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Abstract 28 

Per- and polyfluoroalkyl substances (PFASs) are a ubiquitous group of persistent chemicals 29 

distributed globally in the environment. Skin aging is a notorious process that is prematurely 30 

induced by the interaction between endogenous and exogenous factors, including exposure to 31 

environmental chemicals. The existing evidence suggests that skin absorption of PFASs through 32 

dermal contact may be an important route of exposure to these chemicals in humans. On the 33 

other hand, PFASs intake by other routes may lead to PFASs bioaccumulation in the skin via 34 

tissue bio-distribution. Additionally, the presence of PFASs in consumer and cosmetic products 35 

combined with their daily close contact with the skin could render humans readily susceptible to 36 

dermal absorption. Therefore, chronic low-dose dermal exposure to PFASs can occur in the 37 

human population, representing another important route of exposure to these chemicals. Studies 38 

indicate that PFASs can threaten skin health and contribute to premature skin aging. Initiation of 39 

inflammatory-oxidative cascades, induction of DNA damage such as telomere shortening, 40 

dysregulation of genes engaged in dermal barrier integrity and its functions, signaling of the 41 

mitogen activated protein kinase (MAPK) pathway, and last but not least the down-regulation of 42 

extracellular matrix (ECM) components are among the most likely mechanisms by which PFASs 43 

can contribute to premature skin aging.  44 
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1. Introduction 50 

Since the 1940s, per- and polyfluoroalkyl substances (PFASs), a large group of persistent 51 

organic pollutants (POPs), have been extensively dispersing in the environment worldwide (1). 52 

These chemicals are categorized into two main subgroups, including perfluoroalkyls and 53 

polyfluoroalkyls. The former encompasses an enormous family of the fluorinated compounds 54 

within which the carbon chains are fully occupied by fluorine atoms. These chains commonly 55 

terminate with a carboxylate (e.g. perfluorooctanoic acid (PFOA), perfluordecane sulfonic acid 56 

(PFDS)), or sulfonate group (e.g. perfluorooctane sulfonic acid (PFOS), perfluorohexane 57 

sulfonic acid (PFHXS)). On the contrary, in polyfluoroalkyls, the carbon chains are not fully 58 

fluorinated. Plenty of fluoropolymers and fluorotelomers fall into this subset.  They are 59 

eventually transformed or metabolized to perfluoroalkyl acids and carboxylates (2).  60 

Thanks to the perfluoroalkyl moiety (CnF2n+1-), these highly bioaccumulative compounds benefit 61 

from prominent physico-chemical features such as stronger acidity, higher surface activity, 62 

chemical and thermal stability, and water-and oil-repellency compared with their hydrocarbon 63 

counterparts (3). Such unique properties make them unusually exceptional (if no incomparable) 64 

to be utilized in a very wide spectrum of industries and products. There is a myriad of these 65 

fluoroalkyl compounds all of which have considerable similarities in structure, behavior, and 66 

effects (4). Extensive application and resistance to natural decomposition have dispersed PFASs 67 

throughout the globe. As can be seen in Fig. 1, all the steps from production, consumption, to 68 

waste treatment and disposal of PFASs have the potential to release these chemicals or their 69 

precursors into the environmental compartments, including the atmosphere, hydrosphere, and 70 

lithosphere.  Environmental distribution of PFASs in turn, leads to their exposure to living 71 

organisms and their bioaccumulation through the trophic chains. This is an indirect route of 72 
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exposure affecting humans and other forms of life. On the other hand, exposure to consumer 73 

products containing PFASs is considered a direct route of exposure increasing the risk of health 74 

effects. 75 

 76 
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Fig. 1. Presence and dispersion of PFASs in the environment. After the production of PFASs by 77 

fluorochemical manufacturers, they distribute across the environment via the integrated cycles in which 78 

atmosphere, hydrosphere, and lithosphere are interconnected. Besides, the leachate and gaseous emissions 79 

from landfills, the effluent of wastewater treatment plants, and the release of fire-fighting foams render 80 

the environment much more susceptible to PFASs. Air, water, and soil interact with each other in an 81 

interconnected way and transfer PFASs to the biosphere, including macro- and microorganisms. As a 82 

result, these non-biodegradable compounds penetrate the biosphere and accumulate across the trophic 83 

chains. Such a chain of events results in indirect exposure of humans to PFASs via air, dust, food, and 84 

drinking water. Humans are additionally exposed to consumer products containing PFASs and their 85 

precursors. The other, but considerably less frequent, direct route of exposure is by dermal contact and 86 

inhalation of fire-fighting foams. 87 

Due to the ubiquity of PFASs and the serious threats that they continuously pose to the 88 

environment and people, the attention to the environmental fate and transport, as well as the 89 

toxicity of these chemicals has been continuously increasing over the last few decades. Based on 90 

findings obtained from growing epidemiological and toxicological studies on PFASs, exposure 91 

to these long-lasting chemicals participates in a wide range of adverse health outcomes, 92 

including endocrine disruption, immunotoxicity, developmental disorders, and some types of 93 

cancers (5, 6). That is why an issue of high importance turning into a priority is lowering the use 94 

and exposure to long-chain PFASs through the innovation and development of fluorine-free 95 

alternatives. It is worth noting a recent growing concern is related to exposure to some short-96 

chain PFASs which have been considered as a replacements for long-chain PFASs (7, 8).  97 

Encompassing the tremendous growth of industrialization, an increasing number of pollution 98 

sources release hazardous chemicals into the environment. For this reason, measuring exposure 99 

to environmental pollutants, under the umbrella term of “exposome”, has recently turned into an 100 
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ineluctable constituent of epidemiological analysis assessing the linkage between environmental 101 

exposure and individual health and pathogenesis of a large number of human diseases. However, 102 

the influence of environmental chemicals on skin health is less studied compared with other 103 

health endpoints. During the last two decades, the detrimental effects of environmental 104 

contaminations on the human skin emerged as a new domain of environmental medicine. 105 

Specifically, a special emphasis has been placed on the contribution of air pollution-induced skin 106 

diseases and skin aging. Furthermore, toxic impacts of dermal exposure to POPs, especially in 107 

the workplace, have been studied substantially. Concerning PFASs exposure, although numerous 108 

experimental and epidemiological studies have been conducted for understanding the possible 109 

contributions of these chemicals to the pathogenesis of a broad array of diseases, the interaction 110 

between PFASs and the skin has received less attention as their dermal toxic effects may have 111 

been underestimated. 112 

Of all the environmentally-induced skin disorders, skin aging is a prevalent global health 113 

challenge requiring serious attention. In this regard, the term “extrinsic skin aging” has been 114 

proposed to cover the cutaneous aging stemmed from environmental stressors. It is worth 115 

mentioning that the dermal absorption of pollutants is capable of triggering skin damage and 116 

bringing about undesirable structural changes. Within the last decade, some experimental studies 117 

have been designed to consider dermal exposure to PFASs. For the first time, this review aims to 118 

critically and mechanistically examine existing evidence related to dermal effects induced by 119 

exposure to PFASs and to figure out potential pathways that may accelerate the process of skin 120 

aging. 121 

 122 

 123 
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2. Methodology 124 

Briefly, the authors performed a literature review over PubMed Database on April 10th, 2020 125 

using a combination of the following keywords: (“Fluorinated hydrocarbons”, per- and 126 

polyfluoroalkyl substances”, “PFASs”, “perfluorooctanoic acid”, “perfluorooctane sulfonic 127 

acid”) AND (“skin”). Rayyan, a review web application, has been employed for making 128 

decisions in compliance with following exclusion and inclusion criteria (9). 129 

Original human and animal studies were included if meeting one of the following requirements: 130 

