 2019). PM binds to AhR 
and induces the intranuclear signaling pathway, favoring ROS 
formation and proinflammatory gene expression (Esser et al., 
2018) (see the section The Aryl Hydrocarbon Receptor (AhR) 
in Skin Aging).

PM2.5 also induces, in vitro, the production of the sensor of 
stress, cryopyrin (also called NALP3a), that is activated by ROS 
(Zhang et al., 2017b). NALP3a is a member of the nucleotide-
binding oligomerization domain-like receptor (NLR) and senses 
stress or danger and induces ROS (Martinon, 2010). Furthermore, 
NALP3 stimulates caspase-1 activation to promote the processing 
and secretion of proinflammatory cytokines as IL-1β and IL-6 
(Zhang et al., 2017b) (Figure 1). By TEM, PM2.5 has been found 
inside HaCat cells in the mitochondria, cytoplasm, and nucleus 
also providing a molecular insight into PM2.5-induced skin injury 
(Zhang et al., 2017b) (Table 1). However, a model of senescence 
in keratinocytes and fibroblast induced by PM has been described 
(Qiao et al., 2017). The PM (SRM1649b, a model of exposure 
to ambient urban PM urban dust, average diameter 10.5 μm) 
increases aging-related genes after the activation of AhR-MAPK 
signaling. AhR-specific antagonists reverted the aging in skin 
cells and could be useful in preventing skin aging and associated 
diseases such as non-melanoma skin cancer (Qiao et al., 2017) 
(Table 1) (Figure 1).

Recently, the action of PM 2.5 containing a high content of 
heavy metals has been established. In raw 264.7 macrophage cells 
exposed to this type of PM 2.5, an increase in ROS, productions, 
and TNF-α was observed. Exposure to nanoparticles containing 
melatonin suppressed the deleterious effect of PM 2.5 by 

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org


Stressors on Skin AgingParrado et al.

7 July 2019 | Volume 10 | Article 759Frontiers in Pharmacology | www.frontiersin.org

suppressing the ROS and TNF-α level (Zhang et al., 2017a). 
Melatonin under conditions of oxidative stress acts as a local 
antioxidant, decreasing mitochondrial damage. Melatonin 
also prevents free radicals from damaging proteins so it can be 
considered as an agent that prevents intrinsic skin aging and 
photo aging. Melatonin can also protect DNA against free radicals, 
not only by eliminating hydroxyl radicals or by increasing gene 
expression of antioxidant enzymes, but also by regulating genes 
involved in the repair of damage to DNA (Slominski et al., 2014; 
Skobowiat et al., 2018; Slominski et al., 2018b).

Particulate Matter and Extracellular Matrix
So far, most of the effects of PM have been observed in 
keratinocytes, but not in dermal fibroblasts in vitro. Park 
in 2018 (Park et al., 2018) reported the overexpression of 
proinflammatory genes and proteins after exposition to 
PM10. Also, there was a significant increase in cytochrome 
P450 (CYP1A1, CYP1B1), MMP-1, and MMP-3 along with 
a decrease in TGF-β, type I collagen. Autophagy, as a cellular 
stress response, also increased, as demonstrated by TEM (Park 
et al., 2018). The results show that PM10 contributes to the 
cutaneous inflammatory phenomenon, alterations in the ECM, 
and altered collagen synthesis (Table 1, Figure 1).

As mentioned before, PM inflammatory phenomena and 
oxidative stress induced by PM are the mechanisms involved 
in skin aging and also the degradation of collagen and the 
overexpression of MMP.

New Receptors in PM and Oxidative Stress/
Inflammation
Although it is known that PM produces inflammation and 
oxidative stress, no keratinocyte receptor has been linked to 
those responses. However, transient receptor potential vanilloid 
1 TRPV1 is known to be expressed in the epidermis, and it 
can act as a sensitive transducer (Kwon et al., 2018). PM (SRM 
1648a, mean particle diameter 5.85 µm) increased expression of 
the TRPV1 gene. The effects mediated by PM in the expression 
TRPV1 are due to the activation of p38 MAPK and NF-κB (Kwon 
et al., 2018). The treatment of cells with a p38 MAPK (AP-1) or 
NF-κβ inhibitors reduced the increased levels of TRPV 1 induced 
by PM. The treatment also altered the influx of Ca2+ and cell 
proliferation, as well as the production of IL-8, TNF-α, and IL-1β 
(Kwon et al., 2018) (Table 1).

In aged skin, in vitro and in vivo studies have proposed that 
TRPV1 increases (Lee et al., 2016b). TRPV1 was overexpressed 
in the sun-protected skin of older subjects compared with 

TABLE 1 | Effects of Particulate matter (PM) in the skin. 

Skin effects Pollutants Type of study Skin damage Mechanism skin damage References

Oxidative stress/
inflammation

PM10 In vitro ↑ROS ↑NOX
↑COX-2/PGE2

(Lee et al., 2016a)

In vitro Inhibited proliferation ↑AhR-MAPK signalling
↑CYP1A1
↑MMP1
↑Genes of cell aging.

(Qiao et al., 2017)

PM2.5 In vitro ↑ROS
↑IL-1β
↑IL-6

↑Cryopyrin/NALP3
↑NF-κB

(Zhang et al., 2017b)

In vitro ↑ROS ↑TLR5
↑NOX4 

(Ryu et al., 2019)

PM 5.85µm In vitro ↑ROS
↑IL-8,
↑IL-1β

↑TPRV
↑NF-κB

(Kwon et al., 2018)

PM10 In vivo
BALB/c nude mice

Inflammation in skin ↑AhR
↑NOX
↑COX-2/PG-2

(Lee et al., 2016a)

Skin barrier 
dysfunction

PM10 In vitro ↓Filaggrin ↑AhR
↑COX2/PGE2.

(Lee et al., 2016b)

PM2.5 In vitro ↓KRT 10 ↓Desmocollin 
↓Claudin 1

↑CYP1A1 CYP1B1
↑COX2
↑NF-κB 

(Pan et al., 2015)

In vitro
.

↓KRT 16 ↑Caspase 3
↑Bax

(Nguyen et al., 2019)

↓Keratinocyte proliferation
↑Keratinocyte apoptosis

↑p53

In vivo
BALB/c mice

Dermal inflammatory cells 
infiltration

(Jin et al., 2018)

Extracellular matrix 
dysfunction

PM10 In vitro ↑MMP-1 ↑MMP-3
↓ Collagen 

↑CYP1A1, CYP1B1
↓TGF-β

(Park et al., 2018)

AhR, aryl hydrocarbon receptor; CYP1A1, CYP1B1, cytochrome P450 (CYP1A1, CYP1B1); COX, cyclooxygenase; IL, interleukin; KRT, keratin; MAPK, mitogen-activated protein 
kinases; MMP, matrix metalloproteinase; NF-kB, nuclear factor kappa B; Nrf2, nuclear factor erythroid 2-like 2; NOX, NADH-oxidase; PGE, prostaglandin E; ROS, reactive oxygen 
species; TGF-β, transforming growth factor β; TLR, toll-like receptors; TNF-α, tumor necrosis factor α.
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younger ones. Besides, the photoaged skin of the elderly showed 
a higher expression of TRPV1 compared to the skin protected 
in the same individuals. The increased expression of TRPV1 
in aged skin suggests that TRPV1 may be related to senile skin 
symptoms, such as senile pruritus and inflammation (Lee et al., 
2016b) (Table 1).

Also, other receptors, such as toll-like receptors (TLRs), have 
been proposed in the skin for PM-induced ROS production and 
inflammation. TLRs, the critical receptors for the activation of 
adaptive and innate immune responses, are expressed in human 
keratinocytes (Mukherjee et al., 2016). Keratinocytes that appear 
after the activation of TLRs produce chemokines that, in turn, 
stimulate the migration of leukocytes to the site of damage 
(Joo et  al., 2012). The binding of PM2.5 to TLR5 initiated the 
intracellular signaling that led the translation of NFκB into the 
nucleus and the increment of IL-6 (Ryu et al., 2019) (Table 1). 
Besides, PM2.5 induced in vitro a direct interaction between TLR5 
and NOX4 (Ryu et al., 2019). We have also referenced before that 
NOX increased in photoaging (Tončić et al., 2017).

Particulate Matter and Skin Barrier Dysfunction
Skin aging impairs the skin barrier (Kim et al., 2013; Wang 
and Dreesen, 2018). Additionally, the skin barrier is affected by 
PM (Pan et al., 2015). When PM2.5 is applied to a human three-
dimensional skin model, the expression of keratin (KRT) 10, 
desmocollin 1 (DSC1), and claudin 1 (CLDN1) levels decreases 
(Pan et al., 2015; Kim et al., 2017). DSC1 is associated with 
differentiation and keratinization. The “1” isoforms of DSC can 
provide strong adhesion for damage to keratinized epithelia. In 
vivo studies in BALB/c mice confirm the disruption of the skin 
barrier by PM (1-μm diameter) (Jin et al., 2018) (Table 1).

Recently, in 2019, Nguyen et al. (2019) proposed that skin 
barrier disruption is due to the apoptotic action PM and the 
decrease in the keratinocyte proliferation. HaCaT cells and a 
three-dimensional human skin model exposed to PM (diesel 
exhaust particles, diameter 10–30 nm) reduced the expression of 
KRT 16. KRT 16 and 17 are markers of epidermal proliferation 
and responsible for the mechanical integrity of the keratinocytes. 
PM-induced apoptosis includes increased p53 and Bax expression 
(Table 1). Additionally, PM stimulation increased the expression 
of cleaved caspase-3 (Nguyen et al., 2019).

FLG is an essential element of the skin barrier. FLG is vital 
for keratinocytes to acquire the properties of physical force 
through the aggregation of the keratin packages of the upper 
epidermal strata. FLG contributes to epidermal hydration 
(Lee et al., 2012). PM (SRM1649b, average diameter 10.5 μm) 
downregulates mRNA and FLG protein in HaCaT cells. PM also 
induces an increase of COX2 and PGE2 involved in the decrease 
of FLG (Table 1). Pretreatment with inhibitors of COX2 and 
PGE2 attenuated the decrease of FLG. Also, the transfection 
with the siRNA, specifically for AhR, reverts the PM mediated 
downregulation of FLG (Lee et al., 2012).

Similarly, UVA activated NOX activity decreasing FLG 
expression (Valencia and Kochevar, 2008). Also, a single dose 
of UVB exposure downregulates FLG, which may explain skin 
dryness in photoaging (Tončić et al., 2017).

Particulate Matter and Human Studies
A recent review has reported the impact of air pollution on 
humans. Many studies relate to the relationship between air 
pollution and AD (Krutmann et al., 2017; Burke, 2018). PM 
represents an important factor that contributes to extrinsic skin 
aging in humans (Vierkötter et al., 2010; Li et al., 2015; Hüls et al., 
2016; Krutmann et al., 2017; Burke, 2018).

However, a relationship between air pollution and skin 
aging was first shown in the SALIA study (SALIA, study on the 
influence of air pollution on lung function, inflammation, and 
aging), an epidemiological study of 400 Caucasian women aged 
70–80 years, from 2008 to 2009, which indicated that exposure 
to traffic-related PM contributes to skin aging (Vierkötter et al., 
2010). Higher concentrations of PM10 were associated with more 
pigmentation spots on the face and more pronounced nasolabial 
folds. The distance of residence to the nearest road was also 
associated with more pigment spots, but this effect did not reach 
significance (Vierkötter et al., 2010).

