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A B S T R A C T

Adverse health effects driven by airborne particulate matter (PM) are mainly associated with reactive oxygen
species formation, pro-inflammatory effects, and genome instability. Therefore, a better understanding of the un-
derlying mechanisms is needed to evaluate health risks caused by exposure to PM. The aim of this study was to
compare the genotoxic effects of two oxidizing agents (menadione and 3-chloro-1,2-propanediol) with three dif-
ferent reference PM (fine dust ERM-CZ100, urban dust SRM1649, and diesel PM SRM2975) on monocytic THP-1
and alveolar epithelial A549 cells. We assessed DNA oxidation by measuring the oxidized derivative 8-hydroxy-
2'-deoxyguanosine (8-OHdG) following short and long exposure times to evaluate the persistency of oxidative
DNA damage. Cytokinesis-block micronucleus cytome assay was performed to assess chromosomal instability,
cytostasis, and cytotoxicity. Particles were characterized by inductively coupled plasma mass spectrometry in
terms of selected elemental content, the release of ions in cell medium and the cellular uptake of metals. PM de-
position and cellular dose were investigated by a spectrophotometric method on adherent A549 cells. The level
of lipid peroxidation was evaluated via malondialdehyde concentration measurement. Despite differences in the
tested concentrations, deposition efficiency, and lipid peroxidation levels, all reference PM samples caused ox-
idative DNA damage to a similar extent as the two oxidizers in terms of magnitude but with different oxidative
DNA damage persistence. Diesel SRM2975 were more effective in inducing chromosomal instability with respect
to fine and urban dust highlighting the role of polycyclic aromatic hydrocarbons derivatives on chromosomal in-
stability. The persistence of 8-OHdG lesions strongly correlated with different types of chromosomal damage and
revealed distinguishing sensitivity of cell types as well as specific features of particles versus oxidizing agent ef-
fects. In conclusion, this study revealed that an interplay between DNA oxidation persistence and chromosomal
damage is driving particulate matter-induced genome instability.

Abbreviations: PM, particulate matter; CZ100, fine dust ERM-CZ100; UD 1649, urban dust SRM1649; diesel PM2975, diesel PM SRM2975; 3-MCPD, 3-chloro-12-
propanediol; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; PAHs, polycyclic aromatic hydrocarbons; MAPK, mitogen-activated protein kinase; MDA, malondialdehyde;
NF-кB, nuclear factor кB; AP-1, activator protein 1; MN, micronuclei; NPB, nucleoplasmic bridge; NBUD, nuclear bud; ROS, reactive oxygen species; EMS, ethyl
methanesulfonate; FBS, fetal bovine serum; PBS, phosphate buffered saline; DMSO, dimethyl sulfoxide; dG, 2'-deoxyguanosine; TE buffer, tris-EDTA buffer; SPE, solid
phase extraction; LC-MS/MS, liquid chromatography tandem mass spectrometry; MRM, multiple reaction monitoring; LC-UV, liquid chromatography ultraviolet
detection; CBMN Cyt assay, cytokinesis-block micronucleus cytome assay; SEM, standard error of mean; CBPI, cytokinesis-block proliferation index; MI, mitotic
index; mono, mononucleated cells; BN, binucleated cells; CYP1A1, cytochrome P450 family 1 subfamily A polypeptide 1
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1. Introduction

A number of studies have linked airborne particulate matter (PM)
exposure with a wide range of human diseases including cardiopul-
monary failure, type II diabetes mellitus, neurological disorders and
cancer [1,2,3]. PM-induced adverse effects involve oxidative stress and
inflammation, which in turn may lead to different genetic alterations
[4]. DNA damage and repair play a pivotal role in the pathogenesis of
asthma and the telomeric erosion caused by oxidative stress was proven
as a mechanism underlying PM related cardiovascular disease [5,6].
Particularly in susceptible populations, PM is an important environ-
mental factor that exacerbates inflammatory processes by cellular re-
sponses to PM-induced oxidative stress [7]. It is widely recognized that
the adverse health effects of PM exposure are mediated by oxidative
stress and the induction of inflammation is mediated by signaling path-
ways (e.g. MAPK) and transcription factors (e.g. NF-кB, AP-1) [8]. Air-
borne PM contains a complex mixture of toxic compounds – including
polycyclic aromatic hydrocarbons (PAHs), their derivatives such as ni-
trated PAHs (nitro-PAHs) and transition metals – and it is composed of
different size fractions that may induce diverse toxic mechanisms of ac-
tion and effects. While the PAHs compounds in PM can form stable
bulky DNA adducts, which inhibit DNA replication and transcription,
metals primarily act as oxidizing agents inducing 8-hydroxy-2'-
deoxyguanosine (8-OHdG) formation as well as DNA single and double
strand breaks [9,10,11].

Chromatin is a dynamic entity that responds to environmental cues
in terms of structure and function and its organization may be disrupted
inter alia by, for example, the formation of DNA strand breaks. Failure
of subsequent repairing processes and cell cycle checkpoints may lead
to mutations and chromosomal rearrangements that result in pheno-
typic changes or ultimately result in cell death [12,13]. In particular,
DNA double strand breaks are considered as a critical primary lesion for
the formation of chromosomal aberrations [14]. In this context, the pre-
sent study aimed at investigating the correlation between PM-induced
persistent oxidative DNA damage, evaluated via measurements of 8-
OHdG formation, and chromosomal instability as determined in terms
of micronuclei (MN), nucleoplasmic bridges (NPB), and nuclear buds
(NBUD) induction as well as mitotic dysfunction and cell death. Oxida-
tive stress, considered as the underlying mechanism of PM-induced
genotoxicity, was detected by measuring one of the end product of lipid
peroxidation, malondialdehyde (MDA). This study also focused on the
role of bioavailable metals in PM induced toxic effects versus the total
PM metal content. For this scope, nine elements, namely vanadium,
chromium, manganese, iron, nickel, copper, zinc, arsenic, cadmium,
and lead were determined by inductively coupled plasma mass spec-
trometry (ICP-MS) in PM samples. Additionally, relative levels of those
metals were determined intra- and extracellularly following cell expo-
sures to reference PM.

