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Abstract  

Epidemiological studies suggest a correlation between increased airborne particulate matter 

(PM) and adverse health effects. The mechanisms of PM-health effects are believed to involve 

oxidative stress and inflammation. To evaluate the ability of PM promoting skin tissue damage, 

the main organ exposed to outdoor pollutants, we analyzed the effect of Concentrated Ambient 

particles (CAPs) in a Reconstructed Human Epidermis (RHE) model. RHE tissues were exposed 

to 25 or 100 µg/mL CAPs for 24 or 48 hrs.  Data showed that RHE seems to be more susceptible 

to CAPs-induced toxicity after 48 hrs exposure. A local reactive O2 species (ROS) production 

increase could be generated from metals present on the particle, and contribute to lipids 

oxidation. Furthermore, as a consequence of altered redox status, NFkB nucleus translocation 

was increase upon CAPs exposure, as well as COX2 and CYP levels, which may be involved in 

the inflammatory response initiated by PM. CAPs also triggered an apoptotic process in skin. 

Surprisingly, by TEM analysis we have showed that CAPs were able to penetrate skin tissues. 

These findings contribute to the understanding of the cutaneous pathophysiological mechanisms 

initiated by CAPs exposure, where oxidative stress and inflammation may play predominant 

roles.  
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Introduction 

Numerous studies have shown a direct correlation between decreased air quality levels 

and adverse health effects (Brunekreef and Holgate, 2002; Valacchi et al., 2012). Air pollution 

is a heterogeneous mixture of chemicals and solid particles, in which both organic and 

inorganic compounds could be found in the particle’s core as well as in the surface. They are 

emitted into the atmosphere from natural and anthropogenic sources. Among the wide variety 

of pollutants, particulate matter (PM), specially particles on the nanosize range, seems to be of 

major concern from a health perspective, and has been pointed out as an environmental threat 

not only to susceptible but also to healthy members of the population (WHO, 2012). Airborne 

PM is comprised of a mixture of solid and liquid particles, in which chemical composition, size 

and sources of origin differ in each microenvironment (Nel, 2005). 

Concentrated Air Particles (CAPs) represent the fine and ultrafine fraction of 

atmospheric pollutants collected by a particle concentrator. Therefore, CAPs have the 

advantage of allowing “real world PM” exposures (Ghio and Huang, 2004).    

The respiratory and oral tracts along with the skin are the common routes by which 

organisms enter in contact with different ambient pollutants. Because of its critical location, 

the skin provides a major interface between the body and the environment, and offers a 

biological barrier against air PM (Valacchi et al., 2012). However, the skin defensive capacity 

is not unlimited. Environmental stressors may exceed the protective potential and disturb the 

skin structure leading to skin diseases, such as erythema, edema, hyperplasia, skin aging, 

contact dermatitis, atopic dermatitis, psoriasis, and carcinogenesis (Baroni et al., 2012). 

Recent epidemiological studies suggest that PM negatively affects human skin 

(Vierkötter et al., 2010), and exacerbates preexistent skin diseases (Kim et al., 2013). However, 

information regarding the toxicological mechanisms by which PM can impact on skin function 

is limited.  



In vitro and in vivo studies have shown a variety of biological effects after CAPs 

exposures, not only in chronic but also after acute exposures (Gurgueira et al., 2002). The 

mechanisms by which the PM exerts its detrimental effects are believed to involve oxidative 

stress and inflammation (Donaldson et al., 2005), both important contributors to extrinsic skin 

aging (Schröder et al., 2006).  

Injury mechanisms after PM exposure have been suggested to involve local reactive O2 

species (ROS) production which could, in part, be generated from the particles themselves. 

Moreover, smaller particles provide a higher surface area, in which different compounds could 

be adsorbed (Nel el al., 2006). On the one hand, the oxidative capacity of PM has been 

attributed to its transition metal constituents, which typically include Fe, V, Cr, Mn, Co, Ni, 

Cu, Zn, and Ti. Most of these metals can catalyze Fenton-like reactions and ROS, initiating 

oxidative damage mechanisms (Chen and Lippmann, 2011). On the other hand, particles can 

serve as organic compounds carriers like polycyclic aromatic hydrocarbons (PAHs), which are 

highly lipophilic, and capable of localizing in mitochondria contributing to the reported ROS 

production (Li et al., 2003). Furthermore, O2-derived free radicals may also be generated by 

the interaction of particle pollutants and their components, with cellular enzymes and 

organelles (Magnani et al., 2013). 