1) Reporting absorption, distribution, and accumulation of PFASs in the skin 2) Evaluating the 131 

toxic effects of PFASs under dermal exposure.  132 

Studies were excluded if 1) Toxic endpoints of PFASs alternatives were investigated. 2) Toxic 133 

impacts of fluorinated hydrocarbons other than PFASs were examined. 3) Referred to non- 134 

dermal exposure. 4) Were written in languages other than English. 5) Referred to in-silico 135 

investigations.  136 

 To compile all available relevant studies, Google Scholar was used as an additional source to 137 

check the first 200 results for all possible combinations of the foregoing keywords. Although 138 

only original articles were included, the reference lists of relevant review articles were checked 139 

thoroughly to prevent missing any relevant items. Gray literature and research from 140 

governmental organizations and authorities published in journals other than academic ones, were 141 

excluded. The search strategy is presented in online Supplementary File 1. 142 

3. Results and discussion 143 

The following sections present findings extracted from the retained articles and are presented in a 144 

logical and interconnected order. Firstly, dermal exposure pathways to PFASs are considered, 145 
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then their tissue distribution and bioconcentration are discussed with an emphasis on the skin. 146 

Finally, experimental and epidemiological evidence are examined to elucidate the most 147 

outstanding mechanisms triggering the procedure of skin aging under dermal exposure to PFASs. 148 

3.1. Dermal exposure pathways to PFASs  149 

Fig. 2 depicts the most significant exposure pathways to PFASs. In the case of dermal uptake of 150 

PFASs, direct contact of the skin surface with consumer products is the main route. PFASs exist 151 

in a myriad of consumer products that have direct contact with the human skin. Thanks to their 152 

versatility, PFASs are widely used to render shoes, clothes, carpets, sofa, to name but a few, 153 

water, soil, and stain-resistance. They are utilized to prevent food sticking onto cookware and 154 

food packaging. Using long-chain PFASs -and recently their short-chain alternatives- in 155 

varnishes, lubricants, detergent products, textiles, paper, ink, waxes, and fire-fighting foams 156 

make the human health in general and the skin in particular frequently susceptible and vulnerable 157 
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to these chemicals (Fig. 1 and 2). 158 

 159 

Fig. 2. Human exposure to PFASs. Human exposure pathways to PFASs mainly consists of air and dust 160 

inhalation, food and water ingestion, and dermal absorption. 161 

PFASs are low molecular weight surfactants that easily penetrate the skin. Such a key feature is 162 

exploited in manufacturing cosmetic products as well. According to a comprehensive risk 163 

assessment carried out by the Danish Environmental Protection Agency, PFASs are found at 164 

high concentrations in roughly one-third of cosmetic and personal care products (10). It has been 165 

reported that exposure to PFOA and PFOS can interfere with membrane and barrier permeability 166 

in mitochondria (11), brain (12), and skin (13). Increasing dermal permeability may develop to 167 

dermal penetration and consequently dermal absorption of the chemicals. There are a very 168 

limited number of studies that have estimated the human exposure to PFASs through skin 169 

contact. Su and colleagues measured several perfluoroalkyl acids (PFAAs) in outdoor and indoor 170 
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dust around a mega fluorochemical industrial park and assessed their estimated daily intake 171 

(EDI) for the local residents (14). Dermal exposure to PFASs is estimated according to Equation 172 

1 (15, 16).  173 

EDIdermal= 
୕౞౭×౪౛౮౦×ూ౫౦౪౗ౡ౛ షౚ౛౨ౣ౗ౢ

୆୛
 (Equation 1) 174 

Where EDIdermal is the estimated daily exposure to the target PFASs via dermal absorption (pg·kg 175 

bw-1·day-1), Qhw is the total mass present of the target PFASs (pg), texp is the exposure duration 176 

(day), Fuptake-dermal is the uptake fraction of PFASs absorbed via the skin, and BW is the 177 

bodyweight of an exposed individual (kg). Su et al (2016) study reported that the EDI 178 

(ng/kg.bw/day) of PFAAs via dermal absorption and ingestion of dust contaminated with PFAAs 179 

was dependent on the age group and the distance between the population and the industrial 180 

park(14). Additionally, EDIs through the dust ingestion was evaluated to be roughly 4-14 times 181 

larger than that through skin contact(14).  Similarly, other studies indicated the dermal route, 182 

restricted to the hand’s skin, was the least significant exposure to PFASs (15, 16). Nonetheless, 183 

dermal exposure to PFASs could be more substantial than what has been reported provided the 184 

whole surface of an individual’s skin is considered. Moreover, attention should be paid to the 185 

fact that the skin is the only tissue that can be exposed to PFASs both externally and internally. 186 

On the one hand, PFASs can enter the body through ingestion and inhalation and transfer to the 187 

skin by the circulatory system and accumulate there during tissue distribution. On the other hand, 188 

skin can be exposed directly to PFASs through dermal contact. Therefore, despite initial 189 

estimations implying that exposure to PFASs through the skin is not comparable to other routes 190 

(dietary, inhalation, and dust ingestion), this issue is not incontrovertible. Developing more 191 
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reliable and holistic methods are recommended to offer an actual and precise assessment of 192 

dermal exposure to PFASs.  193 

3.2. PFASs exposure and tissue distribution  194 

PFASs, by nature, are markedly stable and resistant to chemical reactions. In spite of being 195 

metabolically inert, these compounds can exert negative influences on endogenous metabolic 196 

processes. Disturbance in metabolism may induce biochemical alterations that are interconnected 197 

to systemic toxicity (17). Since PFASs are not metabolized in humans and animals, they are 198 

excreted with different half-lives through different routes. The half-life of PFASs in human 199 

serum has been estimated to be 8.3 yr, 5.4 yr, and 3.8 yr for PFHxS, PFOS, and PFOA, 200 

respectively (18).  201 

Tissue distribution refers to a process in which a chemical, primarily a drug, transfers from one 202 

site to another within the body. During this process, different doses of a chemical are delivered to 203 

each target organ by the vascular system. The residence time, distribution level, and elimination 204 

rate of a chemical is a complicated equation influenced by several variables, including but not 205 

limited to species, sex, and age (17). Assessment of tissue distribution of environmental 206 

contaminants in animal models is a pivotal factor required for determining their distribution and 207 

magnification or of their metabolites as well as evaluating their potential toxic responses. A 208 

growing body of experimental evidence presents the skin as one of the main target tissues for 209 