Subsequently, studies have been done in Chinese population 
(Hüls et al., 2016; Peng et al., 2017) partly due to the increasing 
levels of air pollution, due to the economic development. The 
association of skin aging and air pollution was analyzed in two 
areas in Beijing with high and low levels of PM2.5, in 400 women 
with ages that ranged from 40 to 90 years (Peng et al., 2017). The 
exposition of high levels of PM2.5 was significantly associated 
with skin aging. In the area with high levels of PM2.5, the number 
of senile lentigines spots on cheeks and back of hands was 1.48 
and 2.8 times higher, respectively, compared to the population 
exposed to the lower levels of PM2.5 (Peng et al., 2017) (Table 3).

Photodamage contributes to the formation of lentigo senile in 
human skin defined as the result of chronic exposure to a variety 
of environmental factors including UVR (Krutmann et al., 2014). 
The Asian population generally avoids sun exposure, and the 
photodamage is lower than in the Caucasian population (Hüls 
et al., 2016) (Table 3). However, the senile lentigo appears earlier 
in the Asian population than in the Caucasian population, so it 
seems that high air pollution could produce an increase in senile 
lentigo. As shown in in vitro and in vivo studies, environmental 
contaminants such as PAH and TCDD and dioxins produce 
hyperpigmentation by increasing the enzymes that synthesize 
melanin via AhR activation (Luecke et al., 2010).

Also, indoor air pollution has been investigated in humans 
and epidemiological studies have shown that indoor air pollution 
causes skin aging (Li et al., 2015). Cooking with solid fuels (such 
as wood, animal manure, crop residues, and coal) is one of the 
primary sources of exposure to indoor air pollution in China. 
The smoke from solid fuels contains thousands of substances 
that harm human health. The most important are sulfur oxides, 
carbon monoxide, and polycyclic organic matter such as 
benzo[a]pyrene (B[a]P). In a population of about 1,200 Chinese 
women between the ages of 30 and 90, cooking with solid fuels 
was associated with the occurrence of severe facial wrinkles and 
fine lines on the backs of the hands, regardless of age and other 
factors that influence skin aging (Li et al., 2015).

In summary, multiple in vivo and in vitro investigations appear 
to demonstrate the role of PM in skin aging, which involves the 
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induction of ROS accompanying with damaged proteins and 
DNA and derivatives of inflammatory phenomena.

Persistent Organic Pollutants
Persistent organic pollutants (POPs) are organic compounds 
that have made a global impact due to their persistence in the 
environment. POPs come from industrial processes, waste, 
traffic, and agriculture. Some may be of natural origin, such as 
those released after volcanic eruptions. POPs can be transported 
over long distances. They have adverse effects on human health 
and ecosystems. Bioaccumulation occurs because POP is 
resistant to natural/environmental degradation (Stockholm 
Convention, 2011).

Humans are exposed to these chemicals through food 
and through the air outdoors and indoors. Therefore, POPs 
can be found virtually anywhere on our planet in measurable 
concentrations (World Health Organization, 2003). POPs 
bioaccumulate in organisms, including human body, through 
stable bonds with lipids and are magnified in the food chain.

Human exposure, even at low POP levels, can, among other 
things, increase the risk of cancer (Stockholm Convention, 
2011). The Convention of Stockholm in 2001 identified 12 
POPs or the “dirty dozen.” According to the source, POPs can 
be grouped into three categories: i) pesticides that, although 
banned, are still used in some countries, ii) POPs whose 
origins are from the industry, like polychlorinated biphenyls 
(PCB), and iii) unintended industrial by-products. The latter 
include especially dibenzo-p-dioxins (PCDD), polychlorinated 
dibenzofurans (PCDF), polychlorinated dibenzofurans 
(PCDFs), and polycyclic aromatic hydrocarbons (PAHs). 
The chemical name of dioxin is 2,3,7,8-tetrachlorodibenzo 
(TCDD). However, the name “dioxins” is often used for the 
family of PCDDs and PCDFs that are related by their structure 
and chemical composition. They are also called “dioxins” to 
certain dioxin-like PCBs that have similar toxicity dioxin 
(Stockholm Convention, 2011).

Exposure to extremely high concentrations of dioxin produces, 
among others, skin lesions in humans as chloracne. The most 
extensive studies of the effects of POP in humans are due to the 
incidents that took place in Japan in 1968, Italy in 1976, Germany 
in 2010, and more recently, in 2014, when Victor Yushchenko, 
the former President of Ukraine, was poisoned with TCDD. 
Although it has been difficult to prove the involvement of POP 
in aging, the damages produced in the skin and the mechanisms 
involved seem the same as those that occur in intrinsic and 
extrinsic aging.

From the POP, PAH is highly lipophilic and penetrates easily 
in the skin. When PAH is metabolized through the enzymes of 
phase I, it can be covalently bound to the DNA that forms the 
PAH-DNA adducts (Froehner et al., 2018). Also, DNA can be 
damaged by the ROS generated during the metabolic activation 
of PAH (Tsuji et al., 2011) thus owing high toxicity, mutagenic, 
and/or carcinogenic effects (Idowu et al., 2019). The United 
States Environmental Protection Administration (EPA) has 
included seven PAH in group B2 (probable human carcinogens): 
benzo anthracene, chrysene, benzo(a)pyrene, benzo(b)

fluoranthene, benzo(k)fluoranthene, dibenzo(a,h)anthracene, 
and indene(1,2,3-cd)pyrene (Working Group on Polycyclic 
Aromatic Hydrocarbons, 2001).

Persistent Organic Pollutants (PAH and TCDD)  
and Oxidative Stress/Inflammation
The most frequent routes of exposure to PAH are inhalation and 
skin absorption. Other means of exposure to PAH include food 
and drinking water contaminated by environmental sources. 
Within the PAH, B[a]P has been the most studied due to its 
carcinogenicity in humans (Stockholm Convention, 2011). The 
toxic equivalency factor (TEF) for PAH is related to one of the 
most significant carcinogens, B[a]P (Idowu. et al., 2019). PAHs 
are also photosensitive and absorb sunlight in the UVA range 
(Working Group on Polycyclic Aromatic Hydrocarbons.Ambient 
air pollution by polycyclic aromatic hydrocarbons (PAH), 2001; 
Costa et al., 2010) generating ROS.

Studies in vitro have shown the ability of B[a]P’s to produce 
skin inflammation and oxidative stress (Tsuji et al., 2011; 
Fuyuno et al., 2018) and how its ligand causes damage to 
AhR (Tsuji et al., 2011). When the line of human epidermal 
keratinocytes (NHEK) was exposed to B[a]P at increasing 
nuclear concentrations of AhR was observed and as a result 
of an increment of CYP1A and ROS production in a dose-
dependent manner (Tsuji et al., 2011). Knockdown AhR 
expression produces an inhibition of ROS and an IL-8 increase 
induced by B[a]P; thus, the inflammatory response and the 
increase of ROS due to B[a]P’s are dependent on AhR signaling 
(Tsuji et al., 2011; Fuyuno et al., 2018) (Table 2) (Figure 1).

TCDD is responsible for a variety of toxic effects via AhR 
signaling pathways (Patrizi and Siciliani de Cumis, 2018). It 
induces the translocation of AhR to the nucleus and upstream to 
the promoter of the CYP1A1 gene as well as other Ah-responsive 
genes that regulate the expression of proinflammatory genes and 
genes related to the dioxin metabolism.

It was reported that dioxin induces skin inflammation in vivo. 
Recently, the in vivo study published by Rudyak et al. (2018), 
in HRS/hr/hairless mice reported that TCDD treatment alone 
leads to increased dermal infiltration (two- to threefold) by 
mast cells, macrophages, and other immune system cells. TCDD 
also induced an increase in the expression of pro-inflammatory 
cytokines and inflammation markers such as IL1β, IL6, IL22, 
TNF-α, and cysteine-rich protein 61 (CCN1) (Rudyak et al., 
2018) (Table 2).

In human aged skin, the interaction of CCN1 with αVβ3 
integrin has been reported (Quan et al., 2011; Quan et al., 2012). 
The interactions stimulate MMP-1 collagen fibril fragmentation 
(Qin et al., 2013). TCDD also interrupts normal healing 
(Moirangthem et al., 2013) in a murine cutaneous wound healing 
model (Moirangthem et al., 2013). After exposure to TCDD a 
decrease in tensile strength was observed in wounds, indicating 
an aberrant wound healing. TCDD increased the population 
of macrophages within the tissue in the later stages of healing 
(Moirangthem et al., 2013). These findings support the idea that 
exposure to environmental contaminants, including TCDD, is 
proinflammatory and interrupts normal healing (Table 2). Aging 
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also produces a progressive decrease in skin function, leading to 
the accumulation of age-related pathologies, such as impaired 
wound healing (Maru et al., 2014).

Dioxin also increases the pigmentation in melanoma cell line 
FM55 (Luecke et al., 2010) by increasing the expression of the 
enzymes responsible for its synthesis. The melanin production in 
the melanocytes is regulated through the expression and activity 
of the induction of the tyrosinase gene (TYR), and the tyrosinase 
1 (TYRP-1) and 2 (TYRP-2) related proteins gene expression 
(Slominski et al., 2004; Slominski et al., 2012a; Slominski et al., 
2018a). The activation of AhR on melanogenesis after exposure 
to TCDD was previously reported (Luecke et al., 2010).

The adverse effects of POP in the viability of keratinocytes, 
the inflammatory responses, and the increase of ROS suggest that 
POP could influence the skin aging and oxidative stress produced 
in the aged skin.

Persistent Organic Pollutants (TCDD) and Human 
Studies
In humans, “chloracne” is the most surprising toxic phenomenon 
due to exposure to TCDD. This pathology is characterized by 
hyperkeratinization and metaplasia of the sebaceous glands. It 
has been described that cutaneous lesions induced by TCDD are 
recognized as hamartomas and are found in parallel with atrophy 
of the sebaceous glands (Mitoma et al., 2015a)

The contamination of “Yusho” refers to a massive poisoning in 
1968 in Japan caused by the ingestion of rice bran oil contaminated 
with polychlorinated dibenzo-p-dioxins, polychlorinated 
biphenyls, and polychlorinated dibenzofurans. At the time of the 
incident, patients suffered from different symptoms, including 
skin alterations (The Yusho Study Group has performed medical 
examinations every year for more than 45 years.) (Mitoma et al., 
2015a) (Table 3).

In two studies (Mitoma et al., 2015b; Mitoma et al., 2018) it 
was observed that the mean POP blood concentrations in Yusho 
patients were higher than those in the controls. The prevalence 
and severity of the skin scars and comedones were correlated 
with age (Matsumoto et al., 2013) and POP blood levels (Mitoma 
et al., 2015b; Mitoma et al., 2018) (Table 3). Since the time of 
contamination, numerous therapeutic strategies have been tried, 
some of them involving antioxidant phytochemicals and herbal 
extracts. The Yusho group revealed that several phytochemicals 
regulate AhR signaling (Mitoma et al., 2018).