Regarding inflammatory responses, it has been observed that systemic proinflammatory 

cytokines, such as TNF-α and IL-6 became increased after exposures to PM (Marchini et al., 

2014). In skin tissues, an increased reactive O2 production could stimulate a variety of cells to 

release pro-inflammatory mediators, leading to infiltration of activated neutrophils and 

phagocytic cells which are able to produce more free radicals (Pillai et al., 2005). 

Taking into account that oxidative stress and inflammation play a predominant role in 

air pollution toxicity, the aim of the present work was to evaluate the ability of CAPs to promote 

skin tissue oxidative damage, and assess the possible mechanisms involved in this process.   



2. Materials and Methods 

2.1. Experimental model 

2.1.1. CAPs suspension. CAPs were employed as a recognized ambient PM and were 

generously provided by B. Gonzalez-Flecha. They were collected using the Harvard Ambient 

Particle Concentrator (HAPC), which concentrates ambient air particles in a size range of 0.1–

2.5 μm for subsequent exposure (Harvard School of Public Health, Boston, MA, USA) (Siutas 

et al., 1995). CAPs samples from this source have been previously characterized in terms of 

elemental composition (Gurgueira et al., 2002; Ghelfi et al., 2010). PM suspension was freshly 

prepared by resuspending CAPs particles in sterile saline solution at a final concentration of 25 

or 100 μg/mL, followed by 10 min incubation in an ultrasonic water bath (Goldsmith et al., 

1998). 

2.1.2. Skin exposure. Reconstructed human epidermis (RHE) tissues were used as a 

skin tissue model. EpiDermTM Tissue Model has been purchased to MatTek (MatTek In Vitro 

Life Science Laboratories, Bratislava, Slovak Republic). They were kept at 37 °C in a 

humidified 5% CO2 atmosphere in a maintenance medium provided by manufacturers until the 

exposure. Prior to PM exposure, media was aspirated and fresh media was added. For the 

exposure, 10 μL of PM suspension (25 or 100 μg/mL) was topically applied over the RHE in a 

single dose (0.5 or 2.0 μg/cm2 respectively).  Control tissue was exposed to 10 μL of the vehicle 

(PBS). In order to avoid excess tissue moistening, a minimum suspension volume to deliver 

the particles was used. After exposure, tissues were also kept at 37 °C in a humidified 5% CO2 

atmosphere in a maintenance medium. Measurements were made after 24 or 48 hrs exposure.  

Since no differences between 24 and 48 hrs PBS exposure were observed (controls), the 

samples were pooled and presented as Control group. 

2.2. Cytotoxicity determination 

After CAPs exposure, culture media was collected at different time points (24 hrs and 

48 hrs). Cytotoxicity was determined by lactate dehydrogenase (LDH) release in the media, 



measured by enzymatic assay: in the first step NAD+ is reduced to NADH/H+ by the LDH-

catalyzed conversion of lactate to pyruvate; in the second step the catalyst (diaphorase) 

transfers H/H+ from NADH/H+ to tetrazolium salt which is reduced to formazan. The amount 

of LDH in the supernatant were determined and calculated according to kit supplier’s 

instructions (EuroClone Milan, Italy). All tests were performed in triplicate. Results are 

expressed as percentage of change relative to control values. 

2.3. PM scanning electron microscopy (SEM) 

The size, morphology and composition of CAPs were analyzed by SEM. To 

characterize the PM used, the grid was coated with dry CAPs or a drop of CAPs suspension 

was air dried onto a carbon film coated SEM grid and assessed in a scan electron microscopy 

(Zeiss EVO 40). Three different gates were selected in each grid to performed energy-

dispersive X-ray spectroscopy (EDS) at variable pressure (XVP SEM), accelerating voltage 

20kV. The INCA software was used for composition analysis (weight % and atomic %). 

2.4. Hystochemistry 

RHE tissue were fixed in 10% buffered formaldehyde and embedded in paraffin. For 

histological observation, the sections (4 µm thickness) were deparaffinized in xylene and 

rehydrated in alcohol gradients and then stained with hematoxylin and eosin (H&E).  

The staining method involves application of hemalum, a complex formed from 

aluminum ions and hematein (an oxidation product of haematoxylin). Hemalum colors nuclei 

of cells blue. The nuclear staining is followed by counterstaining with an aqueous or alcoholic 

solution of eosin, which colors the eosinophilic structures in various shades of red, pink and 

orange. 