PFASs distribution.  210 

The pervasive influences of PFOA have been detected in human communities, animals, and the 211 

general environment. Male and female rats, mice, hamsters, and rodents were exposed to a single 212 

oral dose of 10 mg/kg ammonium [14C] PFOA by Hundley and colleagues(19). The experimental 213 
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analysis showed that almost all of the salt administrated was absorbed by the gastrointestinal 214 

tract. The recovery of radioactivity indicated that the highest levels of [14C] were accumulated in 215 

blood, liver, and kidney followed by lung, skin, and testis. It is of note that the elimination of 216 

PFOA was reported to be sex and species-dependent(19). Sex-dependent plasma clearance half-217 

life has been observed by Gannon et al., when they studied tissue clearance of [1-14C]-PFHx in 218 

rats and mice dosed orally at 2 or 100 mg/kg(20). 24 hours after a single dose of 100mg/kg, 219 

PFHx was quantifiable only in the skin as its concentrations were above the limit of 220 

quantification (LOQ) levels in the skin of both genders of the two species. Authors deduced from 221 

these findings that humans may eliminate PFHx as rapidly as rats and mice. 222 

  Bogdanska and colleagues conducted a series of experiments to evaluate the tissue distribution 223 

of PFASs in mice(21-23). In their earliest study, the tissue distribution of PFOS in C57/BL6 224 

mice was assessed following dietary exposure. Mice were exposed to 0.031 mg/kg/day of 35S-225 

PFOS for 1-5 days. The analysis of radioactivity revealed that skin was among the significant 226 

compartments containing the largest amount of PFOS. The distribution of PFOS in the skin was 227 

homogeneous and dose-dependent (21). Perfluorobutanesulfonic acid (PFBS), a four-carbon 228 

perfluorobutanesulfonate, was labeled by 35S and administrated to adult male mice in the same 229 

molar concentration of the former study (22). Bogdanska et al. (22)  observed that most of 35S-230 

PFBS was localized in tissues, including liver, whole bone, blood, skin, and muscle, similar to 231 

the observations of PFOS in their previous study(21). The tissue concentrations of PFBS, 232 

however, were substantially lower than those of its eight-carbon homolog (PFOS). In the most 233 

recent study, Bogdanska and colleagues characterized the tissue distribution of 14C-PFOA in 234 

mice in the same manner that they assessed in the cases of PFOS and PFBS (23). They carried 235 

out the experiment using two different doses; a high experimental dose (22 mg/kg/day) and a 236 
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lower one (0.06 mg/kg/day) similar to those detected in exposed humans. Results revealed that 237 

the concentrations of PFOA measured in the blood are in the same range of those reported in 238 

humans. Moreover, the distribution profile had a good agreement with the previous findings(21, 239 

22). Interestingly, the level of PFOA in the skin after low-dose exposure was nearly a third of 240 

that in the blood. This suggests that PFOA, even at lower doses, leaves the bloodstream and is 241 

distributed homogeneously throughout the skin. This suggests that the presence of PFOA in the 242 

skin, a tissue with 15-20% body weight, may play a major part in the whole-body burden.   243 

In agreement, experiments on fish (24-27), and frog (28) corroborated the aforementioned 244 

findings and indicated the skin as one of the main areas for localization and recovery of PFASs. 245 

Fisheries products are a source of exposure to fluorinated chemicals as shown by the positive 246 

correlation between seafood consumption and human exposure to PFASs (29). Market-size 247 

rainbow trout (Oncorhynchus mykiss) was exposed to PFHxS, PFOA, PFOS, and PFBS via their 248 

diet for 28 days. Goertiz et al. identified the skin of fish as one of the main preferential 249 

destinations for PFASs deposition (24) in accordance with findings by another study on this 250 

species (25). The accumulation of PFASs in the skin was deemed as an intermediate step for 251 

subsequent excretion via the skin(24). However, recent evidence suggests that body surface 252 

mucus is responsible for the elimination mechanism of PFOS (30). The contribution of edible 253 

parts of seafood (skin and muscle) to PFASs exposure is expected to be significant because of 254 

their high proportion of the whole weight of the body. In this respect,  PFASs uptake by fish 255 

dietary intake would reduce with the consumption of fillet without skin (24). 256 

Remarkable concentrations of PFASs, especially long-chain ones, are magnified in a host of 257 

aquatic organisms as a result of bioaccumulation along trophic chains, which are more likely to 258 

terminate in humans (31). Despite the ban on the production of PFOS, Pignotti and colleagues 259 
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detected it as the most abundant perfluoroalkyl compound in a couple of seawater fish species 260 

(26). They evaluated the distribution of several PFASs in the skin and muscles of fishes in 261 

different positions of the food chain. Surprisingly, although the concentrations of PFASs were 262 

below the method limit of quantification (mLOQ) in water and sediment, a very high amount of 263 

PFASs in general, and PFOS in particular, was reported in the fishes (∑PFASs range from 63.8 264 

ng/g ww to 938 ng/g ww), with a relatively more disposition in the skin. It is of relevance that a 265 

specific type of PFOS, perfluoroctanesulfonamide, was only detected in predators such as 266 

Cyprinus carpio and Silurus glanis, which are at the top of the ecological food chain. Such solid 267 

evidence led authors to infer that biomagnification of PFASs continually occurs in aquatic food 268 

chains(26). Similar results have been found in farmed Trachinotus ovatus exposed to PFOS and 269 

PFOA. Unlike the abovementioned works, the highest fraction of PFOS was measured in the 270 

skin (18.100 mg/kg ww) and its distribution declined in the descending order: skin > gill > 271 

kidney > liver > flesh (27).  272 

There is further evidence confirming the skin as one of the particular spots for the tissue 273 

distribution and bioconcentration of PFASs whether alone (28, 30) or in co-exposure with other 274 

chemicals (32). Many amphibians utilize cutaneous gas exchange as a mode of respiration. Their 275 

skin has a high permeability to small molecules affecting the distribution and accumulation of 276 

PFASs (33). Recently, it was proven that PFASs bioconcentration in dermally exposed post-277 

metamorphic amphibians depends on the species and the chemical (34). For the first time, this 278 

influence was examined in frogs collected from Chinese cities with large-scale fluorochemical 279 

plants. Cui et al (2018) observed fairly similar patterns of tissue distribution in frog and fish. 280 

More than one-third of the total body burden of PFASs (mainly PFOS and chlorinated 281 

polyfluorinated ether sulfonic acid) was found in the skin of males whereas the greatest 282 
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proportion of the chemicals in females accumulated in the ovary (28). Such gender-related 283 

differences were also reported in the case of rodents by Hundley et al (19). It is expected that the 284 

considerable distribution of PFASs in the female sexual organs results in early-life exposure and 285 

induces developmental toxicity during pregnancy and infancy. 286 

 287 

Fig. 3. Tissue distribution and accumulation of PFASs. PFASs leave the bloodstream and enter the target 288 

tissues. This flow direction can be reversed and returns PFASs to the vascular system. Skin is among the 289 
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main destinations for the accumulation of PFASs after the ingestion of contaminated food, water, and 290 

dust. 291 

Investigating the tissue distribution of PFASs shows their capability to leave the bloodstream and 292 

enter tissues. The distribution profile of PFASs, according to the findings of the included 293 

experimental studies, has been shown in Figure 3. It is well-known that PFASs exhibit a high 294 

binding affinity to serum proteins and fatty acid-binding proteins and this might be the reason 295 

why PFASs transfer and accumulate in the target tissues (liver, kidney, lung, muscle, bone, and 296 

skin (24). PFASs have been reported to largely leave the bloodstream and accumulate 297 

considerably in tissues in a dose-dependent manner after exposure to high PFASs doses (21). 298 

