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Abstract

Particulate matter (PM) is considered an atmosphmollutant that mostly affects human health.
The finest fractions of PM (PMor less) play a major role in causing chronic dsesa

The aim of this study was to investigate the gexioteffects of PMs collected in five Italian
towns using different bioassays. The role of chaimtomposition on the genotoxicity induoeeds
also evaluated.

The present study was included in the multicent@PBC_LIFE project, which aimed to evaluate
the associations between air pollution exposureeanky biological effects in Italian children.

PM;o samples were collected in 2 seasons (winter amiciggpusing a high-volume multistage
cascade impactor. The results showed thag f8presents a very high proportion of RNrange
10-63%). PM organic extracts were chemically analysed (RAtitro-PAH,) and tested by the
comet assay (A549 and BEAS-2B cells), MN test (ABéBs) and Ames test dsalmonella strains
(TA100, TA98, TA98NR and YG1021).

The highest concentrations of PAHs and nitro-PAHBM, s were observed in the Torino, Brescia
and Pisa samples in winter. The Ames test showed nutagenic activity. The highest net
revertants/mwere observed in the Torino and Brescia sampléstéry, and the mutagenic effect
was associated with P} (p<0.01), PAH and nitro-PAH (p<0.05) concentratiombe YG1021
strain showed the highest sensitivity to {Jamples. No genotoxic effect of BMextracts was
observed using A549 cells except for some sampl@gnter (comet assay), while BEAS-2B cells
showed light DNA damage in the Torino, Brescia &hsa samples in winter, highlighting the
higher sensitivity of BEAS-2B cells, which was cmtent with the Ames test (p<0.01).

The results obtained showed that it is importantutther investigate the finest fractions of PM,
which represent a relevant percentage ofl&king into account the chemical composition and

the biological effects induced.

Keywords: PMgs, mutagenicity, genotoxicity, PAHs, nitro-PAHs

Capsule
Results highlighted the importance to further inigege the finest fractions of PM, which represent
a relevant percentage of RMtaking into account its chemical composition dahd biological

effects induced.
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1. Introduction

Atmospheric pollution poses a serious threat to drumealth and airborne particulate matter (PM)
is one of the major contributors (Anderson et 812 Cohen et al., 2017; WHO, 2016).

The causal relationship between exposure to aieb@ s and acute and/or chronic diseases is
well reported in literature (EEA, 2017; Kim et &015; Pope and Dockery, 2006). Moreover, the
International Agency for Research on Cancer (IAR&3 recently classified air pollution and fine
PM as carcinogenic to humans (1 Group) (IARC, 2016)

In recent years, researcher interest in the hedftcts of smaller particles, the sub-micrometer
particles (fine), including ultrafine particles (B&, PM.), has considerably increased as these
fractions are the most abundant particulate pailstan urban and industrial areas (Keogh et al.,
2009; Morawska et al., 2008; Schiliro et al., 20I®)e greater toxicity of UFPs is related to their
potential to be retained in the pulmonary alvewlidiffuse into the blood stream and reach other
organs (Nemmar et al., 2002; Peters et al., 2008)ta their greater capacity to adsorb chemicals
(Wichmann et al., 2009).

The current air quality guidelines are based on rtfess concentration of particles of a given
aerodynamic diameter (Pllor PMyg), but it is clear that the structure and compositof PM can
also influence the biological effects (Landkocakt 2017. Moreover, the chemical composition of
PM varies with sources of emissions, season andmegf sampling and photochemical-
meteorological conditions (Perrone et al., 2010; &eal., 2010; Pongpiachan et al., 2015; Topinka
et al., 2015).

The effects of exposure to mixtures of chemicalshsas PM, are difficult to evaluate because the
different chemical compounds can interact with sgistic, antagonistic or additive effects
(USEPA, 2008). For a more complete evaluation eftibalth risk of human exposure, short-term
bioassays were used to study the biological effettshemical pollutants in urban PM (Ceretti et
al., 2015; de Brito et al., 2013; Dumax-Vorzet let 2015; Lemos et al., 2012; Lepers et al., 2014;
Palacio et al., 2016; Traversi et al., 2015).,Pyuasi-ultrafine particles (P, PMy4 and PM )

and UFPs (PMy) have been less extensively studied than fine ;(fPNand coarse (PM..9
particles. Besides the increasing epidemiologieah ebn particles with a diameter less than 1 um,
there are still few studies on the biological effeaf these fractions. Some studies have shown that
UFPs are able to induce oxidative stress (Gasjpagitial., 2013), inflammation (Muller et al.,
2010), apoptosis and necrosis (Sydlik et al., 2008)reover, cytotoxic effects (Borgie et al.,
2015), release of cytokine/interleukin release @lun et al., 2013) and dioxin-like activity
(Wichmann et al., 2009) have also been reportedjdiasi-ultrafine particles. However, only a few

recent studies investigated the genotoxic or muitiageffects of these finest fractions, and only
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some endpoints were taken into account with a dichinumber of short-term assays (Landkocz et
al., 2017; Topinka et al., 2015; Velali et al.,, Bp1Then, further studies are needed to better
understand their mechanisms of action of UFPs haul involvement in the occurrence of many
diseases.

The present study was included in the MAPEC_LIF®Bjgut (LIFE12 ENV/IT/000614), a
multicentre Italian cohort study funded by the Eagan Union’s LIFE+ Programme that aims to
evaluate the associations between air pollutioadyaing PM) and early biological effects in 6-8-
year-old Italian children. Details of the study igeshave been described elsewhere (Feretti et al.,
2014). Briefly, oral mucosa cells of 1149 childrexruited from first grade schools were collected
to evaluate the frequency of MN and DNA damage. &oasults on subject characteristics, diet in
particular, and frequency of MN in their buccallsdlave already been published (Bagordo et al.,
2017; Grassi et al., 2016; Villarini et al., 2018ni et al., 2016). The study was conducted in
different schools of five Italian towns (Figure Staracterized by different levels of air pollution
In particular, Torino and Brescia are located ia Badana Plain in the north of Italy (one of the
most polluted areas in Europe), Pisa and Perugeemiral Italy (medium-low pollution area) and
Lecce in southern ltaly (low pollution area) (EE2017; ISPRA, 2015). To evaluate children’s
exposure to urban air pollution, BMwas collected near each school on the same dajlseas
biological sampling.

The purpose of this work was to investigate ith@itro mutagenic and genotoxic effects of PM
collected in the MAPEC_LIFE study using differehbg-time bioassays (Ames test, comet assay,
micronucleus test). The spatial and seasonal v@amg&if the genotoxicity induced by the organic
extracts of PMs were evaluated, and the role of chemical commosion the mutagenic and
genotoxic effect of Plylssamples was also investigated.

2. Materials and methods

2.1 Airborne particulate sampling and gravimetric analysis

PMy fractions were collected in 18 sites located i@ five towns involved in the MAPEC_LIFE
study. The description of the sampling sites i®rega in Figure S1. The sampling was performed
in 3 consecutive 24-hour periods, for a total ofsépling hours, using a Sierra-Andersen high-
volume multistage cascade impactor (AirFlow PM10$1¥ampler, AMS Analitica Srl, Pesaro,
Italy) at a flow of 1160 L/min. The particle sizeations collected were as follows: 10.0-7.2, 7.2-
3.0, 3.0-1.5, 1.5-0.95, 0.95-0.49, and <0.49 umEMAll filters were pre- and post-conditioned

and weighed at controlled temperature and humid#ypreviously reported (Schiliro et al., 2016).

4
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The samplings were performed during two seasongew(November 2014/March 2015-winter )
and late spring (April/June 2015). Air sampling wapeated the following winter (November
2015/January 2016-winter Il) only in Brescia.

2.2 Extraction of PMgscomponents

After gravimetric analyses, the BMffilters (three for each site) were pooled to abtitotal of 40
samples. Particles were Soxhlet extracted withrABQ®f n-hexane-acetone (4:1) for 6 h to recover
organic extractable compounds. Each extract waaraega into different aliquots destined for
chemical analysis and biological tests. The orgaaxtracts were concentrated by rotary
evaporation. For the biological tests, the sampie® re-suspended in dimethyl sulfoxide (DMSO)
(2 mPuL).

2.3 Chemical analysis of PMs organic extracts

PAH and nitro-PAH concentrations in the organiaa&ctis of PN 5 were evaluated according to the
EPA TO-134 1999 method. An Agilent 7690B gas chrmmieaph (Agilent Technologies Italia
SPA) with a Rxi-17 Sil MS column (Restek) (30 m 2% mm x 0.25 um) and an Agilent 5977A
mass spectrometer (single ion monitoring) were GigeBAH analysis.

The following PAHs were analysed: naphthalene, apbthylene, acenaphtene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, zof@anthracene, chrysene,
benzo(b)fluoranthene, benzo(j)fluoranthene, ben#ogranthene, benzo(a)pyrene,
benzo(e)pyrene, perylene, dibenz(a,h)acridine, ndif@j)acridine, indeno(1,2,3-cd)pyrene,
dibenzo(a,h)anthracene, benzo(g,h,i)perylene, didy@ne)pyrene, dibenzo(a,h)pyrene,
dibenzo(a,i)pyrene, dibenzo(a,l)pyrene, 7Hbenzhu@)éne, 5-methylchrysene, 7,12-
dimethylbenz(a)anthracene,  3-methylcholanthrene, thaathrene, dibenz(a,e)fluoranthene,
7Hdibenzo(c,g)carbazole.