2.5. Protein extraction 

At each time point, skin tissues were washed with ice-cold PBS and lysed in ice-cold 

lysis buffer (20 mM Tris pH 8, 150 mM NaCl, 1% Triton X-100, 1 mM sodium orthovanadate, 

1 μg/mL leupeptin, 1 μg/mL aprotinin, 1 μg/mL pepstatin, 10 μg/mL PMSF and 5 mM β-



glycerophosphate) (Sigma, Milan, Italy). The suspensions were centrifuged at 13,500 rpm for 

15 min at 4 °C, the pellet were discarded and the supernatants were collected. Protein 

concentration was determined by the method of Bradford (Biorad, Milan, Italy). 

2.6. 4-hydroxynonenal (4-HNE) assay 

Lipid peroxidation of RHE exposed to CAPs was evaluated by measuring 4-

hydroxynonenal (4-HNE) levels using a commercially available kit (BioSource, Milan, Italy). 

Briefly, protein extracted from the RHE, were used as samples for the measurement of 4-HNE 

protein adduct, which was conducted as manufacturer's introduction. The measured amount of 

4-HNE protein adduct was normalized with protein concentration measured with the Bradford 

method. A calibration curve was performed using 4-HNE standard. Results are expressed as 

µg 4-HNE/mg protein.   

2.7. Immunofluorescence 

Paraffin embedded tissue sections (3 μm) were deparaffinized and rehydrated. After 

antigen retrieval and blocking, as previously described (Valacchi et al., 2011), the slides were 

incubated with the following antibodies: rabbit anti-IsoPro F2α (Abcam, Cambridge, UK), 

rabbit anti-COX2 (Cell Signaling Technology, Danvers, MA, USA), rabbit anti- p65 subunit 

(SantaCruz Biotechnologies, Inc, California, USA.) Then, the slides were incubated with 

fluorochrome-conjugated secondary antibodies (goat anti-rabbitAlexa Fluor 488; Thermo 

Fisher Scientific Inc.). The nuclei were counterstained by incubating the sections with 4′,6-

diamidino-2-phenylindole (DAPI). Slides were mounted with Antifade. Negative controls were 

generated by omitting the primary antibody. Images were acquired and analyzed with a 

microscope Leica AF CTR6500HS (Microsystems) and analyzed with Image J software. 

2.8. CYP1 expression 

30 μg boiled proteins were loaded onto 10% sodium dodecyl sulphate–polyacrylamide 

electrophoresis gels and separated by molecular size. Gels were electro-blotted onto 

nitrocellulose membranes and then blots were blocked for 1 hr in Tris-buffered saline, pH 7.5, 



containing 0.5% Tween20 and 3% milk. Membranes were incubated overnight at 4 °C with the 

appropriate primary antibodies: CYP1A1 (Cell Signalling; Celbio, Milan, Italy), β-actin (Cell 

Signalling; Celbio, Milan, Italy). The membranes were then incubated with horseradish 

peroxidase-conjugated secondary antibody for 1 hr, and the bound antibodies were detected by 

chemiluminescence (BioRad, Milan, Italy). β-actin was used as loading control. Images of the 

bands were digitized and the densitometry analysis was performed using Image-J software. 

Results are expressed as relative to β-actin expression. 

2.9. IL-1 levels 

IL-1α content was determined in the RHE culture media collected at different time 

points (24 or 48 h), using an ELISA kit (Thermo Scientific, Milan, Italy). It was done according 

to the manufacturer’s instructions. The optical absorbance was measured with a microplate 

reader at 450 nm and correction at 530 nm. A calibration curve was performed using 

Recombinant Human IL-1α as standard. Results are expressed as pmol IL-1 α/mL.  

2.10. TUNEL assay 

The terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick 

end labelling (TUNEL) assay was used to detect apoptotic nuclei in the epidermis. The TUNEL 

staining assay kit (Apo-BrdU-IHC In Situ DNA Fragmentation Assay, BioVision, Inc., 

Milpitas, CA) and all associated procedures were performed according to the manufacturer’s 

instruction booklet. Briefly, skin tissues were fixed in 10% neutralized formalin and embedded 

in paraffin. Serial sections were deparaffinized, rehydrated, and incubated for 20 minutes at 

37° C with proteinase K working solution (15 g/ml in 10 mM Tris-HCl, pH 7.5). After being 

rinsed twice with PBS, slices were incubated in hydrogen peroxide block for 10 minutes, and 

then 50 µL TUNEL reaction mixtures were added on the slices. Slices were incubated for 60 

minutes at 37°C in a humidified atmosphere in the dark. After being rinsed with PBS, slices 

were added to 50 µL of converter-peroxidase and incubated in a humidified chamber for 30 

minutes at 37 °C, and then 50 µL of diaminobenzidine substrates was added and the slices were 



incubated for 10 minutes at 25 °C. After being rinsed with PBS, slices were analyzed under a 

light microscope. Cells with shrunken brown-stained nuclei were considered positive. 

