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ARTICLE INFO ABSTRACT

Editor: Lawrence Lash Particulate Matter (PM) is a complex and heterogeneous mixture of atmospheric particles recognized as a threat
to human health. Oxidative Potential (OP) measurement is a promising and integrative method for estimating

Keywords: PM-induced health impacts since it is recognized as more closely associated with adverse health effects than

Par_ncu'late matter ordinarily used PM mass concentrations. OP measurements could be introduced in the air quality monitoring,

Oxidative potential along with the parameters currently evaluated. PM deposition in the lungs induces oxidative stress, inflamma-

Toxicology .

g tion, and DNA damage.
Inflammation

Oxidative stress The study aimed to compare the OP measurements with toxicological effects on BEAS-2B and THP-1 cells of

In Vitro winter and summer PM; collected in the Po Valley (Italy) during 2021. PM; was extracted in deionized water by
mechanical agitation and tested for OP and, in parallel, used to treat cells. Cytotoxicity, genotoxicity, oxidative
stress, and inflammatory responses were assessed by MTT test, DCFH-DA assay, micronucleus, y-H2AX, comet
assay modified with endonucleases, ELISA, and Real-Time PCR. The evaluation of OP was performed by applying
three different assays: dithiothreitol (OPP™T), ascorbic acid (OP*), and 2,7-dichlorofluorescein (OPPFY), in
addition, the reducing potential was also analysed (RPPPPH),

Seasonal differences were detected in all the parameters investigated. The amount of DNA damage detected
with the Comet assay and ROS formation highlights the presence of oxidative damage both in winter and in
summer samples, while DNA damage (micronucleus) and genes regulation were mainly detected in winter
samples. A positive correlation with OPP* (Spearman's analysis, p < 0.05) was detected for IL-8 secretion and
y-H2AX.

These results provide a biological support to the implementation in air quality monitoring of OP measurements
as a useful proxy to estimate PM-induced cellular toxicological responses. In addition, these results provide new
insights for the assessment of the ability of secondary aerosol in the background atmosphere to induce oxidative
stress and health effects.
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1. Introduction

Ambient air pollution is recognized as a threat to human health,
being responsible for >3 million premature deaths globally per year
(with an increasing trend) (Lakey et al., 2016; Orru et al., 2017). Among
atmospheric pollutants, particulate matter (PM) is the most complex for
its heterogenicity in terms of size, chemical composition, origin, and
chemical transformation in the atmosphere. In 2021, the World Health
Organization (WHO) recommended reducing the level of PMy5 (i.e.,
particulate matter with an aerodynamic diameter lower than 2.5 pm)
annual air quality guideline to 5 pg/m>. Indeed, long-term exposure
even to low PM; 5 concentrations showed positive associations with non-
accidental, cardiovascular, non-malignant respiratory, and lung cancer
mortality without an indication of a threshold (Stafoggia et al., 2022). In
the same year, WHO prioritized studies on specific types of PM (i.e.,
black carbon, desert dust, and ultrafine particles) since recent studies
demonstrated that defining threshold based on mass concentration
resulted insufficient for defining new air quality guideline levels (World
Health Organization, 2021). Air quality monitoring is required by in-
ternational air quality regulations, as the European Directive 2008/50/
EC or the United States Environmental Protection Agency Air Quality
Index (EPA, 2024; European Parliament, 2008). PM mass concentration
is still largely used as metrics to account for observed adverse biological
and health effects, even though the toxicity of particles is more influ-
enced by their chemical composition and dimension (Corsini et al.,
2017; Marabini et al., 2017).

In recent year, oxidative potential (OP) of PM, defined as the ability
of aerosol particles to oxidize target biomolecules, has been proposed as
a more health relevant metric than PM mass concentration (Janssen
et al., 2014; Yang et al., 2016). Different assays can be used to assess OP
directly on particles, but there is still no agreement on the most repre-
sentative assay to be used. Currently, the combined application of
different acellular methods on the same samples is strongly suggested
(Frezzini et al., 2019). The most commonly used acellular tests include
the ascorbic acid (AA) test, the dithiothreitol (DTT) assay, and 2,7-
dichlorofluorescein (DCFH) assay (Campbell et al., 2019). The oP* and
OPP™T assays are based on the depletion, over time, of AA and DTT
antioxidants added to PM samples, while the OPP®™ assesses the con-
tent of particle-bound ROS by determining the intensity of the DCF
fluorescence signal over time due to the enzyme-catalyzed oxidation of
DCFH (non-fluorescent) by ROS in PM samples. Several studies have
provided a wide database of OP results to study different redox com-
ponents of PM, showing the different sensitivity of the test to the path-
ways of reactive oxygen and nitrogen species (ROS/RNS) formation
(Calas et al., 2019; Frezzini et al., 2019; Li et al., 2003). AA assay has
been shown to be most sensitive to coarse particles rich in transition
metals (e.g., Fe, Mn, Mo and especially Cu); DTT assay has been strictly
associated with the presence of polycyclic aromatic hydrocarbons
(PAHs), quinones, transition metals, and secondary organic aerosols
(SOA), and DCFH assay has been shown to be most sensitive to fine
particles rich in organic compounds such as PAHs, and also some metals
or their oxides (Calas et al., 2018; Charrier and Anastasio, 2012; Janssen
et al., 2014; Kramer et al., 2016; Perrone et al., 2016; Verma et al.,
2015). While the knowledge about the relationships between OP and
PM-induced toxicological effects are limited (Frezzini et al., 2019). It is,
therefore, important to investigate the correlation between the acellular
measurement of OP of PM and its effects on lung cells, such as oxidative
stress, genotoxicity and inflammation. Moreover, the ability of particle-
bound ROS and secondary aerosol in the background atmosphere to
induce oxidative stress and health effects has been poorly evaluated to
date and deserves further investigation.