Nitro-PAH concentration was evaluated by means GiNES-TQ8030 (Shimadzu Europe GMBH)
(multiple reaction monitoring mode) using a HP5-M8ainert column (Agilent) (30 m x 0.25 mm
x 0.25 um).

The nitro-PAHs analysed were 1-nitronaphthaleneit®naphthalene, 5-nitroacenaphtene, 2-
nitrofluorene, 9-nitroanthracene, 1-nitropyrenej &mitrochrysene.

The information about the QA/QC was reported inf&upng Information.

The comparison of the retention times and masstispet the different compounds with those of

reference standards was used to their identificatio
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2.4 Salmonella/microsome (Ames) test on PN organic extracts

The Ames test (Maron and Ames, 1983) was used atuate the mutagenicity of RMorganic
extracts collected in all towns. The organic exsacere tested in duplicate at increasing doses (10
25 and 50 rhof air equivalenplate) with differentS typhimurium strains (TA100, TA98,
TA98NR, YG1021). The TA100 and TA98 strains speaeilly detect base-substitution and
frameshift mutations (Claxton et al., 2004). The )31 strain shows efficient detection of
mutagenic nitroarenes and the TA98NR strain showsdaced mutagenicity, proportional to the
amount of nitroarenes present in the extract (st al., 2011).

The Ames test was performed with and without mdiakarctivation (£S9) to detect direct and
indirect mutagens (Ceretti et al., 2015). The vest described in detail in Supporting Information.
In each assay session, positive controls (10 utg/m& 2-nitrofluorene for TA98, TA98NR and
YG1021 and 10 pg/plate of sodium azide for TA10thwut S9; 20 pg/plate of 2-aminofluorene
for all strains with S9) and negative controls (D™M&nd extracts of filter blanks) were included.

The Ames test was performed by the same laboratogil samples.

2.5 Cell culture

Two cell lines were used to evaluate the genotpaiential of PM extracts. The human A549 cells
(non-small cell lung cancer) from Interlab Cell iollection (Genova, IT) was used as a model
for human epithelial lung cells. Human BEAS-2B sefATCC CRL-9609; non-cancerous cells

isolated from bronchial epithelium) was used asaglates for toxicological studies in bronchial

mucosa (Courcot et al.,, 2012). A459 cells and BE2B&Scell lines were cultured as previously

reported (Bonetta et al. 2009; Zhang et al., 20T metabolic characteristics of the cells were
described in detail in Supporting Information.

2.6 Comet assay on PMs organic extracts

The genotoxicity of PMs organic extracts collected in all towns in thefafiént seasons was
evaluated using the comet test on A549 cells. Hmeptes of winter seasons (winter | and Il) were
also tested with BEAS-2B cell lines. The cells weudtured for 18 h in 6-well plates; then they
were exposed (4 h at 37°C) to increasing doses(ft to 50 mof air equivalent/mL) of PMs
organic extracts. Cells untreated, treated withIM(2.5%) and treated with blank filter extracts
were used as negative controls. After exposuré vaility was assessed using the staining with
trypan blue. The comet assay was performed un#alira conditions (pH > 13) (Tice et al., 2000)
as described in detail in Supporting InformatioheTmean percentage of DNA in the comet tail

(tail intensity, Tl) was used as DNA damage metilibe results obtained from control cells

6
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(DMSO) were compared with those from cells expose®M extracts. Statistical analyses were
performed by ANOVA combined with @ost hoc Dunnett’'s test (SPSS Statistics 24.0) (IBM
Corporation, Armork, NY, USA). Statistically sigraéaint differences were reported witlpaalue

<0.05. The Fpg-modified comet assay was carriedasydreviously reported (Bonetta et al., 2009).

The comet assay was performed by the same labpm@tcall samples.

2.7 Cytokinesis-block MN (CBMN) test on PM, 5 organic extracts

The CBMN test was used to evaluate the genotox@fiM, s organic extracts collected in the five
towns. The test was performed in accordance with dhiginal method by Fenech (2000) as
described in detail in Supporting Information. AS2ills were treated (24 h at 37°C with 5% L0
with increasing doses (10, 25 and Sdafmair equivalent/mL) of the Pp4 organic extracts, then the
viability was assessed by the trypan blue dye axmtutechnique. Cells treated with DMSO (0.5%)
and blank filter extracts were used as negativerotsn Ethyl methanesulfonate (EMS) was used as
a positive control (1.5 and 2 mM EMS). The resahs expressed as the mean MN/1000 cells from
two independent evaluations. Data from cell cukuegposed to control (DMSO) were compared
with those from PM extracts. Statistical analyseseaperformed by ANOVA combined withpast

hoc Dunnett’s test (SPSS Statistics 24.0) (IBM Corfiora Armork, NY, USA). The MN test was

performed by the same laboratory on all samples.

2.8 Statistical analysis

The statistical analysis was performed with théistieal package IBM SPSS Statistics 24.0 (IBM
Corporation, Armork, NY, USA). Significant differeas between the concentrations of &M
PMos PAHs, B(a)P and nitro-PAHs in the five towns warssessed by ANOVA and Tukey’s
multiple comparison tests. The differences in ;EMPMys PAHs, B(a)Pyrene, nitro-PAH
concentrations and genetic endpoints between wiatelr spring seasons were performed by
Student’s t-test. Significance was evaluated witBb%o confidence intervals (g 0.05). The
Spearman correlation coefficient (Spearman’s r) wssd to assess the relationship among air
pollution parameters (PAHs, B(a)pyrene and nitrdd8A PM s concentration and genotoxicity

results.
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3 Results and discussion

3.1Size distribution of PM mass concentrations

The mass of PMamples (pooled filters) and total cubic metersinfsampledwvere reported in detail in
Supporting Information (Table S1). The mean comegioins of PMo and the other PM fractions
obtained in the samples of the five towns in wirdled spring seasons are reported in Figure 1.
The results of the gravimetric analysis showed ithatinter samples, the mean Pjdoncentrations
were lower than the daily target of 50 pgiet by the European Air Quality Directive 2008850/
except for some samples from Torino and Bresci&rQfin Italy, high PMy values are observed
during winter in towns located in the north of {taparticularly in the Padana Plain, given the
widespread air pollution and the general weak dspe rate due to the territory conformation
(Cadum et al., 2009; EEA, 2017).

The ANOVA underlined a significant difference in PMoncentration among the samples of the
five towns (F = 6.336, p < 0.001). In particuldre thighest PNy mass concentration values were
observed in the Torino samples (winter I) (p = @.08the Perugia and Lecce samples and p<0.01
vs the Pisa sampleppst hoc Tukey's test) and the Brescia samples (winterdl @n Conversely, as
expected, the lowest value of PMvas observed in the samples from Lecce. Compénmgesults
obtained in the Brescia samples, the;Pkbncentration in winter | was lower than in wintér
This result could be due to the lower level of@otlution observed in winter 2014 with respect to
winter 2015, which was related to the high atmosph@stability present in that season (RSA,
2017).

Although our sampling reflects only spot daily siions (3 days for each season) and does not
represent long-term monitoring, the results obtih@ghlighted a north to south Rptrend, in
accordance with the Regional Agencies for Enviromiale Protection (ARPA) routine
measurements performed in all towns during the famperiod (November 2014 — June 2015;
November 2015- January 2016).

With respect to winter 2014, a significant decreims®M;o concentration was observed in spring
samples (springs winter p < 0.001, t-test). A different trend wasserved only for some samples
of Brescia (winter Ivs spring). The decrease of RMin the warm season has been generally
observed in urban environments (Schiliro et al1,6)0

Considering the distribution of the size fractiaiM;omass in winter (Figure 1), a high particle
concentration was present, especially foroBMvhich represented a very high proportion of,gM
accounting from a minimum of 20% to a maximum o¥%®68f the different samples. Additionally,

the fraction 0.49-0.95 represented a considerabdiéon of PMg although it generally showed a

8
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lower percentage with respect to PM

Analysing the value of the P concentration, the ANOVA test showed a significdifference
among the samples of five towns in winter (F = 7,3Y< 0.001). As reported for Ry the highest
level was found in the Torino samples (p = 0.081he Perugia and Lecce samples, p < e
Pisa samples and p < 0.@4.the Brescia sampleppst hoc Tukey’s test). However, the RiMlevel
was also very high in the Brescia and Pisa samples.

The results of the statistical analyses showedgaifgiant correlation between RiMand PM s
concentration in both seasons (rS = 0.80, p < 0a&0@lLrS = 0.63, p < 0.001 in winter and spring
respectively).

Although a significant reduction in R)M concentration was observed from winter to sprimgli
samples (p = 0.001, t-test), BMin spring also represented a considerable fractibi®My,
accounting for a minimum of 10% to a maximum of 5iBPthe different samples.