2.11. Tissue ultrastructural analysis 

RHE morphology was evaluated by transition electron microscopy (TEM). Tissues 

were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 4 hr at 4 °C. They 

were then washed with 0.1 M cacodylate buffer (pH 7.4) three times and post-fixed in 1% 

osmium tetroxide and 0.1 M cacodylate buffer at pH 7.4 for 1 hr at room temperature. The 

specimens were dehydrated in graded concentrations of ethanol and embedded in epoxide resin 

(Agar Scientific, 66A Cambridge Road, Stanstead Essex, CM24 8DA, UK). RHE were then 

transferred to latex modules filled with resin and subsequently thermally cured at 60 °C for 48 

hr. Semi-thin sections (0.5-1 μm thickness) were cut using an ultra-microtome (Reichard 

Ultracut S, Austria) stained with toluidine blue, and blocks were selected for thinning. Ultra-

thin sections of about 40-60 nm were cut and mounted onto formvar-coated copper grids. These 

were then double-stained with 1% uranyl acetate and 0.1% lead citrate for 30 min each and 

examined under a transmission electron microscope, (Hitachi, H-800), at an accelerating 

voltage of 100 KV. 

2.12. Statistical analysis 

Results were expressed as mean value ± SEM and represent the mean of triplicate 

determinations obtained in four separate experiments. ANOVA followed by Student–

Newman–Keuls test was used to analyze differences among multiple experimental groups. 

Statistical significance was considered at p < 0.05. 

  



3. Results 

3.1. Cytotoxicity determination 

As a first approach to evaluate the adverse effects of PM on skin tissues, LDH release 

measurements were carried out on RHE maintained media collected after different time points 

and CAPs doses exposure. As it is shown in Fig.1A, tissues exposed to 25 µg CAPs/mL 

presented increased LDH release only after 48 hrs (47%; p < 0.05), while RHE exposed to 100 

µg CAPs/mL showed a significantly increased LDH release already at 24 hrs (p < 0.01) and 

continue up to 48 hrs (p < 0.001) after particles exposure when compared to control tissues 

(48% and 67% increased respectively).  

 

3.2. CAPs characterization  

Since CAPs exposure was able to induce skin tissues toxicity (Fig.1A); we performed 

CAPs characterization in regards to their morphology and composition by SEM. Elements 

present in CAPs samples are in accordance with previous description (Gurgueira et al., 2002). 

As it is shown in Table 1, transition metals, mainly Fe, were observed through EDS analysis, 

and SEM image of CAPs showed that particles size is less than 10 µm (Figure 1B). Therefore, 

they can be categorized as fine (PM2.5, aerodynamic diameter ≤ 2.5 µm) and ultrafine particles 

(UFP, aerodynamic diameter ≤ 0.1 µm). 

  

3.3. Hystochemistry 

As it is depicted in Fig. 1D, in all samples, the basal, spinous, granulous and cornified 

epidermal layers were present. The treated epidermis did not show morphological alterations. 

In fact, there were no relevant differences among the groups (controls, 24 hrs and 48 hrs-treated 

epidermis), although, after 24 h, mitoses in the basal layer were more easily found than 48 h 

after the treatment and in controls. However, the mitotic index (number of mitoses among 100 

basal keratinocytes) did not significantly differ among the three groups. 



 

3.3. Oxidative damage markers 

 One of the mechanisms suggested by which PMs exert adverse health effects is 

the oxidative stress occurrence, which may lead to lipid peroxidation. The F2-α isoprostanes 

and 4-HNE levels are two of the most reliable oxidative damage markers. Isoprostanes are the 

product of arachidonic acid oxidation initiated by free radicals. As it is shown in Figure 2A, 

F2-α isoprostanes levels, assessed by IsoPro F2-α immunofluorescence integrate density, were 

clearly increased compared to the control group (control: 102 ± 1 IF), in the group exposed to 

25 µg CAPs/mL for 48 hrs (52%) and RHE exposed to 100 µg CAPs/mL presented increased 

levels not only after 24 hrs (48%) exposure, but after 48 hrs (89%) as well (p < 0.001).  In 

addition, both CAPs doses in RHE exposed for 48 hrs resulted significantly increased when 

compared to their dose matching groups exposed for 24 hrs (p < 0.001).   

 Regarding 4-HNE evaluation, another widely used phospholipid oxidative 

damage marker, only tissues exposed to 100 ug CAPs/mL for 24 h and 48 hrs presented a 28% 

(p < 0.001) and 20% (p < 0.01) respectively increase of phospholipid oxidation levels in 

comparison with control values (control: 0.25 ± 0.01 µg 4-HNE/mg prot.) (Figure 2B). 