To address the role of different PAHs and metals in driving persis-
tent oxidative DNA damage and subsequent chromosomal instability on
different functional levels, two cell models were used: human mono-
cytes THP-1 and alveolar epithelial A549 cell lines. Monocyte-like THP-
1 cells represent an immune-competent cell model to elucidate the in-
fluence of immunological mechanisms on particles induced toxicity
[15]. The widely used A549 type II pulmonary epithelial cells may give
rise to a better understanding of particle-induced mutagenicity/car-
cinogenicity on lung cells, which is associated with oxidative stress and
chromosomal instability. To study the variability of biomarkers for ge-
netic toxicology, which are potentially induced by different ambient
PM with diverse chemical identity and similar size distribution, three
standard reference materials (SRM) were chosen: i) fine dust ERM-
CZ100 (referred to as CZ100 in this paper); ii) urban dust SRM 1649
(UD 1649); iii) diesel PM SRM 2975 (diesel PM). CZ100 consisted of
road dust collected in a tunnel in Poland and was released in 2010. It is
rich in metals with a similar PAH distribution as UD 1649, an airborne

dust from the Washington urban area collected in the late ´70 s. The
NIST-certified diesel PM consists of diesel combustion emissions from
diesel-powered forklifts and was distributed as diesel reference material
since the year 2000. The diesel PM can be characterized as nitro- and
alkyl-PAH rich PM mixture. Typically, this diesel PM contains less
amount of PAH with five or more condensed aromatic rings (e.g. Benz
[a]pyrene). Certified values of certain PAHs and their derivatives are
shown in table S1 and the certified elements composition are presented
in table S2 of supplementary material.

We compared the effects of the three reference PM with two oxida-
tive and genotoxic substances: menadione and 3-chloro-1,2-
propanediol (3-MCPD). Both compounds are known to promote the
generation of reactive oxygen species and to induce cellular oxidative
stress [16,17]. Possible correlations between the persistence of DNA ox-
idation and genotoxic endpoints were analyzed by Pearson correlation
coefficients.

2. Material and methods

2.1. Materials and reagents

8-OHdG, 2'-deoxyadenosine, 2'-deoxyguanosine monohydrate,
thymidine, malondialdehyde tetra butylammonium salt, 2,4-
dinitrophenylhydrazine, ammonium acetate, formic acid, 3-chloro-1,2-
propanediol, ethyl methanesulfonate, dimethyl sulfoxide, and fine dust
ERM-CZ100 were purchased from Sigma (Taufkirchen, Germany). 2'-
Deoxycytidine was obtained from Alfa Aesar (Kandel, Germany). Inter-
nal standard 15N5-8-OHdG and 1,1,3,3-Tetraethoxypropane (1,3-d2)
were purchased from Cambridge Isotope Laboratories, Inc. (Massachu-
setts, USA). Menadione was purchased from AppliChem (Damstadt,
Germany). LC-MS grade acetonitrile and methanol were obtained from
ChemSolute (Munich, Germany). LC-MS grade water was generated by
a Milli-Q Reference System from Merck (Darmstadt, Germany). THP-1
cells were bought from ECACC (No. 88081201). A549 cells were from
Leibniz Institute DSMZ (Braunschweig, Germany, ACC 107). LiChro-
lut® EN 200MG 3 mL cartridges were purchased from Merck (Darm-
stadt, Germany). Acrodisc® Syringe Filters 13 mm, 0.2 µm GHP were
obtained from Waters (New York, USA). Degradase PlusTM were from
Zymo Research (Freiburg, Germany). Urban dust SRM1649 and diesel
PM SRM2975 were from the National Institute of Standards and Tech-
nology (Gaithersburg, USA). N-hexane (GC-grade) was obtained from
VWR (Darmstadt, Germany).

2.2. Cell culture, particle exposures, and cell viability

THP-1 and A549 cells were cultured in Roswell Park Memorial Insti-
tute medium (supplemented with 10% Fetal Bovine Serum, 2 mM L-
glutamine, and 1 % penicillin/streptomycin solution) and incubated at
37 °C, 5% CO2 in a humidified atmosphere and sub-cultured at 80%
confluency. Particulate matter suspension (1 mg/mL) in cell culture
medium without FBS were prepared freshly before exposure and dis-
persed using an ultrasonic bath for 20 min. Menadione and 3-MCPD
stock solutions (10 mg/mL) were prepared in DMSO or water, respec-
tively, and diluted in culture medium with FBS before exposure. Con-
centration-response curves of the tested compounds were made to find
the concentration which results in approximately 90% cell viability for
subsequent endpoints in order to avoid cytotoxic conditions. THP-1 and
A549 cell viability was evaluated using trypan blue dye exclusion after
exposure to different concentrations of the test substances for 24 h.
Briefly, A549 and THP-1 cells (0.06 and 0.12 million cells/cm2 in T25
flasks 24 h prior to exposure) were exposed to different concentrations
of menadione (0.1-10 µg/mL, 0.2 % DMSO (v/v) final concentration),
3-MCPD (0.1-10 µg/mL), CZ100 (1-1000 µg/mL), UD 1649 (1-
1000 µg/mL) and diesel PM (1-100 µg/mL). For the following experi-
ments, 2 µg/mL menadione or 3-MCPD, 200 µg/mL (40 µg/cm2) of
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CZ100 or UD1649, and 40 µg/mL (8 µg/cm2) of diesel PM were chosen
as the concentrations giving rise to approx. 90% cell viability.

2.3. Particle deposition analysis

Particle deposition analysis was performed in adherent A549 cells
according to a previous report by Rudd with minor modifications [18].
Briefly, A549 cells (0.06 million cells/cm2 in T-25 flasks) were seeded
24 h prior the exposure to different PM (200 µg/mL CZ100 or UD 1649
or 40 µg/mL diesel PM) for 48 h in three independent experiments.
Cells were washed twice with PBS and collected by centrifugation after
trypsinization. The cell pellet was resuspended in 1 mL of 4 N KOH:
ethanol (1:1, v/v) by using an ultrasonic bath for 20 min. The suspen-
sion was kept in a Thermomixer C (Eppendorf, Germany) at room tem-
perature overnight at 1000 rpm for cell digestion. Afterwards, the sus-
pension was centrifuged at 9390 rcf for 20 min (in 2 mL eppendorf
tube). The supernatant was discarded and the pellet was resuspended in
1 mL of water in an ultrasonic bath for 20 min. Finally, the sample ab-
sorbance was measured at 748 nm in a Multiskan™ FC Microplate Pho-
tometer (Thermo Scientific™, Germany) and the deposited dose was
calculated by using standard curves.

2.4. Elemental composition analysis by inductively coupled plasma mass
spectrometry (ICP-MS)

Following 48 h exposure to 200 µg/mL of CZ100 or UD 1649, and
40 µg/mL of diesel PM, the cellular uptake of the elements arsenic, cad-
mium, chromium, vanadium, manganese, copper, nickel, zinc and lead
and the release of their respective ions from the particles into cell cul-
ture medium was quantified by ICP-MS. At the end of the exposure, cell
culture supernatants were collected and A549 and THP-1 cells were
harvested and counted. Then, A549 and THP-1 supernatants as well as
the collected cells were acidified with a mixture of nitric acid (69%)
and hydrogen peroxide (35%). Subsequently, they were digested by a
Microwave speedwave ENTRY (Berghof, Germany) and diluted to a fi-
nal concentration of 5% of HNO3. All samples were filtered through a
0.2 µm syringe filter and analyzed by an Agilent 7700 Series ICP-MS.
Calibration standard curves of 0.1, 1, 10, 100 and 300 µg/L for all mea-
sured elements except iron were used for the quantification. For iron, a
calibration standard curve of 10, 100, 1000, 10000 and 30000 µg/L
was used. The calibration curves were prepared from the initial calibra-
tion verification standard (Agilent, USA): 10 ppm for arsenic, cadmium,
chromium, vanadium, manganese, copper, nickel, zinc, lead and
100 ppm for iron in a matrix of 5% of nitric acid. All samples were
spiked with 20 μg/L of scandium and rhodium and used as internal
standards. For each sample 3 technical repetitions were performed. The
Detection Limit (DL) for V, Cr, Mn, Ni, Cu, As, Cd and Pb was lower
than 0.01 µg/L both in the supernatants and in the cell fractions. For Fe
and Zn the DL it was lower than 0.4 µL in both phases. All samples were
measured above the detection limits.