Moreover, analysing the concentration of ¥y sampling sites (n=18), a high variability of R
percentage was observed in the same samplingnsibeth seasons and from the samples of the
same town.

In comparison with the few studies published on RiMy 5 fraction, the concentrations of BM
observed in the Torino and Brescia samples in wiwire similar to those observed in La Plata
(Argentina) (21 pg/M) (Wichmann et al., 2009). Otherwise, the fMalues recorded in the
samples of the other towns were similar to thosendioin the urban site of Prague (9.1 uﬁ/m
(Topinka et al., 2013). However, the levels of Nbund in this study were generally lower than
those found in other highly polluted European siféspinka et al., 2015) or other urban sites
(Monarca et al., 1997, Velali et al., 2016).

The highest concentration of Biduring winter in comparison to spring summer wasreed also

in other studies for ultrafine or quasi-ultrafimadtions (Perrone et al., 2010; Perrone et al1320
Jalava et al., 2015; Velali et al., 2016). Thiswtteconfirmed that also this fraction was strongly
influenced by seasonal meteorology in the nortltady, where condition of atmospheric stability
cause high concentrations of atmospheric pollutgtasrone et al., 2010; Perrone et al., 2013).

As observed in our results, various studies comrthat the finest fractions of PM are the most
abundant in the atmosphere because the finestcyat® pollution is homogeneously diffused
(Perez et al., 2010). The high contribution of fimest fractions to the PM mass determination
observed in this study was also reported in restries in other urban sites and has been related t
traffic emissions by many authors (Topinka et @D15; Velali et al.,, 2016). Moreover, the
variability of PMy s percentage reported in our samples suggested,the study of Topinka et al.

(2015), the crucial effect of the meteorologicahdiions. In particular, Topinka et al. (2015)

9
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highlighted the day-to-day variability of R and ultrafine particles in association with the
inversion episodes. Moreover, the different contiitns of the most important PM sources,
depending on meteorological conditions, could lspoasible for the relatively different amount of

PM size fractions.

3.2Chemical analysis of PAHs and nitro-PAHSs in PN 5

The chemical analysis of the B¥brganic extracts for both seasons is describecbierl.

In winter I, the highest concentrations of PAHgdtand carcinogenic) and benzo(a)pyrene were
found in all Torino samples, in some samples frorasBia (BS2 and BS4) and in 1 sample from
Pisa (PI3). Considering the nitro-PAHSs, out of semédro-PAHs analysed, only 9-nitroanthracene
and 1-nitropyrene were recorded in {Mamples, and the highest concentrations were foutige
Pisa (PI3 and PI4) and Torino samples followed lmy Brescia samples (BS3 and BS4) and the
Perugia samples (PG2). The highest values recandétese samples were probably related to the
high concentration of P4 (Lg/n?), as confirmed by the statistical analyses thdicated a linear
correlation between Pjdlevels and?AH, B(a)P and nitro-PAH concentrations in the wirgeason
(rS = 0.86, p<0.001). The results expressed asgngfPM s confirmed the higher quantity of
PAHs (total and carcinogenic), B(a)P and nitro-PAHsmost of these samples. However, an
increase in the Pjklevel does not always correspond to a greater guaftpollutants for pg of
PMo.s, as noted by the comparison of the chemical contatioim of PMysin winter | and winter |l

in some of the Brescia samples.

In the spring season, as observed forpPbbncentration, a significant decrease in PAH atrdn
PAH concentration in Pbt was reported in all samples (ten times lower tinawinter for PAHS)

(p < 0.001, t-test). The results expressed as ngf| RMo s confirmed the lower level of chemical
contaminantsn spring than in the winter season, although necsie differences in this season
among the samples from different towns were redeale

The level of PAHs observed in Risamples of the five Italian towns was similar tattbbserved

in ultrafine particles of other European urbanss{fEopinka et al., 2013; Wichmann et al., 2009). In
particular, PAHcontamination detected in the Torino and Brescraptes was analogous to that
reported by Longhin et al. (2013) for BMin another town of the Padana Plain (Milano).
Considering the presence of nitro-PAHs in thegBNaction,no specific comparison with other
data is possible given the absence of data frorarairban sites. However, the two compounds
recorded in PMs samples (9-nitroanthracene and 1-nitropyrene) theen frequently reported in
PM extracts of urban environments in the literaturar(€ras et al., 2013; Ladji et al., 2009; Ringuet
et al., 2012).
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The decrease in chemical contamination in sprimgtssurprising because of the emission decrease
in this season (e.g., home heating); the presehcermtaminants in the PM finest fractions is also
related to the variability of atmospheric condisdoetween these seasons (Landlocz et al., 2017,
Longhin et al., 2013). In particular, winter atmbepc conditions may promote accumulation of
primary pollutants and the condensation of atmosgplpollutants in the particle phase due to the
low temperature (Ebi and McGregor, 2008; Sisovialet 2008). The importance of atmospheric
conditions on the level of chemical pollutants e tPM s fraction was also confirmed by the
comparison of PAHs and nitro-PAHSs for ug of M Brescia in the two winter samples (winter |

vs winter 11).

3.3Mutagenicity of PMgssamples

In Table 2, the mutagenic effect of BMextracts on bacteria is reported, expressed as net
revertants/m of air sampled in the TA98, TA100, TA98NR and Y@10strains, with (+S9) and
without (-S9) metabolic activation.

Overall, considering the fou® typhimurium strains, low mutagenic activity was observed with
respect to the results obtained in other studie®peed on PN or PM, 5 fractions in Torino and
Brescia (Monarca et al., 1997; Traversi et al.,. 200aversi et al., 2011).

In winter, the highest mutagenic activity was gefigrobserved in the Torino and Brescia samples
followed by the Pisa, Perugia and Lecce samples. AMOVA, performed assuming mutagenicity
observed with YG1021+S9 and YG1021-S9 as dependwigbles and the towns as independent
variables, underlined a significant differencehe tmutagenic effects among the samples of the five
towns £ = 18.201 and- = 13.331,p < 0.001, respectivelyPost hoc Tukey’'s test confirmed the
highest values of mutagenicity in the Torino sampleyG1021 +S9 Torino sampless
Pisa/Perugia/Lecce samples p < 0.001 and p < G@rescia samples). This trend was probably
related to the PWs concentration as confirmed by the positive coti@abetween mutagenic
response and Pilevel (YG1021 +S9 rS = 0.87, YG1021 -S9 rS = 0.4 (@001; TA98 +S9 S =
0.75, TA98 -S9 rS = 0.76 p < 0.01). The highestagenicity reported for the Torino and Brescia
samples was also confirmed by adjusting the datthéoparticle mass unit (Table S2), highlighting
the worse quality of the particles—in terms of ngeiaic compounds (e.g., PAHs in Pdsamples)
—and not only the higher level of Rconcentration for each volume unitYm

Comparing the results obtained with Brescia samgpddlected in winter | and winter I, despite the
increase of PMsconcentration in some samples of winter Il, a amdr reduced mutagenicity was

observed in winter Il with respect to winter I. Tlosver level of chemical contamination (PAHs
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and nitro-PAHSs) of the particles sampled in winlewas also confirmed by the lower mutagenic
effect recovered after adjustment for particle mass

Considering the response of the different straahsost all PMswinter extracts (16/22) induced
point mutations in th&. typhimurium TA98 strain (xS9). These results indicated thesgmee of
indirect and direct mutagens. In particular, thatistical analysis used to study the associations
between air pollutants and mutagenic effects cordd a relationship between TA98 response and
PAHs (TA98 +S9 rS = 0.63, p < 0.05) and nitro-PAMA98 -S9 rS = 0.60, p < 0.05).

Except for two Torino samples (TO1 and TO2), thenteii PM s extracts did not induce any
mutagenic effects in the TA100 strain, suggestirggdresence of contaminants causing frame-shift
mutations, predominantly. Similar results were dtamd in previous studies performed in Torino
and Brescia for Plk or other PM fractions (e.g., PN (Ceretti et al., 2015; Gilli et al., 2007,
Monarca et al., 1997).

As reported in other studies performed on.Rgamples (Traversi et al., 2009; Traversi et al.,
2015), the YG1021 strain showed the highest seitgitio airborne pollutants. The comparison of
the over producing nitroreductase strain, YG1021ith vthe reference TA98 strain allows
guantification of the mutagenicity linked to the @ified nitroreductase activity. The RMwinter
extracts determined a clear increase in the respons to amplified nitroreductase activity, which
was probably related to the presence of nitroarent@mpounds, as confirmed by the significant
correlation with nitro-PAH concentrations (YG10239-rS = 0.63, p < 0.01; YG1021 +S9 rS =
0.77, p < 0.001). The decrease in mutagenicity WmenTA98NR strain with respect to TA98 gives
further confirmation of the presence of nitroaroimabllutants.