NFkB is a redox sensitive transcription factor that once activated, translocates to the 

nucleus where can trigger the gene expression of inflammatory mediators. To evaluate if CAPs 

were able to activate this pathway, subunit p-65 immunohistochemistry was performed in RHE 

exposed to PM, and positive stained nuclei percentage was assessed as NFkB activation 

parameter. As it is shown in Figure 2C, while no NFkB activation was observed in control 

RHE, CAPs exposure groups presented p-65 positive nuclei (25 µg CAPs/mL for 24 hrs: 28%; 

25 µg CAPs/mL for 48 hrs: 26%; 100 µg CAPs/mL for 24 hrs: 32%; 100 µg CAPs/mL for 48 

hrs: 38%).  

 

3.5. CYP1A1 expression 



In order to evaluate the effects of PM exposure on cytochrome P450 hemoproteins, 

CYP1A1 expression was assessed by Western blot.  CYP1A1 protein is a cytochrome P450 

enzyme superfamily member which is involved in xenobiotics metabolism. Skin tissues 

exposed to 25 µg CAPs/mL for 24 hrs presented a 73% increased expression (p < 0.01) 

compared to control values (control: 1.5 ± 0.3 CYP1A1/-actin ratio). None of the other CAPs-

exposed groups showed changes relative to control (Figure 2D). 

 

3.6. Inflammation markers 

The IL-1 isoforms play a key role in the inflammatory response trigger by air pollutants. 

Among them, IL-1α has been associated with pro-inflammatory mechanisms. IL-1α released 

by skin tissues after CAPs treatment was measured by a spectrophotometric assay, using RHE 

maintenance media as samples. Results are presented in Figure 3A. Every CAPs experimental 

group showed IL-1α levels significantly higher than the group exposed to PBS. PM-exposed 

groups comparison showed time point’s differences. RHE treatment with CAPs presented 

higher values 48 hrs in relation to 24 hrs exposed of the same dose (p < 0.01). 

PM-adverse health effects could also initiate inflammatory and signaling pathways 

where COX-2 is involved. Moreover, the expression of this enzyme is regulated by 

inflammatory mediators such as IL-1α. Therefore, it seems relevant to assess COX-2 

expression through immunofluorescence. As it can be seen in Figure 3B, compared to control 

values, immunofluorescences integrate density quantification results significantly higher in 

CAPs groups regardless dose or time exposure. 48 hrs exposure to CAPs produce increased 

expression in comparison with 24 hrs group only after the lower dose exposure (p < 0.001). 

 

3.7. DNA alterations 

PM-generated oxidative metabolism and inflammatory mediators may also modulate 

genes involved in the control of the cell cycle and apoptosis and direct DNA alterations. As it 



can be observed in Figure 4 through TUNEL assay, no signal could be detected in control RHE, 

while every CAPs-exposed tissue showed TUNEL positive nuclei, indicating double and 

single-stranded DNA fragmentation resulting from apoptotic signaling cascades. 

 

3.8. Tissue ultrastructural analysis 

With the aim of clarifying the interactions between CAPs and skin tissue ultrastructural 

analysis by TEM was performed. Interestingly we observed particles inside the tissue after 100 

µg CAPs/mL. Slices from 24 hrs exposed RHE presented CAPs in the upper cell, near corneous 

layer, whereas 48 h after PM treatment particles were also found in deeper cell layers (Figure 

5). 

  



Discussion 

Several researchers have established a direct correlation between increased 

environmental air PM levels and adverse health effects (Dominici et al., 2006). People may be 

exposed to different air pollutants via inhalation, ingestion and dermal contact. Nowadays, 

epidemiological and clinical studies are progressively more interested in skin outcomes after 

PM exposure (Drakaki et al., 2014; Ahn, 2014). However, scarce data is available regarding 

the mechanisms exerted by air pollution on cutaneous tissues. In this scenario, the aim of the 

present study was to clarify the phenomena underlying the toxic pathways initiated by CAPs 

exposure in cutaneous tissues and to do so we have performed experiments in a tree 

dimensional skin culture model (RHE). 

