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Abstract

Exposure to airborne particulate matter (PM) hgsiicant effects on human health mainly
leading tocardio-respiratory diseases. However very few dataavailable regarding the
impact of PM on the skin, so to better understdraimpact of fine particle (Pd4...9 on
both inflammatory response and epidermal structwe,exposed a reconstructed human
epidermis (RHE) taseveral dosesf PM collected in Cotonou (Benin, West Africa)fteéx
24h of exposure, inflammatory response, histoldgaiaservations, and gene expression
related tooxidative stress, antioxidant defense and strat@mmages were determined. No
PM-linked changes in tissue morphology or membriategrity wereobservable PM was
however cytotoxic in a dose dependent manner. Alanmmatory response appeared as
shown by the increase in Ileland IL-8 cytokine productions. PM alsoduced oxidative
stress, leading to an increase in 4-HNE immunasigiand to the up-regulation 6fMOX1,
MT1G andMTL1E. Finally, PM had a negative impact on fundamesgkah functions such as
tissue anchorage, cell differentiation, cornifioati/ skin desquamation and apoptosis. Our
data show that airborne fine particles have an r@@veffect on skin integrity, most probably

leading to accelerated ageing.

Keywords
Airborne fine particles;In vitro skin model; Inflammatory response; Oxidative sres

Premature skin ageing
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4-HNE: 4-hydroxynonenal, BSA: bovine serum albumiBAPI: 4’,6-diamidino-2-
phenylindole dihydrochloride, PM: particulate mattd&E: haematoxylin and eosin, MMP:
metalloproteinase, PBS: phosphate buffered saRiE: Reconstructed Human Epidermis,

RT-gPCR: real-time quantitative PCR
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1. Introduction

Air pollution is a degradation of air quality bytiaduction of harmful substances
including gases, chemicals, biological contaminaatsd particles. Air pollutants include
particulate matter (PM), and are a major publicltheeoncern. PM is a heterogeneous and
complex mixture due to its various origins (natursbil, forest fires or volcanoes, and
anthropogenic: human activities, industry, traffic..Emitting sources and atmospheric
conditions are key parameters contributing to thentcal and physical properties of ambient
particulate matter (Kinet al., 2016). The role of the aerodynamic diamefePM in the
increase in the risks of chronic illness and premeateath is widely documented. Much less
recognized however, is that the chemical constttuadsorbed on PM also have significant
effects on various diseases (Derghatral., 2015; Kinet al., 2016; Songt al., 2013). A large
number of studies have considered the effectsnef fiarticles (PMs) on human health, the
majority being focused on respiratory and cardiou&s diseases. In the case of airway
epithelium, for instance, the skin is in direct taa with airborne PM, and long-term

exposure to PM may induce or exacerbate pre-egisn diseases such atopic dermatitis,
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acne, psoriasis, or premature skin ageing (ManegltbWang, 2015; Drakalkit al., 2014;
Flohr and Mann, 2014; Kim et al., 2016). Differesiinical studies have highlighted an
increased level of rash after exposure to polligda relation between traffic-associated
pollution and eczema in children, a modificationtioé skin integrity, and a contribution of
traffic-based air pollution to facial lentigines {4 et al., 2016; Krutmann et al., 2014;
Lefebvre et al., 2015; Vierkotter et al., 2010).tAé cellular level, skin ageing modifies the
tissue structure with looseness of the epidermahidkejunction, and of the dermis with the
reduction of blood vessels and nerves (Puizina-R0©8).

Oxidative stress seems to be one of the underlymeghanisms that induces adverse
health effects and it is known to play a role innsklamage after exposure to some
environmental factors like UV and pollutants (Ctdeet al., 2000; Giacomoni and Rein,
2001; Krutmann et al., 2016; Lanuti and Kirsnerl@0OMakrantonaki et al., 2015; Valacchi et
al., 2012). A direct impact of the UV exposure basn shown on vitamin D production, loss
of elastic fiber properties, and oxidative stresgchrest, 2013; Kammeyer and Luiten, 2015;
Sherratt, 2013). Airborne pollutants such as narogxides, hydrocarbons, fine particles and
ozone, also have a deleterious impact on skinicp#atly sensitized skins which react more
strongly to stressors (Krutmarm al., 2014). Similarly, some studies have esthbli a link
between tobacco smoke and skin alteration (Lecat,e2016; Morita et al., 2009; Urbanska
et al., 2012a; Urbanska et al., 2012b).

Generation of reactive oxygen species, upreguladiopro-inflammatory factors by the
arylhydrocarbon receptor (AhR), and keratinocyticEGF up-regulation have been
demonstrated as responsible mechanisms in theigerie®rtain cutaneous pathologies (Bae
et al., 2015; Krutmann et al., 2014; Li et al., 200ierkotter and Krutmann, 2012). In order
to better explain the underlying mechanisms, stida/e been mainly performed on animals.