2.5. Membrane lipid peroxidation estimation

The formation of malondialdehyde (MDA) was used to evaluate
membrane lipid peroxidation as a biomarker of oxidative stress. MDA
derivatization was performed according to a published method devel-
oped by our group with minor modifications [19]. Briefly, after 4 h,
48 h or 72 h exposures 20 μL of cell culture medium was mixed with
25 μL of 100 ng/mL d2-MDA (internal standard solution in water) and
500 μL of 0.5 mM DNPH (in 1% formic acid solution). The mixture was
kept at 37 °C and 300 rpm for 70 min in a Thermomixer C (Eppendorf,
Germany). After derivatization, 700 μL of n-hexane was added and the
mixture was vigorously shaken and centrifuged at 9390 rcf for 5 min in
a HeraeusTM Biofuge Pico® Centrifuge (Thermo scientific, Germany).
The n-hexane supernatant was transferred to a new 2 mL tube and

700 μL of fresh n-hexane was added to the mixture. Then the extraction
procedure was repeated and both n-hexane supernatants were com-
bined and dried by nitrogen in a Vapotherm basis mobil I (Barkey, Ger-
many) at room temperature. The dried residue was re-dissolved in
50 μL of methanol:0.1% formic acid (80:20, v/v).

The MDA adduct (MDA-DNPH) was analyzed using a triple quadru-
pole mass spectrometer Qtrap 4000 (AB Sciex, USA) equipped with a
Turbo VTM Source (Sciex, USA) enabling electrospray ionization and
coupled to an HPLC system (Agilent 1290 HPLC, Agilent Technologies,
USA) including a degasser, a binary pump, an autosampler, and a col-
umn compartment. The used mass spectrometer parameters were a cap-
illary voltage of 4.5 kV, a source temperature of 350 °C, a nebulizer gas
at 40 psi, heater gas 50 psi, curtain gas 20 psi, and collision gas 11 psi.
The column compartment was set to 20 °C. The autosampler was set to
10 °C. The measurement was performed using multiple reaction moni-
toring in positive ion mode. Two transitions were selected (Table S3,
supplement information). The first transition was used for quantifica-
tion and the second transition was used for qualification. The separa-
tion column was a Kinetex C18 (2.6 μm, 100 Å, 100 × 3 mm i.d., Phe-
nomenex, Germany). The mobile phase was methanol:0.1% formic acid
(80:20, v/v) with a constant flow of 200 μL/min. Ten µl of each sample
were injected twice into the HPLC column, and the solvent fraction
eluting from 1.5 to 3.5 min from the analytical column was infused into
the MS for measurement. A standard calibration curve was set up for
quantification (0.4, 0.8, 2, 4, 8, 20 ng/ml). The MDA background in the
blank medium without cells was subtracted from the concentration in
the sample with cells and further normalized by using the respective
cell number.

2.6. DNA extraction, and DNA hydrolysis

A549 and THP-1 cells were seeded and treated as described in the
subsection 2.2 for 4 h and 72 h with 2 µg/mL of menadione or 3-MCPD,
200 µg/mL of CZ100 or UD 1649, or 40 µg/mL of diesel PM. DNA ex-
traction was performed according to a salting out procedure [20].
Quantity and purity of DNA were measured spectrophotometrically
(Nanodrop, Thermo Fisher, Germany). For DNA hydrolysis, 200 µg of
DNA (dissolved in 400 µl of TE buffer) was mixed with 2 µl of DNA
degradase plusTM according to the manufacturer’s protocol and kept on
an Eppendorf Thermo Mixer C with 850 rpm at 37 °C for 24 h. After
DNA hydrolysis, the mixture was heated to 70 °C for 20 min to deacti-
vate the enzyme. An aliquot of the hydrolysate was processed by solid
phase extraction (using LiChrolut® EN 200MG 3 mL cartridges) and an-
alyzed by LC-MS/MS for 8-OHdG. A second aliquot of the hydrolysate
was filtered (using Acrodisc® Syringe filters) and analyzed by LC-UV
for 2'-deoxyguanosine.

2.6.1. Solid phase extraction
The DNA hydrolysate (350 µL) was mixed with 50 µL of water and

100 µL of internal standard solution (15N5-8-OHdG, 10 ng/mL). The
mixture was diluted to a total volume of 3 mL with water and the pH
was adjusted to 5.0 for SPE. Firstly, 3 mL of acetonitrile, 3 mL of
methanol, and 3 mL of water were used for conditioning and equilibra-
tion of the SPE cartridge. Secondly, the sample was loaded. Thirdly,
3 mL of water and 2 mL of acetonitrile were used for washing. Finally,
3 mL of methanol was applied for elution of 8-OHdG. The eluate was
dried under a gentle nitrogen flow at room temperature and re-
dissolved in 60 µL of the mobile phase (acetonitrile:water, 80:20, v/v)
for LC-MS/MS analysis.

2.6.2. Determination of 8-OHdG levels
The LC-MS/MS-system used for the determination of 8-OHdG con-

sisted of an HPLC coupled with a QTrap 4000 triple quadrupole mass
spectrometer. The HPLC (Agilent 1290 HPLC, Agilent Technologies,
USA) included a degasser, a binary pump, an autosampler, and a col-
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umn compartment. The Qtrap 4000 was equipped with a Turbo VTM