Our data show that CAPs exposure significantly affected RHE viability, as 

demonstrated by LDH release. Although, there was a dose-time relationship since when RHE 

were exposed to the lower dose of particles, skin tissues required more time to develop 

cytotoxicity. It is accepted that exposure to air pollution PM triggers an inflammatory response, 

endothelial activation and oxidative stress (Chen and Lippmann, 2009). Injury to diverse 

organs after air pollution contact has been suggested to be generated not only from the particles 

themselves, but mainly from the chemicals coated on their surface. Therefore, particles 

physical properties characterization becomes relevant. Concerning PM size, we found that 

CAPs are included in the fine and ultrafine groups considering the aerodynamic diameter 

observed (< 2.5 µm). Thanks to their small size but large surface per unit mass, they become 

highly reactive in biological surfaces and structures (Donaldson et al., 2005). The smaller the 

particles are, the higher is the diameter/surface area rate where molecules could be adsorbed. 

Therefore, fine and ultrafine particles fraction seem to be of major concern from the health 

perspective (Delfino et al., 2005). PM can act as carrier of both organic and inorganic 

compounds found in the particle’s core. In agreement with previous CAPs characterization 

(Gurguereira et al., 2002; Ghelfi et al., 2010) we also observed the presence of transition 



metals, such as Fe, in the surface of the PM. Due to their ability to participate in Fenton-like 

reaction, Fe could contribute to an increase of ROS production, which in turn, might be able to 

initiate molecular mechanisms leading to oxidative damage within the tissue. Besides transition 

metals, other compounds present in air pollution, such as semi-quinones, lipopolysaccaride, 

hydrocarbon, and ultrafine constituents, may also exert oxidative stress by presenting or by 

stimulating the cells to produce ROS. The augmented oxidant species production may 

overwhelm the enzymatic and non-enzymatic antioxidant defenses capacity, thus leading to 

deleterious effects (Bickers and Athar, 2006). Phospholipids are the macromolecules more 

sensitive to changes in the redox cellular status after PM exposure (Magnani et al., 2011). CAPs 

exposure showed increased levels of arachidonic acid oxidation, as seen by IsoPro F2-α 

immunofluorescence. The arachidonic acid once is oxidized, forms other radical compounds, 

which are able to increase the phospholipid oxidation and lead to further omega-6 PUFA 

oxidation as demonstrated by the increased levels of 4-HNE.  

In addition to the above observations, it is accepted that oxidative stress is also involved 

in triggering pro-inflammatory pathways by activating redox sensitive transcription factors 

such as NFkB , that can contribute to the deleterious effects of PM in multicellular organisms 

(Marchini et al., 2014). Once activated, NFkB can translocate to nucleus, as it is observed after 

CAPs exposure, and transcribes for several pro-inflammatory genes such as IL-1α and COX-

1. Consistently, we have observed increase levels of the pro-inflammatory markers COX-2 and 

IL-1α in skin tissues exposed to PM.   

Different hypothesis has been proposed concerning the initiation of the PM detrimental 

effects on cutaneous tissues. This could be due to an indirect effect by an outside-inside 

signaling cascade. As it has been mentioned, PM, especially smaller particles, may carry metal 

ions and/or organic compounds such as PAHs which are highly lipophilic and, both can 

penetrate the skin surface (Vierkotter et al., 2014). Although it has been suggested that different 

air pollutants may have specific effects, it is worthily to observe that other pollutants like O3, 



which exert indirect toxic mechanism on skin (Valacchi et al., 2002; Fortino et al. 2007), and 

recently has been showed that O3 increased activation of the detoxifying enzyme cytochrome 

p450 via AhR receptor (Afaq et al., 2009). This is in agreement with our observations in RHE 

PM-exposed tissues. Moreover PAHs are potent ligands for the AhR receptor, expressed by 

both keratinocytes and melanocytes, which upregulates pro-inflammatory mediators and 

increase ROS production (Fritsche et al., 2007; Jux et al., 2011). 

On the other hand, PM-adverse health effects initiation involve penetration of PM into 

the skin. Nowadays it is accepted that increased levels of ambient PM, could enter skin either 

through hair follicles or trans-epidermally (Lademann et al., 2004). Taking into account the 

physicochemical characteristics of CAPs it is clear that they are highly reactive toward 

biological surfaces. Their ability to disturb the skin barrier function relies on the amount of 

particles in touch with the corneocytes and the exposure period of time. According with the 

ultrastructural analysis only higher doses of CAPs can break through the stratum corneum and 

be found in deeper cell layers 48 h after exposure. 

However, it is interesting that regardless the initiation mechanisms, the present PM 

exposure model, triggers apoptosis occurrence in every group treated, which means that CAPs 

leads to skin damage associated with the development of various skin diseases (Valacchi et al., 

2012). 

In the present study we provide evidence that PM develop cutaneous damage not only 

directly, once particles reach deeper layers in the epidermis, but also indirectly, triggering a 

signaling pathway. Oxidative stress and an inflammatory response seems to be important steps 

in the CAPs-toxic mechanisms. 

