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ARTICLE INFO ABSTRACT

Editor: Martin Leonard Air pollution caused by road traffic has an unfavorable impact on the environment and also on human health. It

has previously been shown, that complete gasoline emissions lead to toxic effects in cell models originating from

Keywords: human airways. Here we focused on extractable organic matter (EOM) from particulate matter, collected from
BEA?'Z?N gasoline emissions from fuels with different ethanol content. We performed cytotoxicity evaluation, quantifi-
MucilAir ) cation of mucin and extracellular reactive oxygen species (ROS) production, DNA breaks detection, and selected
Extractable organic matter . . ) . . .

Expostre gene deregulation analysis, after one and five days of exposure of human bronchial epithelial model (BEAS-2B)

and a 3D model of the human airway (MucilAir™). Our data suggest that the longer exposure had more pro-
nounced effects on the parameters of cytotoxicity and mucin production, while the impacts on ROS generation
and DNA integrity were limited. In both cell models the expression of CYP1A1 was induced, regardless of the
exposure period or EOM tested. Several other genes, including FMO2, IL1A, or TNF, were deregulated depending
on the exposure time. In conclusion, ethanol content in the fuels did not significantly impact the toxicity of EOM.
Biological effects were mostly linked to xenobiotics metabolism and inflammatory response. BEAS-2B cells were
more sensitive to the treatment.

Ethanol blend fuels

(reviewed by Lewtas, 2007). The International Agency for Research on
Cancer confirmed the carcinogenetic role of diesel engine exhaust, and

1. Introduction

Health problems connected with air pollution caused by road traffic
have been broadly studied for many years. The “traffic air” compounds
are carbon oxides, polycyclic aromatic hydrocarbons (PAHs), nitrogen
dioxide, particulate matter (PM), volatile organics, and heavy metals
(reviewed by DeMarini, 2013). It has been proven that exposure to
polluted air, mainly in large cities, increases the risk of diseases such as
cancer and cardiovascular disorders, and also affects reproduction

presumed the same for gasoline engine exhaust (IARC Monographs
Diesel and gasoline engine exhausts and some nitroarenes, 2014). Yang
etal. (Yang et al., 2019), showed that the toxic effects of gasoline engine
exhaust are influenced by the ethanol content in the fuel blends. Some of
the pollutants, such as acetaldehyde and formaldehyde, are contained at
elevated concentrations in fuels with a higher ethanol percentage. On
the contrary the proportions of hydrocarbons, PM, and gaseous toxins,

Abbreviations: 3D, Three dimensional; AK, Adenylate kinase; ALI, Air-liquid interface; ANOVA, Analysis of variance; BEAS-2B, Human bronchial epithelial cells;
DNA, Deoxyribonucleic acid; dsDNA, Double-stranded deoxyribonucleic acid; E5, Ordinary gasoline, 5% ethanol blend; E20, Gasoline, 20% ethanol blend; ELISA,
Enzyme-linked immunosorbent assay; ELLA, Sandwich enzyme-linked lectin assay; EOM, Extractable organic matter; gamma-H2AX, Phosphorylated histone H2AX;
HPLC, High performance liquid chromatography; LDH, Lactate dehydrogenase; mRNA, Messenger ribonucleic acid; PAH, Polycyclic aromatic hydrocarbons; PM,
Particulate matter; ROS, Reactive oxygen species; RT, Room temperature; TO, Time 0, before exposure; T1, Time after 1-day exposure; T5, Time after 5-day exposure.
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are reduced with an increasing content of ethanol in the blends (Yang
et al., 2019).

Due to ethical issues with human experimental exposures, along with
the necessity to reduce animal experiments, new model systems had to
be established. Owing to the imperfections of the most previously used
cell monolayers (e.g. lacking of intra- and intercellular signaling, cancer
cells with limited genetic stability), 3D (three dimensional) cell cultures
have been developed. These usually contain cells of different types, and
they can therefore simulate transcellular transport (Mercier et al.,
2019), mucus barrier (reviewed by Ridley and Thornton, 2018), or tight
junctions (Loiseau et al., 2020). For inhalation toxicology, where the
effect of pollutants on cells in the lungs is most important, several
models from this tissue have been developed (Balharry et al., 2008;
Huang et al., 2017; Huang et al., 2013).