At cellular level, the adverse effects of PM depend on its physico-
chemical properties (Mgller et al., 2014; Park et al., 2018). PM expo-
sure have been associated with alteration of the cellular redox, gener-
ation of ROS, DNA oxidative damage, mutagenicity, stimulation of pro-
inflammatory mediators, etc. (Corsini et al., 2019; Corsini et al., 2017;
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Corsini et al., 2013; Costabile et al., 2023; Marabini et al., 2017; Mgller
et al., 2020). The generation of ROS and/or the inadequate antioxidant
defences is studied both with the use of fluorescent probe (Jung et al.,
2012; Longhin et al., 2013a) and with the analysis of mRNA expression
of genes involved in the antioxidant response (i.e., nuclear factor
erythroid 2-related factor 2 - NRF2 — heme oxygenase 1 - HMOX — and
NAD(P)H quinone dehydrogenase 1 — NQO-1) (Abbas et al., 2019).
Particles exposure leads to up-regulation of cytokines including in-
terleukins 6 and 8 (IL-6, IL-8), and tumour necrosis factor-alpha (TNF-
a), which have been detected after exposure to particles of both
monocytes/macrophages and epithelial cells (Velali et al., 2016). DNA
damage is induced following PM exposure via oxidation of bases or
breaks at the single or double strand of the helix. The induction of DNA
damage can have different outcomes: it can be rescue when genes
involved in DNA repair (as Ataxia-Telangiectasia Mutated — ATM — and
Growth Arrest And DNA Damage Inducible Alpha — GADD45a) are
activated (Hartwig et al., 2020; Rossner et al., 2015), or it can lead to
more severe DNA damage induction with the consequent cellular death
through apoptosis or necrosis, or with a mutagenic effect (Peixoto et al.,
2017).

In this context, the Italian project RHAPS (Redox-activity and
Health-effects of Atmospheric Primary and Secondary aerosol),
launched in 2019, has as major objective the identification of specific
PM; properties from anthropogenic sources, with particular interest on
secondary organic aerosol (SOA), responsible for toxicological effects
and that can be used as new metrics for health-related outdoor pollution
studies. Secondary organic and inorganic compounds are major con-
stituents of regional aerosol pollution, affecting the background con-
centrations of fine PM in geographical areas characterized by distributed
anthropogenic sources and scarce atmospheric ventilation. In one of
such areas, the Po Valley (Italy), measurements of ROS in PM; and fog
water highlighted the potential role of SOA in triggering oxidative stress
in lung cells (Decesari et al., 2017). In the frame of RHAPS, field cam-
paigns and laboratory experiments were carried out with a focus on
finding a link between the OP carried by water soluble particle com-
ponents and PM; in vitro toxicity. The study focused on PM;, as because
secondary organic and inorganic compounds enrich in this size fraction
with lesser influence from crustal material, it is considered the main
responsible for adverse health effects and a promising metric compared
to PM;( or PMy 5. Within the project, two field campaigns in two seasons
were carried out with a focus on finding a link between OP and PM;
toxicity (Costabile et al., 2022). Results obtained are the object of the
current manuscript.

In Costabile et al. (2023) we analysed HMOX and CXCL-8 gene
expression in BEAS-2B cells exposed in the Air-Liquid Interface (ALI),
and found higher values for higher levels of PM; total OP enriched in
nanoparticles. In this study, we provide a wider dataset of chemical and
toxicological measurement that, as far as the author known, was never
reported before. >150 samples were characterized both chemically and
toxicologically.

2. Materials and methods
2.1. Cell culture

The human non-tumorigenic lung epithelial cell line derived from
human lung tissue BEAS-2B cells (catalogue n. 95,102,433, Sigma
Aldrich, Darmstadt, Germany) were grown on CELL-BIND® 75 cm?
flasks (Corning, New York, USA) in LHC-9 medium (catalogue n.
12,680,013, Gibco™, Waltham, USA) supplemented with 1% of peni-
cillin/streptomycin solution (catalogue n. ECB3001, EuroClone, Pero,
Italy). The human monocytic THP-1 cell line was obtained from Istituto
Zooprofilattico (Brescia, Italy). For experiments, THP-1 cells were
diluted to 10° cells/mL in RPMI 1640 (catalogue n. R8758) containing 2
mM r-glutamine (catalogue n. 59202C1 of penicillin/streptomycin so-
lution, 50 pM 2-mercaptoethanol (catalogue n. M3148), supplemented
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with 10% heated-inactivated foetal calf serum (catalogue n. F7524).
Cells were maintained at 37 °C in a 5% CO; atmosphere and sub-
cultured once reaching 80% confluence for BEAS-2B and three times a
week for THP-1.