In conclusion, the relevant results showed in the present study provides new insights 

that are able to highlight the possible mechanism involved in PM exert detrimental skin effects.  
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Figure legends 

Figure 1: Air pollution particles smaller than 2.5 µm increase skin tissue cytotoxicity. A) 

Cytotoxicity evaluation by  LDH release  in RHE maintenance  media after 24 (□) or 48  h  (∎

)  exposure  to  25  or  100  μg  CAPs/mL  measured  by  an  enzymatic  assay.  Data is presented 

as mean ± SEM, n ≥ 3.* p < 0.05; ** p < 0.01; *** p < 0.01 vs control group. B) CAPs 

morphology analysis. SEM image. 5000X. C) Skin tissue morphology evaluation by 

hematoxilin-eosin staining.     

Figure 2: CAPs exposure increase oxidative damage occurrence and activation of transcription 

factor in skin tissue. A) Macromolecules oxidation measured by Isoprostanes levels in RHE 

slices (top panels) and  their  correspondent  DAPI signal (lower panels)  in  i)  control slices; 

ii)  after 24  hrs exposure  to  25  μg  CAPs/mL;  iii)  after  48  hrs  exposure  to  25  μg  

CAPs/mL;  iv)  after  24  hrs exposure to 100 μg CAPs/mL; v) after 24 hrs exposure to 100 μg 

CAPs/mL. Integrated density quantification. *** p < 0.001 vs control group; ### p < 0.001 vs 

24  h exposure  to  25  μg  CAPs/mL; ~~~ p < 0.001 vs 24  h exposure  to  100  μg  CAPs/mL 

group. B) Oxidative damage assessed through HNE content in RHE after 24 (□) or 48 hrs (∎) 

exposure to 25 or 100 μg CAPs/mL. Data is presented as mean ± SEM, n ≥ 3.* p < 0.05; *** 

p < 0.01 vs control group. C) NFκB nuclear translocation in RHE  slices  (top panels)  and  

their  correspondent DAPI signal (lower panels) in i) control slices; ii) after 24 hrs exposure to 

25 μg CAPs/mL; iii) after 48 hrs exposure to 25 μg CAPs/mL; iv) after 24 hrs exposure to 100 

μg CAPs/mL; v) after 24 hrs exposure to 100 μg CAPs/mL. Integrated density quantification. 

*** p < 0.001 vs control group; # p < 0.001 vs 24  hrs exposure  to  25  μg  CAPs/mL. D) 

CYP1A1 protein levels in RHE after 24 (□) or 48 hrs (∎) exposure to 25 or 100 μg CAPs/mL 

measured by Western blot. Data are presented as mean ± SEM, n ≥ 3.* p < 0.05 vs control 

group.  



Figure 3: An inflammatory response is activated in skin tissue after CAPs exposure. A) IL-1 

release in RHE maintenance media after 24 (□) or 48 hrs (∎) exposure to 25 or 100 μg 

CAPs/mL. Data are presented as mean ± SEM, n ≥ 3.* p < 0.05; ** p < 0.01 vs control group. 

B) COX2  protein levels  in  RHE  slices  (top  panels)  and  their  correspondent  DAPI  signal 

(lower panels)  in  A)  control  slices;  B)  after  24  hrs exposure  to  25  μg  CAPs/mL;  C)  

after  48  hrs exposure  to  25  μg  CAPs/mL;  D)  after  24  hrs  exposure  to  100  μg  CAPs/mL;  

E)  after  48  hrs exposure to 100 μg CAPs/mL.  

Figure 4: Oxidative and inflammatory mechanisms initiated after CAPs exposure lead to 

apoptotic cells in skin tissue. Apoptotic nuclei detection in RHE slices, evaluated by TUNEL 

assay in A) control slices; B) after 24 hrs exposure to 25 μg CAPs/mL; C) after 48 hrs exposure 

to 25 μg CAPs/mL; D) after 24 hrs exposure to 100 μg CAPs/mL; E) after 48 hrs exposure to 

100 μg CAPs/mL.  

Figure 5: CAPs are able to penetrate skin tissue. Ultrastructural analysis by TEM microscopy  

in RHE slices after 24  hrs exposure to 25  μg  CAPs/mL;  after  48  hrs  exposure  to  25  μg  

CAPs/mL;  after  24  hrs  exposure  to  100  μg CAPs/mL; or after 48 hrs exposure to 100 μg 

CAPs/mL. A, B and C show magnification of their respective selected zones in the images, 

arrows point the zone were CAPs can be observed. 