A 6h exposure to controlled PMwas shown to induce oxidative streBOX1 expression)
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in neonatal and adult rat lungs and the stimulatidnantioxidant enzymesSDD1 for
example) was observed for adults but not neonatese susceptible to ultrafine particles
(Chan et al., 2013). Cytotoxicity and apoptosisioman keratinocytes were also associated
with combustion-generated organic nanoparticleddiet al., 2012).

Mastrofrancesco et al. (2014) also reported thairemmental pollution from diesel
exhaust plays a critical role in the development sdme autoimmune diseases
(Mastrofrancesco et al., 2014). The authors shotatl rat scleroderma skin keratinocytes
and fibroblasts expressed cytokine genkslg, IL-6, IL-8, andTNF-p) at a higher level than
control cells when treated with carbon-based nartigpes collected from diesel exhaust. In
addition, mMRNA gene expressions of soliklPs, Collagen types | andlll, andVEGF were
significantly higher in untreated scleroderma sta@tis than controls, with a dose dependent
stimulation of all MMPs (Mastrofrancesco et al.,12]

Taking into account that oxidative stress and mfiaation play a major role in air
pollution mediated toxicity of the skin, the aimtbe present work was to evaluate the impact
of environmental fine particles (RM259, collected in a geographical area selected for it
natural wealth in metallic elements, on skin tisdt@r this purpose, we used a sensiiive
vitro skin model (RHE) focusing on possible oxidativandge leading to morphological

changes and modulation of protein expression.

2. Material and methods
2.1. Chemicals

Culture media, maintenance medium for experimegsdand growth medium for non-
experiment days, were purchased from SkinEthic™¥née&. Penicillin-Streptomycin mixture
(penicillin: 100 pg/mL; streptomycin: 100UI/mL) arféungizon (Antibiotic-Antimycotic)
were from Gibco (Invitrogen, WI, USA), Phosphatdfbred saline (PBS) from Biosolve

Chimie (France), calcium chloride, goat serum, igigc bovine serum albumin, glycerol,
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sodium azide, Eukitt sodium cacodylate, glutaraldehyde, hexamethyédiane, osmium

tetroxide, hydrochloric acid, and propylene oxideni Sigma-Aldrich (France). Acetic acid
and Triton X100 were purchased from Merck (Germapgyaffin from Labonord (France);
ethanol from VWR International (PA, USA). Xylene daparaformaldehyde (32%) were
provided by Euromedex (France); sodium chloridéviayisol (France); Mayer Haematoxylin
(RAL Diagnostics, France) and Eosin by Merck (Garga

2.2. In vitro skin model

A reconstructed human epidermis from normal humeratinocytes provided the RHE
model (SkinEthic™, France) (Rosdy and Clauss, 188isdyet al., 1993) that was used as
described previously (Lecas al., 2016). For all experiments, the same b@#F22-5) was
used. Signed informed consent and ethical appreges obtained by the supplier.

Upon reception RHEs were placed in an incubat@7atC, 5% CQ@and 90% relative
humidity. Experiments were carried out 24h afterBR&tclimation (Poumay et al., 2004).

2.3. Fine particles exposure (PMo3.25)

Detailed information about collection and physicariical characteristics of the PM
collected in Cotonou city (Benin, West Africa) halieen previously published (Table 1,
Table S1) (Cachost al., 2014). After collection, PM., s were weighed and stored at -20°C
until experimentation. PM were suspended in theuoelimedium containing 1% fungizon and
sonicated at 50W during 10 min (Bath sonicator BoeanCPXH, Dutscher, France) to avoid
the presence of aggregates (Fig. S1). RHEs weresexlpto three PM concentrations: 3, 15
and 30 pg/crhas published by Cachon (Cachon et al. 2014). 3Mfisuspension of the
desired PM concentration were deposited directlyhemapical surface of RHE tissues. RHEs
were then placed on an orbital agitator for 10 memsomogenize the PM suspension to the

apical surface and then incubated at 37°C, 5% i6@ humidified incubator.
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After 24h exposure to PM, culture media were ctdldcto assess biological activity:
LDH release, cytokine and MMP quantifications. RHEere harvested to perform MTT
assay, histological / immunohistochemical analgsid mMRNA quantification by RT-qPCR.

Two controls were used: medium-control (named Gdn&O pL of medium without PM
deposited on apical surface) and incubator-corftmithout medium on apical side). As no
difference was shown between these two controll; thre medium-control (Control) was
introduced in the continuation of the present work.

2.4. Functional integrity

Colorimetric MTT [3-(4,5-dimethylthiazol-2-yl)-2,8iphenyltetrazolium bromide] assay
relies on the quantification of mitochondrial suate dehydrogenase activity. Viable cells
convert a soluble tetrazolium salt to a formazaodpct having a maximum photometric
absorbance at a wavelength of 490 nm (Persoz ,eR@l0). Absorbance was read with a
microtiter plate reader (Multiskan-EX, Thermo S¢ir). Experiments were repeated at least
4 times in duplicate.