2.2. PM; collection

PM collection is described in Costabile et al. (2022). Briefly, PM; was
collected at two sites in in the southern Po Valley, namely Bologna
(44°31'29” N, 11°20'27" E) and San Pietro Capofiume (44°39'15” N,
11°37'29" E). These sites were chosen to represent a background urban
location and a rural area, respectively, due to their strategic position in
the Po Valley in Italy, where the pollutants often accumulate due to
frequent poor atmospheric dispersion conditions making it one of the
major air pollution hotspots in Europe (Vecchi et al., 2007). The winter
campaign took place from the 21st of January to the 18th of March
2021, while the summer campaign from the 8th of June to the 14th of
July 2021. During wintertime parallel sampling was performed at the
two sites, while in summer only the background urban site of Bologna
was investigated. The samples devoted to toxicological assays and to OP
assessment were collected on Teflon filters (PTFE, Pall R2PJ047, Pall
Life Sciences, Ann Arbor, USA) with tandem dual channel sequential
samplers (model Gemini, Dadolab, Italy) with PM; inlet. In parallel, also
samples on pre-fired 47 mm diameter quartz fibre filters (Pallflex Tis-
suquartz 2500 QAO-UP, Pall Life Sciences, Ann Arbor, USA) with Single
channel (TCR-Tecora Skypost) were collected for some additional OP
tests. All samples were characterized as for elements, ions, and
elemental and organic carbon. Details on the monitoring campaigns are
reported in detail in Costabile et al. (2022).

The recovery and storage of the filters was done once a week. During
the sampling campaigns, not sampled filters were kept along with the
sampled filters during all experimental phases as field blanks (or blank
control, BC), and were used as a control for all the toxicological analysis.
It is noteworthy that OP measurements and toxicological assays were
performed exactly at the same time, i.e., in parallel at the two labora-
tories devoted to these tests, in order to avoid any bias due to differences
in storage and extraction times.

2.3. PM; extraction

Each PTFE filter was extracted in 10 mL of deionized water by
rotating agitation at 60 rpm for 30 min. The obtained solution was then
filtered through a nitrocellulose filter (pore size 0.45 pm, Merck Milli-
pore Ltd., Billerica, MA, USA) and split into proper aliquots to perform
the different tests (Costabile et al., 2022).

For toxicological analysis, 1.5 mL of sterile deionized sterile water
was used for the extraction in a Petri's dishes 60 mm. The filters were
posed on the surface of water with the side where the particles were
collected in contact with the water. Each Petri's dish was sealed with
parafilm and posed on the mini-shaker (PSU-27 mini shaker — Biosan,
Riga, Latvia) for mechanical agitation for 30 min at 300 rpm. At the end
of the 30 min extraction, the filters were removed from the Petri's dishes
and discharged, while the 1.5 mL water-soluble extracts were collected
in a 2 mL sterile Eppendorfs and stored at —20 °C until use. During the
campaigns, control filters were collected as stated in the section “PM;
collection” and treated in the same manner as the PM; sampled ones.

Filter extraction for OP and toxicological investigation were con-
ducted in parallel at the same time to avoid possible bias due to differ-
ences in storage times.

2.4. Treatments

BEAS-2B cells were seeded and allowed to grow for 48 h before
treatments. PM-extracts were thawed before use and vortexed for 10 s to
allow the resuspension of possible particles in the suspension. Both
BEAS-2B and THP-1 cells were exposed to the extracted water-soluble
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PM diluted 1:10 in LHC-9 or RPMI 1640 for 24 h, where not differ-
ently stated. The toxicological data shown in this manuscript are not
normalized on the mass of PM sampled during the collection to highlight
the possible daily differences on biological activity.

2.5. OP tests

Water-soluble OP (OPAA, oPPTT, OPPCFHy and Rp (RPPPPH . 2,2-
diphenyl-1-picrylhydrazyl) measurements were performed on PM;
PTFE filters as described in Costabile et al. (2022), which followed
analytical methods extensively detailed by Frezzini et al. (2022, 2019)
and Massimi et al. (2020). In addition, a sampling line mounting quartz
fibre filters was devoted to water-soluble OP determination by the DTT
assay (OPQDTT). The adopted procedures are those by Cho et al. (2005)
and Verma et al. (2009). Obtained values were normalized by sampling
volume.

2.6. Cytotoxicity

Cell viability was assessed using the MTT reduction test (Gerlier and
Thomasset, 1986), following the method described in Melzi et al. (2023)
and supplementary materials. Cells were seeded in 96-well plates and
exposed to PM; (1:10 in cell culture medium) for 24 h.

2.7. Reactive oxygen species formation

To evaluate oxidative stress induction in treated cells, the ROS for-
mation assay was performed and combined with Lowry method for
protein quantification. The DCFH-Diacetate (DA) method was used. This
method was used as a simple and cost-effective way to detect ROS in
cells (Kim and Xue, 2020). 1 x 10* cells were seeded on two different 96-
well black plates (Brand, Wertheim, Germany) and — after 72 h — treated
for 30 min and 1 h with PM; (1:10 in cell culture medium). This protocol
uses the 2,7’-Dichlorofluorescin diacetate (DCFH-DA, catalogue n.
D6883, Sigma Aldrich, Darmstadt, Germany) as a fluorogenic probe in a
concentration of 50 mM in DMSO (catalogue n. 4540, Sigma Aldrich,
Darmstadt, Germany), then diluted 1:2000 in medium. After 30 min and
1 h, cells were washed with PBS and fluorescence was detected with the
spectrofluorometer EnSpire (Perkin Elmer, Waltham, USA) at 495 nm
wavelength. Fluorescence values were normalized on the protein con-
tent of each sample, obtained by Lowry method (Lowry et al., 1951).
Results are expressed as FU/pg proteins (fluorescence units on micro-
grams of proteins).