Mimicking real-world traffic exposure in in vitro experimental con-
ditions can be performed in three ways: 1) by testing complete engine
emissions (Cervena et al., 2021; Hawley et al., 2014; Mueller et al.,
2010; Rossner et al., 2019), 2) by the application of extractable organic
matter (EOM) from PM (Libalova et al., 2016, 2018a; Velali et al., 2016),
or 3) by treatment with suspended particles (Gerlofs-Nijland et al., 2013;
Ghio et al., 2013; Totlandsdal et al., 2015). All of these strategies have
their own advantages but they also have limitations. When the system is
exposed to complete emissions the most realistic representation of real-
world conditions is achieved, but it can only be used for cells growing at
the air-liquid interface (ALI) and not for submerged cultures. To reflect
real-world scenarios, this experimental system also needs to take into
account the air pollutant concentration changes over time (Good et al.,
2016). Generally, 3D ALI studies with complete emissions have been
limited to a short experimental duration lasting for several hours (Bisig
et al., 2018; Bisig et al., 2016; Steiner et al., 2015; Steiner et al., 2012),
although the results from 5-day exposure were also published (Cervena
et al., 2021; Rossner et al., 2019). The exposure to organic extracts is
only focused on soluble particles, while the effects of the gaseous pol-
lutants are omitted. This leads to similar issues as with the exposure to
suspended particles — the possible toxic effect of the other compounds is
neglected, resulting in alterations of the pollutant-system interactions.
However, the two latter techniques allow application of the simpler
exposure design.

In this study we build upon our previous publications, where two cell
models were exposed to complete emissions from a typical automobile
direct injection gasoline (GDI) engine fueled with gasoline with 20% and
5% ethanol content, respectively (Cervena et al., 2021; Rossner et al.,
2019). In these research papers, a comparison of short term (1-day) and
long term (5-day) exposure of a commercial 3D model (MucilAir™,
originating from bronchial epithelial tissue consisting of human basal,
goblet, and ciliated cells) (Huang et al., 2013) and a typical monolayer
culture (BEAS-2B), was performed for the emissions from each fuel
individually. The presented results are from the exposure of MucilAir™
and BEAS-2B models to emissions from both the aforementioned fuels,
specifically focusing on the biological effects of extractable organic
matter from engine emission particles. Based on the cytotoxicity assays,
mucin and extracellular reactive oxygen species production, DNA break
detection and selected gene deregulation, we addressed the following
questions: 1) are there any differences between short and long term
exposure, 2) are there any differences between exposure to EOMs from
fuels with a diverse ethanol content, 3) do the two cell models react
variously, and 4) what are the differences in the toxicological effect of
EOMs, compared to the complete emissions previously published (Cer-
vena et al., 2021; Rossner et al., 2019)?

2. Material and methods
2.1. Cell cultures

BEAS-2B cell line, an immortalized non-tumorigenic human bron-
chial epithelial cell line, was purchased from ATCC (ATCC, Manassas,
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VA, USA). As previously described, BEAS-2B cell were seeded at 24-well
Transwell® cell inserts (Sigma-Aldrich, St Louis, MO, USA) at a density
of 100 000 cells/insert and kept in submerged conditions for 24 h. After
that, apical medium was removed and the cells were kept at ALI con-
ditions for 24 h prior to exposure (Cervena et al., 2021; Rossner et al.,
2019). The cells were cultured at standard conditions (37 °C, 5% CO2,
relative humidity >90%) using BEGM™ cell culture medium (CC-3170;
Lonza, Basel, Switzerland).

The MucilAir™ human 3D culture (denoted as 3D model) inserts
were purchased from Epithelix Sarl (Geneva, Switzerland) and culti-
vated using a serum-free medium provided by the manufacturer (Epi-
thelix Sarl, Geneva, Switzerland). The manufacturer guaranteed uniform
characteristics of the inserts, including comparable differentiation pro-
files. The inserts used in all the experiments consisted of bronchial
epithelial cells, originating from a 64-year-old Caucasian female, non-
smoker, with no pathology reported, a typical representative of a
vulnerable population.