2.5. Cellular viability: LDH release

Membrane integrity was determined by measuring rilease of intracellular lactate
dehydrogenase (LDH) into the basal culture mediuattacte deshydrogenase activity assay
Kit, Sigma). LDHreducedNAD to NADH, which is detected by colorimetric40nm using
a microtiter plate reader (Multiskan-EX, Thermoestific). LDH release is the reflection of
the cellular viability and was expressed as antranyi unit. Experiments were repeated at
least 4 times in duplicate.

2.6. Proinflammatory mediator quantification

Two cytokines, interleukin dl (IL-1o #KAC1191) and interleukin 8 (IL-8 #KHC0081),

were assessed using an ELISA assay following matwif's instructions (Novex™,

France). Optical densities were determined usimgcaoplate-reader (Multiskan-EX, Thermo
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Scientific, USA) set to 450 nm. Calibration curwesre established using Ascent Software
(Thermo Scientific, MA, USA). Cytokine concentratiowere expressed in pg/mL. The limits
of quantification were 3.9 and 15.6 pg/mL for Ik-&and IL-8 respectivelyExperiments were
repeated 4 times in duplicate.
2.7. Matrix metall oproteinases assessment

Assessment of matrix metalloproteinases was peddrasing a multiplex panel (Human
Magnetic Luminex Performance Assay Base Kit, MMmRd?4#LMPMO000] R&D Systems,
France). Samples were incubated overnight withbadii-coated beads at 4°C under constant
shaking. The following day, plates were washed évdod secondary antibody was added to
the samples for one-hour incubation at room temperainder constant shaking. Then, plates
were incubated for 30 minutes with streptavidineldd with R-Phycoerythrin at room
temperature under agitation. Washing process wasated, before adding sheath fluid and
reading the results using Lumirfetechnology (MagpiX, Bio-Rad, France) after 5 minutes
shaking. Concentrations were calculated out ofdsteth curves using recombinant proteins
and expressed in pg/mExperiments were repeated 2 times in triplicate.
2.8. Histological and immunochemical assessments

Histological and immunohistochemical assessmentg werformed 24h after exposure.
RHEs were fixed in 4% paraformaldehyde for 4h aadhffin-embedded sections were sliced
for Mayer Haematoxylin and Eosin (H&E) and for immainistochemistry.
Prior to Mayer H&E staining, RHE cross-sections (#m) went through xylene
deparaffinization and rehydration with graded ethidraths. Observations were made with an
inverted light microscope (Leica DM4000 B LED).

For immunohistochemistry, sections were blocked 08 BSA/PBS before incubation
with anti-loricrin or anti-4-HNE primary antibodig#ab24722 and #ab46545 respectively,

Abcam, UK). For both, an AlexaFluor®488-conjugatggat anti-mouse (#A-21121,
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Invitrogen, USA) was used as a secondary antibiddglei were stained with 4’,6-diamidino-
2-phenylindole dihydrochloride (DAPI, #32670 Sigmakrance). The resulting
immunofluorescence was observed under a Nikon &elf0i fluorescence microscope and
pictures were taken using Nikon NIS Elements saw®uantification of both loricrin and
4-HNE fluorescence signals of tissue sections vesifopned using Visilog software version
7.0.Experiments were repeated in 3 independent expetime
2.9. RNA isolation and RT-gPCR

Following the manufacturer’s instructions, total RWas extracted from tissues using
the RNeasy miniKit (Qiagen, Germany). RNA quality and quaytivere checked with the
2100-Bioanalyzer (Agilent Technologies, FrancegntiRNA was reverse transcribed using
the Transcriptor Universal cDNA Master (Roche Diagfits, Switzerland). PCR primers
were designed according to the Roche Universal éProibrary Assay Design Center
(www.universalprobelibrary.com). A LightCycler 48ystem using LightCycler 480 Probes
Master (Roche, Germany) was used to perform qadingt RT-gPCR on 29-gene epidermal
function plates (Agilent RNA Nano chips #5067-15Rbche Diagnostics, Switzerland). The
274 method provided N-fold differential expressionroRNA gene expression and results
were obtained by calculating the fold change (F&een two conditions, exposee sus
control meaning the expression difference. MRNA expressias considered as increased
when FC> 1.5, while decreased when EC0.7. GAPDH and RPL13 housekeeping genes
were used as internal controi&sults are the mean of one experiment assesseglicate.
2.10. Statistical analysis

Data are displayed as mean * standard deviatidrexleriments were repeated at least
in duplicate in two different experiments; the nianbf experiments conducted is indicated

in the legend of each Figure. Results were analymedne-way ANOVA followed by a
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Tukey-Kramer post-test. Statistical analysis wadgomed using JMP v.10 (SAS division,

USA). p < 0.05 was considered significant.

3. Results
3.1. Tissue morphology and cell functionality (Fig. 1-2)

The SkinEthic reconstituted human epidermis (RHE)deh consists of the four
characteristic layerstratum germinativum, stratum spinosum, stratum granulosum, and
stratum corneum as shown in the Figure 1A.