2.8. Alkaline Comet assay modified with endonucleases

The Comet assay is a single cell gel electrophoresis method, which
allows to identify DNA damage, like single and double strand breaks,
cross-linking bounds, and apurinic/apyrimidinic sites (Cordelli et al.,
2021; Singh et al., 1988; Tice et al., 2000). The alkaline assay is per-
formed with a basic buffer (pH > 13), to identify DNA damage at single
and double helix, as well as alkali-labile sites. 1.5 x 10* cells were
seeded in a 96-multiwell coated with a collagen solution and — after 72 h
— treated for 24 h. Comet assay was performed as previously described,
and reported more in detail in the supplementary materials (Nozza et al.,
2020). Experiments were read with fluorescence microscopy (AxioVi-
sion), 40x oil magnification. 100 cells were analysed for each sample
using TriTek CometScore™ software, and data are reported as mean of
the median of the tail moment values.

2.9. Assessment of genotoxicity: evaluation of H2AX phosphorylation and
micronuclei detection

The presence of double strand breaks and micronuclei was per-
formed using immunofluorescence techniques. 5 x 10° cells per well
were seeded in a 24-multiwell on pre-coated 12 mm round cover slide.
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The protocol was previously described in Melzi et al. (2023), and re-
ported in detail in the supplementary material. Slides were read with
100x oil magnification with fluorescence microscopy (Axiovert 200 M)
using DAPI and FITC filters. To obtain data for the y-H2AX analysis, it
was analysed a total of 100 cells for each sample. The same samples were
used for the evaluation of the presence of micronuclei, 1000 cells were
counted for each sample, and analysed following the criteria described
by Fenech (Fenech, 2000), to assess the spontaneous formation of
micronuclei following PM-treatment.

2.10. Interleukin-8 (IL-8) release

The release of IL-8 was measured following 24 h of treatment. Su-
pernatants were collected from the multi-well used for the immunoflu-
orescence or for RNA extraction and stored at —20 °C until evaluation.
The secretion of the pro-inflammatory cytokine IL-8 was assessed by a
commercially available kit following supplier's instructions (Immuno-
Tools, Friesoythe, Germany). Tetramethylbenzidine solution (catalogue
n. T4444, Sigma Aldrich, Darmstadt, Germany) were added to start the
final colorimetric reaction. Plates were read at 595 nm in absorbance
with the microplate reader (Molecular Devices, Emax precision micro-
plate reader, San Jose, USA). Results are expressed in pg/mL IL-8
secretion. IL-8 secretion was tested also in THP-1 cells. Results ob-
tained on this parameter are reported in Costabile et al. (2022) and used
in this manuscript for correlation analysis.

2.11. Gene expression analysis

RNA extraction was performed using Direct-zol™ RNA MiniPrep
(catalogue n. R2053, Zymo Research, Irvine, USA). 1 x 10° cells were
seeded in a 12-multiwell and let grow for 72 h. After 24 h of treatment,
TRiFast II (catalogue n. EMR517100, EuroClone, Pero, Italy) was used to
lyse the cells. RNA was extracted following the protocol provided by the
kit. Quantification of RNA was performed with Nanodrop (GE Health-
care, Chicago, USA). mRNA extracted was retrotranscribed using
Promega reagents and protocol: Random Primer (catalogue n. C118A,
Promega, Madison, USA), dNTPs (Amersham™, dNTPs Polymerisation
mix, catalogue n. GEH28406557, GE Healthcare, Chicago, USA), Buffer
5x (catalogue n. M531A, Promega, Madison, USA), DNase/RNase free
water, and M-MLV Reverse Transcriptase RNase enzyme (catalogue n.
M369B, Promega, Madison, USA). Real Time Polymerase Chain Reac-
tion (RT-PCR) was performed. As housekeeping, GAPDH gene was used
(Barber et al., 2005; Panina et al., 2018), and the Ct data of this gene for
all the tested samples can be found in the supplementary materials.
cDNA was mixed with Master mix — prepared using Luna Taq (catalogue
n. M3003X, New England BioLabs, Ipswich, USA), DNase/RNase free
water and Oligonucleotide Forward and Reverse (MetaBion GmbH,
Planegg, Germany, reported in Supplemental Material, qRT-PCR
primers Table S1) diluted 1:20 in DNase/RNase free water — at a con-
centration of 3 ng/pL. The solution was added in a 96-multiwell for PCR
(EuroClone, Pero, Italy), which was centrifuged at 1000 rpm for 2 min
before reading with CFX Real Time PCR Detection Systems (BioRad,
Hercules, USA) using the software CFX Maestro v2.3 (BioRad, Hercules,
USA). The PCR reading cycle was 15 s at 95 °C, 30 s at 60 °C, 10 s at
65 °C repeated 50 times and in the end 5 s at 95 °C.

2.12. Statistical analysis

All cellular experiments were repeated at least three times. Data are
reported as mean =+ standard error of the mean (SEM). Statistical anal-
ysis was performed using software GraphPad Prism v9.0.0 (GraphPad
Software, San Diego, USA). One-Way ANOVA test was chosen for the
analysis of all results, in association with Dunnett's Multiple Comparison
post hoc test. For the comet assay Two-Way ANOVA, in association with
Dunnett's multiple comparison post hoc test was used. Spearman's
Correlation analysis was performed to correlate the toxicological data
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with OP results. Results were considered significant at p < 0.05.
3. Results
3.1. Oxidative potential

OP results are shown in Fig. 1. OPP™ and OPP™T values (Fig. 1B and
D) are comparable between the two sampling sites. Furthermore, results
of the two OP assays exhibit a seasonal pattern: values from the urban
samples are generally higher in winter than in summer, likely due to the
major contribution of biomass domestic heating, to which DCFH and
DTT are particularly and notably sensitive (Calas et al., 2018; Campbell
et al., 2021; Perrone et al., 2016) and to higher atmospheric stability
during winter, which increases PM; mass concentration. On the con-
trary, OP* values (Fig. 1C) are very low at both sites and indicatively
equivalent between winter and summer in the urban area; in general,
they were higher in the rural area than urban during winter. This is in
agreement with the fact that, as already mentioned, in previous litera-
ture works the AA test results correlate mostly with the PM coarse
fraction enriched in transition metals while here the focus is on the sub-
micron sized particles, whose largest contributors are secondary aerosol
components like nitrates, sulphates, and organic matter.