The medium was replaced every two to three days before exposure,
and cell inserts were monitored under a light microscope (Olympus
CKX41, Tokyo, Japan; 200 x magnification).

2.2. Engine tests

A production direct injection spark ignition engine, designed to run
on gasoline, and used in a popular EU passenger car, was used as the
source of the emissions. To improve the stability of the emissions and to
allow for accelerated cooling of the engine, allowing to run multiple cold
start tests per day, the engine was mounted on a transient engine
dynamometer and operated along speed-torque points observed on the
same engine in a car during a World Harmonized Light Duty Vehicle
Cycle (WLTC), a 30-min transient cycle covering urban, suburban,
highway and motorway driving. A sample of the exhaust was taken
immediately after the three-way catalyst and diluted in a partial flow
dilution tunnel. Diluted exhaust was then routed to the air-liquid
interface exposure system (see (Vojtisek-Lom et al., 2020), for details)
and, in parallel, sampled onto fluorocarbon-coated borosilicate glass
fiber filters (Pallflex TX40). A sequence consisting of cold start WLTC,
hot start WLTC and two-hour pause during which the engine was
actively cooled was repeated multiple times.

2.3. Exposure design

The exposure scheme was designed to match with previously carried
out complete emission exposures (Cervena et al., 2021; Rossner et al.,
2019). Filters with collected particulate matter were extracted with 60
mL of dichloromethane and 3 mL of cyclohexane for 3 h. The extracts
obtained from the filters from each exposure experiment (i.e. 1-day and
5-day treatment) were pooled and a quantitative analysis of EOMs was
executed by HPLC with fluorometric detection (PM mass and PAHs
content in both EOMs and exposure doses are listed in Supplementary
Table 1). EOMs were then evaporated under a stream of nitrogen and re-
dissolved in dimethyl sulfoxide (DMSO) to a concentration of 100 pg/
mL. The resulting solution was normalized per PM mass, but did not
reflect particle numbers collected on individual filters. The exposure
scheme consisted of 1 h incubation in culture medium, 1 h apical
treatment with E5 or E20 EOMs or the negative control (15 L to a final
concentration of 5 pg/mL selected as non-cytotoxic based on pilot ex-
periments; data not shown), 2 h incubation in culture medium and a
final 1 h incubation step (with 15 pL EOMs or the negative control). As
the negative control, 0.1% DMSO in culture medium was used.

The cells/media were collected after the treatment and stored at
—80 °C or — 20 °C for further analyses after 1-day (T1) or 5-day (T5)
exposure. For 5-day exposures, the cells were provided with fresh me-
dium and grown overnight. The following day, until day 5, the exposure
commenced as described above. For each time point, samples from
exposed and control cell cultures were obtained. For the purpose of this
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study, exposure to EOM from an engine powered by E5 fuel, the marking
is simplified to E5 exposure. A similar designation (E20 exposure) is
used for exposure to EOM from an engine powered by E20 fuel.

2.4. Cytotoxicity assays

For the adenylate kinase activity detection, the cell culture medium
was transferred into a white opaque 96 well plate, and then the AK
Detection Reagent Working Solution was added (Abcam, Cambridge,
UK). It was incubated for 5 min and subsequently the luminescence was
read by SpectraMax®M5e (Molecular Devices, San Jose, CA, USA). The
results were expressed as the percentage of cytotoxicity relative to the
positive control (1% v/v Triton X-100, 1 h, and 37 °C).

The activity of lactate dehydrogenase (LDH) was analyzed in basal
medium with the Cytotoxicity Detection Kit (Roche, Basel, Switzerland).
The method was performed according to the manufacturer’s instructions
with some modifications: each sample was analyzed using 100 pL
sample/well; 100 pL of the reaction mixture (Catalyst in HyO + Dye
solution) was added to each sample; the samples were incubated at RT
on an orbital shaker in dark for 60 min. The absorbance was measured
by SpectraMax®M5e (Molecular Devices, San Jose, CA, USA) at 490 nm.
The final outcomes were expressed as the percentage of cytotoxicity
relative to the positive control (1% v/v Triton X-100, 1 h, and 37 °C).