A 24h exposure of RHEs to increasing PM conceminati(3, 15 and 30 pg/éndid not
induce structural changes whatever the PM-levébted-igs. 1B1, 1B2, 1B3): RHEs exposed
to PM were similar to the Control. This observatisnconfirmed by the absence of LDH
release certifying good membrane integrity (Fig).2Bevertheless, MTT assay revealed a
dose-dependent relation between the level of PMcatidlar functionality, with a statistically
significant decrease after exposure of RHEs atritb30 pg/crh compared to Control (Fig.
2A). This last result would seem to indicate thed mitochondrial succinate dehydrogenase
function is disturbed without leading to cell deathindicated by LDH and morphology data.
3.2. Inflammatory response (Fig. 3)

To evaluate the inflammatory response of RHESs ptioeluction of two cytokines, Ll
and IL-8, was evaluated after RHE-exposure to P\3,at5 and 30 pg/cmCompared to
Control, a 24h-exposure to PM at 3 pgfcdid not induce significant difference in the
production levels of IL-& and IL-8 (Fig. 3). For higher doses of PM (15 &tdug/cn), a
significant dose-dependent increase in the prodmcbf the two cytokines tested was
observed. For IL-8, the increase was as high ael82he level detected in the Control after
exposure of RHEs to 30 pg/émf PM.

Remark: These initial results concerning membrane intggfitnctionality and inflammatory

responses, revealed significant cytokine productiter RHE exposure at the highest dose of

10



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

PM (30 pg/crf) without membrane integrity disorder (LDH releaba) with a loss of 50% of
cellular functionality, probably due to the oxidetistress caused by metallic compounds
adsorbed on the PM tested. In this context, the obshe study has been focused on the
exposure of RHE tissue to PM at 30 pgfcm

3.3. Oxidative stress (Fig. 4)

Two steps have been taken to assess oxidative @amagRHE tissue: 4-HNE
immunostaining with quantification (4-hydroxynonénane of the most important products
of lipid peroxidation) and three oxidant gene egprens evaluated by RT-gPCR.
Immunostaining of 4-HNE, a widely used marker ofdative stress, showed a substantial
increase in labelling, 24h after exposure of RHiSue to PM at 30 pg/émcompared to
Control (Fig. 4A). The quantification of 4-HNE stang confirmed this significant increase
by 4-fold, demonstrating that PM exposure doesudtite oxidative stress in our model (Fig.
4B). To investigate the underlying effects on th@leoular and biological activities of RHE,
the activity of three genes involved in oxidatieess HMOX1, MT1G and MT1E) was
studied by quantification of their mMRNA. mRNA expseon levels of the genes were
stimulated by 1.6 to 3.0-fold respectively aftepesure of RHEs to PM at 30 pg/titFig.
4C).

3.4. Differentiation and morphology (Fig. 5-6)

To evaluate the impact of PM on both extracellofatrix and tissue differentiation, two
approaches were considered: MMP level quantificatmd loricrin immunostaining with
guantification.

Immuno-quantification of matrix metalloproteinagenel showed that only two MMPs
from the nine MMPs tested (MMP-1, -2, -3, -7, -8, -10, -12, -13) were significantly
modulated. Compared to Control, MMP-1 was induced. 5-fold and MMP-3 by 1.9-fold

after exposure of RHEs to 30 pugfcof PM (Fig. 5). In addition, immunostaining of icnin,
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a major protein component of terminally differete epidermal cells, showed a significant
decrease in labelling after PM-exposure (Fig. 6Ahis result is confirmed by the
quantification of the intensity of loricrin labeilj. Compared to the Control, a 1.9-fold loss of
loricrin staining was observed 24h after PM-expegig. 6B).

3.5. Other biological impacts of PM on RHEs (Fig. 7)

To investigate the underlying effects of PM at 3§/anf on the biological activity of
RHESs, 12 genes were selected as the most reprageritaevaluate cellular and molecular
modulation. Differentiation genes were either wgaitimulated VL) or weakly decreased
(KRT1, KRT10) (Fig. 7). Expressions of cell-cell junction gen@/PL (ENVOPLAKIN),
GJA1, CDH1, CD44), and anchorage geneS{L7Al, COL4Al) were suppressed after PM-
exposure. Apoptotic gene expression was also stf@SP3, CDKN2A, BIRC5), and results
shown that upon PM exposui@lRC5 expression was reduced whiBDKN2A expression

was doubled an@ASP3 was highly stimulated (6.3-fold) (Fig. 7).

4. Discussion

The aim of our study was to better understandripact of airborne fine particles (PM)
on skin damage as suggested by other studies @Falat al., 2012; Vierkotter and
Krutmann, 2012).

In this study we used particles collected in Cotgnan urban city of West Africa
(Benin). Our objective was to generally test enwinental particles rich in such metallic
inorganic elements as metals, positively correlateth intracellular ROS production
(Dergham et al., 2015), and not to specificallyt t€stonou’s PM. Having said this, the
interest of particle samples tested in our studgsde in their origin: in African countries like
Cotonou the soils are rich in iron oxide £8¢) and aluminium oxide (ADs3) (Kikouamaet
al., 2009), with co-existing heavy metals at verghhlevels (Alfordet al., 2010; Cheng,

2003). In comparison we can note that the levaheftallic elements in PM collected in an

12
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urban city of France (Dunkerque) was 620 rigéensus 8,644 ng/min Cotonou (Dergham et
al., 2015).