OPQP™T time variability (Fig. 1E) is generally comparable between
the two areas during winter, even though the median OPQP™™ is slightly
lower in rural area than urban. On the other hand, a decrease is observed
in urban area from winter to summer, in analogy with the trends of PM;
mass concentration. Fig. 1F shows the results obtained with the analysis
of RPPPPH, The values related to this parameter is higher in winter than
in summer.

It is worth highlighting that O values are generally higher when
DTT assay is performed on PTFE filters instead of quartz filters. More
insights into OP assays response will be addressed and discussed in a
further related paper.

PDTT

3.2. Cell viability

BEAS-2B cells have been used as a surrogate of lung epithelial cells
and exposed to water-extracts of PM; diluted 1:10 in complete medium
for 24 h. Cell viability was assessed using the MTT assay and results are
shown in Fig. 2A. Results are expressed as % of blank control. Seasonal
and site differences on cell viability were not statistically significant,
even if some sample collected in the rural area were able to reduce the
cell viability below the 70%. For the majority of samples, cell viability
was similar to control values.

3.3. Oxidative stress

Fig. 2B shows the results of ROS formation following exposure to
PM; samples. ROS production was investigated at 30 min and 1 h. Most
of the samples showed a slight increase of ROS formation (approxi-
mately 20%). For some samples, no ROS production was detected.
Winter and summer samples showed similar trends with no statistical
differences between sites.

The gene expression of HMOX and NQO-1, both induced in response
to an oxidative stress, was evaluated after 24 h of treatment and results
are shown in Fig. 2C and D, respectively. Increased expression of HMOX
was observed in some samples in winter, while during the summer
campaign, only few days showed increase of HMOX expression. NQO-1
was upregulated in winter and in summer in both sites, with a statisti-
cally significant difference between rural area winter campaign and
urban area summer campaign.

3.4. Genotoxicity and DNA repair activation

Cells were treated for 24 h with the extract from PMj. Fig. 3A shows
the results of the immunofluorescence for y-H2AX to detect double
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strands breaks, reported as percentage of nuclei with >10 foci of y-H2AX
(representative images are reported in Fig. S1). Increase of DNA damage
was detected mainly in the samples collected during the winter
campaign. Considering all the results, during the summer campaign, the
increase of DNA damage detected by H2AX phosphorylation was less
than in winter, and these differences are statistically significant. Fig. 3C
shows the micronuclei assay results. All the sample showed increase of
this type of DNA damage compared to the blank controls, with no dif-
ferences between winter and summer. Results of the gene expression
analysis of GADD45a and ATM are reported in Fig. 3B and D respec-
tively. Upregulation and downregulation of these genes' expression are
present in both the campaigns and sites with few dates in which a strong
upregulation (fold-change >2) is observed. While no statistically sig-
nificant differences were detected in ATM expression among the
different campaign, the increase of GADD45u expression in the winter
campaigns in both sites is statistically significant compared with the
expression of the same gene in summer, which is in agreement with the
DNA damage as assessed by the formation of y-H2AX foci.

Fig. 4 shows the comprehensive results of the alkaline Comet assay
modified with endonucleases. Treated samples show increase DNA
damage compared to controls. Furthermore, the treatment with the
enzymes ENDO III (urban — winter) and FPG (rural — winter, and urban —
summer) highlight the presence of oxidative damage both in winter and
in summer, and this is showed by the statistically significant increase of
the level of DNA damage in the mean of the enzymatically treated
samples compared to the mean of the not treated.

3.5. Inflammation and MUC5 AC and ACE-2 expression

CXCL-8 was upregulated only in few days during all the campaigns
(Fig. 5A), while an increase secretion of IL-8 was detected which
resulted statistically significant in samples obtained in winter (both
sites) compared to the samples obtained in summer, these results are
reported in Costabile et al. (2022) and in supplementary materials
(Fig. S2).

MUCS5AC and ACE-2 resulted modulated in both direction with no
differences among site and season (Fig. 5 B—C).

3.6. Correlation analysis

In Table 1 are reported the results of the Spearman correlation
analysis between the toxicological and OP results (graph results can be
found in the supplementary material, Fig. S3). Statistically significant
positive correlations are found between:

- OPP™M and the toxicological results obtained on IL-8 (BEAS-2B)
secretion, y-H2AX formation, and micronuclei formation.

- OP** and the expression of CXCL-8, ACE-2.

- OPP™T and the expression of CXCL-8.

- RPPPPH and formation of y-H2AX foci, and the expression of ATM,
HMOX, and NQO-1.