2.5. Mucin production quantification

For the quantification of mucin production, the sandwich enzyme-
linked lectin assay (ELLA) developed by Epithelix Sarl (Geneva,
Switzerland) was used. This method relies on the interaction of lectins
with mucin glycoproteins in apical wash. At each timepoint, 200 pL of
apical wash was collected and the ELLA was conducted with modifica-
tions as reported in (Rossner et al., 2019).

2.6. Extracellular ROS production

ROS levels were measured in collected basal medium following the
previously published protocol by Uy et al. (Uy et al., 2011). This simple
method utilizes Acridan Lumigen PS-3 Assay (Pierce Biotechnology,
Rockford, Illinois, USA) oxidation which generates luminescence.
Briefly, 50 pL of Acridan Lumigen PS-3 assay solution was mixed with
100 pL of the collected medium and incubated in the dark for 5 min. Cell
inserts cultivated with 250 pM hydrogen peroxide (H303) in the culture
medium for 1 h at 37 °C were used as a positive control. All medium
aliquots (including the positive control) were collected and stored at
—20 °C prior to analysis. Luminescence was recorded with a Spec-
traMax® Mb5e spectrophotometer (integration time 500 ms).

2.7. Histone phosphorylation

In the inserts, cells were twice washed with PBS and lysed with 100
pl cold Lysis Buffer from the gamma-H2AX Pharmacodynamic Assay Kit
(Trevigen. Gaithersburg, MD, USA). After 20 min incubation on ice the
suspension was centrifuged. The protein concentration in the extracts
was measured by the BCA Protein Assay (Sigma-Aldrich, St. Louis, MO,
USA) and the extracts were then stored at —20 °C. For the gamma-H2AX
assay, the samples were diluted to a concentration of 5 pg/well in the
Assay Buffer, and after the ELISA procedure, the luminescence was
measured by SpectraMax®M5e (Molecular Devices, San Jose, CA, USA).

2.8. mRNA expression analysis

After exposure (1-day/5-day), the cells from both cell lines were
scraped and lysed in the inserts. The NucleoSpin RNA XS kit (Macherey-
Nagel, Diiren, Germany) was used for RNA isolation according to
manufacturer’s instructions. The concentration of extracted RNA was
measured with the HS RNA kit by the Qubit 4 fluorometer (both Thermo
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Fisher Scientific, Wilmington, DE, USA) and the RNA integrity number
was checked with the SS RNA kit by the Fragment Analyzer (both Agi-
lent Technologies, Santa Clara, CA, USA).

RNA (400 ng) was used as the input for the targeted mRNA libraries
construction, using the Human Molecular Toxicology Transcriptome
panel with the QIAseq Targeted RNA 96-index HT for Illumina (both
Qiagen, Hilden, Germany). With this panel, the expression of 370 genes
was later detected (a list of the studied genes is presented in Supple-
mentary Table 2). After the libraries were prepared, their concentration
was measured with the 1x dsDNA HS kit (Thermo Fisher Scientific,
Wilmington, DE, USA) on the Qubit 4 fluorometer, and their profile and
size was analyzed by the Fragment Analyzer with the HS NGS Fragment
Kit (Agilent Technologies, Santa Clara, CA, USA). For sequencing, the
NextSeq system with the NextSeq 500/550 Mid Output Kit v2.5 (300
cycles) (both Illumina, San Diego, CA, USA) was utilized.

NF-CORE RNASeq pipeline (https://github.com/nf-core/rnaseq,
version 1.3) (Ewels et al., 2020) was applied for RNA data processing as
previously reported (Cervena et al., 2021; Rossner et al., 2019). The
reference genome GRCh38.p12 was utilized for mapping the reads.
DESeq2 with default parameter settings was used to normalize the read
counts and to identify the differences in gene expression between the
sample groups (Love et al., 2014). The Benjamini & Hochberg method
was applied for multiple testing correction. All the genes located on
chromosome X were omitted in the gene expression analyses, to account
for the gender differences of subjects from which the MucilAir™ and
BEAS-2B cells originated.