The patterns of tissue distribution of contaminants like PFASs in the mentioned animal models 299 

indicate general trends and similarities that would be observed in mammals, including probably 300 

in humans. As a result, the skin is a potential target tissue for the distribution and accumulation 301 

of PFASs through diet, inhalation, and dust dermal exposure. 302 

3.3. Potential role of PFASs in skin damage 303 

3.3.1. Dermal penetration and absorption of PFASs 304 

Having surfactant properties, PFASs are mostly able to change dermal permeability and break 305 

down the skin barrier. Ammonium perfluorooctanoate (APFO) is the ammonium salt of PFOA 306 

which can enhance skin penetration in the human and animal skin (13, 35). APFO was 307 

administrated to rats and rabbits to investigate its dermal toxicity. Kennedy Jr (1985) reported 308 

that sufficient quantity of APFO had penetrated the skin for the initiation of histomorphologic 309 

and physiological changes (35). In a similar study, the dermal penetration rate of APFO was 310 

evaluated in vitro in rat and human skin. After 48 hours, the permeability coefficient for rat and 311 
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human skin was 3.25 × 10-5 cm/hr and 9.5 × 10-7 cm/hr, respectively(13). Only a small 312 

percentage of applied APFO (1.44% in rats and 0.048% in humans) penetrated the skin after 48 313 

hours of exposure. The estimates provided for absorbed dose via dermal exposure demonstrated 314 

that the threshold limit value (TLV) may be exceeded under uninterrupted exposure (13). 315 

Another study by Franko et al. measured the dermal absorption and penetration of PFOA in 316 

mouse and human skin (36). The serum level of PFOA significantly increased following dermal 317 

exposure in BALB/c mice, which implies its absorption through the skin. In vitro dermal 318 

penetration of PFOA indicated that approximately 24% of applied dose penetrated both full-319 

thickness and epidermis samples of the human skin after 24 hours. The total absorbable amount 320 

of PFOA (i.e. the sum of the total amount that had penetrated plus the amount originally 321 

available in skin samples) for these samples was 69% and 48%, respectively. In the case of the 322 

mice, more than one-third of the administrated dose passed into the skin, and nearly 50% 323 

absorption occurred. It turned out that the ionization state is a determining factor in the 324 

absorption degree of PFOA. The less acidity or non-ionized PFOA (pH=5.5) yields more 325 

permeability and easy penetration compared with its ionized form (pH=2.25)(36). 326 

The potential of a chemical for inducing skin irritation and sensitization has a direct correlation 327 

with its capability of dermal penetration. Some evidence shows that some PFASs potentially are 328 

skin irritant and sensitizer (35, 37, 38). Moreover, synthesis and release of cytokines such as 329 

interleukin-1α (IL-1α) and interleukin-8  (IL-8), two appropriate parameters for screening 330 

chemicals for their sensitizing/irritating potential (39), have been reported under exposure to 331 

PFASs, strongly suggesting dermal absorption and penetration of these chemicals (38, 40). 332 

Based on the abovementioned research on dermal penetration and absorption of PFASs, the 333 

dermal pathway is suggested to be a potential route of exposure to these chemicals. 334 
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  3.3.2. Dermal exposure to PFASs and immunotoxic effects 335 

It is generally known that PFASs, especially longer-chain congeners, have a markedly potential 336 

for triggering inflammatory and oxidative reactions. Hue et al. (2020) evaluated the levels of a 337 

pro-inflammatory factor (IL-1α) and two oxidative stress biomarkers, including malondialdehyde 338 

(MDA) and 8-hydroxydeoxyguanosine (8-OHdG) under topically dermal exposure to 339 

perfluoroalkyl carboxylic acids (PFCAs) with 5-8 carbons (38). They used a human skin 340 

equivalent (HSE) model entitled EpiDerm Full Thickness (EpiDermFT) composed of 341 

constituents such as collagen and human fibroblasts and keratinocytes. This model is used for a 342 

variety of experimental analyses on the skin. MDA and 8-OHdG are well-known markers for 343 

lipid peroxidation and DNA damage, respectively. The HSE samples were topically exposed to 344 

0.25 and 2.5 mM of the chemicals. In accordance with results from previous studies performed 345 

on dermal exposure to different doses of PFOA (36), the concentrations under study were non-346 

corrosive. In fact, the concentration, repeat, and period of the exposure were to a great extent 347 

similar to those that may occur for the human skin. The measurements revealed that the 348 

production of MDA and the release of IL-1α have significantly increased in tissues treated with 349 

2.5mM PFASs compared with the control group whereas the level of 8-OHdG in the EpiDermFT 350 

skin model did not show any meaningful increase (38). In a study on the immortal human skin 351 

keratinocyte (HaCaT) cells, however, exposure to 50 μM resulted in a remarkable growth of 8-352 

OHdG-positive staining after a recovery period of 8 days (41). The discrepancy between these 353 

two studies regarding the levels of 8-OHdG could originate from the different human skin 354 

models and methodologies applied. Immunological changes in a murine model, including a 355 

significant increase of pro-inflammatory cytokines interleukin-1 (IL-1), and interleukin-6 (IL-356 

6) have been reported under dermal exposure to 0.5–2% w/v, or 12.5–50 mg/kg/dose of PFOA 357 
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(42). The positive immunofluorescence staining of IL-6 in HaCaT, a reliable human skin model, 358 

was also detected in a significant number of the cells (41). 359 

Immunotoxicity of PFASs following dermal exposure has been demonstrated by animal studies 360 

via the alteration of immune responses and the expression of pro-inflammatory cytokines (42, 361 

43). In vitro test models (38, 41) and in-utero studies (44, 45) underscore the immunomodulatory 362 

role of PFASs. A wealth of evidence suggests that PFOA can act as an immunosuppressive 363 

agent. Fairley et al. (2007) demonstrated that dermal exposure to 1-1.5% PFOA is capable of 364 

significant augmentation of IgE antibody and airway hyperreactivity response to ovalbumin, a 365 

stimulator of allergic reactions, and probably environmental allergens (43). This action has been 366 

attributed to peroxisome proliferator-activated receptor alpha (PPARα), a ligand-activated 367 

transcription factor that plays a pivotal role in the skin homeostasis. This nuclear factor regulates 368 

inflammatory responses in the skin, and it is expressed in keratinocytes, T-lymphocytes, and 369 

macrophages (46). PPARα agonists are applied in pharmaceuticals to treat inflammatory skin 370 

diseases (47). With this anti-inflammatory role of PPARα in mind, any environmental factor with 371 

the capability of decreasing the expression of PPARα nuclear factor can disrupt skin homeostasis 372 

and jeopardize skin integrity (42). Nuclear factor of kappa light polypeptide gene enhancer in B‐373 

cells 1 (NFKB1) is a transcription factor that similar to PPARα fights against inflammation, 374 

senescence, and carcinogenesis (48). Down-regulation of these two anti-inflammatory proteins 375 

has been reported in the murine model administrated dermally to PFOA during 14-days (42).  376 