Moreover, positive correlations are found between PM; mass and the
results of MTT assay and the expression of CXCL-8 and NQO-1, and
between the PM; mass concentration and the expression of NQO-1.
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Fig. 2. Seasonal and site effect of PM; water-soluble fraction on cell viability and oxidative stress. BEAS-2B cells were exposed to 1:10 dilution of the extracts for 24 h
(for cell viability and gene expression) or 30 min and 1 h (for DCFH-DA assay). (A) Average responses of exposed BEAS-2B cells on cell viability evaluated though
MTT assay; data are expressed in percentage and compared to the blank control (BC = 100%). The 70% dashed line represents the 70% threshold of cell viability. (B)
Average responses of exposed BEAS-2B cells on ROS formation, evaluated though DCFH-DA assay. Results are expressed in percentage, compared to blank control
(100%), and normalized on the protein content. (C—D) Average response of exposed BEAS-2B cells in modulation of HMOX (C) and NQO-1 (D) gene expression.
Results are reported as 2", Each dot represents a PM; water-soluble fraction from filter collected in different days. Statistical analysis was performed by One Way
ANOVA followed by Tukey's Multiple Comparison test (only p-values<0.05 are shown).

Negative correlations were found between:

- PM; mass concentration and ROS formation at 30 min.

- PM; mass and ROS formation at 30 min, y-H2AX formation, and
GADD45a expression.

- OPP“ and ROS formation at 30 min.

- OP* and the y-H2AX formation and the tail moment of the comet
modified with ENDO III and FPG.

- OPP™T and IL-8 secretion in THP-1, micronuclei formation, and
MUCS5AC expression.

- OPQP™T detected on quartz filter and micronuclei and y-H2AX
formation.

- RPPPPH and IL-8 secretion in THP-1.

4. Discussion

The present study aimed to evaluate and characterize the biological
activity of PM; obtained on different days, sites and season in the Po
Valley (Italy), and to investigate the reliability of OP as a predictive
variable to define PM; biological activity (Costabile et al., 2022; Melzi
et al., 2022). Differences were found among days, sites and season,
indicating the sensitivity of the experimental model used to detect daily
variation in PM;.

It was possible to observe the induction of DNA damage and

alteration of gene expression in absence of cytotoxicity, and at low level
of PM; mass concentrations, with statistically significant differences
between the two seasons evaluated.

Noticeably, no statistically significant differences in the markers of
genotoxicity and ROS levels were observed between the two locations
(urban vs. rural) in spite of the very different degree of anthropization
and local emission intensity between the two sites. These observations
indicate that the aerosol constituents driving the (water-soluble) PM;
toxicity are well mixed at the regional scale, with little differences be-
tween urban and rural locations. Our results demonstrate that the
reactive species of PM; can have residence times in the atmosphere long
enough to largely spread over the whole Po Valley.

PM toxicity is widely described in literature and it is known that
seasonal difference in composition of the PM can generate different
toxicological responses, mainly described as induction of oxidative
stress, inflammation and DNA damage (Abbas et al., 2019; Risom et al.,
2005). Several studies have demonstrated the seasonal differences in PM
toxicological response (Chen et al., 2018; Corsini et al., 2017; Longhin
et al.,, 2013b). In the RHAPS campaign, statistically significant differ-
ences in toxicological responses were detected comparing winter and
summer samples: stronger upregulation of NQO-1 and GADD45a«, in-
crease of y-H2AX foci formation, and higher IL-8 secretion in winter.
Seasonal differences were detected also in THP-1, as shown by the re-
sults reported in Costabile et al. (2022), where the secretion was found
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Fig. 3. Seasonal and site effects of PM; water-soluble fraction on y-H2AX foci formation and DNA repair genes expression. BEAS-2B cells were exposed to 1:10
dilution of the extracts for 24 h. (A) Average responses on the formation of y-H2AX foci evaluated through immunofluorescence; data are expressed in percentage of

cells with >10 foci detected in the sample. The black dashed line represents the means of the blank controls (blank control =

24%). Statistical analysis was performed

by One Way ANOVA followed by Turkey's Multiple Comparison test (only p-values<0.05 are shown). (C) Daily responses on micronuclei formation. Results are
expressed in percentage of micronuclei counted on the total cells of the sample (blank control = 0.8%, dashed line). (B and D) Average response in modulation of
GADD45q (B) and daily responses of ATM (D) genes expression. Results are reported as 224, Statistical analysis was performed by One Way ANOVA followed by

Turkey's Multiple Comparison test (only p-values<0.05 are shown).

to be higher in summer. In previous literature works, winter-derived
PM; 5 was shown to be more cytotoxic than the summer one collected
in the same area (i.e., industrial area of Nanjing — China) (Chen et al.,
2018). In this study, the average response of the samples did not show
significant differences in cell viability between the two seasons ana-
lysed, even though it is possible to observe that in few winter samples
cell viability decrease below the 70%. More importantly, statistically
significant differences between IL-8 secretion in the two seasons ana-
lysed was observed. In our study, higher levels of IL-8 were detected in
winter compared to summer in BEAS-2B, while higher levels were
observed in THP-1 cells in summer, indicating that monocytes and lung

epithelial cells respond differently to PM components (Costabile et al.,
2022). Similar results were found in a previous study, in which a higher
release of IL-8 was found in summer-collected ambient air ultra-fine
particles (UFPs) compared to winter UFPs in THP-1 cells (Corsini
et al., 2017). This is also supported by other studies on PM;o pro-
inflammatory potential, which is found to be related to the period of
sampling, with considerably more potent induction of IL-8 in summer
(Camatini et al., 2012; Gualtieri et al., 2010). The differences in seasonal
responses between THP-1 and BEAS-2B cells may be due to the possible
enrichment of components of PM; derived from biological sources (i.e.,
spores and pollens). These components seem to have more effect on
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Fig. 4. Seasonal and site effects of PM; water-soluble fraction on genotoxicity
detected using the alkaline Comet assay modified with endonucleases (ENDOIII
and FPG). BEAS-2B cells were exposed to 1:10 dilution of the extracts for 24 h.
Average responses of exposed BEAS-2B cells on DNA damage presence, reported
as mean of the tail moment values (in pm). The treatment with the enzymes
allows to detect the presence of oxidized bases. The blank dashed line repre-
sents the means of the blank controls (blank control = 0.1%). The different
colours represent the use of the enzymes in modified comet assay. Statistical
analysis was performed by Two Way ANOVA followed by Tukey's Multiple
Comparison test (only p-values<0.05 are shown).