2.9. Statistical analysis

For all the analyses, the cells were exposed in biological triplicate.
Furthermore, for cytotoxicity tests and gamma-H2AX phosphorylation
detection, technical duplicates were used. The comparisons of parame-
ters were performed by two-way ANOVA with Sidak’s (post hoc) mul-
tiple comparison test and using Student’s t-test (GraphPad Prism version
8 (GraphPad Software Inc., San Diego, CA, USA)). The results were
expressed as mean + standard deviation (SD). For AK, LDH, mucin, and
extracellular ROS production, mean relative values were calculated as
the ratio of averages of values after the exposure (T1 for 1-day exposure,
T5 for 5-day exposure) and before exposures (T0). The Venn diagram for
presenting common or unique gene deregulation was created by the
Bioinformatics & Evolutionary Genomics tool (http://bioinformatics.
psb.ugent.be/webtools/Venn/).

3. Results
3.1. Cytotoxicity detection

Cytotoxicity, assessed as the adenylate kinase and lactate dehydro-
genase activities, was measured in the media of exposed cells and non-
exposed controls, before and after the exposure of both cell lines to
EOMs. In the following paragraphs, the cytotoxicity from experiments
with values above 5% is reported as a relative value calculated as a ratio
between post- and pre-exposure measurements. Averages and standard
deviations of replicates with lower than 5% cytotoxicity values as well as
the graphs with absolute cytotoxicity values from pre- and post-exposure
measurements, are shown in Supplementary Table 3.

Overall, based on adenylate kinase activity, the cytotoxic effect of
exposure to E5, as well as to E20 EOM was low. Values above 5% were
only detected after the long exposure of BEAS-2B to both EOMs, and in
the non-exposed samples. For both EOMs, the cytotoxicity was around
5% before the experiment and 10% after the exposure. In all time points,
AK activity was significantly higher in the exposed than in non-exposed
samples (Supplementary Table 3), and in post-exposure compared to the
pre-exposure measurements (Fig. 1).

Similar, but more pronounced trends were observed when lactate
dehydrogenase activity was detected. Values above 5% were found in
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the media of both cell lines in the long exposure experiments to both
EOMs. Higher mean relative values were noted for BEAS-2B cells than
for MucilAir™, due to the higher pre-exposure values in this model. Both
EOMs had similar effects on both cell models. After the 5-day mea-
surements, the values were significantly higher than before exposure
(Fig. 1, Supplementary Table 3).

3.2. Mucin production

A very low mucin concentration was detected in the insert apical
washes of all the experiments with BEAS-2B. On the contrary, the
highest values (around 10 pg/ml) were detected before the short expo-
sure experiments with both fuels with MucilAir™ (Supplementary
Table 3). In MucilAir™, a significant decrease between pre- and post-
exposure in mucin production was detected after the 1-day experiment
with E20 in the control samples, and after the 5-day experiment with
E20 with the exposed and control samples. The significant changes in
the controls suggest that the observed effects were related not only to
EOM treatment, but also to the incubation conditions. The highest mean
relative values were observed in the control samples after the 5-day
experiment with E20. (Fig. 2).

3.3. Extracellular ROS

Significant differences in the extracellular ROS production
(measured in the basal medium) between pre- and post-exposure were
detected in MucilAir™ in the 1-day experiment with E20 (increased ROS
levels), and in the 5-day experiment with both EOMs (decreased ROS
production). In BEAS-2B cells, the post-exposure values significantly
decreased when compared with the pre-exposure after the 1-day incu-
bation with E5. After the long exposure experiments of BEAS-2B to both
EOMs, no detectable values were found for the exposed and control
samples (Fig. 3). No significant differences between the exposed and
control samples were detected in both cell lines, EOMs, and all time
points, indicating that the observed changes were related to the incu-
bation conditions rather than to the effect of EOMs (Supplementary
Table 3).

Adenylate kinase and lactate dehydrogenase activity
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3.4. DNA break detection

Double-stranded DNA breaks were detected based on histone H2AX
phosphorylation after both the short and long exposures in cell lysates.
In all comparisons, there was a significant decrease in histone phos-
phorylation, when the long-exposed cells were compared to cells from
the shorter exposure. A similar decrease was noted with both cell lines
and both fuels, apart from MucilAir™ incubated with E20 where the
reduction was less pronounced after the longer period. A significant
difference between the exposed and control samples was observed after
the long exposure of MucilAir™ to E5 (Fig. 4, Supplementary Table 3).