In the spring season, lower values of mutagenieitye recorded for all samples. Negative results
were observed for TA100, TA98 and TA98NR, and tl&1921 strain showed a lower mutagenic
effect than that in the winter season. A similantt was also observed in other studies with PM
extracts (Ceretti et al., 2015; de Rainho et &l1,3 Traversi et al., 2011). The significant retuct

of the mutagenic effect in the warm season (sprawginter p<0.001 for YG1021+S9 and p=0.001
for YG1021-S9, t-test) was probably related tolthve level of airborne contaminants in spring, as
highlighted by the decrease in RMtoncentration. The lower concentrations of PAHs aitiob-
PAHSs in spring particles were further confirmedtbg lower mutagenicity of Py4 adjusting the

data for particle mass units.

3.4 Genotoxicity of PMyssamples

3.4.1 Comet assay

12
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No genotoxic effect of Pyt was observed using the A549 cell line in almolsivaiter (Figure S2)
and spring (Table S3) samples at all the testeésjaxcept for sporadic doses of a few winter
samples (Figure 2). In particular, only one samg#ected in Pisa in winter | (Pl4) and two
samples collected in Brescia in winter 1l (BS1 a884) induced a significant increase in the
genotoxic effect at the highest tested concentratib PMys (50 nt), but there was not dose-
response relationship. Moreover, the Fpg treatrdighhot increase the genotoxic effect, indicating
there was no oxidative activity of the samples ws&d in both seasons (Table S3). These results
highlighted that PMs samples induced only light primary DNA damage he tonsidered cells,
confirming the low level of mutagenicity reporteimthe Ames test.

The comet assay on human bronchial epithelium (BEByshowed a greater genotoxic effect of
PMp s extracts in winter samples (winter | and Il) thaB4® (Figure 2). In particular, two samples
from Torino (TO1 and TO2), three samples from Bige$BS1, BS3 and BS4) and 2 samples from
Pisa (P13 and PI14) in winter | and one sample fi®mscia (BS1) in winter Il showed significant
DNA damage, although only at the highest testecteotmation (50 ). The highest genotoxic
effect was observed in Brescia samples. No dogmnsg relationship was observed for 2M
extracts except for one sample for Torino (TO1)e Tenotoxic effects observed for the Brescia,
Torino, and Pisa samples were related to the higoecentration of Plyk reported in these
samples and to the higher level of chemical comatron (PAHs and nitro-PAHS). The linear
regression used to investigate the associationgeleet DNA damage and air pollutants confirmed a
significant relationship between DNA damage ancb P56 = 0.60, p < 0.01), PAHs (rS =0.69, p <
0.01) and nitro-PAHs (rS = 0.68, p < 0.01) concaidns.

However, the genotoxic effect reported in our stwaés lower than that observed in the study of
Velali (2016) performed on Pj4 collected in Thessaloniki. The difference in tlengtoxic effect
could be related to the different pollution chaegistics of the sampling sites, an urban centre
located in relative proximity of industrial sourcegth a poor dispersion of air pollutants and ghhi
level of air contaminants. Moreover, the lower camcation of PNs per n? observed in our
samples may have contributed to the lower bioldgieaponse in the presence of low levels of
chemical pollutants.

Considering the PM fractions, some studies found that all particlee diactions induced DNA
damage in A549 cells, with the finer fractions (8®um) inducing the highest damage (Healey et
al, 2005). In the study of Velali et al. (2016)etBDNA damage (mean mass normalized) did not
change substantially, with the particle size bewlgtively higher in the 0.49-0.97 size range. This
behaviour could be related to the chemical poltutid the different fractions. As reported in the

study of Topinka et al. (2015), PAHs are mostlynduo be associated with particles less than 1
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MM, but both the 0.5-1 um fraction and the < 0.5 fraction contained high levels of PAHS,
justifying the genotoxic effect of fractions otltean < 0.5 um.

Comparing the results obtained with the comet assayg BEAS-2B and the Ames test, the
genotoxic effect was reported in the same samplasimduced the higher mutagenic effect using
the Ames test, confirming the agreement betweemwhéiological tests (YG1021 -S9 rS = 0.62, p
<0.01; YG1021 +S9 rS = 0.60, p < 0.01). Howevathwespect to the comet assay, the Ames test
indicated a higher sensitivity, showing a biologjieffect at low levels of air pollutants with a
different level of response in relation to smalifeliences in pollutant concentration. The higher
sensitivity of the Ames test than the comet assayg also reported in other studies for F2N\or
PM;o extracts (de Brito et al., 2013; ElIAssouli et 8D07). Due to the specificity of the genotoxic
profile of chemical mutagens, which rarely affeftestent endpoints with the same efficiency, the
two test used are expected to work in a complemgntay, providing only partially overlapping
results. Considering the two cell lines used fer¢cbmet assay, the different distribution patterns
genotoxicity among A549 and BEAS-2B after expodiard®M, 5 extracts confirmed that the cell
lines respond differently to genotoxic agents, gsorted by other authors (Cavallo et al., 2013;
Teoldi et al., 2017; Zhang et al., 2017). Moreoutie results obtained indicated the higher
sensitivity of BEAS-2B cells with respect to A54§nfirming that PN s can induce genotoxicity
in normal cells, whereas cancer cells can be eegish its adverse effects.

3.4.2 Cytokinesis-block MN test

The results of the micronucleus test using A54%detated with PMls organic extracts showed
values similar to those of the negative controéath testing dose for both winter (Figure 3) and
spring samples (Table S4) from all the towns, iatlig there was no chromosomal damage
detected in the considered cells. In our study, \dability, as evaluated by the Trypan blue dye
exclusion test, was always higher than 60% fotraditments. Since the cytotoxicity did not exceed
the limits specified in the OECD guidelines for thevitro micronucleus test on mammalian cell
(i.e., 55 £ 5% cytotoxicity) (OECD, 2010) we coresied the genotoxic response not influenced by
cytotoxicity (Tables S5 and S6). Moreover, becaaserall cytotoxicity in cell cultures is the
consequence of both cell death and cytostasis, ave lalso calculated the Cytokinesis-Block
Proliferation Index (CBPI), as indicated in the QEQuidelines (OECD, 2010). Obtained data
showed that cell proliferation was not influencedexposure to Pl organic extracts (Tables S7
and S8).

The absence of genotoxicity with the micronucleast tonfirmed the low genotoxic effect of PM

samples as also reported with the comet assay.w&rlmumber of positive responses in the

14



472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505

micronucleus test compared to the comet assay Isasregported in other studies on Rivjanic
extracts (Bocchi et al., 2016; Lemos et al., 20I®e authors suggested that most of the damage
observed can still be repaired because the asedaitdstogenicity was not found in most of the
samples. It is important to emphasize that genoityxand mutagenicity tests often give different
results (Bocchi et al., 2016). Thus, the discrepamong the tests used in this study should not be
considered as an inconsistency, but rather a caeseq of the fact that the test methods address
different genetic endpoints.

4. Conclusions

The results of then vitro tests performed in the MAPEC_LIFE study showed B, s samples
induced low mutagenic and genotoxic effects. Altjtothe biological effects were low, they were
associated with levels of R PAHs and nitro-PAHs, which vary according to seaand town of
residence.

The lower biological effect observed in the sprisgason compared to winter underlines the
importance of PMs chemical composition and the necessity of redu@iMy s concentration to
protect human health. Many epidemiological studiasother PM fractions demonstrated that a
small reduction of PW or PM, 5 can decrease premature deaths, mortality andthbsgimissions
for respiratory and cardiovascular disease anceas® life expectancy, confirming these findings
(ERS, 2010; Pope et al., 2009).

In agreement with other studies, the results obthiemphasized the need to use a battery of assays
for genotoxicity screening of air pollutants confing that only one test could lead to a loss of
information about genotoxic and mutagenic actiaityairborne pollutants, as observed with the MN
test. Other insights such as DNA repair study watmet assay could help to understand the
different response of the biological tests (consstg vs MN test) to PM extracts.

In contrast, thesalmonella/microsome assay proved to sensitively and efftbrecharacterize the
mutagenicity of PMs samples, and the analyses of 2Msing the comet assay could broaden the
levels of response, complementing the findingshefS3almonella/microsome assay. The BEAS-2B
cell line showed a greater sensitivity with resgecf549 cells (comet assay) when used with low
contaminated Pl samples, and the YG1021 strain better characteri@emes test) the
mutagenicity of PMs samples compared to other strains. These findoogdirmed that these
models can represent the most suitable cellularetsddr the study of thi vitro effects of PN.s.
Historical trends confirm a decrease in the;pPkbncentration in Italian towns, and the biological
effects detected in this study were generally Ivertheless, it is important to further investegat

the finest fractions of PM, which, also in thisdfurepresent a relevant percentage of & kaking
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into account its chemical composition and the lgalal effects induced. In fact, the results
obtained confirmed that monitoring BMlitself could not provide sufficient information @t the
toxic compounds bound to the patrticles.

This is a relevant issue considering that differelimhatic conditions varying from one year to
another can cause peaks of PM that could leadferelit results from those observed.