THP-1 cells than BEAS-2B, since they are immune cells, and the same
behaviour was previously demonstrated in more specific studies (Gual-
tieri et al., 2011; Longhin et al., 2013Db).

Oxidative stress induction is one of the main effects related to PM
exposure, reported in several studies (Comunian et al., 2020; Nozza
et al., 2021; Peixoto et al., 2017; Valavanidis et al., 2008). In the current
study, this noxious effect was more pronounced in winter than in sum-
mer, in particular regarding the expression of NQO-1, with a similar
trend observed also for HMOX expression even though not statistically
significant. Other studies have demonstrated that ROS activities and
oxidative stress were substantially higher in the cold months compared
to the warm months (Al Hanai et al., 2019; Hamad et al., 2015; Mir-
owsky et al., 2013). Seasonal differences were detected also in DNA
damage induction, mainly in the analysis of y-H2AX foci formation. In
the literature, similar results were obtained with the comet assay and
y-H2AX evaluation after 24 h of PM treatment, that showed a significant
increase of DNA damage especially in winter UFPs and PMj 5 samples
compared to control samples (Corsini et al., 2017; Niu et al., 2020).
Genes investigated included those relevant for cell cycle regulation and
DNA repair (ATM and GADD45a), resulted also mainly upregulated in
winter when higher was the DNA damage observed. Only a few studies
are available on the induction of DNA repair genes following PM
exposure. It was shown that following isolation of leukocytes from
healthy subjects exposed to PM, GADD45a was up-regulated during
winter and not during summer (Rossner et al., 2015). It has been re-
ported that BEAS-2B exposed to PM, s activate the ATM/CHK2 pathway,
in accordance with the observed DNA damage (Gualtieri et al., 2011).
Positive correlations were found between ATM expression and the
expression of HMOX and NQO-1, and between HMOX and NQO-1
expression and DNA damage formation; probably those genes are acti-
vated in response to PM-induced oxidative stress also at DNA level, as
previously suggested by Sanchez-Pérez et al. (2009). Oxidative stress is
considered as an early event in the pathways triggered by PM, the
mechanism by which ROS are formed is not completely described but
the transition metals component of PM may contribute to ROS formation
and DNA damage induction (Lakey et al., 2016). ACE-2 encoded protein
is a functional receptor which belongs to angiotensin-converting enzyme
family. It acts also as receptor for the spike glycoprotein of the SARS-
CoV-2. Recent papers highlighted its overexpression in epithelial cells
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also in presence of PM (Paital and Agrawal, 2021). MUC5AC encodes for
one of the major lung mucus component and it has been shown to be
regulated following PM exposure in normal human bronchial epithelial
cells (Kim et al., 2017; Leclercq et al., 2016). For both these two genes
we have shown the modulation following water-soluble PM exposure.

To date, very few studies have described the relationships between
OP of particles and their toxicological effects. OP measurement is
considered a promising and integrative method for estimating PM-
induced health impacts. It is increasingly recognized that this metric is
more closely associated with adverse health effects than ordinarily used
PM mass concentration (Frezzini et al., 2019). Thus, some authors
suggest the integration of OP measurements along with the parameters
currently evaluated in the air quality monitoring studies (Jvrevik et al.,
2015). Recently, associations were demonstrated with impairment to
lung functions, increase admission in emergency department and OP
characterization with AA and DTT methods (Fang et al., 2016; Janssen
et al., 2015; Strak et al., 2012). We recently found that urban ambient
aerosol high in total OP, as indicated by the DTT assay, with (possibly
copper-containing) nanomaterials, showed higher pro-inflammatory
and oxidative responses, this occurring at lower PM; concentrations
(Costabile et al., 2023).

The presence of limited number of studies points out the difficulties
in the identification of the more appropriate OP metric to be measured.
Our results show seasonal variation in all the OP assays, with winter-OP
values higher than summer-OP. Our correlation study demonstrated
statistically significant correlation between the OPP®™ assays and
oxidative stress, inflammation, DNA damage, HMOX and NQO-1
expression, IL-8 secretion in BEAS-2B, y-H2AX foci formation and ATM
expression. OPP® has been demonstrated to be sensitive toward fine
particles with high content of organic compounds derived mainly by
combustion processes (Jovanovic¢ et al., 2020; Perrone et al., 2016).
Results obtained with this acellular assay (OPPCFHy were correlated to
antioxidant cellular response (HMOX and NQO-1), inflammation, and
double strands breaks formation.