3.5. mRNA analysis

A differential expression analysis of a panel of 370 genes was per-
formed after short (1-day) and long (5-day) exposure to EOMs. An
overview of the number of up- and downregulated genes between in-
dividual exposure conditions is reported in Supplementary Table 4.

When gene expression in the exposed samples was compared with
the controls, only CYP1A1, a gene encoding cytochrome P450 family 1
subfamily A member 1 protein, was differentially regulated. Upregula-
tion of this gene expression was observed in all the exposure conditions
for both EOMs. More pronounced changes were observed for MucilAir™
exposed to E5 EOM, particularly after the longer exposure time. On the
contrary, for BEAS-2B cells there were greater changes detected after
E20 exposure for the shorter time (Table 1).

After the simple exposed — non-exposed samples comparison, we
looked for genes, whose expression differed between long and short
exposure times. For this analysis, all differentially expressed genes in the
control samples, or genes common for controls and exposed samples,
were excluded to obtain only those specifically differing between
exposure times. Such differentially expressed genes for E5 and E20
EOMs and genes specific for the control samples for selected compari-
sons between individual groups, are listed in Supplementary Table 5 and
Supplementary Table 6, respectively.

While in MucilAir™ no significant differences were detected for E5
between 5-day and 1-day exposure, this EOM caused a differential
expression of 13 genes in BEAS-2B cells. The expression of five and eight
genes differed after exposure to E20 EOM in MucilAir™ or BEAS-2B
cells, respectively, when the 5-day and 1-day treatment was

Fig. 1. Mean relative adenylate kinase and
lactate dehydrogenase activity + SD in
media of two cell models exposed for 5 days
to E5 and E20 EOMs or non-exposed con-
trols. Blue columns (exposed) indicate the
ratios between enzyme activities after- and
before exposure to EOMs from E5 or E20,
yellow columns (controls) denote the ratios
between these values after and before 1- or
5-day experiments in which the cells were
not exposed to EOMs. Asterisks denote sig-
nificant differences when post-exposure
samples were compared to pre-exposure
samples (p < 0.05). Adenylate kinase activ-
ity in MucilAir™ as well as data from all 1-
day exposures are not presented in this
graph, as the values are below 5% (see
Supplementary Table 3 for details). (For
interpretation of the references to colour in
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Fig. 2. Mean relative mucin production levels + SD in MucilAir™ from the 1-
(short) and 5-(long) day experiment with both EOMs. Blue columns (exposed)
indicate the ratios between mucin production levels after- and before exposure
to EOMs from E5 or E20, yellow columns (controls) denote the ratios between
these values after and before 1- or 5-day experiments in which the cells were
not exposed to EOMs. Asterisks denote significant differences when post-
exposure samples were compared to pre-exposure samples (p < 0.05). Mucin
production in BEAS-2B cells is not presented in this graph due to low values
(See Supplementary Table 3 for details). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

compared. Only two genes were commonly affected — one after BEAS-2B
exposure to E5 and MucilAir™ to E20; and one after MucilAir™ and
BEAS-2B cells exposure to E20 (Fig. 5).

Five genes differentially expressed in MucilAir™ after E20 EOM
treatment were upregulated, indicating that their expression increases
with prolonged exposure. Three out of these five genes are involved in
immunotoxicity (tumor necrosis factor — TNF, interleukin 1 alpha —
IL1A, and prostaglandin-endoperoxide synthase 2 - PTGS2). The
remaining two (transgelin — TAGLN and TNF receptor superfamily
member 10a — TNFRSF10A) play a role in phospholipidosis or apoptosis,
respectively (Table 2).