The presence of such elements contributes to atmeasppollution leading to various
biological dysregulations in Human, such as oxidastress, this latter being at the origin of
various pathologies (Cachon et al., 2014). Theaghof thein vitro skin model was important
to our study. RHE tissue consists of an epiderniisout dermis, obtained from keratinocytes
cultured at high cell density on a polycarbonalterfimembrane with 0.4 um pore diameter.
After 15 days of culture, keratinocytes formed Hedéentiated epidermis with histological
features similar to those observiedvivo: a basal layer, spinous layer, granular layer, and
stratum corneum (Poumay et al, 2004). This modeal wsed to assess the irritating and/or
corrosive properties of some chemical compoundsidéeova et al, 2006). However, like all
in vitro models, RHE tissue has some limitations, pringjpthe small experimentation
window (3 days) due to the model ageing quicklycdset al, 2016). This led us to limit our
experiments to 24h of exposure. Nevertheless, tH& Rhodel did allow the combined
implementation of 3D-reconstituted tissue and empmsat the air-liquid interface in a
controlled environment. Our work has thus highleghthe possibility of using this vitro
3D-skin model to assess the importance of the ateneonstituents of PM on the cellular
and molecular responses of exposed tissue.

Exposure to airborne particulate matter has toftects on human health as illustrated by
drastic respiratory and skin diseases (Beelen.e@ll4; Drakaki et al., 2014; Raaschou-
Nielsen et al., 2013). The skin can be impacteddweral intrinsic and extrinsic phenomena
(Makrantonakiet al., 2015). External factors such as UV angealiutants including tobacco
smoke can play an important role in skin ageinglgvehi et al., 2012; Vierkotter and
Krutmann, 2012). In order to take into accountalkls (tissue, cell and molecular level) and

have a better knowledge on thederlyingmechanisms, am vitro RHE skin model can be
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used to evaluate the toxicity level of extrinsipesure such as tobacco smoke (Lestaal.,
2016) and airborne pollutants (Magnaial., 2016). The mode of action (MoA) hypothesis
of the impact of airborne pollution on the prematakin ageing process, using the RHE 3D-
skin model exposed to fine particles, is illustdaite Figure 8.

While the PM did not induce obvious structural apesin RHE morphology and a loss
of membrane integrity, it did lead to a dose-dependlecrease in cellular functionality as
shown by MTT assay, evaluating mitochondrial suai@n dehydrogenase activity, a
mitochondrial enzyme. These results - showing a édsellular functionality with absence of
both structural changes and tissue integrity injuswould appear contradictory, but is not.
Specifically, the complementary nature of the tggsies a more accurate view of the impact
of a xenobiotic on a targeted tissue. The oxidizgential of PM, due to the presence of
metal elements adsorbed on their surface, couldaiexphis result and constitute the key
event 1 (KE1, Fig. 8).

To consolidate this result, we observed that PM walale to stimulate IL-4 and IL-8
production in a dose dependent manner, thus @tisg the inflammatory response of skin
tissue (AE1, Fig. 8). Oxidative stress was alsougadi, as illustrated by the increase of
4-HNE labelling in RHE (KE2, Fig. 8), and in accartte with the stimulation diMOX1
expression. A similar induction diMOX1, a sensitive marker for oxidative stress, was
observed upon exposure of a lung model to ultrafiagicles (Chan et al., 2013; kt al.,
2003). In reaction, the tissue induces antioxidastslustrated by previous works on the lung
(Curjuric et al., 2012; Huangt al., 2009) and, in our case, by the inductiotMdilG and
MT1E expressions which corresponding proteins are kntovbe involved in heavy metal
binding (KE3, Fig. 8).

Considering tissue integrity, no morphological apes appeared after PM-exposure, and

increased levels of MMP-1 and MMP-3 production sgigan accelerated degradation of the
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extracellular matrix (KE5, Fig. 8). The level ofricrin, a keratinocyte specific protein, was
also decreased (AE2, Fig. 8). Moreover, cell-calhction, anchorage, and terminal
differentiation genes, exceptvolucrin (IVL), were drastically down-regulated on PM-
exposure (AE3, Fig. 8)lnvolucrin (IVL) is known to play an important role in cornified
envelope development (Haredl al., 2013). Inhibition ofVL was observed in several studies,
including when then vitro RHE skin model was exposed to tobacco smoke trdltisg the
disorganization of skin barrier function (Leaatsal., 2016). However, stimulation BIL was
also found after exposure of HaCaT cells and atdprtnatitis to ambient PM leading to
the hypothesis that cell death is the primary camfsskin alteration rather than protein
modification (Hiraoet al., 2003; Liet al., 2017).KRT1 and KRT10 expressions were
decreasedgevealingthe skin barrier dysfunction (Pahal., 2015). This tissue slackening was
also illustrated by the decrease in the expressiozell-cell junction EVPL, GJA1, CDH1
andCD44) and anchorageCOL4A1 andCOL7A1) genes. This is in line with the role of Gap
Junctions Intercellular Communications and Tightclions in the epithelial lining, which
modification might be implied in cancer developmafier PMg inhalation (Nemmaet al.,
2013).