After the contamination in Germany in 2010 by PCB, high 
serum levels of the contaminant were found in workers at a 
transformer recycling company in Germany. The average life 
of PCBs and their bioaccumulation properties allowed them 
to show up even in 2013 blood levels in contaminated workers 
(Leijs et al., 2018). Between 2010 and 2015, in 25 workers, PCB 
blood levels and skin samples were studied. In this subgroup, a 
significant correlation between the upregulation of IL-1β in skin 
samples and PCB levels was found (Leijs et al., 2018) (Table 
3). These findings confirm that exposure to PCBs is related to 
inflammation and that the increase in skin levels of IL-1β might 
be a risk for developing skin aging.

Gaseous Pollutant. Ozone (O3)
Ozone (O3) is a fundamental component of the stratosphere, 
but it is also found in the troposphere. In the stratosphere, it 
has a vital role in protecting against the ultraviolet radiation 
(UVR) of the sun. In the troposphere, it is considered to be a 
secondary contaminant because it is formed through primary 
chemical precursor reactions. The majority of tropospheric 
ozone formation is produced from primary contaminants such 
as VOCs, nitrogen oxides (NOx), and carbon monoxide (CO), 
which react in the atmosphere in the presence of sunlight. All of 

TABLE 2 | Effects of polycyclic aromatic hydrocarbons (PAH), dioxin (TCDD) and Ozone (O3) in the skin. 

Skin effects Pollutants Type of study Skin damage Mechanism skin damage References

Oxidative stress/
inflammation 

PAH
B[a]P

In vitro ↑ROS
↑IL-8

↑AhR
↑CYP1A1

(Tsuji et al., 2011; Fuyuno 
et al., 2018)

TCDD In vivo
HRS/hr/hr mice

↑Mast cells
↑Macrophages
↑Immune cells
↑ IL1β, IL6, IL22 
↑TNF-α
↑CCN1

↑AhR
↑Expression of proinflammatory 
genes

(Rudyak et al., 2018)

O3 In vitro ↑ROS DNA breakage mitochondrial 
damage
↓ ATP
↓Sirtuin

(McCarthy et al., 2013)

In vitro ↑ROS
↑IL-8
↓keratinocytes
proliferation

↑4-HNE protein adduct
↑Nrf2 nuclear translocation
↑NF-kB

(Valacchi et al., 2015)

In vivo
SKH-1 mice 

↑ROS ↑Lipid peroxidation
↑4-HNE

(Valacchi et al., 2002)

4-HNE, 4-hydroxy-2-nonenal; AhR, aryl hydrocarbon receptor; B[a]P, benzo (a) pyrene; CCN1, cysteine-rich protein 61; CYP1A1, cytochrome P450 (CYP1A1); 
IL, interleukin; NF-kB, nuclear factor kappa B; Nrf2, nuclear factor erythroid 2-like 2; ROS, reactive oxygen species; TCDD, dioxin/2,3,7,8-tetrachlorodibenzo; TNF-α, 
tumor necrosis factor.
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these processes also induce the formation of other products, such 
as nitric acid and sulfuric acid, and to other compounds, such as 
formaldehyde (Nuvolone et al., 2018).

The anthropogenic sources of the ozone precursors include 
industrial emissions, motor vehicle leaks, and chemical solvents. 
The EPA has established national environmental air quality 
standards for O3 in 0.07 parts per million (ppm) by volume, 
but O3 in urban environments can range from 0.2 to 1.2 ppm 
(Nuvolone et al., 2018).

Ozone and Oxidative Stress
O3 is probably the most potent oxidant to which human skin 
is regularly exposed (Valacchi et al., 2002; Valacchi et al., 2015; 
Fuks et al., 2019). It produces adverse reactions in the upper and 
deeper layers of the skin. In vivo and in vitro studies have shown 
that short-term exposure to O3 produces ROS, biomolecule 
oxidation, depletion of cellular antioxidant defenses, cell 
stress, and cytotoxicity (Valacchi et al., 2002; Valacchi et al., 
2015; Krutmann et al., 2017). Also, O3 induces damage to the 
extracellular matrix increasing MMP-9 accompanied by a 
decrease in collagen types I and III (Fuks et al., 2019). Therefore, 
long-term exposure to tropospheric O3 can contribute to skin 
aging (Table 2) (Figure 1).

In vitro studies evidence that O3 causes DNA breakage 
and depletes the levels of ATP and sirtuin 3, compromising 
mitochondrial function, and downregulating cell proliferation 
(McCarthy et al., 2013; Valacchi et al., 2015). Also, the exposition 
to O3 (0.1 ppm) induced not only an increase of the nuclear 
factor erythroid 2-like (Nrf2) levels and also a greater nuclear 
translocation as an internal cellular response to the oxidative stress 

induced by O3 (Table 2). On the other hand, O3 produces lipid 
peroxidation and damage to the barrier function of the epidermis. 
In vivo studies show that O3 exposed SKH-1 mice also reported 
an increase of 4-hydroxynonenal (4-HNE) (Valacchi et al., 2002).

Ozone and Human Studies
He et al. (2006), using a specially designed exposure chamber, 
provided the first evidence of the human effects of O3. Indeed, 
O3 (0.08 ppm, at a level observed in polluted cities) significantly 
reduced vitamin E and, in the superficial SC, increased lipid 
hydroperoxides by 2.3-folds. Valacchi in 2017 (Valachhi et al., 
2017) exposed the forearm skin of 15 volunteers to 0.8 ppm and 
showed a significant increase of 4-HNE and 8-iso-prostaglandin-
F(2α) (IsoP) compared to non-exposed skin. Meanwhile, O3 also 
caused the activation NF-kB and its translocation to the nucleus 
and up-regulated COX-2 (Valacchi et al., 2017). This ability of 
O3 to induce the activation of NF-κB in keratinocytes has been 
previously demonstrated in vitro and in vivo (Valacchi et al., 
2004; Valacchi et al., 2016) (Table 3).

Very recently, Krutmann group (Fuks et al., 2019) addressed 
the effects of O3 in the skin in two densely urbanized areas of 
Germany: the area of the SALIA cohort in Ruhr area, and the 
BASE-II cohort in Berlin. The study included 806 women from 
the SALIA cohort and 1,207 men and women from the BASE-II 
cohort. The participants experienced an average of 17 days 
of exceedance per year of O3, a value slightly lower than the 
values allowed by the European Union (25 days of exceedances, 
averaged per 3 years). They found an association between days of 
O3 exposure and coarse wrinkles on the forehead, independent 
of other environmental risk factors (Fuks et al., 2019) (Table 3).

TABLE 3 | Effects of the particulate matter (PM), persistent organic pollutants (POP), persistent polychlorinated biphenyls (PBC) and ozone (O3) in human skin. 

Skin damage/sign Pollutants Type of study Skin damage/mechanism References

Oxidative stress/
inflammation

POP
Dioxin
(A)

Yusho patients (1131 patients) vs. general 
population 2008 

↑Prevalence and severity of the skin scars and 
comedones.
Skin damage correlated POP blood levels vs 
general population 

(Mitoma et al., 2015b)

PBC Germany workers contaminated by PBC ↑IL-1β correlation with PCB levels (Leijs et al., 2018)
O3

0.8 ppm
19 Caucasian volunteers ↑ROS

↑LOOH
Depletion of E vitamin

(He et al., 2006)

15 Caucasian volunteers (forearm) ↑IsoP
↑COX-2.
↑4-HNE
↑NF κB 

(Valacchi et al., 2017)

Skin pigmentation PM10 400 Caucasian women
SALIA cohort

↑Spots on the face
association traffic-related airborne particles

(Vierkötter et al., 2010)

PM2.5 G1 210 vs G2 190 Asiatic women
G1 low levels PM2.5

G2 high levels PM2.5

↑Lentigines son cheeks and back in G2 vs G1 (Peng et al., 2017)

POP
Dioxin
(A)

Yusho patients (1313 patients) ↑Skin pigmentation more prevalent in Yusho 
patients vs general populations

(Mitoma et al., 2015b)

Wrinkles PM10 400 Caucasian women
SALIA cohort

↑Nasolabial folds
association traffic-related airborne particles

(Vierkötter et al., 2010)

O3

(B) 
BASE I cohort (SALIA cohort): 806
BASE-II cohort Berlin: 1207

↑Coarse wrinkles on the forehead (Fuks et al., 2019)

4-HNE, 4-hydroxy-2-nonenal; COX, cyclooxygenase; IsoP, 8-iso-prostaglandin-F(2α); NF κB, nuclear factor kappa B; SALIA, study on the influence of air pollution on lung function, 
inflammation, and aging. (A). Polychlorinated dibenzo-p-dioxins, polychlorinated biphenyls, and polychlorinated dibenzofurans. (B). 17 days of exceedance per year of O3 lower 
than allowed by the EU (25 days/3 years).
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In summary, it has been demonstrated in vitro and in vivo 
that O3 rapidly oxidizes lipids and proteins in the skin, inducing 
the production of radical species and triggering oxidative stress. 
The response to oxidative stress caused by O3 is not restricted 
to the stratum corneum, but also deeper areas of the skin. O3 
can activate AhR and transcription factors such as NFkB and 
inflammatory cytokines. O3 also induces degradation of the 
extracellular matrix mediated by the actions of MMP and by the 
reduction of collagen synthesis and degradations.

PHOTO-POLLUTANTS

The importance of solar radiation and its impact on human 
health has been discussed previously. Overexposure to UVR 
is the main environmental risk factor in photoaging and 
photocarcinogenesis. Likewise, environmental pollution is also 
essential to skin aging and skin diseases. In this regard, it is very 
relevant to know the impact of UVR, the characterization of 
the UV spectrum, and the effect of atmospheric pollutants on 
UV radiation for all environmental health research programs 
that are being carried out in several countries (Bais et al., 2018) 
(Table 4). For these programs to be efficient, it is necessary to 
know and appreciate in depth the mechanisms that are triggered 
in the skin after these environmental aggressors, related to HPA 
(Skobowiat et al., 2011; Skobowiat et al., 2013; Slominski, 2015; 
Skobowiat et al., 2017)

Oxidative stress and inflammation are the harmful cutaneous 
effects of environmental pollution, and more specifically of air 
pollution. These effects could be amplified by the damaging 
synergy of the sun, especially UVA rays and pollution. Therefore, 
protection strategies should combine cutaneous protection 
by sunscreen with high absorption of UVA and antioxidants 
providing a greater resistance of skin to oxidative stress and 
inflammation.

As mentioned before, solar UVR is a carcinogen and the 
leading cause for skin cancer. PAH is photosensitive and absorbs 
sunlight in the UVA range, so PHA is excited to higher energy 
states and, therefore, generates ROS (1107, Marrot, 2018). Even 
in PAH concentrations below toxic or tumorigenic levels, the 
combined impact of these two factors seems to contribute to 
increased tumorigenicity in animals (Wang et al., 2005; Burke and 
Wei, 2009). After exposure to UVA, the phototoxic power of PAH 

is demonstrated as PAH decreases the 80% cell viability (Wang 
et al., 2005; Toyooka and Ibuki, 2006) inducing phosphorylation 
of histone H2AX, a marker of DNA double-strand breaks.

In a recent review, Burke reported that B[a]P, even at low levels 
when combined with UVA, contributes to increased oxidative 
damage in the skin, with an increase in extrinsic aging and 
tumorigenicity (Burke and Wei, 2009). In vitro (Saladi et al., 2003) 
and in vivo experiments have shown that these two carcinogens 
further elevate ROS levels and oxidative damage to DNA.