In the comparison of 5-day and 1-day exposure of BEAS-2B to E5,
seven genes were upregulated and six downregulated after the longer
time. Flavin containing monooxygenase 2 and 4 (FMO2 and FMO4)
involved in cytochrome P450s and phase I drug metabolism pathways,
were the two most upregulated in this analysis. The other five upregu-
lated genes are connected to steatosis (peroxisome proliferator activated
receptor alpha — PPARA, mitogen-activated protein kinase 8 - MAPKS,
and propionyl-CoA carboxylase subunit alpha — PCCA), necrosis (Bcl2
modifying factor — BMF), or heat shock response (DnaJ heat shock

ROS production
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protein family (Hsp40) member B1 — DNAJB1). The downregulation of
six genes after 5-day exposure indicates the decreasing expression after
longer treatment. These genes are involved in various pathways, such as
mitochondrial energy metabolism, oxidative stress, and antioxidant
response (uncoupling protein 3 — UCP3), immunotoxicity (interleukin 1
beta - IL1B, interleukin 1 alpha - IL1A), heat shock response (heat shock
protein family E (Hsp10) member 1 — HSPE1), DNA damage and repair
(ERCC excision repair 6, chromatin remodeling factor — ERCC6), or
apoptosis (caspase 8 — CASP8) (Table 2).

In BEAS-2B cells exposed to E20, four genes were up- and four
downregulated after the longer period when compared to the shorter
one. The upregulated genes play a role in heat shock response (heat
shock protein family A (Hsp70) member 9 — HSPA9), apoptosis (BCL2
apoptosis regulator — BCL2, Fas cell surface death receptor — FAS), and
necrosis (HSPB1 associated protein 1 — HSPBAPI). Genes associated
with apoptosis (TNF receptor superfamily member 10a — TNFRSF10A),
oxidative stress and antioxidant response (peroxiredoxin 2 — PRDX2),
fatty acid metabolism (acetyl-CoA acetyltransferase 2 — ACAT2), or
mitochondrial energy metabolism (isocitrate dehydrogenase 3 (NAD
(+)) beta — IDH3B) were downregulated (Table 2).

4. Discussion

The association between air pollution and human health is an
intensively studied topic. Based on PubMed database, more than 32
thousand papers have investigated this link to date. One of the most
important sources of pollution is traffic activity. This team have previ-
ously published several reports, where two cell models were exposed to
complete emissions from fuels with 5% (E5) or 20% (E20) ethanol
content (Cervena et al., 2021; Rossner et al., 2019). In this study, we
focused on the effect of extractable organic matter from particulate
matter collected from the emissions of these gasoline fuels. We per-
formed cytotoxicity analyses, quantification of mucin and extracellular
ROS production assessment, DNA breaks detection, and the analysis of
the deregulation of selected genes. Based on these results, we investi-
gated the influence of EOMs on two cell models after 1-day and 5-day
exposure.

The cytotoxic effect of EOMs from both fuels was analyzed according
to membrane damage detection by adenylate kinase and lactate dehy-
drogenase leakage. AK activity in MucilAir™ was negligible for short
and long exposures to both EOMs. In BEAS-2B, the 5-day exposure
induced significant cytotoxicity, with a slightly higher effect for E5.
These observations were similar to the data obtained for complete E5
and E20 emissions in our previous studies (Cervena et al., 2021; Rossner
et al., 2019).

The LDH activity after the short exposure to both EOMs was

Fig. 3. Mean relative ROS production levels
+ SD in MucilAir™ and BEAS-2B cell models
in the short- and long-exposure experiments

. exposed controls to E5 and E20. Blue columns (exposed)
indicate the ratios between ROS production
& 3.0 levels after- and before exposure to EOMs
% 25 from E5 or E20, yellow columns (controls)
(7) 20 * * denote the ratios between these values after
o~ and before 1- or 5-day experiments in which
x 1,5 I the cells were not exposed to EOMs. Aster-
é 10 isks denote significant differences when post-
% ! ¥ x * ¥ ¥ x exposure samples were compared to pre-
x 05 = il exposure samples (p < 0.05). (For interpre-
. - i s N.D. N.D. tation of the references to colour in this
0.0 figure legend, the reader is referred to the
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Fig. 4. Histone H2AX phosphorylation in MucilAir™ and BEAS-2B cells after
the short- and long-exposure experiments to E5 and E20. Values after the short
(T1) and the long (T5) experiment are indicated with standard deviations. Blue
columns (exposed) indicate the ratios between histone H2AX phosphorylation
after- and before exposure to EOMs from E5 or E20, yellow columns (controls)
denote the ratios between these values after and before 1- or 5-day experiments
in which the cells were not exposed to EOMs. Asterisks above brackets indicate
significant difference between exposed and control samples. Red asterisks
denote significant differences when samples after the long exposure were
compared with samples after the short exposure (both p < 0.05). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Deregulation of CYPIA1 gene between exposed and control samples.