In order to better understand the underlying meisharof toxicity on the RHE model,
apoptosis-linked gene€ASP3, CDKN2A and BIRC5 (SURVIVIN)) were also investigated.
BIRC5, known to block apoptosis and to regulate the cgitle, was downregulated.
Moreover, bottCASP3 andCDKN2A, pro-apoptotic genes, were upregulated in ourys(Ge
and 2-fold, respectively) (KE4, Fig. 8). Metal elemts, being the main components of PM
from Cotonou, have been described as inductofGA&P3 in hepatic cells and macrophages
(Andreauet al., 2012)CDKNZ2A (p16) is known to have an ageing-dependent exipressid

therefore to be increased in the elderly (Resslat., 2006).
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In conclusion,using anin vitro 3D-model of human reconstituted epidermis, ouultss
showed that exposure to fine particles lead taharease in some indicators such as oxidative
stress and inflammatory response, contributing taisaue slackening following the
degradation of the extracellular matrix and cell-penctions. The chemical composition of
airborne particulate matter, and more particulalg metallic elementsidsorbed on the
surface of the PMgould contribute to various MoA hypotheses leadmthe premature skin
ageing and the loss of the protective role of ttameous barrieThe present work is original
and innovative, and provides new development oppdrés to better understand the role of

atmospheric particulate matter on skin damage.
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Figure legends

Fig. 1. Morphological observations of RHEs after PMexposure.

RHE tissues were exposed to PM at 0 (Control)53p1 30 pg/cm? for 24h. After exposure
RHEs were fixed in 4% paraformaldehyde and crosteses (4 pm) were stained with Mayer
Haematoxylin and Eosin (H&E) and observed usinghaarted light microscope (Leica
DM4000B LED).

Scale bar represents 25 pm ; 40x magnificationré&gmtative pictures of n=3 independent
experiments.

(A) RHE Control. 1&ratum ger minativum; 2/Stratum spinosum; 3/Sratum granulosum;
4/Stratum corneum.

(B) RHE exposed at (B1) 3 pug/cm?; (B2) 15 pg/ciiid3) 30 pg/cmz2.

Fig. 2. Effects of PM on RHE functionality and memipane integrity.

RHE tissues were exposed to PM at 0 (Control)53p1 30 pg/cm? for 24h.

Experiments were repeated at least four times plichte.

Results are presented as mean + SD ; ** p<0.0% p%0.0001 compared to the Control.

A. RHE functionality was assessed 24h after PM-syp®using MTT assay. Results are
expressed in absorbance (arbitrary units).

B. Membrane integrity of RHE was evaluated 24hrd®é-exposure by intracellular lactate
dehydrogenase (LDH) release expressed in arbimatyper liter (U/L).

Maximal LDH activity was obtained after 5% SDS treant (Positive control).

Fig. 3. Inflammatory response of RHE after PM-exposre.

RHE tissues were exposed to PM at 0 (Control)53p1 30 pg/cmz for 24h.
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After exposure cytokine secretions [lla-{plain bar) and IL-8 (dashed bar)] were measured
by immuno-quantification (ELISA test) in the cukumedium in the basolateral
compartment.

Data are representative of 4 experiments repeatddplicate.

Results are presented as mean + SD ; *** p<0.0@dipared to the Control.

Fig. 4. Changes in 4-HNE expression level after PMxposure.

RHE tissues were exposed to PM at 0 (Control) gu@@m?2 for 24h.

(A) After PM-exposure RHEs were fixed in 4% parafiatdehyde, embedded on paraffin and
sliced.

Cross-sections (4 um) were blocked in BSA/PBS hbwfel stained using 4-HNE (protein
produced when lipid peroxidation is) and DAPI (rewus).

Scale bar represents 25 pm ; 200x magnificatiopré&entative pictures of n=3 independent
experiments.

(B) Quantification of 4-HNE in comparison to Contusing Visilog software version 7.0.
Data are representative of 3 independent expersnBasults are presented as mean + SD ;
*** n<0.0001 compared to the Control.

(C) After exposure, total RNA was extracted frossties using the RNeasy® miniKit and
reverse transcribed using the Transcriptor UniveBalA Master. The gene expressions
were normalized with GAPDH housekeeping gene.

Results were obtained by calculating the fold cleaffC) between two conditions: exposed
versus Control. Increased oxidant gene expression wasreed: FC> 1.5.

Results are the mean from one RT-qPCR experimesesaed in duplicate.

Fig. 5. Impact of PM exposure on MMP matrix metallgroteinase.
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After PM-exposure of RHEs (30 pg/énmetalloproteinase secretion [MMP-1 (plain bar)
and MMP-3 (dashed bar)] were measured by immunatdication (Luminex® technology)
in the culture medium in the basolateral compartmen

Data are representative of 2 experiments repeatipiicate.