B[a]P and its intermediates can act as UVA photosensitizers 
producing ROS that forms 8-hydroxy-2’-deoxyguanosine 
(8-OHdG) (Saladi et al., 2003). Besides this, UVA accelerates the 
cellular metabolism of B[a]P, which leads to a higher increase of 
B[a]P derivatives. These B[a]P derivatives increase DNA oxidative 
damage (Saladi et al., 2003) altering signaling pathways and the 
expression of genes involved on cell survival, extrinsic aging, and 
photocarcinogenesis. Also, B[a]P metabolites produced lipid 
peroxidation when photoirradiation was done in the presence 
of lipids. The formation of lipid hydroperoxides was inhibited 
by superoxide dismutase. Meanwhile, electron spin resonance 
indicated that singlet oxygen and a superoxide radical anion 
were generated from UVA photoirradiation of B[a]P products in 
a light-dose responding manner (Xia et al., 2015) (Table 4).

In addition, studies performed in NHEK have confirmed 
that photo-pollution is more dangerous than by pollution 
alone (Soeur et al., 2017). NHEK exposed to daily UVA1 
(350–400 nm) combined with PAH has shown significant 
synergistic phototoxicity damage. Of the PHA, B[a]P, and 
indeno[1,2,3-cd]pyrene (IcdP) showed the highest phototoxicity 
at low concentrations (nanomoles per liter). Exposure to PHA 
and UVA1 decreased the clonogenic potential of the cells and 
increased ROS. Therefore, the normal epidermal cell cycle can be 
affected in the chronically exposed skin of photo-pollution, which 
may worsen the photodamage already induced by UVA1 (Soeur 
et al., 2017). Also, IcdP and UVA1 affected mitochondria by 
triggering superoxide production and membrane depolarization. 
Mitochondrial deterioration induced by contamination and 
UVR should be considered as a relevant mechanism involved in 
synergistic skin effects (Soeur et al., 2017) (Table 4).

Also, traffic-related air pollutants (TRAPs) have an impact on 
the deleterious effects of UVR in the skin. TRAP is a mixture of 
gases and particles that interact with each other and are a source of 
secondary pollutants. TRAP is involved in the formation of facial 

TABLE 4 | Synergistic effects of UVA and UVB radiation and benzo(a)pyrene (B[a]P) and particulate matter (PM) in the skin. 

Skin effects Pollutants Type of study Skin damage Mechanism skin damage References

Oxidative stress/
inflammation

B[a]P +UVA In vitro ↑DNA damage ↑Phosphorylation H2AX (Toyooka and Ibuki, 2006)

B[a]P +UVA In vitro ↑ROS ↑Lipid peroxidation (Xia et al., 2015)
B[a]P +UVA1 In vitro ↑ROS ↑Mitochondrial superoxide 

↑Mitochondrial membrane 
depolarization

(Soeur et al., 2017)

Pigmentation PM+UVB 799 women 
SALIA cohort

Lentigines (Hüls et al., 2018)

H2AX, histone H2AX; ROS, reactive oxygen species; SALIA, study on the influence of air pollution on lung function, inflammation, and aging.
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lentigines (Vierkötter et al., 2010; Hüls et al., 2016). In the study 
conducted in the cohort of 799 elderly German women (SALIA), 
the interaction of UVR and TRAP in the formation of facial 
lentigines was investigated. This cohort has been used in previous 
studies on the association between aging skin and air pollution 
(Vierkötter et al., 2010; Vierkötter et al., 2015; Hüls et al., 2016). 
The average 5-year exposure to UVR has been estimated using 
NASA satellite data and data from the German Climate Center. 
There was a positive association between PM and UVB-whole 
day and the formation of lentigines (Hüls et al., 2018) (Table 4). 
The study confirms the synergistic effect in the formation of the 
lentigines of the pollution (TRAP) and UVR.

Finally, and recently, the Hoseinzadeh group in 2018 
(Hoseinzadeh et al., 2018) has assessed the synergic effect of air 
pollution and ultraviolet B radiation in the impact on vitamin D 
(VD) deficiency (Hoseinzadeh et al., 2018). VD is an essential 
nutrient to prevent several chronic diseases, and the deficiency 
of the derivatives of the VD causes many diseases (Bikle, 2008; 
Bikle, 2012). The protective effect of the active form of vitamin 
D3 (1,25(OH)2D3) on the damage induced by ultraviolet B 
radiation is well known (Chaiprasongsuk et al., 2019).

Air pollution seems to be a significant factor that causes the 
deficiency of the VD derivatives (Hoseinzadeh et al., 2018). Air 
pollution affects VD levels by reducing sun exposure, especially 
UVB radiation. Sun exposure accounts for more than 90% of VD 
production in humans (Holick, 2017). The Hoseinzadeh studies 
have shown that tropospheric O3 and PM are independent risks for 
decreasing the levels of VD and cause deficiency of this vitamin. 
The highest deficiencies in vitamin D have been found in the 
Middle East, Asia, and Northern Europe, respectively. However, it 
is still necessary to obtain exhaustive conclusions about the impact 
of air pollution on VD deficiency. Equally, although the effects of 
photoprotective properties of the VD derivatives (Dixon et al., 2007; 
Song et al., 2013; Cashman, 2015) have been demonstrated, it is 
necessary to study in more detail the effect of these derivatives as a 
therapy against environmental pollution (Hoseinzadeh et al., 2018).

Concluding Remarks
The research reference in this review shows that air pollution, 
especially PM, PHA, and ozone, causes premature skin aging, as 
evidenced by the appearance of wrinkles, senile lentigo, and dry, 
itchy skin after exposure to air pollutants (Table 5). It has been 
shown in the studies that (Birch-Machin and Bowman, 2016) ROS 

plays a central role in the responses as air pollutions damage DNA, 
mitochondria, protein, and lipid membranes (Krutmann et al., 
2017). PHA, PM, and O3, after union to AhR and its translocation 
to the nucleus, generate toxic and reactive intermediates, which 
unbalance redox homeostasis, increasing ROS (Salthammer 
et al., 2018); in addition to the canonical AhR pathway, the 
activation of AhR often affects other signal transduction pathways, 
including NF-κB signals (World Health Organization, 2018). 
NF-κB signals increase the expression of proinflammatory genes, 
MMP inductions, and disbalance in collagen formation (World 
Health Organization, 2012), and pollutants also disrupt the skin 
barrier and alter the immunity of the skin. Oxidative stress and 
DNA damage induce keratinocyte apoptosis, decrease epidermal 
renewal, and delete wound healing. All these phenomena affect not 
only the keratinocytes but also the dermal fibroblasts, responsible 
for the renewal of the ECM. Subsequently, the inflammatory 
processes continue to increase ROS and produce a more significant 
deterioration of the ECM. PM, PHA, and O3 also have a synergistic 
effect with solar radiation, so photodamage increases.

The mechanisms that have been revealed in vivo and in 
vitro and the lesions found in humans are of great importance 
to prevent the premature aging caused by air pollution since 
the skin elements that are affected by the pollutants could 
be therapeutic targets in the prevention of aging and/or the 
pathologies associated with skin aging.

CONTRIBUTION TO THE FIELD 
STATEMENT

Aging increases the likelihood of skin lesions. Aging is due to 
extrinsic and intrinsic factors. Until now, great emphasis has 
been placed on the harmful effects of solar radiation on the skin. 
However, it is not only solar radiation that causes damage. The 
quality of the air breathed is a global concern, and according to 
the estimates of the World Health Organization, 9 out of 10 people 
breathe contaminated air. In this review, we describe, based on in 
vitro studies, in animals and in humans, the mechanisms that cause 
damage due to air pollutants in the skin and how they influence skin 
aging. Oxidative stress, inflammation, and damage of the cutaneous 
barrier and in the extracellular matrix are effects of pollution and are 
observed in skin aging. The cellular and nuclear factors affected in 
the epidermal and dermal cells by contaminated air are also altered 
in aging. Therefore, aging caused by the environment is currently 

TABLE 5 | Common mechanisms and effects observed in skin aging (↑) and in damage skin after air pollution exposition (▲).

Mechanisms Biological effects Effects on the skin

Aging/pollutants Aging/pollutants Aging/pollutants

Activation of AhR ↑/▲ Increase of melanogenesis ↑/▲ Hyperpigmentation ↑/▲
Generation of ROS ↑/▲ DNA damage.

Lipid peroxidation.
↑/▲ Wrinkles ↑/▲

Induction of inflammatory 
cascade

↑/▲ Decrease
collagen

↑/▲ Delayed healing skin ↑/▲

Disruption of skin barrier ↑/▲ Increase MMPs ↑/▲ Dry skin ↑/▲
Exacerbation of skin diseases ↑/▲
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a fundamental element to take into account in health. Besides, 
the synergistic effect of sunlight and environmental pollution on 
the skin cannot be ignored. The search for preventive treatments 
against the synergy of sunlight and environmental pollution is of 
vital importance for healthy skin.

AUTHOR CONTRIBUTIONS

CP, YG, SG, and AJ substantially contributed to the conception 
and design of the study. SM and AP-D organized the data base 
acquisition for the referenced research in vivo and in vitro studies. 
All the authors have contributed to the analysis of data for the 

work, revising it critically for important intellectual content. All 
the authors provided approval for publication of the content, 
contributed to manuscript revision, and read and approved the 
submitted version. The corresponding author SG has finally 
approved all parts of the final version of the manuscript and has the 
same level of responsibility as AJ.

FUNDING

This research was funded by Spanish grants from Instituto de 
Salud Carlos III MINECO and Feder Funds (FIS: PI15/00974, 
PI18/00708, and PI18/00858).

REFERENCES

Albrecht, S., Jung, S., Müller, R., Lademann, J., Zuberbier, T., Zastrow, L., et al. 
(2019). Skin type differences in solar-simulated radiation-induced oxidative 
stress. Br. J. Dermatol. 180, 597–603. doi: 10.1111/bjd.17129

Bais, A. F., Lucas, R. M., Bornman, J. F., Williamson, C. E., Sulzberger, B., Austin, 
A. T., et al. (2018). Environmental effects of ozone depletion, UV radiation and 
interactions with climate change: UNEP Environmental Effects Assessment 
Panel, update 2017. Photochem. Photobiol. Sci. 17, 127–179. doi: 10.1039/
C7PP90043K

Bikle, D. D. (2008). Vitamin D receptor, UVR, and skin cancer: a potential protective 
mechanism. J. Invest. Dermatol. 128, 2357–2361. doi: 10.1038/jid.2008.249

Bikle, D. D. (2012). Protective actions of vitamin D in UVB induced skin cancer. 
Photochem. Photobiol. Sci. 11, 1808–1816. doi: 10.1039/c2pp25251a

Birch-Machin, M. A., and Bowman, A. (2016). Oxidative stress and ageing. Br. J. 
Dermatol. 175, 26–29. doi: 10.1111/bjd.14906

Burke, K. E. (2018). Mechanisms of aging and development-A new understanding 
of environmental damage to the skin and prevention with topical antioxidants. 
Mech. Ageing Dev. 2018 172, 123–130. doi: 10.1016/j.mad.2017.12.003

Burke, K. E., and Wei, H. (2009). Synergistic damage by UVA radiation and pollutants. 
Toxicol. Industrial Health. 25, 219–224. doi: 10.1177/0748233709106067