Interestingly, also the evaluation of the presence of reducing species
in PM samples by the DPPH assay showed positive correlations with
toxicological responses of BEAS-2B exposed to water-soluble PMj,
particularly for antioxidant response and DNA damage induction. The
DPPH assay has been previously applied to test different types of PM
components produced by specific emission sources and characterized by
very different chemical compositions and it revealed the presence of
reducing species in several components of atmospheric PM (mainly in
urban dust, brake dust, and diesel dust) (Frezzini et al., 2019). However,
DPPH to evaluate the reducing properties of PM is a relatively new
assay, and there is no standard experimental procedure. Therefore, at
the present state of knowledge, the relevance of the information ob-
tained from the DPPH assay has not yet been scientifically demon-
strated, and further investigation is needed to deepen knowledge
regarding the significance of the results obtained from this assay.

The observed negative correlations between biological parameters
and OP measurements are more challenging to explain and somehow
unexpected, and only speculations can be made, such as a different
response toward different PM components. As correlation does not
necessary means causality, additional studies are necessary to better
understand the relationship between the different parameters measured.
Although some of the correlations are positive and statistically signifi-
cant in support of the hypothesis, most are still rather weak compared to
an ideal correlation coefficient of 1. Therefore, there must still be other
factors contributing to the overall variability in measured responses.
Moreover, lack of correlation between some in vitro and OP results may
also depends on the type of correlation analysis performed, which
considered only one-to-one correlation, and there could be additive
factors (or synergistic factors) among the variables. Moreover, the DTT
assay does not seem to be affected by the type of membrane filter used,
according to previous studies (Frezzini et al., 2022), the lower extraction
efficiency of the OP reactive species from quartz filters, compared to
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Fig. 5. Seasonal and site effect of PM; water-soluble fraction on inflammation (CXCL-8) and MUC5AC and ACE-2 genes expression. BEAS-2B cells were exposed to
1:10 dilution of the extracts for 24 h. For gene expression, results are reported as 22, (A) Daily responses on CXCL-8 expression. (B—C) Daily response in
modulation of MUC5AC (B) and ACE-2 (C) gene expression. Statistical analysis was performed by One Way ANOVA followed by Tukey's Multiple Comparison test

(only p-values<0.05 are shown).

PTEE filters, has already emerged a few times (Yang et al., 2014). In our
recent study, we found an increased probability of toxicological markers
for oxidative stress (HMOX) and inflammation (CXCL-8) in BEAS-2B
cells exposed in ALI to PM; to be expressed at the very low doses of
PM; exposure if these are accompanied by high concentrations of ROS-
rich UFPs (Costabile et al., 2023). This could be associated with the
enrichment in traffic-related nanoparticles of reactive compounds
otherwise scavenged by larger particles. As larger particles are associ-
ated to higher PM; mass, the mechanism we proposed could provide a
first explanation for the negative correlations here observed with PMj.
Nevertheless, further studies should confirm this.

5. Conclusion

Owing to the correlation analysis of the results obtained from the
same set of particles tested for OP and toxicological effects in a relevant
cell target, our results provide useful biological support for evaluating
the implementation of OP in air quality monitoring as a tool for esti-
mating PM-induced toxicological responses, rather than PM mass

concentration, at least as far as concern the water-soluble component of
PM.
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Spearman correlation between the different toxicological assay and oxidative potential of the particles; the r-values are reported in the table, (* p < 0.05; ** p < 0.01).

More analyses are available in the supplementary material.

PM; Mass Conc. PM,; Mass QpPerH opAA opPTT opPQP™T RpPPPH
MTT 0.1243 0.2104 * 0.1520 0.1056 0.0984 0.0269 -0.0171
ROS 30 min —0.2493 ** ~0.2256 ** ~0.1808 * 0.0072 -0.1353 ~0.1300 -0.1363
ROS1h —0.0489 —0.0145 —0.0362 —0.0847 —0.0076 —0.0787 0.0206
IL-8 (BEAS-2B) 0.1471 —0.0131 0.2848 ** 0.0218 0.0808 0.0572 0.0919
IL-8 (THP-1) ~0.1144 0.0552 ~0.0362 0.0059 ~0.2227 ** ~0.0543 —0.3579 **
Micronuclei —~0.1127 -0.1283 0.1012 -0.1205 —0.1728 * —~0.2612 * 0.0782
y-H2AX 0.0724 —~0.1958 * 0.3777 ** —-0.1671 * 0.1061 —0.2136 * 0.4301 **
™ -0.1225 ~0.1199 ~0.0323 0.0047 -0.1191 —0.1032 —0.0075
TM ENDOIII —0.0489 —0.0239 0.0755 —0.2850 ** -0.1274 0.0335 —0.0978
T™ FPG —0.0026 —0.0474 0.0578 —0.2343 ** —0.1006 0.0613 0.0203
ATM 0.1134 0.0348 0.0082 —~0.1053 0.1018 0.0429 0.2593 **
GADDA45x ~0.1347 —0.2945 ** —0.0844 —0.1448 —0.0864 —0.1050 0.0846
HMOX 0.0764 0.0435 0.0610 —0.0849 —0.0931 0.0046 0.1930 *
CXCL-8 0.1592 0.1946 * —-0.1071 0.2178 ** 0.2039 * 0.1488 0.0361
NQO-1 0.2613 ** 0.2331 ** 0.1435 0.0807 0.1563 -0.0275 0.3207 **
MUG5AC —0.0457 0.0670 0.0104 —0.0019 —0.2157 * -0.1991 0.0244
ACE-2 0.0748 0.1050 0.0003 0.2125 * 0.0571 0.1777 0.0572

OP = oxidative potential; OPQ = oxidative potential on quartz filter; RP = reducing potential; OP data are normalized on sampling volume.

TM = Tail Moment.
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