The genotoxicity results evaluated in this studsoatequire further investigations focusing on
longer monitoring campaigns to better characteriie role of the PMs fraction in the
determination of the biological effects in the fitewns and in different climatic conditions.
Moreover, further investigation of the nature of themical compounds and their association with
the measured genotoxicity and epigenetic effect®Mbs in comparison with the other R

fractions will be the aim of our future studies.

Acknowledgments

This study was funded by the European Commissi@nisctorate-General Environment in the
LIFE+ Programme for 2012, Environment Policy andv&@oance (grant number: LIFE12
ENV/IT/000614).

The authors kindly thank INDAM Laboratory Srl (Bo#s, Italy) for PMs chemical
characterization and Dr. Elisabetta Aldieri (Unsigr of Torino) for providing the BEAS-2B cells.

References

Anderson, J.O., Thundiyil, J.G., Stolbach, A. 20Qearing the air: review of the effects of
particulate matter air pollution on human health. Med. Toxicol. 8, 166-175.
https://doi.org/10.1007/s13181-011-0203-1.

Bagordo, F., De Donno, A.; Grassi, T.; Guido, Mewdti, G.; Ceretti, E.; Zani, C.; Feretti, D.;
Villarini, M.; Moretti, M.; Salvatori, T.; CarducgiA.; Verani, M.; Casini, B.; Bonetta, S,;
Carraro, E.; Schiliro, T.; Bonizzoni, S.; Bonei#i,; Gelatti, U.; MAPEC_LIFE study group.
2017. Lifestyles and socio-cultural factors amorfgidcen aged 6-8 years from five Italian
towns: the MAPEC _LIFE study cohort. BMC Public Hbeal 17(1), 233.
https://doi.org/10.1186/s12889-017-4142-x.

Bocchi, C., Bazzini, C., Fontana, F., Pinto, G.rtit@, A., Cassoni, F. 2016. Characterization of
urban aerosol: seasonal variation of mutageniaily genotoxicity of PMs, PM; and semi-
volatile organic compounds. Mutat Res. 809, 16-23.
https://doi.org/10.1016/].mrgentox.2016.07.007.

Bonetta, S., Gianotti, V., Bonetta, S., Gosettj, ®ddone, M., Gennaro, M.C., Carraro, E. 2009.
DNA damage in A549 cells exposed to different estgaof PM2.5 from industrial, urban and
highway sites. Chemosphere.77, 1030-1034. httpsdd)/10.1016/j.chemosphere.2009.07.076.

Borgie, M., Ledoux, F., Verdin, A., Cazier, F., @& H., Shirali, P., Courcot, D., Dagher, Z. 2015.
Genotoxic and epigenotoxic effects of fine partitel matter from rural and urban sites in
Lebanon on human bronchial epithelial cells. Enviro Res. 136, 352-362.
https://doi.org/10.1016/j.envres.2014.10.010.

16



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

Cadum, E., Berti, G., Biggeri, A., Bisanti, L., ini, A., Forastiere, F., Grp Collaborativo EpiAir
2009. The results of EpiAir and the national anekrmational literature. Epidemiol. Prev. 33,
113-1109.

Carreras, H.A., Calderdn-Segura, M.E., Gomez-Arr&9 Murillo-Tovar, M.A., Amador-Mufioz,
0. 2013. Composition and mutagenicity of PAHs asged with urban airborne particles in
Cordoba, Argentina. Environ. Pollut. 178, 403-1@p$t//doi.org/10.1016/j.envpol.2013.03.016.

Cavallo, D., Ursini, C.L., Fresegna, A.M., Maiell&., Ciervo, A., Ferrante, R., Buresti, G.,
lavicoli, S. 2013. Cyto-genotoxic effects of smokem commercial filter and non-filter
cigarettes on human bronchial and pulmonary celMutat. Res. 750, 1-11.
https://doi.org/10.1016/].mrgentox.2012.06.013

Ceretti, E., Zani, C., Zerbini, I, Viola, G., Mdate M., Villarini, M., Dominici, L., Monarca, S.,
Feretti, D.2015. Monitoring of volatile and non-volatile urbair genotoxins using bacteria,
human cells and plants. Chemosphere 120, 221-229.
https://doi.org/10.1016/j.chemosphere.2014.07.004.

Claxton, L.D., Matthews, P.P., Warren, S.H. 2004e Tgenotoxicity of ambient outdoor air, a
review: Salmonella mutagenicity. Mutat. Res. 567, 347-399.
https://doi.org/10.1016/].mrrev.2004.08.002.

Cohen, A.J., Brauer, MBurnett, R Anderson, H.R., Frostad, J., Estep, K., Balaki@sh K.,
Brunekreef, B., Dandona, L., Dandona, R., Feigin,ffeedman, G., Hubbell, B., Jobling, A.,
Kan, H., Knibbs, L., Liu, Y., Martin, R., Morawské,, Pope, C.A. 3rd, Shin, H., Straif , K.,
Shaddick, G., Thomas, M., van Dingenen, R., van Ket@ar, A., Vos, T., Murray, C.J.L,
Forouzanfar, M.H. 2017. Estimates and 25-year sepnfl the global burden of disease
attributable to ambient air pollution: an analysislata from the global burden of diseases study
2015. Lancet 389: 1907-1918. https://doi.org/106180140-6736(17)30505-6.

Courcot, E., Leclerc, J., Lafitte, J.J., Mensier, Hillard, S., Gosset, P., Shirali, P., Pottiér,
Broly, F., Lo-Guidice, J.M. 2012. Xenobiotic metdébbm and disposition in human lung cell
models: comparison with in vivo expression profil@rug Metab Dispos. 40, 1953-1965.
https://doi.org/10.1124/dmd.112.046896

De Brito, K.C., Lemos, C.T., Rocha, J.A., Mielli, @, Matzenbacher, C., Vargas, V.M. 2013.
Comparative genotoxicity of airborne particulatettera(PMs) using Salmonella, plants and
mammalian cells. Ecotoxicol. Environ. Saf. 94, m-2
https://doi.org/10.1016/].ecoenv.2013.04.014.

De Rainho, C.R., Machado Corréa, S., Mazzei, JAiub, C.A.F., Felzenszwalb, I. 2013.
Genotoxicity of polycyclic aromatic hydrocarbonsdanitro-derived in respirable airborne
particulate matter collected from Urban Areas 06 RieJaneiro (Brazil). BioMed. Res. Int.
Article ID: 765352, 1-9. http://dx.doi.org/10.1128A3/765352.

Dumax-Vorzet, A.F., Tate, M., Walmsley, R., Eld&H., Povey, A.C. 2015. Cytotoxicity and
genotoxicity of urban particulate matter in mammualicells. Mutagenesis 30, 621-633.
https://doi.org/10.1093/mutage/gev025.

Ebi, K.L., McGregor, G. 2008. Climate change, trgploeric ozone and particulate matter, and
health impacts. Environ. Health Perspect. 116, 14485. http://dx.doi.org/10.1289/ehp.11463.

EEA. European Environmental Agency. Air qualityEinorope — 2017 - Report N. 13/2017.

Elassouli, S.M., Algahtani, M.H., Milaat, W. 200Genotoxicity of airborne particulates assessed
by comet and the&almonella mutagenicity test in Jeddah, Saudi Arabia. IntRés. Public
Health 4, 216-223.

ERS, European Respiratory Society. 2010. Air gyalitd Health. Lausanne, Switzerland.

Fenech, M. 2000. The in vitro micronucleus technique. Mutat. Res. 455, 81-95.
https://doi.org/10.1016/S0027-5107(00)00065-8.

Feretti, D., Ceretti, E., De Donno, A., Moretti, MCarducci, A., Bonetta, S., Marrese, M.R.,
Bonetti, A., Covolo, L., Bagordo, F., Villarini, MVerani, M., Schilird, T., Limina, R.M.,
Grassi, T., Monarca, S., Casini, B., Carraro, BniZC., Mazzoleni, G., Levaggi, R., Gelatti, U.,

17




597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646

MAPEC_LIFE Study Group. 2014. Monitoring air pollut effects on children for supporting
public health policy: the protocol of the prospeeticohort MAPEC study. BMJ Open, 4:
e006096, 1-9. http://dx.doi.org/10.1136/bmjopen42006096.

Gasparotto, J., Somensi, N., Caregnato, F., RafieJd)aBoit, K., 2013. Coal and tire burning
mixtures containing ultrafine and nanoparticulateatenials induce oxidative stress and
inflammatory activation in macrophages. Sci. Tot&nviron. 463-464, 743-753.
https://doi.org/10.1016/].scitotenv.2013.06.086

Gilli, G., Traversi, D., Rovere, R., Pignata, Cchiliro, T. 2007. Airborne particulate matter: loni
species role in different Italian sites. Environ sRe 103, 1-8.
https://doi.org/10.1016/j.envres.2006.06.005.