Cashman, K. D. (2015). Vitamin D: dietary requirements and food fortification as 
a means of helping achieve adequate vitamin D status. J. Steroid. Biochem. Mol. 
Biol. 148, 19–26. doi: 10.1016/j.jsbmb.2015.01.023

Chaiprasongsuk, A., Janjetovic, Z., Kim, T. K., Jarrett, S. G., D’Orazio, J. A., Holick, 
M. F. 4., et al. (2019). Protective effects of novel derivatives of vitamin D3 and 
lumisterol against UVB-induced damage in human keratinocytes involve 
activation of Nrf2 and p53 defense mechanisms. Redox Biol. 24, 101206. doi: 
10.1016/j.redox.2019.101206

Christensen, L., Suggs, A., and Baron, E. (2017). Ultraviolet photobiology in 
dermatology. Adv. Exp. Med. Biol. 996, 89–104. doi: 10.1007/978-3-319-56017-5_8

Costa, C., Catania, S., De Pasquale, R., Stancanelli, R., Scribano, G. M., and Melchini, 
A. (2010). Exposure of human skin to benzo[a]pyrene: role of CYP1A1 and aryl 
hydrocarbon receptor in oxidative stress generation. Toxicology 271, 83–86. doi: 
10.1016/j.tox.2010.02.014

Dąbrowska, A. K., Spano, F., Derler, S., Adlhart, C., Spencer, N. D., and Rossi, R. M. 
(2018). The relationship between skin function, barrier properties, and body-
dependent factors. Skin Res. Technol. 24, 165–174. doi: 10.1111/srt.12424

Dixon, K. M., Deo, S. S., Norman, A. W., Bishop, J. E., Halliday, G. M., Reeve, V. 
E., et al. (2007). In vivo relevance for photoprotection by the vitamin D rapid 
response pathway. J. Steroid. Biochem. Mol. Biol. 103 (3–5), 451–456. doi: 
10.1016/j.jsbmb.2006.11.016

Eckers, A., Jakob, S., Heiss, C., Haarmann-Stemmann, T., Goy, C., Brinkmann, V., 
et al. (2016). The aryl hydrocarbon receptor promotes aging phenotypes across 
species. Sci. Rep. 6, 19618. doi: 10.1038/srep19618

Esser, C., Lawrence, B. P., Sherr, D. H., Perdew, G. H., Puga, A., Barouki, R., et 
al. (2018). Old receptor, new tricks-the ever-expanding universe of aryl 
hydrocarbon receptor functions. Report from the 4th AHR meeting, 29-31 
august 2018 in Paris, France. Int. J. Mol. Sci. 19, 3603. doi: 10.3390/ijms19113603

Froehner, S., Rizzi, J., Vieira, L. M., and Sanez, J. (2018). PAHs in water, sediment 
and biota in an area with port activities. Arch. Environ. Contam. Toxicol. 2018 
75, 236–246. doi: 10.1007/s00244-018-0538-6

Fuks, K. B., Hüls, A., Sugiri, D., Altug, H., Vierkötter, A., Abramson, M. J., et al. 
(2019). Tropospheric ozone and skin aging: results from two German cohort 
studies. Environ. Int. 124, 139–144. doi: 10.1016/j.envint.2018.12.047

Fuyuno, Y., Uchi, H., Yasumatsu, M., Morino-Koga, S., Tanaka, Y., Mitoma, C., 
et al. (2018). Perillaldehyde inhibits ahr signaling and activates nrf2 antioxidant 
pathway in human keratinocytes. Oxid. Med. Cell Longev. 14, 1–9. doi: 
10.1155/2018/9524657

Haarmann-Stemmann, T., Esser, C., and Krutmann, J. (2015). The janus-faced role 
of aryl hydrocarbon receptor signaling in the skin: consequences for prevention 
and treatment of skin disorders. J. Invest. Dermatol. 135, 2572–2576. doi: 
10.1038/jid.2015.285

Hamanaka, R. B., and Mutlu, G. M. (2018). Particulate matter air pollution: 
effects on the cardiovascular system. Front. Endocrinol. 9, 680. doi: 10.3389/
fendo.2018.00680

He, Q. C., Tavakkol, A., Wietecha, K., Begum-Gafur, R., Ansari, S. A., and Polefka, T. 
(2006). Effects of environmentally realistic levels of ozone on stratum corneum 
function. Int. J. Cosmet Sci. 28, 349–57. doi: 10.1111/j.1467-2494.2006.00347.x

Holick, M. F. (2017). Ultraviolet B radiation: the vitamin D connection. Adv. Exp. 
Med. Biol. 996, 137–154. doi: 10.1007/978-3-319-56017-5_12

Hopke, P. K., and Rossner, A. (2006). Exposure to airborne particulate matter in the 
ambient, indoor, and occupational environments. Clin. Occup. Environ. Med. 5, 
741–771. doi: 10.1016/j.coem.2006.08.001

Hoseinzadeh, E., Taha, P., Wei, C., Godini, H., Ashraf, G. M., Taghavi, M., et al. 
(2018). The impact of air pollutants, UV exposure and geographic location 
on vitamin D deficiency. Food Chem. Toxicol. 113, 241–254. doi: 10.1016/j.
fct.2018.01.052

Hüls, A., Vierkötter, A., Gao, W., Krämer, U., Yang, Y., Ding, A., et al. (2016). Traffic-
related air pollution contributes to development of facial lentigines: further 
epidemiological evidence from Caucasians and Asians. J. Invest. Dermatol. 136, 
1053–1056. doi: 10.1016/j.jid.2015.12.045

Hüls, A., Sugiri, D., Fuks, K., Krutmann, J., and Schikowski, T. (2018). 
Lentigine formation in caucasian women-interaction between particulate 
matter and solar uvr. J. Invest. Dermatol. 139(4):974–976. doi: 10.1016/j.jid. 
2018.09.034

Idowu, O., Semple, K. T., Ramadass, K., O’Connor, W., Hansbro, P., and Thavamani, 
P. (2019). Beyond the obvious: environmental health implications of polar 
polycyclic aromatic hydrocarbons. Environ. Int. 123, 543–557. doi: 10.1016/j.
envint.2018.12.051

Jin, S. P., Li, Z., Choi, E. K., Lee, S., Kim, Y. K., Seo, E. Y., et al. (2018). Urban 
particulate matter in air pollution penetrates into the barrier-disrupted skin 
and produces ROS-dependent cutaneous inflammatory response in vivo. 
J. Dermatol. Sci. 91, 175–183. doi: 10.1016/j.jdermsci.2018.04.015

Joo, J. H., Ryu, J. H., Kim, C. H., Kim, H. J., Suh, M. S., Kim, J. O., et al. (2012). 
Dual oxidase 2 is essential for the toll-like receptor 5-mediated inflammatory 
response in airway mucosa. Antioxid. Redox Signal. 16, 57–70. doi: 10.1089/
ars.2011.3898

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1111/bjd.17129
https://doi.org/10.1039/C7PP90043K
https://doi.org/10.1039/C7PP90043K
https://doi.org/10.1038/jid.2008.249
https://doi.org/10.1039/c2pp25251a
https://doi.org/10.1111/bjd.14906
https://doi.org/10.1016/j.mad.2017.12.003
https://doi.org/10.1177/0748233709106067
https://doi.org/10.1016/j.jsbmb.2015.01.023
https://doi.org/10.1016/j.redox.2019.101206
https://doi.org/10.1007/978-3-319-56017-5_8
https://doi.org/10.1016/j.tox.2010.02.014
https://doi.org/10.1111/srt.12424
https://doi.org/10.1016/j.jsbmb.2006.11.016
https://doi.org/10.1038/srep19618
https://doi.org/10.3390/ijms19113603
https://doi.org/10.1007/s00244-018-0538-6
https://doi.org/10.1016/j.envint.2018.12.047
https://doi.org/10.1155/2018/9524657
https://doi.org/10.1038/jid.2015.285
https://doi.org/10.3389/fendo.2018.00680
https://doi.org/10.3389/fendo.2018.00680
https://doi.org/10.1111/j.1467-2494.2006.00347.x
https://doi.org/10.1007/978-3-319-56017-5_12
https://doi.org/10.1016/j.coem.2006.08.001
https://doi.org/10.1016/j.fct.2018.01.052
https://doi.org/10.1016/j.fct.2018.01.052
https://doi.org/10.1016/j.jid.2015.12.045
https://doi.org/10.1016/j.jid.2018.09.034
https://doi.org/10.1016/j.jid.2018.09.034
https://doi.org/10.1016/j.envint.2018.12.051
https://doi.org/10.1016/j.envint.2018.12.051
https://doi.org/10.1016/j.jdermsci.2018.04.015
https://doi.org/10.1089/ars.2011.3898
https://doi.org/10.1089/ars.2011.3898


Stressors on Skin AgingParrado et al.

15 July 2019 | Volume 10 | Article 759Frontiers in Pharmacology | www.frontiersin.org

Kammeyer, A., and Luiten, R. M. (2015). Oxidation events and skin aging. Ageing 
Res. Rev. 21, 16–29. doi: 10.1016/j.arr.2015.01.001

Kim, J., Kim, E. H., Oh, I., Jung, K., Han, Y., Cheong, H. K., et al. (2013). Symptoms 
of atopic dermatitis are influenced by outdoor air pollution. J. Allergy. Clin. 
Immunol. 132, 495–498 e491. doi: 10.1016/j.jaci.2013.04.019

Kim, H. J., Bae, I. H., Son, E. D., Park, J., Cha, N., Na, H. W., et al. (2017). 
Transcriptome analysis of airborne PM2.5-induced detrimental effects 
on human keratinocytes. Toxicol. Lett. 273, 26–35. doi: 10.1016/j.
toxlet.2017.03.010

Kochevar, I. E., Taylor, C. R., and Krutmann, J., (2012). “Fundamentals of 
cutaneous photobiology and photoimmunology,” in Fitzpatrick’s Dermatology 
in General Medicine, 8th ed. Volume 1. Eds. K. Wolff, L. A. Goldsmith, S. Katz, 
G. A. Paller, and D. J. Leffell (New York, NY, USA: McGraw-Hill), 1031–1047. 