Exposure to PFASs exacerbates allergic responses (43) and has been associated with atopic 377 

diseases (AD) (44, 46). Wen and colleagues shed light on the association between PFOA 378 

exposure and atopic dermatitis (44, 45). AD, also known as atopic eczema, is the most common 379 

type of skin disease that typically starts at childhood and is characterized by the occurrence of a 380 
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long-term skin inflammation (49). Through a 5-year follow-up study, prenatal exposure to PFOA 381 

was positively associated with earlier onset of AD since higher prenatal PFOA exposure 382 

enhanced the risk of AD development (45). The combined effect of exposure to PFOA and 383 

glutathione S-transferase (GST) T1/M1 genotype on childhood AD has been explained using a 2-384 

year follow-up birth cohort study in Taiwan (44). GST is an enzyme catalyzing the conjugation 385 

of glutathione (a powerful antioxidant) to xenobiotics such as PFASs in order to detoxify these. 386 

Therefore, it is expected that individuals with null types of GST may be less equipped to 387 

overcome the oxidative situation due to having dysfunctioned enzymatic activity. Subsequently, 388 

reactive oxygen species (ROS) overproduction can initiate and elicit the activation of 389 

inflammatory cells and the expression of pro-inflammatory cytokines. It was revealed that the 390 

gene-environment interaction in the form of in-utero PFOA exposure and GSTT1/M1 null 391 

phenotype might synergistically heighten the risk of AD in children (44). Likewise, prenatal 392 

exposure to other PFASs such as PFHxS and perfluorodecanoic acid (PFDA) substantially 393 

increases the risk of AD in female children (50). Overall, PFASs have the potential to elicit 394 

inflammation and oxidative responses in the skin leading to skin inflammation and oxidative 395 

damage.    396 

3.3.3. DNA damage under exposure to PFASs 397 

Telomeres in mammal cells consist of a non-coding region of DNA with repetitive sequences of 398 

5′-TTAGGG-3′ found at each end of eukaryotic chromosomes. Steady telomere shortening 399 

probably acts as a mitotic clock that regulates DNA replication and restricts cell proliferation. 400 

Typically, they are shortened over the cell life as every cell division moves telomeres further 401 

toward a critical length where programming cell self-destruction occurs (51). Therefore, it is 402 

speculated that telomere shortening would be a mechanism for preventing carcinogenesis 403 
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through the induction of cellular aging and senescence. Some epidemiological studies have 404 

associated the length of this single-stranded overhang with environmental and occupational 405 

pollutants (52). On top of that, toxicological investigations have considered telomere shortening 406 

and decreasing telomerase activity as hallmarks of premature cellular senescence induced by 407 

exposures to halogenated contaminants such as PFASs (51, 53). Nevertheless, a few numbers of 408 

studies reported the positive association between exposure to chemicals and telomere elongation 409 

(52, 54). The elongation of telomeres takes place in proliferating cells by the mediatory role of 410 

the telomerase enzyme adding tandem repeats of 5′-TTAGGG-3′ to DNA (52). Increasing 411 

telomere length under exposure to chemicals has been ascribed to environmental and nutritional 412 

conditions, which carry more weight by comparison (54); thus, such environmental conditions 413 

stimulate regulated telomerase activity which is growth-modulated. It is worth mentioning that 414 

telomerase is detected in somatic tissues with high proliferation capacity (e.g. skin, intestines, 415 

and bone marrow) and proliferating normal stem-like cells such as human T cells. In fact, not 416 

only telomerase is expressed in tumor tissues, but also accumulating evidence suggests that it is 417 

expressed in a variety of normal human tissues in a controlled level(55).  418 

Inflammatory responses and oxidative stress are two effective factors playing a destructive role 419 

in the regulation of telomere length and telomerase activity. On the other hand, the increment of 420 

free radicals as well as telomere shortening rate are key elements in the aging process. ROS may 421 

attack DNA nucleobases and form products that substantially put telomeres in danger. Although 422 

the exact influence of ROS on telomere is not fully understood, it is stated that both chronic and 423 

acute exposure to oxidizing free radicals may give rise to DNA strand breaks leading to telomere 424 

loss (51). Measuring concentrations of PFASs, ROS, and leukocyte telomere length in umbilical 425 

cord blood of 581 newborns have demonstrated that telomere length has an inverse association 426 
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with the level of ROS and concentration of PFASs, especially PFOS and PFDA in female 427 

newborns (53).  428 

Likewise, in the case of skin cells, telomeres are of high importance in their life cycle and play a 429 

part in skin aging. Skin is susceptible to premature telomere shortening through agents such as 430 

inflammatory mediators, free radicals, and chemicals which interfere in the cell proliferation. 431 

DNA damage, cell cycle arrest, and senescence of skin cells can be triggered by telomere 432 

attrition (56). HaCaT, a cell line from adult human skin, is a suitable candidate to assess dermal 433 

toxicity and irritancy (57). Exposure of HaCaT to bioaccumulative and degradable-resistant 434 

organic pollutants shortens the telomere length and declines telomerase activity (58, 59). 435 

Peropandre et al. (2018) evaluated cytotoxic indices such as cell proliferation, DNA damage, 436 

oxidative stress, and cell senescence in epidermal HaCaT keratinocytes under exposure to PFOA 437 

(41). The proliferation ability of HaCaT cells was impaired during 24 hours after a single dose of 438 

the chemical and did not restore within the recovery period. Treatment of HaCaT cells with 50 439 

µm of PFOA for 24 hours resulted in a significant increase of nuclear γ-H2AX foci, a marker of 440 

DNA double-strand breaks (DSBs). Moreover, significant positive staining for acidic β-441 

galactosidase has been reported (41). Senescence-associated β-galactosidase (SA-β-gal) activity 442 

and the number of γ-H2AX foci are well-known biomarkers involved in the development of 443 

senescence-associated secretory phenotype (60, 61). 444 

3.4. Biological mechanisms involved in PFASs exposure and premature skin aging  445 

During natural skin aging, the skin ability to heal and rejuvenate diminishes, dermal collagen and 446 

elastin are fragmented, and undesirable aesthetic signs like uneven tone, wrinkling, and loss of 447 

elasticity, and thinning develop (62). Both intrinsic and extrinsic skin aging are accompanied by 448 

underlying mechanisms such as reduction of skin integrity, impairment of immune responses, the 449 
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increment of oxidative stress, degradation of extracellular matrix (ECM), dramatic up-regulation 450 

of matrix metalloproteinases (MMPs), disruption of vitamin D endocrine system, and signaling 451 

of the mitogen activated protein kinase (MAPK) pathway (63, 64). Chronic dermal exposure to 452 