Grassi, T., De Donno, A.; Bagordo, F.; Serio, kscRelli, P.; Ceretti, E.; Zani, C.; Viola, G.C.V.
Villarini, M.; Moretti, M.; Levorato, S.; Carduccii.; Verani, M.; Donzelli, G.; Bonetta Sa.;
Bonetta, Si.; Carraro, E.; Bonizzoni, S.; Bone#fti; Gelatti, U. 2016. Socio-Economic and
Environmental Factors Associated with Overweight &besity in Children Aged 6-8 Years
Living in Five Italian Cities (the MAPEC_LIFE Cohr Int. J. Environ. Res. Public Health.
13(10), E1002, https://doi.org/10.3390/ijerph131@A.0

Healey, K., Lingard, J.J., Tomlin, A.S., Hughes, White, K.L., Wild, C.P., Routledge, M.N.
2005. Genotoxicity of size-fractionated samplesudban particulate matter. Environ. Mol.
Mutagen. 45, 380-387. https://doi.org/10.1002/erhGZD

IARC, 2016. Outdoor air pollution. IARC Monogr. Hv&arcinog. Risks Hum. 109, 1-454.

ISPRA, 2015 Stato del’ambiente 63/2015 - Qualéfi'@mbiente urbano. XI rapporto. Roma, Italy:
Istituto Superiore per la Protezione e la Ricerca mbkentale.
http://www.isprambiente.gov.it/it/pubblicazioni/gtedellambiente/qualita-dellambiente-urbano-
xi-rapporto.-edizione-2015/leadimage/image_viewstirken.

Jalava, P.l., Happo, M.S., Huttunen, K., Sillanpgd§, Hillamo, R., Salonen, R.O., Hirvonen, M.R.
2015. Chemical and microbial components of urban R cause seasonal variation of
toxicological activity. Environ. Toxicol. Pharmacol 40, 375-87. _https://doi:
10.1016/j.etap.2015.06.023.

Keogh, D., Ferreira, L., Morawska, L. 2009. Develgmt of a particle number and particle mass
vehicle emissions inventory for an urban fleet. iEmv. Model. Softw. 24, 1323-1331.
https://doi.org/10.1016/j.envsoft.2009.05.003.

Kim, K.H., Kabir, E., Kabir, S. 2015. A review ohda human health impact of airborne particulate
matter. Environ. Int. 74, 136-143. https://doi.d@/1016/].envint.2014.10.005.

Ladji, R., Yassaa, N., Balducci, C., Cecinato, Meklati, BY. 2009. Distribution of the solvent-
extractable organic compounds in fine (BPMnd coarse (PMy) particles in urban, industrial
and forest atmospheres of Northern Algeria. Sci.talToEnviron. 408, 415-424.
https://doi.org/10.1016/].scitotenv.2009.09.033.

Landkocz, Y., Ledoux, F., André, V., Cazier, F.,néeray, P., Dewaele, D., Martin, P.J., Lepers,
C., Verdin, A., Courcot, L., Boushina, S., Sicltel, Gualtieri, M., Shirali, P., Courcot, D., Billet
S. 2017. Fine and ultrafine atmospheric particulatgter at a multi-influenced urban site:
Physicochemical characterization, mutagenicity eytdtoxicity. Environ. Pollut. 221, 130-140.
https://doi.org/10.1016/j.envpol.2016.11.054.

Lemos, A.T., Coronas, M.V., Rocha, J.A., VargadyivV2012. Mutagenicity of particulate matter
fractions in areas under the impact of urban addstrial activities. Chemosphere 89, 1126-34.
https://doi.org/10.1016/j.chemosphere.2012.05.100.

Lemos, A.T., Lemos, C.T., Flores, A.N., PantojaDE.Rocha, J.A.V., Vargas, V.M.F. 2016.
Genotoxicity biomarkers for airborne particulatetima(PM.s) in an area under petrochemical
influence. Chemosphere 159, 610-618. https://dpilér1016/].chemosphere.2016.05.087.

Lepers, C., Dergham, M., Armand, L., Billet, S.,rifi@, A., Andre, V., Pottier, D., Courcot, D.,
Shira, P., Sichel, R014. Mutagenicity and clastogenicity of nativebame particulate matter

18



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

samples collected under industrial, urban or rumduence. Toxicol In Vitro 28, 866-74.
https://doi.org/10.1016/}.tiv.2014.03.011.

Longhin, E., Pezzolato, E., Mantecca, P., HolmA,, Franzetti, A., Camatini, M., Gualtieri, M.
2013. Season linked responses to fine and quaafiol Milan PM in cultured cells. Toxicol. In
Vitro 27, 551-559. https://doi.org/10.1016/].tiv22010.018.

Maron, D.M., Ames, B.N., 1983. Revised methodseSalmonella mutagenicity test. Mutat.

Res. 113, 173-215. https://doi.org/10.1016/016511{88)90010-9.

Monarca, S., Crebelli, R., Feretti, D., Zanardii, Fuselli, S., Filini, L., Resola, S., Bonardglli
P.G., Nardi, G. 1997. Mutagens and carcinogenszerdassified air particulates of a northern
Italian town. Sci. Total Environ. 205,137-144. Istffdoi.org/10.1016/S0048-9697(97)00194-0.

Morawska, L., Ristovski, Z., Jayaratne, E., Keogh, Ling, X. 2008. Ambient nano and ultrafine
particles from motor vehicle emissions: charactess ambient processing and implications on
human exposure. Atmos. Environ. 42, 8113-8138.
https://doi.org/10.1016/j.atmosenv.2008.07.050.

Muller, L., Riediker, M., Wick, P., Mohr, M., GehR., Rothen-Rutishauser, B. 2010. Oxidative
stress and inflammation response after nanoparigp@sure: differences between human lung
cell. J. R. Soc. Interface 7, S27-S40. https:/6tgi10.1098/rsif.2009.0161.focus.

Nemmar, A., Hoet, P., Vanquickenborne, B., DinsdBle Thomeer, M., Hoylaerts, M., et al. 2002.
Passage of inhaled particles into the blood citmadain humans. Circulation 105, 411-414.
https://doi.org/10.1161/hc0402.104118.

OECD (2010), Test No. 487: In Vitro Mammalian C#licronucleus Test, OECD Publishing,
Paris, https://doi.org/10.1787/9789264091016-en.

Palacio, I.C., Barros, S.B.M., Roubucek, D.A. 200Gter-soluble and organic extracts of airborne
particulate matter induce micronuclei in human lepithelial A549 cells. Mutat. Res. Toxicol.
Environ. Mutagen. 812, 1-11. https://dx.doi.orgdTi16/j.mrgentox.2016.11.003.

Perez, N., Pey, J., Cusack, M., Reche, C., Quirpllastuey, A., Viana, M. 2010. Variability of
Particle Number, Black Carbon, and PM10, PM2.5, BMIL Levels and Speciation: Influence
of Road Traffic Emissions on Urban Air Quality. Aepl Sci. Tech. 44, 487-499.
https://doi.org/10.1080/02786821003758286.

Perrone, M.G., Gualtieri, M., Ferrero, L., Lo Por@.,, Udisti, R., Bolzacchini, E., Camatini, M.,
2010. Seasonal variations in chemical compositioth ia vitro biological effects of fine PM
from Milan. Chemosphere 78, 1368-1377. https:/(gi10.1016/j.chemosphere.2009.12.071.

Perrone, M.G., Gualtieri, M., Consonni, V., Ferrekg Sangiorgi, G., Longhin, E., Ballabio, D.,
Bolzacchini, E., Camatini, M. 2013. Particle sizkemical composition, seasons of the year and
urban, rural or remote site origins as determinahtsiological effects of particulate matter on
pulmonary cells. Environ Pollut. 176, 215-27. hitfo®i: 10.1016/j.envpol.2013.01.012.

Peters, A., Veronesi, B., Calderon-Garciduenas,Gehr, P., Chen, L., Geiser, M., et al. 2006.
Translocation and potential neurological effectdiné and ultrafine particles a critical update.
Part. Fibre Toxicol. 3, 1-13. https://doi.org/1B611743-8977-3-13.

Pey, J., Querol, X., Alastuey, A. 2010. Discrimingtthe regional and urban contributions in the
North Western mediterranean: PM levels and comipositAtmos. Environ. 44, 1587-1596.
https://doi.org/10.1016/j.atmosenv.2010.02.005.

Pongpiachan, SKositanont, C., Palakun, J., Liu, S., Ho, K.F., CAd®015 Effects of day-of-week
trends and vehicle types on PM 2.5-bounded carlgmac compositions. Sci. Total Environ.
532, 484-494. https://doi: 10.1016/j.scitotenv.2065046.

Pongpiachan, S., Hattayanone, M., Suttinun, O.,rkdup, C., Kittikoon, I., Hiruyatrakul, P., Cao,
J., 2017. Assessing human exposure to PM10-bouhydywmiic aromatic hydrocarbons during
fireworks displays. Atmos. Pollut. Res. (In Prdsp://dx.doi.org/10.1016/j.apr.2017.01.014).

Pope, C.A. 3rd, Ezzati, M., Dockery, D.W. 2009.d-particulate air pollution and life expectancy
in the United States. N. Engl. J. Med. 360, 376-38tps://doi.org/10.1056/NEJMsa0805646.

19



697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747

Pope, C.A., Dockery, D.W. 2006. Health effectsinéfparticulate air pollution: lines that connect.
J. Air Waste Manage. Assoc. 56, 709-742.