Results are presented as mean + SD ; *** p<0.0@dipared to the Control.

Fig. 6. Changes in loricrin expression level aftePM exposure

RHE tissues were exposed to PM at 0 (Control) gu@@m?2 for 24h.

(A) After PM-exposure RHEs were fixed in 4% parafatdehyde and embedded on paraffin.
Cross-section of RHE (4 um) stained using lori¢nmajor protein of differentiated epidermal
cells) and DAPI (nucleus).

Scale bar represents 25 pm ; 200x magnificatiopré&entative pictures of n=3 independent
experiments.

(B) Quantification of loricrin in comparison to doal using Visilog software version 7.0.
Data are representative of 3 independent expersnBasults are presented as mean + SD ;

*** n<0.0001 compared to the Control

Fig. 7. Changes in mRNA expression levels of gerniagolved in differentiation, cell to

cell junction, anchorage and apoptosis after expose to 30 pg/cnt of PM.

RHE tissues were exposed at 30 ug/offPM for 24hours. After exposure, total RNA was
extracted from tissues using the RNeasy® miniKd eeverse transcribed using the
Transcriptor Universal cDNA Master. The gene exgigass were normalized with GAPDH
or RPL13 housekeeping gene.

Results were obtained by calculating the fold cleafC) between two conditions: exposed

versus Control).
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MRNA expression was considered as increased whenlE& (dark grey) and decreased
when FC< 0.7 (light grey).

Results are the mean from one RT-qPCR experimsesesaed in duplicate.

Fig. 8. MoA hypothesis for PM-induced premature ski ageing.

The mode of action (MoA) hypothesis of the airbgpodution on the premature skin ageing
process, using the RHE 3D-skin model exposed togarticles, is subdivided into key
events, associative events and modulating facttws.initial key event is the increase of the
oxidative stress, associated with the modulatiothefinflammatory response, which results
in an overexpression of various genes. Associawants include inhibition of the gap

junction communication and anchorage.

Table 1. Sum of main metallic elements and organmomponents of fine particles (PM 3.
25) from (Cotonou, Benin)(adapted from Cachon et al., 2014).

Chemicals are expressed as mass composition per(mgsg') and volume unit (ng/f.
Sampling of fine particles wdsased on continuous collection using high voluara@ers

(80 nt/hr).
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Supplementary data

Figure S1.Microscopic observation of the homogeneous dispeosi of PM prior RHE-
exposure.
Scale bar represents 100 um; 20x magnification.

Representative pictures of n=3 preparations

Table S1. Chemical composition of the fine particke (PMo 3.2.9 collected in (Cotonou,
Benin) (Cachon et al. 2014).

PM were collected using a high volume cascade itigraair sampler as described by Billet
(2007) and the physicochemical characterizationsgased out by studying their size
distributions, specific surface areas, organiciandyanic chemicals composition and ionic
species as described by Cazier (2016). Chemicalexgressed as mass composition per
volume unit (ng.r).

Billet, S. et al., 2007. Ambient particulate maiteM, s): physicochemical characterization
and metabolic activation of the organic fractiorniiman lung epithelial cells (A549).
Environ. Res. 105, 212-23.

Cazier, F. et al., 2016. Characterisation and seds@riations of particles in the atmosphere

of rural, urban and industrial areas: Organic conmais. J. Env Sci. S44, 45-56.
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Fig. 1. Morphological observations of RHEs after PM-exposure.

RHE tissues were exposed to PM at 0 (Control), 3, 15, or 30 pg/cm? for 24h. After exposure RHES
were fixed in 4% paraformaldehyde and cross-sections (4 um) were stained with Mayer Haematoxylin
and Eosin (H&E) and observed using an inverted light microscope (Leica DM4000B LED).

Scale bar represents 25 um ; 40x magnification.

Representative pictures of 3 independent experiments.

(A) RHE Control. 1/Stratum germinativum; 2/Stratum spinosum; 3/Stratum granulosum; 4/Stratum
corneum.

(B) RHE exposed at (B1) 3 pg/cm? ; (B2) 15 pg/cm? ; (B3) 30 pg/cm?,

A. RHE Control

160 um

B. RHE exposed
B1: 3 pg/cm? B2 : 15 pg/cm? B3 : 30 pg/cn?




Fig. 2. Effects of PM on RHE functionality and membrane integrity.

RHE tissues were exposed to PM at 0 (Control), 3, 15, or 30 pg/cm? for 24h.

Experiments were repeated at least four times in duplicate.

Results are presented as mean = SD ; ** p<0.01 ; *** p<0.001 compared to the Control

(A) RHE functionality was assessed 24h after PM-exposure using MTT assay. Results are expressed in
absorbance (arbitrary units).

(B) Membrane integrity of RHE was evaluated 24h after PM-exposure by intracellular lactate
dehydrogenase (LDH) release expressed in arbitrary unit per liter (U/L).