PFASs would occur directly via consumer products and indirectly by their bioaccumulation in 453 

the skin (Fig 2, 3). The role of PFASs exposure in skin aging is summarized in Fig. 4 and 454 

discussed in detailed below.   455 

 456 
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Fig. 4. Exposure to PFASs and premature skin aging. PFASs trigger interconnected mechanisms 457 

where immunotoxic and genotoxic responses work together synergistically and establish 458 

inflammatory-oxidative cascades. Reinforcing these reactions by compromised skin integrity 459 

results in premature skin aging. 460 

3.4.1. Production of free radicals and reactive oxidative species 461 

It is generally acknowledged that PFASs induce the overproduction of free radicals, including 462 

ROS, resulting in a significant decrease in total antioxidant capacity, which in turn puts target 463 

tissues in an oxidative state (65). Based on the experimental studies on a human skin model, 464 

exposure to PFASs initiates oxidative stress through the production of MDA, with values 1.3-2.1 465 

times higher than the control group, with the exception of those treated with perfluorohexanoic 466 

acid (38). The increase of MDA levels has been reported in tissues of animal models exposed to 467 

PFOA (66, 67). MDA is one of the most prominent products of peroxidation of polyunsaturated 468 

fatty acids which reacts with macromolecules and forms protein and DNA adducts, major 469 

contributors to the aging process (68, 69). Recently, a novel mechanism of aging explained how 470 

MDA could engage in skin senescence. The mechanism is activated by age-related NADH 471 

oxidase (arNOX) and propagates ROS production at the cell surface to surrounding cells, similar 472 

to the mechanisms of natural skin aging (70). It was shown that the formation of MDA-like 473 

adducts involved in the oxidation of lipoproteins correlates with arNOX (71). Going into the 474 

depth, individuals with higher activity of arNOX suffers from skin characteristics that make them 475 

appear older than their chronological ages. Accordingly, MDA is capable of strengthening the 476 

production and dissemination of free radicals in the skin by the help of this ROS generator(72). 477 

Fig. 4 depicts the chain of events through which the generation of oxidative agents contributes to 478 

the process of skin aging.  479 
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3.4.2. Production of pro-inflammatory cytokines 480 

Pro-inflammatory cytokines play an indispensable part in skin aging process as an imbalanced 481 

production of these proteins produces discernible changes in the skin appearance (73). The skin 482 

is an immunologically active organ, and therefore would modulate and synchronize pro- and 483 

anti-inflammatory responses (74). PFASs have the potential to considerably lower the levels of 484 

leukocytes, lymphocytes, and neutrophils in the skin (42) and to increase the mRNA levels of 485 

pro-inflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor-alpha (TNF-α) in 486 

different tissues (42, 75, 76). The age-associated cutaneous pigmentation may originate from the 487 

production of endothelin-1 (ET-1) by keratinocytes triggered via the increased secretion of IL-1α 488 

(77). Under normal circumstances, IL-1α is stored in keratinocytes but it is released after 489 

membrane breakdown or cell damages. The levels of IL-1α were markedly enhanced in 490 

EpiDermFT treated with 2.5mM PFOA suggesting that PFOA can induce keratinocyte 491 

membrane perturbation (38). Besides, significant expression of cytokines such as IL-1β (42) and 492 

IL-6 (41) was reported in the skin after dermal exposure to PFOA. IL-1 and IL-6 stimulate the 493 

expression of collagen-degrading enzymes such as MMPs leading to the decreased production of 494 

collagen and disruption in collagen homeostasis (78, 79). IL-1α, IL-1β, IL-6, IL-8 are well-495 

known components of the senescence-associated secretory phenotype as they are upregulated in 496 

aged skin leading to skin inflammation (80, 81). Transcriptomic analysis of bottlenose dolphin 497 

skin biopsies cultured and treated with PFOA revealed variations in the expression of genes 498 

involved in the immune system. For instance, IL-8, an inflammatory cytokine engaged in 499 

neutrophil activation, showed a 6.8-fold increase (40). The overproduction of oxidative agents 500 

activates NF-κB leading to the up-regulation of IL-1, IL-6, and IL-8 (78). Shane et al (2020) 501 

reported that exposure to PFOA has also been associated with the increase of gene expression of 502 
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T helper cell type 2 (Th2) skewing cytokines, involved in allergic reactions and atopic skin 503 

conditions(82), and with a reduction of gene expression of peroxisome proliferator-activated 504 

receptor alpha involved in the anti-inflammatory response (46). The oxidative stress produces the 505 

expression of pro-inflammatory factors leading to further dermal inflammation. Based on the 506 

reciprocal connection between oxidative stress and inflammation; and on the occurrence of these 507 

conditions in human skin models under chronic exposure to PFASs on the other hand, it can be 508 

hypothesized that the formation of inflammatory-oxidative cascades upon PFASs exposure may 509 

be plausible mechanism producing skin aging (Fig. 4). This mechanism would be consistent with 510 

observations from other exogenous factors involved in the skin aging process (83). 511 

3.4.3. Production of DNA oxidative damage 512 

As summarized in Fig. 4, increased secretion of pro-inflammatory molecules and free radicals 513 

potentiate skin aging by their structurally detrimental impacts on DNA, including but not limited 514 

to single-stranded and double-stranded DNA breaks, telomere shortening, and damages to the 515 

DNA repair system (84, 85). In a narrow-age cohort of older adults, particular skin aging features 516 

such as wrinkles, facial sagging, and pigmented spots were positively associated with high 517 

concentrations of 8-OHdG, a critical biomarker of oxidative stress (86). PFASs are capable of 518 

inducing oxidative stress and oxidative DNA damage via the production of 8-OHdG (41, 87, 88). 519 

For example, exposure of epidermal HaCaT keratinocytes to 50µm PFOA for 24 hours resulted 520 

in the moderate increase of 8-OHdG concentrations observed 8 days after exposure cessation 521 

(41). On the other hand, the excessive formation of oxidative stress (8-OHdG) may in turn 522 

accelerate telomere shortening rate (89). Likewise, premature telomere shortening would be 523 

another possible mechanism through which 8-OHdG may contribute to skin aging.  524 
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Phosphorylation of H2AX, the minor histone H2A variant, produces γ-H2AX which is another 525 

hallmark of DNA damages. It is taken into consideration as a cellular reaction to DSBs, one of 526 

the worse forms of DNA lesions (90, 91). Formation and accumulation of irreparable DSBs, 527 

indicated by the persistent presence of γ-H2AX foci, has an essential role in starting cellular 528 

senescence (92). A significant increase in γ-H2AX foci under exposure to PFOS and PFOA 529 

represents another mechanistic pathway in which PFASs can exert genotoxic impacts mediated 530 

by oxidative stress (41, 93). The possibility of DSBs induction in HaCaT cells treated with 50µM 531 

PFOA was indirectly assessed by using γ-H2AX immunofluorescence. PFOA exposure in 532 

epidermal HaCaT keratinocytes has displayed a marked increase of γ-H2AX-positive cells and 533 

significant positive staining for acidic β-galactosidase (SA-β-gal) (41). Notably, telomere 534 

shortening strongly correlates with SA-β-gal and the number of γ-H2AX foci (94). These 535 

observations in the lower layers of the HaCaT cells are associated with the features developing 536 

senescence-associated secretory phenotype. As a result, mild exposure to PFOA has the potential 537 

to induce DNA damages and senescence in dermal HaCaT cells (41). In summary, the evidence 538 

suggests that oxidative DNA damages induced under exposure to PFASs produces 8-OHdG, γ-539 