Ringuet, J., Albinet, A., Leoz-Garziandia, E., Bundki, H., Villenave, E. 2012. Diurnal/nocturnal
concentrations and sources of particulate-bound ABPAHs and NPAHs at traffic and
suburban sites in the region of Paris (France).. Sotal Environ. 437, 297-305.
https://doi.org/10.1016/j.scitotenv.2012.07.072.

RSA (Rapporto sullo Stato dellAmbiente) nel ComutieBrescia — Relazione sullo Stato delle
Matrici Ambientali. Aggiornamento dicembre 2017.
http://www.comune.brescia.it/servizi/ambienteevéidebiente/Documents/RSA 11 aprile 2
018_definitivo.pdf

Schilird, T., Alessandria, L., Bonetta, S., Carraeo, Gilli, G. 2016. Inflammation response and
cytotoxic effects in human THP-1 cells of size-frasated PM10 extracts in a polluted urban
site. Chemosphere 145, 89-97. https://doi.org/IBAChemosphere.2015.11.074.

Sisovic, A., Beslic, I., Sega, K., Vadjic, V. 200BAH mass concentrations measured in PM10
particle fraction. Environ. Int. 34, 580-584. htiy$0i.0rg/10.1016/].envint.2007.12.022.

Sydlik, U., Bierhals, K., Soufi, M., Abel, J., Salsi R., Unfried, K. 2006. Ultrafine carbon partgle
induce apoptosis and proliferation in rat lung leglial cells via specific signaling pathways both
using EGF-R. Am. J. Physiol. Lung Cell Mol. Physiol291, L725-L733.
https://doi.org/10.1152/ajplung.00131.2006

Teoldi, F., Lodi, M., Benfenati, E., Colombo, A.a@erna, D. 2017. Air quality in the Olona Valley
andin vitro human health effects. Sci Total Environ. 579, 192299.
https://doi.org/10.1016/j.scitotenv.2016.11.203.

Tice, R.R., Agurell, E., Anderson, D., Burlison,, Blartmann, A., Kobayashi, H., Miyamae, Y.,
Rojas, E., Ryu, J.C., Sasaki, Y.F. 2000. Singlé Gel/Comet assay : guidelines forvitro and
in vivo genetic toxicology testing. Environ. Mol.u¥agen. 35, 206-221.

Topinka, J., Milcova, A., Schmuczerova, J., Kroyzé&k Hovorka, J. 2013. Ultrafine particles are
not major carriers of carcinogenic PAHs and thenajoxicity in size-segregated aerosols.
Mutat. Res. 754, 1-6. https://doi.org/10.1016/].emipx.2012.12.016.

Topinka, J., Rossner Jr, P., Milcova, A., SchmuazarJ., Pencikova, K., Rossnerova, A., Ambroz,
A., Stolcpartova, J., Bendl, J., Hovorka, J., Mdahd. 2015. Day-to-day variability of toxic
events induced by organic compounds bound to €igeegated atmospheric aerosol. Environ.
Pollut. 202, 135-145. https://doi.org/10.1016/j.mnim.2015.08.001.

Traversi, D., Degan, R., De Marco, R., Gilli, Gigiata, C., Villani, S., Bono, R. 2009. Mutagenic
properties of PMs urban pollution in the northern Italy: the nitromapounds contribution.
Environ. Int. 35, 905-910. https://doi.org/10.1q¥81vint.2009.03.010.

Traversi, D., Schiliro, T., Degan, R., Pignata, 8lgssandria, L., Gilli, G. 2011. Involvement of
nitro-compounds in the mutagenicity of urban 2end PMg in Turin. Mutat. Res. 726, 54-59.
https://doi.org/10.1016/].mrgentox.2011.09.002.

Traversi, D., Cervella, P., Gilli, G. 2015. Evalunagt the genotoxicity of urban PMusing PCR-
based methods in human lung cells andSfienonella TA98 reverse test. Environ. Sci. Pollut.
Res. Int. 22, 1279-1289. https://doi.org/10.100¥3§6-014-3435-1.

US EPA, 2008. Integrated Review Plan for Nationaibdent Air Quality Standards for Particulate
Matter. Research Triangle Park, North Carolina, dRepN_ EPA/452/ R-08-004.
http://www.epa.gov/ttnnaaqs/standards/pm/data/2088final_integrated review_plan.pdf.

Velali, E., Papachristou, E., Pantazaki, A., Clitdpadopoulou, T., Argyrou, N., Tsourouktsoglou,
T., Lialiaris, S., Constantinidis, A., Lykidis, CLjaliaris, T.S., Besis, A., Voutsa, D., Samara, C.
2016. Cytotoxicity and genotoxicity inducedvitro by solvent-extractable organic matter of
size-segregated urban  particulate  matter.  EnviroRRollut. 218, 1350-1362.
https://doi.org/10.1016/j.envpol.2016.09.001.

Villarini, M., Levorato, S., Salvatori T., Cerett,., Bonetta, Sa., Carducci, A., Grassi, T., Vannin
S., Donato, F., Bonetta, Si., Verani, M., De DonAq,Bonizzoni, S., Bonetti, A., Moretti, M.,

20




748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

Gelatti, U., the MAPEC_LIFE Study Group. 2018. Baicenicronucleus cytome assay in
primary school children: a descriptive analysisled MAPEC _LIFE multicenter cohort study.
Int. J. of Hyg. Environ. Health 221, 883-892. hitfui.org/10.1016/j.ijheh.2018.05.014.

Zani, C., Ceretti, E., Grioni, S., Viola, G.C., [aq, F., Feretti, D., et al. 2016. Are 6-8 year old

italian children moving away from the mediterraneat? Ann. Ig. 28, 339-348.

WHO, 2016. Ambient air pollutionA global assessmerdf exposure andurden of disease.
Geneva: World Health Organization, 2016.
http://apps.who.int/iris/bitstream/10665/250141789241511353-eng.pdf?ua=1.

Wichmann, G., Franck, U., Herbarth, O., Rehwagen,Diktz, A., Massolo, L., Ronco, A., Mller,
A. 2009. Different immunomodulatory effects asstamiawith sub-micrometer particles in
ambient air from rural, urban and industrial area$oxicology 257, 127-136.
https://doi.org/10.1016/.tox.2008.12.024.

Zhang, S., Li, X., Xie, F., Liu, K., Liu, H., Xie). 2017. Evaluation of whole cigarette smoke
induced oxidative stress in A549 and BEAS-2B cdlisviron. Toxicol. Pharmacol. 54, 40-47.
https://doi.org/10.1016/j.etap.2017.06.023.

21



763
764
765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781
782

783
784

Figure 1. PMyymass concentration and its fractions measurederséimples from the five towns. Data are reportechean value of the 3-4 samples of each

town in winter | (WI), spring (S) and winter Il (W The percentages reported in the bars reprélsemroportion of PMsin the PMymass.

70

60

PM i, daily target

50

@10-7.2
m3.0-1.5
m0.95-0.49

07.2-3.0
@1.5-0.95
E< 0,49 (PMO0.5)

33% | 30% e 30%

Wi S Wil
BS

TO=Torino; BS=Brescia; PI=PI1s&; P G=rerugia; Le=le=cc

22




785

786 a) b)
i o
8 / 15
. E /
6 / 10 /
: - 5 3 / R
E / - =P|2 z 7
=4 ,’ ...... PI3 2 // - BS3
3 ’ 7 - -==-BS4
. _ -,l =-===Pl4 ; Ptd
2 — =T T 1 I N:'/’
] S e — : P TTrTTTIT
- - C 10 25 50
0 3
c 10 25 50 m
u o7
788 «¢) d)
8 & , % %
7 7 ’l
6 * 6 ," * %
5 /ox % 5 /
FQ ) N / o1 54 '1' / sk %k BS1
, / R A LI TO3 ) - ',// osa
1 /" ........................... . mf
0 0
C 25 34 50 C- 25 34 50
789
790 e) f
8 8
7 7 * %k
. . * % % 6 //
5 5 /
g 4 5 s BS1
B / - = BS2
3 3 / ...... BS3
2 2 — - -==-B34
1 X ::.‘:.,'.—_?.'. ........... _- -.:
0 0
C 25 34 50 C 25 34 50
m3 m3
791 )
792
793  Figure 2. Genotoxic effect (% tail DNA) in A549 cells and BE-2B cells exposed to P)Morganic extracts
794  of winter | and Il evaluated by comet assay. **p8@1, **p<0.01vs. control cells (C-) according to
795 ANOVA combined with Dunnett'post hoc test. a) Pisa, winter 1, A549 b) Brescia, wintgrA549 c)
796  Torino, winter I, BEAS-2B d) Brescia, winter |, BESA2B e) Pisa, winter |, BEAS-2B; f) Brescia, winter
797 BEAS-2B.
798

23



799

800
801
802 a) 10 /\ 10
803 e ey 2 g
804 3 / N S BS1
=] _.‘ . > o 5 —
805 g ° \\7/ o T01 g B2
- . o* - e
806 e S e - =702 z 4
et s eseeeeBS3
807 c I TO3 2
----- BS4
808 ) 0
809 0 C 10 25 50
c 10 25 50
810 d , 3
m m
811 )
812
10 10
%] ¢ 1]
3 8 3 8
S 6 —M e 6
3 - -=P|2 =
> 4 > 4
s seesesPI3 s
2 2
----- Pl4 -----PG 4
0 0
[ 10 25 50 c 10 25 50
m? m3
813
814 e) f)
10 10
2 K] pd
E 8 / \ E 8 /
e s e 6 b - —Bs1
S PR \ e LE 1 S \ ----- / -’ Bsa
e, - . -
> 4 =~ - e - = E2 > 4 _J/“
3 b3 . et e BS3
2 4 eeeees LE3 —
= BS4
0 0
[ 10 25 50 C 10 25 50
m3 m3
815
816

817  Figure 3. Genotoxic effect (MN/1000 cells) in A549 cells espd to PNs organic extracts of winter | and
818 Il evaluated by cytokinesis-block MN test. C-: amhtcells; a) Torino, winter I; b) Brescia, winterc) Pisa,
819  winter I; d) Perugia, winter I; e) Lecce, wintef)l;Brescia, winter .