Source (Sciex, USA) enabling electrospray ionization. The following in-
strumental parameters were used for the mass spectrometric detection:
capillary voltage, 5 kV; source temperature, 500 °C; nebulizer gas,
40 psi; heater gas, 50 psi; curtain gas, 20 psi. The measurements were
carried out using multiple reaction monitoring in positive ion mode.
Further parameters and the transition used are shown in Table S3. Ana-
lyst 1.6.2 software was used for instrumental control, data acquisition,
and data analysis. A Eurospher II 100-3 HILIC column (3 µm, 100 Å,
100 × 3 mm i.d., Knauer, Germany) was utilized for chromatographic
separation. The mobile phase consisted of a mixture of acetonitrile and
water (80:20, v/v) with ammonium acetate (2 mM) at a constant flow
rate of 300 µl/min. Both column oven and autosampler were set to
20 °C during analysis. The injection volume was 10 µL. Each sample
was injected three times. The quantification of 8-OHdG in cells was
done using a calibration curve based on relations between peak areas of
the internal standard and 8-OHdG (0.16, 0.4, 1.0, 1.6, 4.0, 10, 16, 40,
100 ng/mL). For the separation and quantification of dG, an HPLC-UV
system (UltiMate 3000, ThermoFisher, USA) was used. It consisted a de-
gasser, a pump, an autosampler, a column compartment, and a UV-Vis
detector. A Eurospher II 100-3 HILIC column (3 µm, 100 Å,
100 × 3 mm i.d., Knauer, Germany) was applied for the separation.
The eluent was a mixture of acetonitrile and water (90:10, v/v) with
ammonium acetate (20 mM) at a constant flow rate of 600 µL/min. The
column oven and the autosampler were kept at 20 °C, and the detection
wavelength for dG was 260 nm. The quantification of dG was per-
formed using external calibration (dG, 0.5, 1, 2, 5, 10, 20 µg/mL).

2.7. Cytokinesis-block Micronucleus Cytome Assay

CBMN Cyt assay was performed according to Di Bucchianico et al.
[21]. Briefly, A549 and THP-1 cells were seeded, as described in the
subsection 2.2, 24 h prior to exposure to different compounds (2 µg/mL
of menadione or 3-MCPD, 200 µg/mL of CZ100 or UD 1649, or 40 µg/
mL of diesel PM). Twenty hours after exposure, a final concentration of
5 µg/mL cytochalasin-B (Sigma-Aldrich) was used to block cytokinesis.
Cells were harvested after an additional 28 h culture for a total of 48 h
exposure to the tested compounds. 300 µg/mL ethyl methanesulfonate
(EMS) was used as positive control while 0.2 % DMSO (v/v) was used as
solvent control for menadione exposures. Two slides per condition were
examined in three independent experiments. The cytokinesis-block pro-
liferation index (CBPI) indicates the average number of cell cycles dur-
ing the exposure and was evaluated as a measure of cytostasis. The
number of apoptotic (APO), necrotic (NEC) and mitotic (MI) cells were
scored to evaluate the induced cytotoxicity. Micronuclei were evalu-
ated in both binucleated (MN BN) and mononucleated (MN mono) cells
to distinguishing between aneuploidogenic and clastogenic effects [22].
Additionally, nucleoplasmic bridges (NPB) and nuclear buds (NBUD)
were also scored as biomarkers of chromosomal rearrangements and
DNA repair, respectively [21].

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.1.2. One-
way analysis of variance followed by multiple comparison versus con-
trol group (Dunnett´s method) was used to test the statistical signifi-
cance of results expressed as mean ± standard error of mean of three
independent experiments (n = 3). Pearson correlation coefficients
were used for the correlation studies between MDA levels ratio, geno-
toxic effects and 8-OHdG persistence.

3. Results

3.1. ICP-MS elemental particles analysis

The elemental composition is available in the material certificates
for few selected elements in UD 1649 and CZ100, or in Ball et al. for
diesel PM [23]. Recently we published the mass fraction values of epi-
genetically active elements like As, Cd and Cr for the investigated refer-
ence materials [24]. For the present study, we conducted new ICP-MS
analysis to evaluate the elemental concentration of V, Cr, Mn, Fe, Ni,
Cu, Zn, and Pb, which could play an important role in inducing geno-
toxicological effects. As shown in Table 1, UD 1649 contains the highest
amount of metals, notably V, As, and Pb, with respect to CZ100 which
in contrast contains higher fractions of Cr, Mn, Fe and Cu. Overall the
mass fraction of metals in diesel PM was low compared to the other two
PM samples, however, we detected considerable amounts of Fe and Zn.

3.2. Cell viability assay

All tested compounds decreased cell viability in both epithelial
A549 and monocytic THP-1 cells with increasing mass concentrations
following 24 h exposure (Fig. 1). Interestingly, the oxidizers menadione
and 3-MCPD caused a severe decrease of cell viability in THP-1 cells,
but not in A549 cells, starting from concentrations above 2 µg/mL (Fig.
1a and b). 6 µg/mL of menadione and 8 µg/mL of 3-MCPD treatments
caused a decrease of A549 cell viability to 90%. In contrast, THP-1 cell
viability was reduced to 90 % with 2 µg/mL of menadione and 3-MCPD
exposures. These cell-type specific effects were not observed in expo-
sures to PM (Fig. 1c-e). The cell viability of A549 and THP-1 cells de-
creased to 90% when treated with 200 µg/mL of CZ100 or UD 1649
compared to 40 µg/mL of diesel PM. To avoid cytotoxic conditions and
the resulting confounding effects, we chose 2 µg/mL of menadione or 3-
MCPD, which gave rise to a similar extent of cytotoxicity as per 200 µg/
mL of CZ100 or UD 1649, and 40 µg/mL of diesel PM in the subsequent
exposure experiments.

3.3. Particle deposition analysis

UV-Vis spectrophotometric analysis of PM deposition on adherent
A549 exposures was based on the detected amount of particles per sur-
face area. In this study, 200 µg/mL of CZ100 or UD 1649, or 40 µg/mL
of diesel PM were used with nominal concentrations in terms of mass
per surface of 40 µg/cm2, 40 µg/cm2, and 8 µg/cm2, respectively. Spec-
trophotometric deposition analysis revealed different deposition effi-
ciencies among tested PM and the deposited mass were calculated as
26 ± 2 µg/cm2, 34 ± 2 µg/cm2, and 6 ± 0.3 µg/cm2 for CZ100, UD
1649, and diesel PM, corresponding to a percentages of deposited parti-

Table 1
Determination of elemental concentrations (mg/kg) in the reference particles
CZ100, UD 1649, and diesel PM as evaluated by ICP-MS. Data are shown as
mean ± standard deviation of three measurements. *, measured in our previ-
ous study [24].

Elements (mg/kg)

CZ100 UD 1649 diesel PM

Vanadium (V) 60 ± 1 349 ± 4 ≈ 0.1
Chromium (Cr)* 238 ± 6 145 ± 2 ≈ 4
Manganese (Mn) 586 ± 16 282 ± 2 ≈ 4
Iron (Fe) 38251 ± 920 28705 ± 335 602 ± 2
Nickel (Ni) 105 ± 3 177 ± 4 ≈ 3
Copper (Cu) 434 ± 12 273 ± 2 ≈ 9
Zinc (Zn) 1335 ± 28 2089 ± 16 737 ± 5
Arsenic (As)* ≈ 9 78 ± 1 ≈ 1
Cadmium (Cd)* ≈ 1 ≈ 28 ≈ 0.1
Lead (Pb) 117 ± 1 13393 ± 110 ≈ 10
Total (g/Kg) ≈ 41 ≈ 46 ≈ 1.4
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Fig. 1. Concentration-response curves for determining the concentrations of tested compounds for subsequent cell exposures. % cell viability of A549 and THP-1
cells is shown as mean ± standard error from three independent experiments following 24 h exposures to (a) menadione (b) 3-MCPD (c) fine dust CZ100 (d) ur-
ban dust UD 1649 (e) diesel PM.

cles of approximately 65 %, 85 %, and 76 %, respectively. Due to diffi-
culties in removing particles not interacting with cells, UV-Vis spec-
trophotometric evaluation was not possible in suspension cultures per-
formed with THP-1 cells.