Kollias, N., and Baqer, A. (1984). An experimental study of the changes in 
pigmentation in human skin in vivo with visible and near infrared light. 
Photochem. Photobiol. 39, 651–659. doi: 10.1111/j.1751-1097.1984.tb03905.x

Krutmann, J., Bouloc, A., Sore, G., Bernard, B. A., and Passeron, T. (2017). 
The skin aging exposome. J. Dermatol. Sci. 85, 152–161. doi: 10.1016/j.
jdermsci.2016.09.015

Krutmann, J., Liu, W., Li, L., Pan, X., Crawford, M., Sore, G., et al. (2014). Pollution 
and skin: from epidemiological and mechanistic studies to clinical implications. 
J. Dermatol. Sci. 76, 163–168. doi: 10.1016/j.jdermsci.2014.08.008

Kwon, K., Park, S. H., Han, B. S., Oh, S. W., Lee, S. E., Yoo, J. A., et al. (2018). 
Negative cellular effects of urban particulate matter on human keratinocytes 
are mediated by p38 mapk and nf-κb-dependent expression of trpv 1. Int. J. 
Mol. Sci. 19, E2660. doi: 10.3390/ijms19092660

Larigot, L., Juricek, L., Dairou, J., and Coumoul, X. (2018). AhR signaling 
pathways and regulatory functions. Biochim. Open. 7, 1–9. doi: 10.1016/j.
biopen.2018.05.001

Lee, C. W., Lin, Z. C., Hsu, L. F., Fang, J. Y., Chiang, Y. C., Tsai, M. H., et al. (2016a). 
Eupafolin ameliorates COX-2 expression and PGE2 production in particulate 
pollutants-exposed human keratinocytes through ROS/MAPKs pathways. 
J. Ethnopharmacol. 189, 300–309. doi: 10.1016/j.jep.2016.05.002

Lee, C. W., Lin, Z. C., Hu, S. C., Chiang, Y. C., Hsu, L. F., Lin, Y. C., et al. (2016b). 
Urban particulate matter down-regulates filaggrin via COX2 expression/PGE2 
production leading to skin barrier dysfunction. Sci. Rep. 6, 27995. doi: 10.1038/
srep27995

Lee, Y. M., Kang, S. M., and Chung, J. H. (2012). The role of TRPV1 channel in aged 
human skin. J. Dermatol. Sci. 65, 81–85. doi: 10.1016/j.jdermsci.2011.11.003

Leijs, M. M., Esser, A., Amann, P. M., Schettgen, T., Heise, R., Fietkau, K., et al. 
(2018). Expression of CYP1A1, CYP1B1 and IL-1β in PBMCs and skin samples 
of PCB exposed individuals. Sci. Total Environ. 642, 1429–1438. doi: 10.1016/j.
scitotenv.2018.06.136

Lelieveld, J., Evans, J. S., Fnais, M., Giannadaki, D., and Pozzer, A. (2015). The 
contribution of outdoor air pollution sources to premature mortality on a 
global scale. Nature 525, 367–371. doi: 10.1038/nature15371

Lephart, E. D. (2016). Skin aging and oxidative stress: equol’s anti-aging effects 
via biochemical and molecular mechanisms. Ageing Res. Rev. 31, 36–54. doi: 
10.1016/j.arr.2016.08.001

Li, M., Vierkötter, A., Schikowski, T., Hüls, A., Ding, A., Matsui, M. S., et al. (2015). 
Epidemiological evidence that indoor air pollution from cooking with solid 
fuels accelerates skin aging in Chinese women. J. Dermatol. Sci. 79, 148–154. 
doi: 10.1016/j.jdermsci.2015.04.001

Luecke, S., Backlund, M., Jux, B., Esser, C., Krutmann, J., and Rannug, 
A. (2010). The aryl hydrocarbon receptor (AHR), a novel regulator of 
human melanogenesis. Pigment Cell Melanoma Res. 23 (6), 828–833. doi: 
10.1111/j.1755-148X.2010.00762.x

Magnani, N. D., Muresan, X. M., Belmonte, G., Cervellati, F., Sticozzi, C., Pecorelli, 
A., et al. (2016). Skin damage mechanisms related to airborne particulate matter 
exposure. Toxicol. Sci. 149, 227–236. doi: 10.1016/S0378-4274(03)00153-X

Mancebo, S. E., and Wang, S. Q. (2015). Recognizing the impact of ambient 
air pollution on skin. J. Eur. Acad. Dermatol. Venereol. 29, 2326–2332. doi: 
10.1111/jdv.13250

Marrot, L. (2018). Pollution and sun exposure: a deleterious synergy. mechanisms 
and opportunities for skin protection. Curr. Med. Chem. 25, 5469–5486. doi: 
10.2174/0929867324666170918123907

Martinon, F. (2010). Signaling by ROS drives inflammasome activation. Eur. J. 
Immunol. 40, 616–619. doi: 10.1002/eji.200940168

Maru, G. B., Gandhi, K., Ramchandani, A., and Kumar, G. (2014). The role 
of inflammation in skin cancer. Adv. Exp. Med. Biol. 816, 437–469. doi: 
10.1007/978-3-0348-0837-8_17

Matsumoto, S., Akahane, M., Kanagawa, Y., Kajiwara, J., Todaka, T., Yasukawa, 
F., et al. (2013). Individuals’ half-lives for 2,3,4,7,8-penta-chlorodibenzofuran 
(PeCDF) in blood: correlation with clinical manifestations and laboratory 
results in subjects with Yusho. Chemosphere. 92, 772–777. doi: 10.1016/j.
chemosphere.2013.04.005

McCarthy, J. T., Pelle, E., Dong, K., Brahmbhatt, K., Yarosh, D., and Pernodet, 
N. (2013). Effects of ozone in normal human epidermal keratinocytes. Exp. 
Dermatol. 22, 360–361. doi: 10.1111/exd.12125

Mitoma, C., Uchi, H., Tsukimori, K., Yamada, H., Akahane, M., Imamura, T., et al. 
(2015a). Yusho and its latest findings-A review in studies conducted by the 
Yusho Group. Environ. Int. 82, 41–48. doi: 10.1016/j.envint.2015.05.004

Mitoma, C., Mine, Y., Utani, A., Imafuku, S., Muto, M., Akimoto, T., et al. 
(2015b). Current skin symptoms of Yusho patients exposed to high levels of 
2,3,4,7,8-pentachlorinated dibenzofuran and polychlorinated biphenyls in 
1968. Chemosphere. 137, 45–51. doi: 10.1016/j.chemosphere.2015.03.070

Mitoma, C., Uchi, H., Tsukimori, K., Todaka, T., Kajiwara, J., Shimose, T., et al. 
(2018). Current state of yusho and prospects for therapeutic strategies. Environ. 
Sci. Pollut. Res. Int. 25, 16472–16480. doi: 10.1007/s11356-017-0833-1

Moirangthem, V., Katz, W. S., Su, W., Choi, E. Y., Dingle, R. W., Zeigler, G. M., et al. 
(2013). Impact of 2,3,7,8-tetrachlorodibenzo-p-dioxin on cutaneous wound 
healing. Exp. Toxicol. Pathol. 65, 61–67. doi: 10.1016/j.etp.2011.06.001

Montagna, W., Kirchner, S., and Carlisle, K. (1989). Histology of sun-
damaged human skin. J. Am. Acad. Dermatol. 21, 907–918. doi: 10.1016/
S0190-9622(89)70276-0

Mukherjee, S., Karmakar, S., and Babu, S. P. (2016). TLR2 and TLR4 mediated host 
immune response in major infectious disease: a review. Braz. J. Infect. Dis. 20, 
193–204. doi: 10.1016/j.bjid.2015.10.011

Ngoc, L. T. N., Park, D., Lee, Y., and Lee, Y. C. (2017). Systematic review and meta-
analysis of human skin diseases due to particulate matter. Int. J. Environ. Res. 
Public Health 14, E1458. doi: 10.3390/ijerph14121458

Nguyen, L. T. H., Nguyen, U. T., Kimb, Y. H., Shin, H. M., and Yang, I. J. (2019). 
Astragali Radix and its compound formononetin ameliorate diesel particulate 
matter-induced skin barrier disruption by regulation of keratinocyte 
proliferation and apoptosis. J. Ethnopharmacol. 228, 132–141. doi: 10.1016/j.
jep.2018.09.025

Nuvolone, D., Petri, D., and Voller, F. (2018). The effects of ozone on human health. 
Environ. Sci. Pollut. Res. Int. 25, 8074–8088. doi: 10.1007/s11356-017-9239-3

O’Driscoll, C. A., and Mezrich, J. D. (2018). The aryl hydrocarbon receptor 
as an immune-modulator of atmospheric particulate matter-mediated 
autoimmunity. Front. Immunol. 9, 2833. doi: 10.3389/fimmu.2018.02833

O’Driscoll, C. A., Gallo, M. E., Fechner, J. H., Schauer, J. J., and Mezrich, J. D. 
(2019). Real-world PM extracts differentially enhance Th17 differentiation 
and activate the aryl hydrocarbon receptor (AHR). Toxicology 414, 14–26. doi: 
10.1016/j.tox.2019.01.002

Pan, T. L., Wang, P. W., Aljuffali, I. A., Huang, C. T., Lee, C. W., and Fang, J. Y. 
(2015). The impact of urban particulate pollution on skin barrier function and 
the subsequent drug absorption. J. Dermatol. Sci. 78, 51–60. doi: 10.1016/j.
jdermsci.2015.01.011

Park, S. Y., Byun, E. J., Lee, J. D., Kim, S., and Kim, H. S. (2018). Air pollution, 
autophagy, and skin aging impact of particulate matter (pm10) on human 
dermal fibroblasts. Int. J. Mol. Sci. 19, E2727. doi: 10.3390/ijms19092727

Pathak, M. A., Riley, F. C., and Fitzpatrick, T. B. (1962). Melanogenesis in human 
skin following exposure to long-wave ultraviolet and visible light. J. Invest. 
Dermatol. 39, 435–443. doi: 10.1038/jid.1962.136

Patrizi, B., and Siciliani de Cumis, M. (2018). TCDD toxicity mediated by epigenetic 
mechanisms. Int. J. Mol. Sci. 18, 19. E4101. doi: 10.3390/ijms19124101

Pehnec, G., and Jakovljević, I. (2018). Carcinogenic potency of airborne polycyclic 
aromatic hydrocarbons in relation to the particle fraction size. Int. J. Environ. 
Res. Public. Health. 15, E2485. doi: 10.3390/ijerph15112485

Peng, F., Xue, C. H., Hwang, S. K., Li, W. H., Chen, Z., and Zhang, J. Z. (2017). 
Exposure to fine particulate matter associated with senile lentigo in Chinese 
women: a cross-sectional study. J. Eur. Acad. Dermatol. Venereol. 31, 355–360. 
doi: 10.1111/jdv.13834

Poljšak, B., and Dahmane, R. (2012). Free radicals and extrinsic skin aging. 
Dermatol. Res. Pract. 2012, 135206. doi: 10.1155/2012/135206

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1016/j.arr.2015.01.001
https://doi.org/10.1016/j.jaci.2013.04.019
https://doi.org/10.1016/j.toxlet.2017.03.010
https://doi.org/10.1016/j.toxlet.2017.03.010
https://doi.org/10.1111/j.1751-1097.1984.tb03905.x
https://doi.org/10.1016/j.jdermsci.2016.09.015
https://doi.org/10.1016/j.jdermsci.2016.09.015
https://doi.org/10.1016/j.jdermsci.2014.08.008
https://doi.org/10.3390/ijms19092660
https://doi.org/10.1016/j.biopen.2018.05.001
https://doi.org/10.1016/j.biopen.2018.05.001
https://doi.org/10.1016/j.jep.2016.05.002
https://doi.org/10.1038/srep27995
https://doi.org/10.1038/srep27995
https://doi.org/10.1016/j.jdermsci.2011.11.003
https://doi.org/10.1016/j.scitotenv.2018.06.136
https://doi.org/10.1016/j.scitotenv.2018.06.136
https://doi.org/10.1038/nature15371
https://doi.org/10.1016/j.arr.2016.08.001
https://doi.org/10.1016/j.jdermsci.2015.04.001
https://doi.org/10.1111/j.1755-148X.2010.00762.x
https://doi.org/10.1016/S0378-4274(03)00153-X
https://doi.org/10.1111/jdv.13250
https://doi.org/10.2174/0929867324666170918123907
https://doi.org/10.1002/eji.200940168
https://doi.org/10.1007/978-3-0348-0837-8_17
https://doi.org/10.1016/j.chemosphere.2013.04.005
https://doi.org/10.1016/j.chemosphere.2013.04.005
https://doi.org/10.1111/exd.12125
https://doi.org/10.1016/j.envint.2015.05.004
https://doi.org/10.1016/j.chemosphere.2015.03.070
https://doi.org/10.1007/s11356-017-0833-1
https://doi.org/10.1016/j.etp.2011.06.001
https://doi.org/10.1016/S0190-9622(89)70276-0
https://doi.org/10.1016/S0190-9622(89)70276-0
https://doi.org/10.1016/j.bjid.2015.10.011
https://doi.org/10.3390/ijerph14121458
https://doi.org/10.1016/j.jep.2018.09.025
https://doi.org/10.1016/j.jep.2018.09.025
https://doi.org/10.1007/s11356-017-9239-3
https://doi.org/10.3389/fimmu.2018.02833
https://doi.org/10.1016/j.tox.2019.01.002
https://doi.org/10.1016/j.jdermsci.2015.01.011
https://doi.org/10.1016/j.jdermsci.2015.01.011
https://doi.org/10.3390/ijms19092727
https://doi.org/10.1038/jid.1962.136
https://doi.org/10.3390/ijms19124101
https://doi.org/10.3390/ijerph15112485
https://doi.org/10.1111/jdv.13834
https://doi.org/10.1155/2012/135206


Stressors on Skin AgingParrado et al.