24



820 Table 1.Concentration of PAHs and nitro-PAHSs in the Rrganic extracts sampled in winter | (WI), spri®) &nd winter Il (WII) in Torino, Brescia, Pisa,
821  Perugia and Lecce.

Town Season Site Plysconcentration 3 PAHS" B(a)P % Carcinogenic PAHS < nitro-PAHs?
(ug/m’) (ng/m’) (ng/m?’) (ng/m’) (ng/m?’)
Torino Wi 1 22.44 12.17 1.29 6.90 0.13
Torino Wi 2 20.96 7.82 0.83 4.46 0.21
Torino Wi 3 25.12 6.13 0.60 3.46 0.16
Mean value 22.84 8.71 0.91 4.94 0.17
Mean value (ng/ug) / 0.39 0.04 0.22 0.75
Brescia Wi 1 6.46 3.86 0.48 2.16 0.05
Brescia Wi 2 14.38 14.72 1.52 7.69 0.05
Brescia Wi 3 10.06 4,17 0.38 2.12 0.11
Brescia Wi 4 19.47 5.79 0.56 3.20 0.13
Mean value 12.59 7.14 0.74 3.79 0.08
Mean value (ng/pg) / 0.58 0.06 0.31 0.74
Pisa Wi 1 3.69 0.55 0.03 0.23 0.02
Pisa Wi 2 12.34 3.63 0.42 2.05 0.08
Pisa Wi 3 21.09 8.47 0.90 5.24 0.45
Pisa Wi 4 17.80 2.87 0.26 1.62 0.16
Mean value 13.73 3.88 0.40 2.28 0.18
Mean value (ng/ug) / 0.25 0.02 0.14 1.04
Perugia Wi 1 11.73 4.77 0.50 2.63 0.04
Perugia Wi 2 13.47 4.98 0.52 2.84 0.15
Perugia Wi 3 6.51 2.21 0.18 1.09 0.03
Perugia Wi 4 8.02 1.76 0.14 0.86 0.06
Mean value 9.93 3.43 0.34 1.86 0.07
Mean value (ng/pg) / 0.33 0.03 0.18 0.69
Lecce WI 1 6.36 1.17 0.06 0.57 0.02
Lecce Wi 2 9.39 2.76 0.17 1.50 0.06
Lecce WI 3 5.61 0.77 0.04 0.35 0.02
Mean value 7.12 1.57 0.09 0.81 0.03
Mean value (ng/ug) / 0.21 0.01 0.10 0.44
Torino S 1 9.25 0.61 0.02 0.19 0.02
Torino S 2 8.30 0.50 0.01 0.12 0.02
Torino S 3 7.02 0.59 0.02 0.20 0.02
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Mean value
Mean value (ng/ug)

Brescia
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Brescia
Brescia
Mean value
Mean value (ng/png)

Pisa
Pisa
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Pisa
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Mean value (ng/ug)

Perugia
Perugia
Perugia
Perugia
Mean value
Mean value (ng/ug)

Lecce
Lecce
Lecce
Mean value
Mean value (ng/png)

Brescia
Brescia
Brescia
Brescia
Mean value
Mean value (ng/ug)

nmnmmwm nununmm nunmununnm
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WII
WII
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8.19

6.48
14.54
9.02
17.08
11.78
/

4.40

6.36

9.68

2.72
5.79

/

7.86

4.79

6.50

2.97
5.53

/

1.83

5.90

5.41
4.38

/

19.92
21.46
9.11
13.35
15.96
/

0.57
0.07

0.42
0.64
0.37
0.35
0.44
0.04

0.34
0.38
0.85
0.39
0.49
0.09

0.84
0.57
0.52
0.44
0.59
0.11

0.56

0.61

0.56
0.58
0.17

8.41
5.95
4.87
7.28
6.63
0.44

0.02
<0.01

0.01
0.02
0.01
0.01
0.01
<0.01

0.01
0.01
0.02
0.01
0.01
<0.01

0.04
0.02
0.01
0.01
0.02
<0.01

0.02

0.02

0.02
0.02
0.01

0.57
0.59
0.48
0.84
0.62
0.04

0.17
0.02

0.11
0.23
0.08
0.06
0.12
0.01

0.09
0.11
0.39
0.11
0.18
0.03

0.28
0.13
0.09
0.04
0.14
0.02

0.18

0.21

0.19
0.19
0.06

4.10
3.27
2.59
3.92
3.47
0.23

0.02
0.28

0.02
0.02
0.02
0.02
0.02
0.17

0.02
0.02
0.02
0.02
0.02
0.38

0.02
0.02
0.02
0.02
0.02
0.36

0.02

0.02

0.02
0.02
0.53

0.03
0.04
0.04
0.04
0.04
0.28

%CRM percentage recovery was found to be betweena8%d.47% and the uncertainty was between 24 a¥td 26

by Carcinogenic PAHs: benzo(a)anthracene, chrysamedgb)fluoranthene, benzo(k)fluoranthene, benpgtehe, indeno(1,2,3-cd)pyrene, dibenzo(a,h)antmac
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827
828

829

Table 2. Mutagenic activity of PMsorganic extracts ifs. typhimurium TA100, TA98, TA98NR, and YG1021 strains with andhout metabolic activation

(£S9) expressed as net revertantsfrair equivalent. Wi=winter I; S=spring; Wll=wintdl.
Sites Net revertants/nt
-S9 +S9
TA100 TA 98 TA98NR YG1021 TA100 TA98 TA98NR YG1021
Wi S WI S Wi Wi S S Wi S Wi S Wi S
Torino
1 4.8 - 1.3 1.0 308 1.7 - 1.5 - 0.9 343 1.6
2 3.0 - 15 1.2 165 23 - 1.9 - 0.9 358 15
3 - - 0.9 - 0.6 17.7 0.7 - 1.0 - 0.7 36.6 0.8
Brescia
1 - - 0.5 - - 7.7 0.8 - - - - 12.9 70.
2 - - 0.4 - - 10.7 1.8 - 0.9 - - 16.82.6
3 - - - - - 9.7 0.9 - 0.6 - - - 14.6 11.
4 - - 0.6 - - 7.6 0.8 - 1.0 - - - 20.01.0
Pisa
1 - - - - - 1.9 0.9 - - - - 3.0 1.0
2 - - - - - 2.9 0.4 - 0.7 - - - 7.0 0.6
3 - - - - - 7.4 2.3 - 0.9 - - - 14.3 53.
4 - - 0.8 - 6.8 1.0 - 0.8 - - 19.80.9
Perugia
1 - - 0.5 - 7.2 7.1 - 0.9 - - 16.41.5
2 - - 0.3 - 7.1 0.6 - 0.6 - - 17.817.8
3 - - - - - 3.0 0.8 - - - - 7.2 7.2
4 - - 0.4 - 3.4 0.4 - - - - - 10.1 10.
Lecce
1 - - 0.4 - 1.7 1.7 - - - - - 4.8 4.7
2 - - 0.5 0.4 45 4.5 - 0.6 - - 8.28.2
3 - - - - - 14 1.4 - - - - 2.5 2.5
-S9 +S9
TA100 TA98 TA98NR YG1021 TA100 TA98 TA98NR YG1021
WII Wi Wi WII WII Wi WII
Brescia
1 - 0.2 - 5.8 - 0.6 - 8.9
2 - 0.5 - 11.1 - 1.0 - 9.8
3 - 0.5 - 5.4 - 0.7 - 10.8
4 - 0.3 - 6.4 - 0.7 - 14.6
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HIGHLIGHTS
1. The genotoxic effects of PMg5 collected in 5 Italian towns were evaluated
PM s represents a very high proportion of PM 19
PM 5 organic extracts induced low mutagenic and genotoxic effects
The YG1021 strain and BEAS-2B cells showed a greater sensitivity to PMo 5 samples
The biological effects were associated with levels of PMgs, PAHS and nitro-PAHS

o b~ DN