3.4. ICP-MS ion release in cell culture medium and cellular uptake

In order to characterize the dissolution/ion release of selected ele-
ments in cell culture medium and their cellular uptake, ICP-MS analysis
was conducted in both cell culture supernatants and cell pellets follow-
ing 48 h exposure to 200 µg/mL of CZ100 or UD 1649, and 40 µg/mL of
diesel PM, of both A549 (Fig. 2a-c) and THP-1 cells (Fig. 2d-f). A similar
distribution trend for V, Cr, Mn, Fe and Ni between the supernatant and
the cells was observed following both A549 and THP-1 exposure to
CZ100, where these elements are mostly taken up by cells. In compari-
son, the cellular content of Cu, As, Cd and Pb was equal or lower with
respect to the supernatant content (Fig. 2a and d). However, for CZ100
exposure a different Zn distribution between supernatants and cells was
noticed in the two used cell models, and THP-1 cells showed higher Zn
uptake efficacy (ca. 85%) with respect to A549 cells (ca. 30%). This

clear difference could not be observed following UD 1649 exposures
where approx. 46% of Zn was taken up by A549 cells and approx. 36%
by THP-1 cells (Fig. 2b and e). After exposure to diesel PM, A549 cells
were taking up Fe more efficiently than monocytic THP-1 while the op-
posite effect was observed for V and Zn (Fig. 2c and f).

The cellular associated elemental content was measured as µg/L and
calculated as ng per 106 cells in both THP-1 (Fig. 3a) and A549 cells
(Fig. 3b). The most abundant elements, which might differentiate be-
tween cell types and reference particles exposures, were Mn, Fe, Ni, Cu,
Zn and Pb. However, both THP-1 and A549 cells took up considerable
amount of V and Cr following exposures to CZ100 or UD 1649. No dif-
ferences on Mn uptake were observed between the cell types and the
higher cellular content of Mn after CZ100 treatments was in line with
the higher Mn content of CZ100 particle compared to that of UD 1649.
Interestingly this coherency was not observed for Fe uptake, since no
clear differences on iron cellular content could be shown after CZ100 or
UD 1649 exposures despite the diverse particles content of Fe. This was
especially the case in monocytic THP-1 exposure. Furthermore, the cel-
lular Fe content was ten times higher, ca. 0.7 ng/106 cells, following
A549 exposure to Diesel PM compared to THP-1 treatments. Clear dif-
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Fig. 2. The amount of selected elements was analyzed by ICP-MS following 48 h exposure of A549 cells to CZ100 (a), UD 1649 (b), Diesel PM (c), and THP-1 cells to
CZ100 (d), UD 1649 (e), and Diesel PM (f). Data are expressed as mean % distribution of elements in supernatant (black) and cells (gray) ± SD.

Fig. 3. Cellular content of selected elements was analyzed by ICP-MS following 48 h exposure of THP-1 (a) and A549 cells (b) to CZ100, UD 1649, or Diesel PM. Data
are expressed as mean ± SD.

ferences between cell types as well as among reference particle treat-
ments could be seen for Zn cellular content. Untreated A549 cells con-
tained a larger amount of Zn compared to monocytic THP-1, ca.
52 ng/106 A549 cells versus ca. 28 ng/106 THP-1 cells. Following expo-
sures to PM, the cellular content of Zn was decreasing in A549 cells re-
gardless of the particle types and their relative Zn content, while after
THP-1 exposures to PM, up to 6-fold and 4-fold increase of Zn uptake
was observed for CZ100 and Diesel PM treatments, respectively, regard-
less the relative Zn particles content. As expected, Pb uptake signifi-
cantly increased following exposure to UD 1649 due to the significantly
higher Pb content of these reference particles. However, considerable
cellular content of Pb was observed following CZ100 and Diesel PM ex-
posures.

3.5. CZ100 is more effective in inducing lipid peroxidation

To assess oxidative stress induced by PM and oxidizers we evaluated
MDA levels following 4, 48, and 72 h exposures (Fig. 4). The fine dust
CZ100 particles significantly increased MDA levels with a decreasing
trend from 4 h to 72 h exposure in THP-1 cells while the oxidizer 3-
MCPD showed a significant MDA release only after the shorter exposure
time (Fig. 4a). A slight increase of MDA level was observed following
4 h exposure of THP-1 cells to Diesel PM (Fig. 4a). Following A549
treatments with CZ100 the released amount of MDA was approximately
doubled and similar over the exposure times, but a statistical significant
increase was only observed following 4 h treatment (Fig. 4b). A slight

increase of MDA was noticed after both 4 h and 72 h exposures of A549
to UD 1649. The oxidizer 3-MCPD induced a significant MDA release on
4 h treated A549 to a similar extent found for THP-1 while menadione
was inducing a double amount of MDA production with respect to un-
treated A549 without statistical significance (Fig. 4b).

3.6. Reference PM induce persistent 8-OHdG lesions

The basal amount of oxidative 8-OHdG lesions in both THP-1 and
A549 cells equaled approximately five lesions per 106 nucleobases (Fig.
5). Representative mass spectra for the analysis of 8-OHdG is shown in
Fig. S1. Elevated oxidative stress levels were accompanied by an in-
crease in the levels of 8-OHdG lesions in both THP-1 (Fig. 5a) and A549
cells (Fig. 5b) following both short and long exposure times, indicating
a persistent DNA oxidation. In THP-1 cells both reference particles and
oxidizers induced significant DNA oxidation in a similar extent, but dif-
ferences were observed in terms of DNA oxidation persistence mea-
sured as the ratio between the effects detected following 72 h and 4 h
exposures. In fact, DNA oxidation induced by CZ100 decreased by 3.3
fold during time with a ratio of 0.33, similar to the 3.8 fold decrease ob-
served upon menadione treatments (ratio of 0.39). The effects induced
by UD 1649 and diesel PM decreased by 4.7 and 4.9 fold, with a ratio of
0.22 and 0.24 respectively, indicating a lower persistency of DNA oxi-
dation with respect to both CZ100 and menadione treatments (Table 2).
All exposures induced significant DNA oxidation in A549 cells after
both 4 h and 72 h exposures (Fig. 5b) whereas diesel PM was more ef-
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Fig. 4. MDA levels expressed as ng per million of cells in monocytic THP-1 cells (a) and A549 (b) following 4 h, 48 h and 72 h exposures to 200 µg/mL of CZ100 or
UD 1649, or 40 µg/mL of diesel PM, or 2 µg/mL of menadione or 3-MCPD. Data are shown as mean ± standard error from three independent experiments. *= p-
value < 0.05 compared to the relative untreated control (ctrl).