 



Table 1: CAPs composition evaluated by EDS analysis.  

Element Weight  
% 

Atomic  
%  

C 44.89 22.60 
O 38.40 35.70 

Mg 0.15 0.09 
Al 0.37 0.20 

Si 14.75 7.81 
P 0.20 0.10 

S 0.55 0.25 
K 0.11 0.04 

Ca 0.34 0.13 
Fe 0.23 0.06 

Total 100.00  
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Figure 1: Air pollution particles smaller tan 2.5 µm increase skin tissue citotocicity. A) 

Cytotoxicity evaluation by  LDH release  in RHE maintenance  media after 24 (□) or 48  h  (∎)  

exposure  to  25  or  100  μg  CAPs/mL  measured  by  an  enzymatic  assay.  Data  is presented 

as mean ± SEM, n ≥ 3.* p < 0.05; ** p < 0.01; *** p < 0.01 vs control group. B) CAPs 

morphology con composition analysis. A) CAPs SEM image. 5000X. C) EDS spectrum 
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evaluated by INCA software. D) Skin tissue morphology evaluation by hematoxilin-eosin 

histochemistry.     

 

  



Figura 2 

 
Figure 2: CAPs exposure increase oxidative damage occurrence and activation of transcription 

factor in skin tissue. A) Macromolecules oxidation measured by Isoprostanes expression in 

RHE slices (top panels)  and  their  correspondent  DAPI signal (lower panels)  in  i)  control 

slices; ii)  after 24  h exposure  to  25  μg  CAPs/mL;  iii)  after  48  h  exposure  to  25  μg  

CAPs/mL;  iv)  after  24  h exposure to 100 μg CAPs/mL; v) after 24 h exposure to 100 μg 

CAPs/mL. B) Oxidative damage assessed through HNE content in RHE after 24 (□) or 48 h 

(∎) exposure to 25 or 100 μg CAPs/mL measured by an enzymatic assay. Data is presented as 

mean ± SEM, n ≥ 3.* p < 0.05; *** p < 0.01 vs control group. C) NFκb  traslocation  to  nucleus  

in  RHE  slices  (top panels)  and  their  correspondent DAPI signal (lower panels) in i) control 

slices; ii) after 24 h exposure to 25 μg CAPs/mL; iii) after 48 h exposure to 25 μg CAPs/mL; 

iv) after 24 h exposure to 100 μg CAPs/mL; v) after 24 h exposure to 100 μg CAPs/mL. D) 

CYP1A1 expression in RHE protein extraction after 24 (□) or 48 h (∎) exposure to 25 or 100 

μg CAPs/mL measured by western blot. Data is presented as mean ± SEM, n ≥ 3.* p< 0.05 vs 

control group.  

 

  



Figure 3 

 
Figure 3: An inflammatory response is activated in skin tissue after CAPs exposure. A) IL-1 

release in RHE maintenance media after 24 (□) or 48 h (∎) exposure to 25 or 100 μg CAPs/mL 

measured by an enzymatic assay. Data is presented as mean ± SEM, n ≥ 3.* p < 0.05; ** p < 

0.01 vs control group. B) COX  expression  in  RHE  slices  (top  panels)  and  their  

correspondent  DAPI  signal (lower panels)  in  A)  control  slices;  B)  after  24  h exposure  to  

25  μg  CAPs/mL;  C)  after  48  h exposure  to  25  μg  CAPs/mL;  D)  after  24  h  exposure  

to  100  μg  CAPs/mL;  E)  after  24  h exposure to 100 μg CAPs/mL.  

  



Figure 4 

 
Figure 4: Oxidative and inflammatory mechanisms initiated after CAPs exposure lead to 

apoptotic cells in skin tissue. Apoptotic nuclei detection in RHE slices, evaluated by TUNEL 

assay in A) control slices; B) after 24 h exposure to 25 μg CAPs/mL; C) after 48 h exposure 

to 25 μg CAPs/mL; D) after 24 h exposure to 100 μg CAPs/mL; E) after 24 h exposure to 100 

μg CAPs/mL.  

 

Figure 5 
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Figure 5: CAPs are able to penetrate skin tissue. Ultrastructural analysis  by TEM microscopy  

in RHE slices after 24  h exposure to 25  μg  CAPs/mL;  after  48  h  exposure  to  25  μg  

CAPs/mL;  after  24  h  exposure  to  100  μg CAPs/mL; or after 24 h exposure to 100 μg 

CAPs/mL. A, B and C show magnification of their respective selected zones in the images, 

arrows point the zone were CAPs can be observed. 

 

 

 

 

 