16 July 2019 | Volume 10 | Article 759Frontiers in Pharmacology | www.frontiersin.org

Pollet, M., Shaik, S., Mescher, M., Frauenstein, K., Tigges, J., Braun, S. A., et al. 
(2018). The AHR represses nucleotide excision repair and apoptosis and 
contributes to UV-induced skin carcinogenesis. Cell Death Differ. 25, 1823–
1836. doi: 10.1038/s41418-018-0160-1

Qiao, Y., Li, Q., Du, H. Y., Wang, Q. W., Huang, Y., and Liu, W. (2017). Airborne 
polycyclic aromatic hydrocarbons trigger human skin cells aging through aryl 
hydrocarbon receptor. Biochem. Biophys. Res. Commun. 488, 445–452. doi: 
10.1016/j.bbrc.2017.04.160

Qin, Z., Fisher, G. J., and Quan, T. (2013). Cysteine-rich protein 61 (CCN1) 
domain-specific stimulation of matrix metalloproteinase-1 expression through 
αVβ3 integrin in human skin fibroblasts. J. Biol. Chem. 288, 12386–12394. doi: 
10.1074/jbc.M112.424358

Quan, C., Cho, M. K., Perry, D., and Quan, T. (2015). Age-associated reduction 
of cell spreading induces mitochondrial DNA common deletion by oxidative 
stress in human skin dermal fibroblasts: implication for human skin connective 
tissue aging. J. Biomed. Sci. 2822, 62. doi: 10.1186/s12929-015-0167-6

Quan, T., Qin, Z., Shao, Y., Xu, Y., Voorhees, J. J., and Fisher, G. J. (2011). Retinoids 
suppress cysteine-rich protein 61 (CCN1), a negative regulator of collagen 
homeostasis, in skin equivalent cultures and aged human skin in vivo. Exp. 
Dermatol. 20, 572–576. doi: 10.1111/j.1600-0625.2011.01278.x

Quan, T., Qin, Z., Voorhees, J. J., and Fisher, G. J. (2012). Cysteine-rich protein 61 
(CCN1) mediates replicative senescence-associated aberrant collagen homeostasis 
in human skin fibroblasts. J. Cell Biochem. 113, 3011–3018. doi: 10.1002/jcb.24179

Rinnerthaler, M., Bischof, J., Streubel, M. K., Trost, A., and Richter, K. (2015). 
Oxidative stress in aging human skin. Biomolecules 5, 545–589. doi: 10.3390/
biom5020545

Rudyak, S. G., Usakin, L. A., Tverye, E. A., Orekhov, A. S., Belushkina, N. N., 
Paus, R., et al. (2018). Retinoic acid co-treatment aggravates severity of dioxin-
induced skin lesions in hairless mice via induction of inflammatory response. 
Biochem. Biophys. Res. Commun. 506, 854–861. doi: 10.1016/j.bbrc.2018.10.126

Ryu, Y. S., Kang, K. A., Piao, M. J., An, M. J., Yi, J. M., Hyun, Y. M., et al. (2019). 
Particulate matter induces inflammatory cytokine production via activation of 
NFκB by TLR5-NOX4-ROS signaling in human skin keratinocyte and mouse 
skin. Redox Biol. 21, 101080. doi: 10.1016/j.redox.2018.101080

Saladi, R., Austin, L., Gao, D., Lu, Y., Phelps, R., Lebwohl, M., et al. (2003). The 
combination of benzo[a]pyrene and ultraviolet a causes an in vivo time-related 
accumulation of DNA damage in mouse skin. Photochem. Photobiol. 77, 413–
419. doi: 10.1562/0031-8655(2003)077<0413:TCOBAU>2.0.CO;2

Salthammer, T., Zhang, Y., Mo, J., Koch, H. M., and Weschler, C. J. (2018). 
Assessing human exposure to organic pollutants in the indoor environment. 
Angew. Chem. Int. Ed. Engl. 57, 12228–12263. doi: 10.1002/anie.201711023

Skobowiat, C., Brożyna, A. A., Janjetovic, Z., Jeayeng, S., Oak, A. S. W., Kim, T. 
K., et al. (2018). Melatonin and its derivatives counteract the ultraviolet B 
radiation-induced damage in human and porcine skin ex vivo. J. Pineal. Res. 65 
(2), e12501. doi: 10.1111/jpi.12501

Skobowiat, C., Dowdy, J. C., Sayre, R. M., Tuckey, R. C., and Slominski, A. (2011). 
Cutaneous hypothalamic-pituitary-adrenal axis homolog: regulation by 
ultraviolet radiation. Am. J. Physiol. Endocrinol. Metab. 301, E484–493. doi: 
10.1152/ajpendo.00217.2011

Skobowiat, C., Postlethwaite, A. E., and Slominski, A. T. (2017). Skin exposure to 
ultraviolet B rapidly activates systemic neuroendocrine and immunosuppressive 
responses. Photochem. Photobiol. 93, 1008–1015. doi: 10.1111/php.12642

Skobowiat, C., Sayre, R. M., Dowdy, J. C., and Slominski, A. T. (2013). Ultraviolet 
radiation regulates cortisol activity in a waveband-dependent manner in 
human skin ex vivo. Br. J. Dermatol. 168, 595–601. doi: 10.1111/bjd.12096

Slominski, A. T. (2015). On the role of the endogenous opioid system in regulating 
epidermal homeostasis. J. Invest. Dermatol. 135, 333–334. doi: 10.1038/jid.2014.458

Slominski, A., and Wortsman, J. (2000). Neuroendocrinology of the skin. Endocr. 
Rev. 21, 457–487. doi: 10.1210/er.21.5.457

Slominski, A. T., Hardeland, R., Zmijewski, M. A., Slominski, R. M., Reiter, R. J., and 
Paus, R. (2018b). Melatonin: a cutaneous perspective on its production, metabolism, 
and functions. J. Invest. Dermatol. 138, 490–499. doi: 10.1016/j.jid.2017.10.025

Slominski, A. T., Kleszczyński, K., Semak, I., Janjetovic, Z., Zmijewski, M. A., 
Kim, T. K., et al. (2014). Local melatoninergic system as the protector of skin 
integrity. Int. J. Mol. Sci. 15, 17705–17732. doi: 10.3390/ijms151017705

Slominski, A. T., Manna, P. R., and Tuckey, R. C. (2015). On the role of skin in the 
regulation of local and systemic steroidogenic activities. Steroids 103, 72–88. 
doi: 10.1016/j.steroids.2015.04.006

Slominski, A. T., Zmijewski, M. A., Plonka, P. M., Szaflarski, J. P., and Paus, R. 
(2018a). How Uv light touches the brain and endocrine system through skin, 
and why. Endocrinology 159 (5), 1992–2007. doi: 10.1210/en.2017-03230

Slominski, A. T., Zmijewski, M. A., Skobowiat, C., Zbytek, B., Slominski, R. M., and 
Steketee, J. D. (2012b). Sensing the environment: regulation of local and global 
homeostasis by the skin’s neuroendocrine system. Adv. Anat. Embryol. Cell. Biol. 
212, v, vii, 1–115.

Slominski, A. T., Zmijewski, M. A., Zbytek, B., Tobin, D. J., Theoharides, T. C., and 
Rivier, J. (2013b). Key role of CRF in the skin stress response system. Endocr. 
Rev. 34, 827–84. doi: 10.1210/er.2012-1092

Slominski, A., Tobin, D. J., Shibahara, S., and Wortsman, J. (2004). Melanin 
pigmentation in mammalian skin and its hormonal regulation. Physiol. Rev. 84 
(4), 1155–1228. doi: 10.1152/physrev.00044.2003

Slominski, A., Zbytek, B., Nikolakis, G., Manna, P. R., Skobowiat, C., Zmijewski, M., 
et  al. (2013a). Steroidogenesis in the skin: implications for local immune functions. 
Steroid Biochem. Mol. Biol. 137, 107–123. doi: 10.1016/j.jsbmb.2013.02.006

Slominski, A., Zmijewski, M. A., and Pawelek, J. (2012a). L-tyrosine and 
L-dihydroxyphenylalanine as hormone-like regulators of melanocyte functions. 
Pigment Cell Melanoma Res. 25, 14–27. doi: 10.1111/j.1755-148X.2011.00898.x

Soeur, J., Belaïdi, J. P., Chollet, C., Denat, L., Dimitrov, A., Jones, C., et al. (2017). 
Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) 
impair redox homeostasis in keratinocytes exposed to UVA1. J. Dermatol. Sci. 
86, 162–169. doi: 10.1016/j.jdermsci.2017.01.007

Song, E. J., Gordon-Thomson, C., Cole, L., Stern, H., Halliday, G. M., Damian, D. L., 
et al. (2013). 1α,25-Dihydroxyvitamin D3 reduces several types of UV-induced 
DNA damage and contributes to photoprotection. J. Steroid. Biochem. Mol. 
Biol. 136, 131–138. doi: 10.1016/j.jsbmb.2012.11.003

Stockholm Convention. (2011). Stockholm Convention on Persistent Organic 
Pollutants (POPs), November 2011. 