Fig. 5. 8-OHdG levels in THP-1 (a) and A549 (b) cells unexposed (ctrl) and exposed for 4 h or 72 h to 200 µg/mL of CZ100 or UD 1649, or 40 µg/mL of diesel
PM, or 2 µg/mL of menadione or 3-MCPD,. Results are shown as mean ± standard error of three independent experiments and p-values indicate statistical signif-
icance differences.

Table 2
Mean values (± standard error) of 8-OHdG persistency in THP-1 and A549 cells exposed to different substance calculated as the ratio between the effects ob-
served following 72 h and 4 h treatments.
Cells Ctrl Particles Oxidizers

CZ100 UD 1649 Diesel PM Menadione 3-MCPD

THP-1 0.79 ± 0.25 0.33 ± 0.07 0.22 ± 0.03 0.24 ± 0.06 0.39 ± 0.12 0.21 ± 0.03
A549 1.0 ± 0.1 0.22 ± 0.07 0.42 ± 0.10 0.29 ± 0.08 0.23 ± 0.03 0.18 ± 0.07

fective than UD 1649 and the oxidizer menadione after the shorter ex-
posure time. Also following 72 h exposure diesel PM treatments were
more effective than CZ100 and the two oxidizers in inducing DNA oxi-
dation. However, the effects induced by UD 1649 were more persistent
over the exposure time as indicated by a 2.6 fold changes between 4 h
and 72 h exposures corresponding to a ratio of 0.42 (Table 2). In gen-
eral, considering the lower exposure concentration and deposition,
diesel PM showed the highest DNA oxidative capacity with respect to
both UD 1649 and CZ100. After treatments, THP-1 cells generally
showed higher DNA oxidation levels compared to those of A549 cells.

3.7. CBMN cyt assay

A representative distribution of mononucleated, binucleated, and
polynucleated cells used to calculate the CBPI is shown in Fig. 6a while
a typical mitotic cell used to evaluate the mitotic index is shown in Fig.
6b. Apoptotic and necrotic cells are shown in Fig. 6c and 6d, respec-

tively, and were used to assess the cytotoxic potential of oxidizers and
PM. Micronuclei formation in both mononucleated (Fig. 6e) and binu-
cleated cells (Fig. 6f) was analyzed as a hallmark of aneuploidogenic
and clastogenic effects, respectively [22,25]. Nucleoplasmic bridges
(Fig. 6g) as well as nuclear buds (Fig. 6h) were scored as biomarkers of
chromosome rearrangements or telomere end-fusion and as biomarker
of amplified DNA elimination, respectively [21].

Besides menadione, which reduced cell proliferation in THP-1 cells,
none of the tested compounds showed anti-proliferative effects (Fig.
7a). While all PM samples and oxidizers significantly reduced the mi-
totic index in THP-1 cells from 4.8 % in control cells to approximately 3
% (Fig. 7b), only minor cytotoxic changes in terms of apoptotic and
necrotic effects were noticed (Fig. 7c and 7d).

In terms of genotoxic potential, a significant induction of MN in
mono- and binucleated cells was observed in A549 exposed to diesel PM
and oxidizers (Fig. 8a and 8b). Only after exposure to menadione a sig-
nificant increase of MN in binucleated cells was observed in THP-1 cells
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Fig. 6. (a) Exemplary distribution of mononucleated, binucleated and polynucleated THP-1 cells (b) mitotic cell (c) apoptotic cell (d) necrotic cell used to assess
cytostasis and cytotoxicity by CBMN Cyt assay (e) micronucleus in mononucleated THP-1 cell (f) micronucleus in binucleated THP-1 cell (g) nucleoplasmic bridge
(NPB) (h) and nuclear bud (NBUD) were evaluated in order to comprehensively detect induced genotoxic mechanisms.

(Fig. 7b). In contrast, a significant induction of NPB formation occurred
in both cell types following exposure to CZ100 and oxidizers (Fig. 8c).
Diesel PM exposure significantly induced NPB formation on A549 cells.
On the other hand, NBUD slightly increased in both THP-1 and A549
cells (Fig. 8d). Generally, diesel PM and oxidizers were more effective
in inducing chromosomal damage compared to CZ100 and UD 1649
particles.

3.8. Correlations between 8-OHdG persistency, chromosomal instability
and oxidative stress

8-OHdG persistence was evaluated based on the ratio between 72 h
and 4 h exposures of 8-OHdG/106 dG values (Table 2) in order to depict
possible correlations among 8-OHdG formation dynamics and the geno-
toxic biomarkers as well as with MDA levels ratio between 72 h and 4 h
exposures. Pearson correlation data are shown for CZ100, diesel PM,
menadione and 3-MCPD treatments on A549 (Fig. 9a, 9b. 9c. 9d) and
THP-1 cells (Fig. 9e, 9f, 9 g, 9 h). Correlations following exposure to UD
1649 were due to the lack of significantly increased chromosomal insta-
bility and therefore considered as not relevant and are not displayed.
There was a significant positive correlation between 8-OHdG persis-
tence and MN in binucleated cells (MN BN) following A549 exposures
to diesel PM (R2 = 0.998, p = 0.021; Fig. 9b) and the oxidizer 3-MCPD
(R2 = 0.984, p = 0.05; Fig. 9d). A strong positive correlation was ob-
served between the DNA oxidation persistency and NPB formation after
A549 exposures to diesel PM (R2 = 1.0, p = 0.001; Fig. 9b) and to 3-
MCPD (R2 = 0.988, p = 0.05; Fig. 9d), as well as after THP-1 treat-
ments with diesel PM (R2 = 1.0, p = 0.005; Fig. 9f) and menadione

(R2 = 1.0, p = 0.017; Fig. 9g). We also observed that the induction of
NPB had a strong positive correlation with MN induction in binucleated
A549 cells after exposure to CZ100 (R2 = 1.0, p = 0.018; Fig. 9a),
diesel PM (R2 = 0.998, p = 0.021; Fig. 9b), and the oxidizer 3-MCPD
(R2 = 1.0, p = 0.009; Fig. 9d). The lipid peroxidation biomarker MDA
was positively correlated with MN BN after A549 treatments with
CZ100 (R2 = 0.994, p = 0.05; Fig. 9a) and menadione (R2 = 1.0,
p = 0.017; Fig. 9c), and negatively correlated with MN mono in A549
cells following 3-MCPD treatment (R2 = 1.0, p = 0.013; Fig. 9d).