H2AX as well as activates β-galactosidase providing a plausible mechanism by which dermal 540 

exposure to PFASs may increase telomere shortening and consequently produce premature skin 541 

aging.  542 

3.4.4. Disruption of Vitamin D endocrine system 543 

The skin acts both as the main generator and as a target tissue for the biologically active 544 

metabolites of vitamin D3, especially 1,25-dioxyvitamin D [1,25(OH)2D]. The latest evidence 545 

suggests that the vitamin D endocrine system (VDES) exerts considerable influences over the 546 

aging process in different tissues, including the skin (95, 96). Mechanistically speaking, VDES 547 
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contributes to skin health via several biochemical pathways. These are the down-regulation of 548 

genes responsible for oxidative damage, inflammation, and cellular aging, the preservation of 549 

telomere biology, the inhibition of UV-B-induced cleavage of the Poly-(ADP-Ribose)-550 

Polymerase, and the induction of synthesis of metallothionein, an antioxidative protein (95). In 551 

vivo studies suggest the modulatory role of vitamin D and its analogs in the biology of 552 

keratinocytes and melanocytes of the skin (97). Through a mechanistic insight, Mousavi et al. 553 

(2019) meticulously elucidated how endocrine-disrupting chemicals (EDCs) disturb VDES and 554 

trigger the insufficient and deficient serum levels of biologically active forms of vitamin D (98). 555 

Since PFASs are also categorized as EDCs, it is expected that these persistent chemicals alter 556 

circulating levels of active metabolites of vitamin D. Limited epidemiological evidence exists to 557 

examine this association (99, 100). A cross-sectional analysis investigated the relationship 558 

between four abundant PFASs, including perfluorononanoic acid (PFNA), PFOS, PFHxS, and 559 

PFOA, with the serum concentrations of 25-hydroxyvitamin D [25(OH)D](100). PFASs were 560 

detected in 98% of participants’ samples and two different patterns were observed regarding the 561 

correlation between PFASs exposure and serum 25(OH)D levels. In the adjusted model, each 2-562 

fold increment of PFOS was associated with lower levels of 25(OH)D (0.9 nmol/L, 95% CI:0.2, 563 

1.5). The association was statistically significant in the case of PFHxS (0.8 nmol/L, 95% CI: 0.3, 564 

1.3 per each 2-fold increment), while no association was observed for PFOA or PFNA (100). In 565 

another study by Pearl et al. (2018), 2-(N-Ethyl-perfluorooctane sulfonamide) acetate (Et-566 

PFOSA-AcOH) was inversely associated with the level of 25(OH)D measured in serum of  567 

pregnant women. Concentrations of serum Et-PFOSA-AcOH were associated with increased 568 

odds of 25(OH)D insufficiency (OR = 1.3, 95% CI 1.0, 1.7 per nmol/L), whereas elevated 569 

maternal serum concentration of PFNA was associated with decreased odds of vitamin D 570 
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insufficiency (OR=0.6, 95% CI 0.4, 0.9) (99). Although there is inconsistency in the direction of 571 

the observed results, both studies report alterations in the serum levels of vitamin D triggered by 572 

PFASs exposure. These results are of interest as VDES plays an underlying part in the aging 573 

process through signaling pathways in which tumor protein p53 and fibroblast growth factor 23 574 

(FGF-23) are involved in mechanisms resulting in damages to DNA and telomere shortening (95, 575 

101). Due to the capability of PFASs disturbing VDES and the association of vitamin D level 576 

with the aging process, PFASs-originated disruption of normovitaminosis D could potentially 577 

accelerate premature skin aging, which in turn could perturb the synthesis of cutaneous vitamin 578 

D (Fig. 4).  579 

Sufficient levels of vitamin D decelerates skin aging through the prevention of UV-derived skin 580 

and DNA damage, the increase of collagen levels, and the maintenance of skin integrity (102). 581 

Skin integrity plays a determining role in maintaining its homeostasis and normal functions. Skin 582 

integrity is associated with factors including vitamin D concentration and maintenance of acidic 583 

pH (103). Accordingly, inasmuch as PFASs exposure could interfere VDES, it could deteriorate 584 

skin integrity due to decreased levels of vitamin D. Moreover, a breach in the epidermal barrier 585 

facilitates the dermal absorption of environmental chemicals as well as the skin penetration by 586 

allergens (104). Consequently, environmental insults, including pathogenic microorganisms, 587 

pollutants, toxic chemicals, and UV radiation could penetrate into the damaged skin potentially 588 

leading to persistent inflammatory-oxidative cascades. Such a situation could represent a 589 

negative loop between the quality and quantity of vitamin D and skin integrity potentially 590 

worsening skin conditions and accelerating skin aging.  591 

3.4.5. Downregulation of components that contribute to skin integrity 592 
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Aging imposes profound impacts on the epithelial barrier’s structures and functions (105). In 593 

aging skin, the permeability barrier and its structural integrity are significantly disrupted as a 594 

result of the activation of MMPs and subsequent ECM degradation (106). Although not in 595 

cutaneous cells, tight junction disruption, barrier integrity breakdown, and MMPs upregulation 596 

have been reported as a response to PFASs exposure (107-110). Moreover, the decrease of 597 

overall thickness in the EpiDermFT skin model caused by exposure to 2.5mM PFOA may be 598 

partially interpreted as the loss of ECM which can in turn be attributed to the activation of 599 

epidermal MMPs (38). The metabolism of collagen, one of the most principal proteins of dermal 600 

ECM, is vital for maintaining skin barrier function and integrity (111). Exposure of epidermal 601 

cell cultures of bottlenose dolphins to 13 ppm PFOS caused alterations in the expression of genes 602 

associated with the decrease of cell proliferation and activation of stress responses. Most 603 

importantly, significantly decreased expression of collagen type XII has been observed after 1 or 604 

25 hours of exposure (112). This type of collagen is expressed in dense connective tissues 605 

primarily composed of collagen type I. Collagen XII takes part in tissue remodeling and the 606 

organization of ECM architecture of the skin whilst mutations of genes expressing collagen XII 607 

leads to a disruption of the matrix structure (113). No sign of the decreased level of collagen type 608 