Maximal LDH activity was obtained after 5% SDS treatment (Positive control).
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Fig. 3. Inflammatory response of RHE after PM-exposure.

RHE tissues were exposed to PM at 0 (Control), 3, 15, or 30 pg/cm? for 24h.

After exposure cytokine secretions [IL-1a. (plain bar) and IL-8 (dashed bar)] were measured by
immuno-quantification (ELISA test) in the culture medium in the basolateral compartment.

Data are representative of 4 experiments repeated in duplicate.

Results are presented as mean == SD ; *** p<0.0001 compared to the Control
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Fig. 4. Changes in 4-HNE expression level after PM-exposure.

RHE tissues were exposed to PM at 0 (Control) or 30 pg/cm? for 24h,

(A) After PM-exposure RHEs were fixed in 4% paraformaldehyde, embedded on paraffin and sliced.
Cross-sections (4 um) were blocked in BSA/PBS buffer and stained using 4-HNE (protein produced
when lipid peroxidation is) and DAPI (nucleus).

Scale bar represents 25 pm ; 200x magnification. Representative pictures of 3 independent

experiments.

4-HNE DAPI 4-HNE and DAPI

Control

30 pg/cm? of PM

(B) Quantification of 4-HNE in comparison to Control using Visilog software version 7.0.
Data are representative of 3 independent experiments. Results are presented as mean = SD ;

*** n<0.0001 compared to the Control.
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(Fig. 4. continued)

(C) After exposure, total RNA was extracted from tissues using the RNeasy® miniKit and reverse
transcribed using the Transcriptor Universal cDNA Master. The gene expressions were normalized
with GAPDH housekeeping gene.

Results were obtained by calculating the fold change (FC) between two conditions: exposed versus
Control.

Increased oxidant gene expression was observed: FC > 1.5.

Results are the mean from one RTgPCR experiments assessed in duplicate.
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Fig. 5. Impact of PM-exposure on MMP matrix metalloproteinase.

After PM-exposure of RHEs (30 pg/cm?), metalloproteinase secretion [MMP-1 (plain bar)
and MMP-3 (dashed bar)] were measured by immuno-quantification (Luminex® technology)
in the culture medium in the basolateral compartment.

Data are representative of 2 experiments repeated in triplicate.

Results are presented as mean = SD ; *** p<0.001 compared to the Control.
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Fig. 6. Changes in loricrin expression level after PM-exposure.

RHE tissues were exposed to PM at 0 (Control) or 30 pg/cm? for 24h.

(A) After PM-exposure RHEs were fixed in 4% paraformaldehyde and embedded on paraffin. Cross-
section of RHE (4 um) stained using loricrin (major protein of differentiated epidermal cells) and
DAPI (nucleus).

Scale bar represents 25 um ; 200x magnification. Representative pictures of 3 independent

experiments.
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(B) Quantification of loricrin in comparison to control using Visilog software version 7.0.

Data are representative of 3 independent experiments. Results are presented as mean = SD ;

*** p<0.0001 compared to the Control
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Fig.7. Changes in mRNA expression levels of genes involved in differentiation, cell to cell
junction, anchorage and apoptosis after exposure to 30 pg/cm? of PM.

RHE tissues were exposed at 30 pg/cm? of PM for 24h. After exposure, total RNA was extracted from
tissues using the RNeasy® miniKit and reverse transcribed using the Transcriptor Universal cDNA
Master. Gene expressions were normalized with GAPDH or RPL13 housekeeping gene.

Results were obtained by calculating the fold change (FC) between two conditions: exposed versus
Control). mRNA expression was considered as increased when FC > 1.5 (dark grey) and decreased
when FC <0.7 (light grey).

Results are the mean from one RTgPCR experiments assessed in duplicate.
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Fig. 8. MoA hypothesis for PM-induced premature skin aging

The mode of action (MoA) hypothesis of airborne pollution on premature skin ageing process,

using the RHE 3D-skin model exposed to fine particles, is subdivided into key events,

associative events, and modulating factors. The initial key event is the increase in oxidative

stress, associated with the modulation of inflammatory response, which results in an

overexpression of various genes. Associative events include inhibition of the gap junction

communication and anchorage.
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Table 1. Sum of main metallic elements and organic components of fine particles (PM, 5., ) from
(Cotonou, Benin) (adapted from Cachon et al., 2014).

Chemicals are expressed as mass composition per mass (1g.gt) and volume unit (ng.m-3).

Samplings of fine particles were based on continuous collection using high volume samplers (80

m3/hr).

Chemical composition of fine particles PM 5, 5
Cotonou, Benin, West Africa

Hg.gt ng.m3
Major and trace elements
Al, Ba, Cr, Cu, Fe, Mn, Ni, Pb, Ti,
V, Zn
Sum of elements 63,723 8,644

Organic compounds

Benzene, Toluene, o,p-Xylene,
Naphtalene, Phenanthrene,
Alkyl-benzene, Benzo[a]pyrene,
Benzo[g,h,i] perylene, etc ...

Sum of organic compounds 78 11