4. Discussion

Recently we showed that the content of metals and PAHs of refer-
ence particulate matter differently shapes epigenetic DNA modifica-
tions on monocytic THP-1 cells and that CZ100 was more effective than
UD 1649, diesel SRM2975, and the oxidizer tert-butyl hydroxiperoxide
in inducing cytosine demethylation, cytosine hydroxymethylation, and
adenine methylation [24]. CZ100 is characterized by a similar distribu-
tion of PAHs with respect to UD 1649, but with a lower amount of toxic
compounds such as benzo(a)pyrene and benzo(a)anthracene among
others (Table S1). CZ100 is also the applied PM with the highest con-
tent of metals with a total elemental content 3.4 times higher than UD
1649 as reported in the respective material certificates, and particularly
rich in Cr, Mn, Fe, and Cu as confirmed by the present study (Table 1
and S2). On the other hand, UD 1649 is particularly abundant in toxic
elements like V, Ni, Zn, As, Cd and Pb, while having a lower total metal
content compared to CZ100. Diesel PM is characterized by a lower
amount of PAHs compared to CZ100 and UD 1649, but it contains

8



UN
CO

RR
EC

TE
D

PR
OO

F

X. Cao et al. Mutation Research - Genetic Toxicology and Environmental Mutagenesis xxx (xxxx) 503446

Fig. 7. CBMN Cyt assay, cytostasis and cytotoxicity. The cytokinesis-block proliferation index (CBPI, a), the % of mitotic (b), apoptotic (c) and necrotic cells (d)
are presented as mean ± standard error from three independent experiments (2 µg/mL of menadione or 3-MCPD, 200 µg/mL of CZ100 or UD 1649, or 40 µg/
mL of Diesel PM). *, p < 0.05; **, p < 0.01; ***, p < 0.001. Underlined asterisks denote statistical significance for both cell types with respect to their rela-
tive controls.

larger amount of nitro-PAHs, e.g. the high toxic 1,6-dinitropyrene, and
considerable amounts of Zn and Fe (Table 1 and S1). Despite the differ-
ent metal content of the particles, we have shown that the ion release
into cell culture media can vary among particle types as well as among
cell model systems. For instance, this behavior was translated into a
similar Fe cellular uptake in epithelial A549 cells following CZ100 and
UD 1649 exposures despite the particle iron content, which is 1.4 times
higher in CZ100 compared to UD 1649. Furthermore, even though UD
1649 contained the highest amount of Zn, the cellular content of Zn in
monocytic THP-1 was much higher following exposures to CZ100 and
diesel PM compared to the Zn content after exposure to UD 1649. Such
observations call for more in-depth studies on physico-chemical, struc-
tural, and electronic properties of PM that can regulate metal bioacces-
sibility. Recently, the importance of bioaccessible metal fractions ver-
sus the total metal content was highlighted as an important aspect for
calculating the carcinogenic and non-carcinogenic risk indexes of sev-
eral airborne PM sources, demonstrating that health risks can be accu-
rately predicted by the fraction of bioaccessible metals rather than the
total metal content [26]. However, the variety of inorganic and organic
compounds of PM samples could be specifically responsible for differ-
ent PM-induced genotoxic mechanisms of action. For instance, transi-
tion metals can induce intracellular ROS via Fenton-like reactions while
the metabolization of PAHs can produce reactive intermediates able to
undergo redox cycling mechanisms, which are subsequently responsi-
ble for oxidative stress conditions, or generating highly reactive mole-
cules that are directly reacting with biomolecules including DNA. One
source of weakness in the present study is that only one exposure con-
centration per item was used, thus hiding the possibility to observe dif-
ferent mechanisms of action and effects. However, we focused on the
time course of different toxicological endpoints to possibly highlight
the role of oxidative stress and DNA oxidation persistence in inducing
chromosomal instability.

In the present study we have shown that CZ100 and the oxidizer 3-
MCPD significantly induced lipid peroxidation in both cell types with
4 h exposure more effective than 72 h, while all other tested materials
slightly increased MDA levels following the shorter exposure time. Neu-
tral aqueous extracts of UD 1649 and diesel SRM2975 were previously
used to evaluate ROS induction via the formation of MDA from 2-
deoxyribose [23]. This study showed that UD 1649 was more effective
than diesel SRM2975 in generating MDA and that this effect was inhib-
ited by the chelating agent deferoxamine, therefore suggesting that
transition metals are catalyzing the formation of ROS [23]. Accord-
ingly, lipid peroxidation observed in our study might be explained by
the higher metal content of CZ100 and the subsequent higher elemental
cellular uptake observed in both cell types. However, the efficacy of
CZ100 in inducing lipid peroxidation, as well as its more pronounced
effects with respect to UD 1649 and diesel PM treatments, was more ev-
ident in monocytic THP-1 compared to alveolar epithelial A549 cells.
Recently, further research has shown that organic extracts from air-
borne PM reduce lipid peroxidation, as evaluated by 15-F2t-
Isoprostane, via aryl hydrocarbon receptor inhibition of prostaglandin
endoperoxide synthase 2 expression in A549 cells. This effect was not
observed in normal human embryonic lung fibroblasts HEL12469, sug-
gesting that processes related to lipid peroxidation are highly specific
for different cell lines [27,28]. These observations also suggest a com-
plex interplay between metal and organic particle content induced ef-
fects and their pro-oxidant potential. For instance, the observed 8-
OHdG formation could not be exclusively attributed to the particles
metal content since Diesel PM was the most effective in inducing DNA
oxidation in both cell types. Indeed, we have shown that all tested refer-
ence particles and oxidizers promoted the generation of 8-OHdG in
both monocytic THP-1 and epithelial A549 cells with a DNA oxidation
persistence varying among particles and cell types in sub-cytotoxic con-
ditions.
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Fig. 8. CBMN Cyt assay, chromosomal damage and rearrangements. Micronuclei in mononucleated cells (a) and in binucleated cells (b), nucleoplasmic bridges (c)
and nuclear buds (d) frequencies are presented as mean ± SEM from three independent experiments (2 µg/mL of menadione or 3-MCPD, 200 µg/mL of CZ100 or
UD 1649, or 40 µg/mL of diesel PM). 300 µg/mL ethyl methanesulfonate (EMS) was used as positive control. *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****,
p < 0.0001 with respect to the relative controls (ctrl).

Fig. 9. Pearson´s correlation coefficients of 8-OHdG persistency (ratio between 72 h and 4 h effects), MN in mononucleated cells (MN mono), MN in binucleated
cells (MN BN), nucleoplasmic bridges (NPB), nuclear buds (NBUD), and the ratio of malondialdehyde (MDA) production between 72 h and 4 h exposures of A549 to
CZ100 (a), diesel PM (b), menadione (c), 3-MCPD (d), and following monocytic THP-1 exposures to CZ100 (e), diesel PM (f), menadione (g), and 3-MCPD (f).