Tončić, R. J., Kezić, S., Hadžavdić, S. L., and Marinović, B. (2017). Skin barrier 
and dry skin in the mature patient. Clin. Dermatol. 36, 109–115. doi: 10.1016/j.
clindermatol.2017.10.002

Toyooka, T., and Ibuki, Y. (2006). New method for testing phototoxicity of 
polycyclic aromatic hydrocarbons. Environ. Sci. Technol. 40, 3603–3608. doi: 
10.1021/es060182i

Tsuji, G., Takahara, M., Uchi, H., Takeuchi, S., Mitoma, C., Moroi, Y., et al. (2011). An 
environmental contaminant, benzo(a)pyrene, induces oxidative stress-mediated 
interleukin-8 production in human keratinocytes via the aryl hydrocarbon receptor 
signaling pathway. J. Dermatol. Sci. 62, 42–49. doi: 10.1016/j.jdermsci.2010.10.017

Tulah, A. S., and Birch-Machin, M. A. (2013). Stressed out mitochondria: the role of 
mitochondria in ageing and cancer focussing on strategies and opportunities in 
human skin. Mitochondrion 13, 444–453. doi: 10.1016/j.mito.2012.11.007

Valacchi, G., Muresan, X. M., Sticozzi, C., Belmonte, G., Pecorelli, A., Cervellati, F., 
et al. (2016). Ozone-induced damage in 3D-Skin model is prevented by topical 
vitamin C and vitamin E compound mixtures application. J. Dermatol. Sci. 82, 
209–212. doi: 10.1016/j.jdermsci.2016.02.007

Valacchi, G., Pagnin, E., Corbacho, A. M., Olano, E., Davis, P. A., Packer, L., et al. 
(2004). In vivo ozone exposure induces antioxidant/stress-related responses 
in murine lung and skin. Free Radic. Biol. Med. 36, 673–681. doi: 10.1016/j.
freeradbiomed.2003.12.005

Valacchi, G., Pecorelli, A., Belmonte, G., Pambianchi, E., Cervellati, F., Lynch, S., 
et al. (2017). Protective effects of topical vitamin C compound mixtures against 
ozone-induced damage in human skin. J. Invest. Dermatol. 137, 1373–1375. 
doi: 10.1016/j.jid.2017.01.034

Valacchi, G., Sticozzi, C., Belmonte, G., Cervellati, F., Demaude, J., Chen, N., 
et al. (2015). Vitamin C compound mixtures prevent ozone-induced oxidative 
damage in human keratinocytes as initial assessment of pollution protection. 
PLoS One 10, e0131097. doi: 10.1371/journal.pone.0131097

Valacchi, G., van der Vliet, A., Schock, B. C., Okamoto, T., Obermuller-Jevic, U., Cross, 
C. E., et al. (2002). Ozone exposure activates oxidative stress responses in murine 
skin. Toxicology 179 (1–2), 163–170. doi: 10.1016/S0300-483X(02)00240-8

Valencia, A., and Kochevar, I. E. (2008). Nox1-based NADPH oxidase is the 
major source of UVA-induced reactive oxygen species in human keratinocytes. 
J. Invest. Dermatol. 128, 214–222. doi: 10.1038/sj.jid.5700960

van Donkelaar, A., Randall, V., Martin, R. V., Li, C., and Burnett, R. T. (2019). 
Chemical composition of fine particulate matter using a combined geoscience-
statistical method with information from satellites, models, and monitors. 
Environ. Sci. Technol. 53, 2595–2611. doi: 10.1021/acs.est.8b06392

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1038/s41418-018-0160-1
https://doi.org/10.1016/j.bbrc.2017.04.160
https://doi.org/10.1074/jbc.M112.424358
https://doi.org/10.1186/s12929-015-0167-6
https://doi.org/10.1111/j.1600-0625.2011.01278.x
https://doi.org/10.1002/jcb.24179
https://doi.org/10.3390/biom5020545
https://doi.org/10.3390/biom5020545
https://doi.org/10.1016/j.bbrc.2018.10.126
https://doi.org/10.1016/j.redox.2018.101080
https://doi.org/10.1562/0031-8655(2003)077
https://doi.org/10.1002/anie.201711023
https://doi.org/10.1111/jpi.12501
https://doi.org/10.1152/ajpendo.00217.2011
https://doi.org/10.1111/php.12642
https://doi.org/10.1111/bjd.12096
https://doi.org/10.1038/jid.2014.458
https://doi.org/10.1210/er.21.5.457
https://doi.org/10.1016/j.jid.2017.10.025
https://doi.org/10.3390/ijms151017705
https://doi.org/10.1016/j.steroids.2015.04.006
https://doi.org/10.1210/en.2017-03230
https://doi.org/10.1210/er.2012-1092
https://doi.org/10.1152/physrev.00044.2003
https://doi.org/10.1016/j.jsbmb.2013.02.006
https://doi.org/10.1111/j.1755-148X.2011.00898.x
https://doi.org/10.1016/j.jdermsci.2017.01.007
https://doi.org/10.1016/j.jsbmb.2012.11.003
https://doi.org/10.1016/j.clindermatol.2017.10.002
https://doi.org/10.1016/j.clindermatol.2017.10.002
https://doi.org/10.1021/es060182i
https://doi.org/10.1016/j.jdermsci.2010.10.017
https://doi.org/10.1016/j.mito.2012.11.007
https://doi.org/10.1016/j.jdermsci.2016.02.007
https://doi.org/10.1016/j.freeradbiomed.2003.12.005
https://doi.org/10.1016/j.freeradbiomed.2003.12.005
https://doi.org/10.1016/j.jid.2017.01.034
https://doi.org/10.1371/journal.pone.0131097
https://doi.org/10.1016/S0300-483X(02)00240-8
https://doi.org/10.1038/sj.jid.5700960
https://doi.org/10.1021/acs.est.8b06392


Stressors on Skin AgingParrado et al.

17 July 2019 | Volume 10 | Article 759Frontiers in Pharmacology | www.frontiersin.org

Vierkötter, A., Schikowski, T., Ranft, U., Sugiri, D., Matsui, M., Krämer, U., et al. 
(2010). Airborne particle exposure and extrinsic skin aging. J. Invest. Dermatol. 
130, 2719–2726. doi: 10.1038/jid.2010.204

Vierkötter, A., Schikowski, T., Sugiri, D., Matsui, M. S., Krämer, U., and Krutmann,  J. 
(2015). MMP-1 and -3 promoter variants are indicative of a common susceptibility 
for skin and lung aging: results from a cohort of elderly women (SALIA). J. Invest. 
Dermatol. 135, 1268–1274. doi: 10.1038/jid.2015.7

Wang, A. S., and Dreesen, O. (2018). Biomarkers of cellular senescence and skin 
aging. Front. Genet. 9, 247. doi: 10.3389/fgene.2018.00247

Wang, Y., Gao, D., Atencio, D. P., Pérez, E., Saladi, R., Moore, J., et al. (2005). 
Combined subcarcinogenic benzo[a]pyrene and UVA synergistically caused 
high tumor incidence and mutations in H-ras gene, but not p53, in SKH-1 
hairless mouse skin. Int. J. Cancer. 116, 193–199. doi: 10.1002/ijc.21039

Wertz, P. W. (2018). Lipids and the permeability and antimicrobial barriers of the 
skin. J. Lipids 2, 5954034. doi: 10.1155/2018/5954034

Working Group on Polycyclic Aromatic Hydrocarbons. (2001). Ambient air 
pollution by polycyclic aromatic hydrocarbons (PAH). Position paper. 
Luxembourg: Office for Official Publications of the European Communities; 
(2001). [20 June 2010].http://eceuropa.eu/environment/air/pdf/pp_pah.pdf 

World Health Organization. (2003). Health risks of persistent organic pollutants 
from long-range transboundary air pollution. www.euro.who.int/__data/
assets/pdf_file/0009/78660/e78963.pdf. 

World Health Organization. (2012). Burden of disease from the joint effects of 
Household and Ambient Air Pollution for 2012.www.who.int/phe/health_
topics/outdoorair/databases/AP_jointeffect_BoD_results_Nov2016.pf?ua=1.

World Health Organization. (2014). WHO’s Ambient Air Pollution. www.euro.
who.int/__data/assets/pdf_file/0006/189051/Health-effects-of-particulate-
matter-final-Eng.pdf. 

World Health Organization. (2018). WHO Global Ambient Air Quality Database 
(update 2018) www.who.int/airpollution/data/cities/en/.

Xia, Q., Chiang, H. M., Yin, J. J., Chen, S., Cai, L., Yu, H., et al. (2015). UVA 
photoirradiation of benzo[a]pyrene metabolites: induction of cytotoxicity, 
reactive oxygen species, and lipid peroxidation. Toxicol. Ind. Health. 31, 898–
910. doi: 10.1177/0748233713484648

Zamarrón, A., Lorrio, S., González, S., and Juarranz, A. (2018). Fernblock prevents 
dermal cell damage induced by visible and infrared a radiation. Int. J. Mol. Sci. 
19, 1–15. doi: 10.3390/ijms19082250

Zhang, W., Jiang, P., Chen, J., Zhu, C., Mao, Z., and Gao, C. (2017a). Application 
of melatonin-loaded poly(N-isopropylacrylamide) hydrogel particles to reduce 
the toxicity of airborne pollutes to RAW264.7 cells. Colloid Interface Sci. 490, 
181–189. doi: 10.1016/j.jcis.2016.11.075

Zhang, Y., Zheng, L., Tuo, J., Liu, Q., Zhang, X., Xu, Z., et al. (2017b). Analysis 
of PM2.5-induced cytotoxicity in human HaCaT cells based on a microfluidic 
system. Toxicol. In Vitro 43, 1–8. doi: 10.1016/j.tiv.2017.04.018

Conflict of Interest Statement: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2019 Parrado, Mercado-Saenz, Perez-Davo, Gilaberte, Gonzalez and 
Juarranz. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the original author(s) and the copyright 
owner(s) are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org
https://doi.org/10.1038/jid.2010.204
https://doi.org/10.1038/jid.2015.7
https://doi.org/10.3389/fgene.2018.00247
https://doi.org/10.1002/ijc.21039
https://doi.org/10.1155/2018/5954034
http://eceuropa.eu/environment/air/pdf/pp_pah.pdf
www.euro.who.int/__data/assets/pdf_file/0009/78660/e78963.pdf
www.euro.who.int/__data/assets/pdf_file/0009/78660/e78963.pdf
http://www.who.int/phe/health_topics/outdoorair/databases/AP_jointeffect_BoD_results_Nov2016.pf?ua=1
http://www.who.int/phe/health_topics/outdoorair/databases/AP_jointeffect_BoD_results_Nov2016.pf?ua=1
www.euro.who.int/__data/assets/pdf_file/0006/189051/Health-effects-of-particulate-matter-final-Eng.pdf
www.euro.who.int/__data/assets/pdf_file/0006/189051/Health-effects-of-particulate-matter-final-Eng.pdf
www.euro.who.int/__data/assets/pdf_file/0006/189051/Health-effects-of-particulate-matter-final-Eng.pdf
www.who.int/airpollution/data/cities/en/
https://doi.org/10.1177/0748233713484648
https://doi.org/10.3390/ijms19082250
https://doi.org/10.1016/j.jcis.2016.11.075
https://doi.org/10.1016/j.tiv.2017.04.018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Environmental Stressors on Skin Aging. Mechanistic Insights
	Introduction
	Skin Aging and Oxidative Stress
	Chronological Skin Aging
	Photoaging
	Skin Barrier and Aging
	The Aryl Hydrocarbon Receptor in Skin Aging

	Skin Aging and Air Pollution
	Particulate Matter
	Particulate Matter and Oxidative Stress/Inflammation
	Particulate Matter and Extracellular Matrix
	New Receptors in PM and Oxidative Stress/Inflammation
	Particulate Matter and Skin Barrier Dysfunction
	Particulate Matter and Human Studies

	Persistent Organic Pollutants
	Persistent Organic Pollutants (PAH and TCDD) 
and Oxidative Stress/Inflammation
	Persistent Organic Pollutants (TCDD) and Human Studies

	Gaseous Pollutant. Ozone (O3)
	Ozone and Oxidative Stress
	Ozone and Human Studies


	Photo-Pollutants
	Concluding Remarks

	Contribution to the Field Statement
	Author Contributions
	Funding
	References