I was observed in the human skin model exposed to 2.5 mM of several PFASs (38). The 609 

deductive reasoning of Han and colleagues puts an emphasis on the possible role of PFASs on 610 

skin senescence. However, two major components of the skin integrity (collagen type I and 611 

filaggrin) which are affected in the aging process, were strongly stained (i.e. 612 

immunohistochemical staining technique) throughout the dermal layer in all groups treated with 613 

the examined PFASs. Such a seemingly dichotomy between normal filaggrin expression and 614 

other microscopic observations (epidermal vacuolization, necrotic tissues, and decreasing skin 615 
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thickness) could be the result of insufficient exposure duration, or due to the lack of an 616 

observable effect. In addition to the exposure period, collagen type I and filaggrin may require 617 

slightly higher concentrations of PFOA to be down-regulated in a short-time exposure. Hence, 618 

evaluating the chronic effects of PFASs on the constituents of dermal ECM is one area that 619 

requires further research. 620 

Filaggrin is a structural filament-associated protein binding to keratin fibers in epithelial cells 621 

and plays an essential role in the formation and maintenance of the epidermal skin barrier, 622 

particularly stratum corneum (SC), the outmost layer of the skin (114). It fulfills many 623 

significant functions in the skin, including the regulation and maintenance of skin hydration, skin 624 

pH, SC barrier integrity, and probably skin buffering capacity (115). Hence, the down-regulation 625 

of filaggrin in aged skin participates in the pathogenesis of inflammatory skin diseases, breaking 626 

down the epidermal barrier integrity, and increasing water loss (114). Recently, two studies 627 

measured filaggrin expression in two different in vitro human skin models following exposure to 628 

two different dosages of PFASs (38, 42). Dermal administration of 0.5-2% PFOA in a murine 629 

model led to a decrease of filaggrin and loricrin, both of which are structural proteins found in 630 

the cornified cell envelope (CE) in epidermal cells (42). Importantly, CE is the frontline defense 631 

against environmental stimuli and, therefore, it is effectively involved in the skin aging process 632 

where its protein composition changes drastically (115). It is of note that the decreased levels of 633 

PPARα and NFKB1 under PFOA exposure were concomitant with the declined levels of 634 

filaggrin and loricrin. Therefore, PFOA could potentially disturb the immunological functions of 635 

the skin and damage the skin barrier. The reduced amount of filaggrin and loricrin is associated 636 

with poor skin integrity, and it is a hallmark of the rebuilt of CE observed in aging skin as well 637 

as in a couple of skin disorders such as AD, ichthyosis, etc (116). On the contrary, the study by 638 
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Han and colleagues (2020) did not reported reduced expression of filaggrin and collagen type 1 639 

in HSE treated with 0.1% of PFOA and short-chain PFCAs (38). It should be noted that neither 640 

the concentrations of PFASs used nor the exposure duration in the HSE model was similar to that 641 

applied in the murine model. Nevertheless, the decrease of overall skin thickness, necrotic 642 

keratinocytes and fibroblasts, and intracytoplasmic vacuolation in the epidermal granulosum 643 

layer were observed in PFOA-treated tissues (38). These structural observations are among the 644 

visual phenotype and degenerative changes of skin cells undergoing aging in vitro (117, 118). 645 

3.4.6. Signaling of the mitogen activated protein kinase (MAPK) pathway 646 

Elevated ROS was associated with the activation of the MAPK pathway downstream of TNFα, 647 

including the p38 pathway responsible for the ROS-mediated cell apoptosis (119) and in 648 

autophagy regulation (120). Lu et al (2015) reported that PFOA exposure induced p38 MAPK 649 

signaling in the blood-testis barrier. In turn, p38 MAPK signaling is related to the induction of 650 

apoptosis through a p53-dependent mechanism (121). p53 is a tumor suppressor protein that 651 

plays vital roles in the regulation of cellular processes, such as modulating the cell cycle and the 652 

inducing apoptosis (122). On the other hand, the activated form of p38 MAPK, the 653 

phosphorylation of p38 MAPK (P-p38 MAPK) has been reported to be elevated in cancerous 654 

cells (e.g. breast cancer cells) (123).  655 

P-p38 MAPK pathway can be signaled in response to external stressors, such as ultraviolet 656 

irradiation and chemicals (124). Lu et al (2016) reported a dose-dependent increase of the p-p38 657 

MAPK/p38 MAPK ratio in the testes of male mice after PFOA administration, with the group 658 

exposed to 20-mg/kg/d PFOA being statistically significantly different from the control group 659 

(125). In addition, the P-p38 MAPK pathway can also be activated in response to endogenous 660 

stressors such as growth factors and cytokines, which are overexpressed after exposure to PFOS 661 
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(41, 42). The p38 MAPK plays a dual role as a regulator of cell death. It can mediate cell 662 

survival but also cell death depending on the type of stimulus and type of cell (126). Therefore, 663 

the activation of the p38 MAPK pathway upon exposure to PFOS could result in skin cell 664 

apoptosis, senescence, and autophagy leading to skin aging, or alternatively, could promote cell 665 

proliferation potentially leading to skin cancer.  666 

 667 

4. Future Research 668 

To ascertain the role of direct dermal exposure and/or indirect exposure through skin 669 

bioaccumulation of PFASs in accelerated skin aging, the following research is recommended: 670 

- Investigation of PFASs exposure on the expression, release, and activation of antioxidant 671 

enzymes (e.g. superoxide dismutases), ROS-generator enzymes (e.g. NADH oxidases, 672 

nitric oxide synthases), and the antioxidant reservoir of the skin tissue. 673 

- The contribution of PFASs in the formation of inflammatory-oxidative cascades in skin 674 

tissue, especially in connection with the mediatory role of transcription factors such as 675 

NF-κB, PPARα, and activator protein 1 (AP-1).   676 

- Induction of DNA damage biomarkers, e.g. examining the formation of DNA adducts 677 

under dermal exposure to PFASs. 678 

- The associations between PFASs exposure with telomerase activity and telomere 679 

shortening rate in a population chronically exposed to PFASs.  680 

- The possible relationship between exposure to PFASs and the disruption of VDES 681 

functions, and their effect on skin senescence.  682 
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- Expression and activation of enzymes involved in the degradation of components that 683 

contribute to epidermal integrity, MMPs in particular, under long-term dermal exposure 684 

to PFASs. 685 

- Elucidation of the conditions in which exposure to PFASs activates MAPK signaling 686 

pathway leading to apoptosis, autophagy, and senescence of skin cells. 687 

 688 

5. Conclusion 689 

The existing evidence suggests that skin absorption of PFASs through dermal contact may be an 690 

important route of exposure to these chemicals in humans. On the other hand, PFASs intake by 691 

other routes may eventually increase dermal exposure via tissue bio-distribution leading to 692 

PFASs bioaccumulation in the skin. Additionally, the presence of PFASs in consumer and 693 

cosmetic products, combined with their daily close contact with the skin could render humans 694 

readily susceptible to dermal absorption. Therefore, chronic low-dose dermal exposure to PFASs 695 

could occur in the human population, representing another important route of exposure to these 696 

chemicals. Further research requires a holistic approach to investigate the importance of PFASs 697 

exposure across several routes of exposure. 698 

To the best of our knowledge, PFASs exposure can exert detrimental effect on skin health and 699 

could accelerate skin aging. The plausible biological mechanisms through which PFASs could 700 

accelerate skin aging include oxidative DNA damage, overproduction of ROS, up-regulation of 701 

pro-inflammatory cytokines, the disruption of VDES, the down-regulation of genes involved in 702 

establishing epidermal integrity and cohesion, and signaling of the MAPK pathway. These 703 

events may participate in the formation of inflammatory-oxidative cascades resulting in the 704 
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activation of MMPs, degradation of ECM, and telomere shortening; all of which accelerate the 705 

process of skin aging. Further research is required to evaluate the plausibility, importance and 706 

synergic effects of the aforementioned mechanisms on skin damage associated with PFASs 707 

exposure. 708 

 709 
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