The organic content of PM samples and its pro-oxidant activity
could also constitute a driving factor for DNA oxidation and chromoso-
mal instability. For instance, we observed a significant induction of MN
in A549 cells after exposure to diesel PM and both tested oxidizers
(menadione and 3-MCPD) which were positively correlated with 8-
OHdG lesions persistency. Moreover, in both cell lines, we found signif-
icantly increased NPB formation after CZ100 and oxidizer treatments,
which were positively associated with NPB but not with NBUD.. NPB
formation was positively correlated with 8-OHdG persistence in both

cell types, with a significant correlation following diesel PM and oxidiz-
ers. NPB originating from dicentric chromosomes and centric ring chro-
mosomes are a sensitive measure of chromosomal damage induced by
ROS, and positive correlations of NPB with MN and NBUD were shown
in previous studies on oxidative stress and genotoxicity in human lym-
phoblastoid WIL2-NS cell line [29,30]. However, we found conflicting
correlations between NPB and NBUD with varying treatments and cell
type, and no significant increase of NBUD was noticed.
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In particular for UD 1649 treatments, the increase of 8-OHdG levels
in THP-1 cells was higher than in A549, in terms of absolute frequen-
cies, asking for a better understanding of the role of cell-specific metab-
olism with regards to the different PAHs and metal content of tested
particles. In fact, besides CZ100, which showed a similar DNA oxidation
capacity between the two distinct cell models, UD 1649 induced DNA
oxidation was more persistent in A549 than monocytic THP-1 cells. Pra-
halad et al. reported that the level of 8-OHdG in bronchial BEAS-2B
cells treated for 2 h with urban dust particles (UD 1649) increased 1.7-
fold compared to untreated controls [31]. However, the oxidative ca-
pacity of UD 1649 could not be attributed to the total metal content but
to its water-soluble fraction since both metal ion chelators and hydroxyl
radical scavenger particle pretreatments were ineffective in inhibiting
the induced DNA hydroxylation in cell-free systems [31]. Similarly,
diesel SRM2975 generated oxidative DNA damage in A549 cells in a
dose-dependent manner but was not able to induce 8-oxodG in calf thy-
mus DNA even following co-exposure with H2O2, indicating the lack of
metal-catalyzed reactions in the solvent because of low levels of transi-
tion metals in SRM2975 [32].

Coherently, in the current study all PM samples increased 8-OHdG
levels in both cell types, which could be explained by their PAHs and ni-
tro-PAHs content due to the low amount of metals in diesel SRM2975
and its slightly higher effectiveness in inducing DNA oxidation. This as-
sumption is supported by the role played by CYP1A1 enzymes, mainly
responsible for metabolization or oxidation of PAHs, as previously
shown in murine embryonic fibroblasts and alveolar macrophages,
where UD 1649 and diesel SRM2975 caused an increased CYP1A1 ex-
pression [33,34]. Moreover, Shi and co-authors investigated diesel SR-
M2975 induced chromosomal damage mechanisms on V79 fibroblasts
and found that the particle organic solvent extracts significantly in-
creased MN frequency, while no effects were observed after particle
washing [35]. This indicates that the genotoxicity of diesel SRM2975
can be attributed to its organic components PAHs and nitro-PAHs.
Specifically, nitro-PAHs are more toxic than PAHs [36]. For instance,
by comparing the cytoxicity of benzo[a]pyrene, 1-nitropyrene, and 3-
nitrofluoranthene it was shown that both nitro-PAHs induced higher
cytotoxicity than benzo[a]pyrene [37]. One of the most abundant nitro-
PAHs in diesel SRM2975, 1-nitropyrene, induced strong DNA damage
and oxidative stress in vivo, and greatly promoted inflammation, apop-
tosis and necrosis in human bronchial epithelial BEAS-2B cells in vitro
[38,39]. A direct comparison of PAHs and nitro-PAHs was conducted
on BEAS-2B cells showing that 1-nitropyrene and 3-nitrobenzanthrone
were more effective than benzo(a)pyrene in inducing micronuclei for-
mation [40]. Furthermore, 1-nitropyrene and 3-nitrofluoranthene were
shown to be genotoxic and cause ROS generation and inflammatory
processes by activating PI3K/Akt signaling in A549 cells [41,42].

Chromosomal instability can results from persistent DNA oxidation
since the simultaneous removal of multiple 8-OHdG can cause DNA
double-strand breaks leading to MN formation [43]. It is important to
note that persistent activation of DNA damage-related signaling was
found in response to complex mixtures of air PM extract fractions con-
taining PAHs with more than four aromatic rings but without polar
compounds [44]. However, the relative PAHs composition of PM is not
conserved in the atmosphere but is subjected to dynamic atmospheric
aging processes, which in turn induce changes on the bioaccessibility of
PAHs. Whereas UD 1649 particles could be affected mainly by the
photo-oxidation reactions during daytime, CZ100 could be a result of
accumulation of nitro-PAHs by diesel engine emissions and the fresh
formation of nitro-PAHs, since mainly dark reactions are taking place in
a tunnel and the exclusion of ozone and UV light prevents fast degrada-
tion of nitro-PAH. For instance, precursor PAH can react with nitrate
radicals and further with NO2 to form nitro-PAH [36]. The atmospheric
ageing of particles collected for UD 1649 surely included similar dark
reactions during nighttime but photo-oxidation during daytime can
lead to both the formation and the decay of nitro-PAH. The formation of

nitro-PAH is due to reaction with hydroxyl radicals and subsequent re-
action with NO2 [45]. However, a concurrent pathway of precursor
PAH leads to the formation of oxygenated PAH by reaction with ozone
or hydroxyl radicals which are responsible for the decay reactions [46]
possibly explaining the lower genotoxic potential of UD 1649 with re-
spect to CZ100 and diesel PM.

5. Conclusions

In this study, we investigated the oxidative capacity and persistency
of reference PM fine dust CZ100, urban dust UD 1649, and Diesel PM
compared to the oxidizers menadione, and 3-MCPD on epithelial A549
and monocytic THP-1 cells. Despite differences in PM tested concentra-
tions and cellular metal uptake, all reference PM samples induced ox-
idative DNA damage in a comparable magnitude of order compared to
the two tested oxidizers but with different persistence. Diesel SRM2975
are more genotoxic compared to fine and urban dust highlighting the
role of PAH derivatives on chromosomal instability. Furthermore, we
explored the correlation between 8-OHdG lesion persistency and bio-
markers of chromosomal damage showing that the NPB measure is a
sensitive indicator of genotoxicity induced by airborne particles and ox-
idative stress, and that a connection between DNA oxidation and chro-
mosomal instability is associated with PM exposure. Additionally, a
complex interplay between bioaccessible metals and PAHs particle con-
tent was shown pointing out the importance of PAH derivatives in dri-
ving reference airborne particle induced genotoxicity. Further studies
are needed to explore the role of concentration-response dependent
mechanisms of action of tested items.
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