Cell line Fuel Exposure time Log2 FC Adjusted p-value
ES T1 4.815 2.02E-22
MucilAirm 5 6.364 2.30E-39
E20 T1 4.469 3.54E-19
TS 5.948 2.74E-34
E5 T1 3.051 3.59E-07
TS 2.497 2.01E-4
BEAS-2B 5920 T1 3.686 7.46E-11
T5 2.217 0.004

Differences in CYPIA1 deregulation for MucilAir™/BEAS-2B cells, E5/E20
EOMs, and 1-day (T1)/5-day (T5) exposure time, when the exposed samples
were compared with non-exposed controls. Log2 Fold Change and adjusted p-
values are indicated for all comparisons

ES5 BEAS-2B

E20 MucilAir

E20 BEAS-2B

Fig. 5. Numbers of genes with specific deregulation when samples after 5-day
exposure were compared with samples obtained from 1-day exposure. Common
and unique deregulated genes in both cell lines and EOMs are indicated
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generally very low. In contrast, after the long exposure, the LDH leakage
was approximately twice as high compared to the AK activity, with
greater post—/pre- exposure differences in BEAS-2B cells. Similarly, the
impact of short exposure to complete emissions from E5 or E20 on these
cell models was mostly low, while the 5-day exposure led to LDH activity
reaching approximately 50% (Cervena et al., 2021; Rossner et al., 2019).
In agreement with these papers, there were elevated levels of both
cytotoxicity markers (mainly LDH) in the non-exposed controls after the
treatment. This suggests, that measuring LDH activity could reflect not
only the conditions related to exposure to the tested compounds, but
also the processes which occur in connection with specific incubation
requirements given by the experimental design.

It has been demonstrated, that mucins play a crucial role in pro-
tecting the lungs and airways against environmental pollutants, and
their levels are increased when an organism reacts to inflammation
(reviewed by (Ridley and Thornton, 2018). We have previously seen
that exposure of BEAS-2B to complete emissions from E5 and E20
resulted in the elevation of mucin production, although the levels of
mucin were very low at all time points for this cell line. On the contrary,
the emissions caused a decrease of mucin levels in MucilAir™ (Cervena
et al., 2021; Rossner et al., 2019). The trends for EOM exposure in the
present study are similar: in BEAS-2B generally low mucin levels were
detected and a decrease of mucin production was observed after Muci-
1Air™ was exposed to both EOM:s for 1 day and for 5 days to E20. In most
of the experiments, non-significant differences were detected between
the exposed and control samples. We assume, that changes in mucin
levels after the exposure could be related to the protection of cells
against the unfavorable conditions connected to the experimental
design, and that a distinct reaction of MucilAir™ and BEAS-2B cells may
be linked to the different adaptation abilities of these cells or a naturally
higher production of mucin in MucilAir™.

The induction of ROS production and oxidative stress is usually
caused by short exposure to various pollutants (reviewed by (Penning
etal., 1999); (Baulig et al., 2009; Baulig et al., 2003; Murata et al., 2006;
Shang et al., 2013; Tzeng et al., 2007). By contrast, in a recent study
EOMs extracted from filters onto which air samples were collected in an
industrial area, caused a decrease of ROS levels after longer exposure of
two lung cell lines (A549 and HEL12469). The decrease was detected in
all exposure conditions and was more pronounced in HEL12469 treated
with higher EOMs concentration and for a longer exposure period
(Libalova et al., 2018a). A similar pattern was found in our experiments.
In most of the combinations, a significant decrease of extracellular ROS
was observed after the exposure. The highest extracellular ROS levels
were detected before the exposure of BEAS-2B cells (around 15%)
whereas after the 5-day exposure, no detectable values were observed.
Overall, lower ROS levels in MucilAir™ were found before exposure. All
of these data indicate that the induction of ROS production by exposure
to EOMs is time-dependent and is only observed after short exposures,
which might be caused by the activation of an antioxidant response after
the prolonged exposure.

The double-stranded DNA damage is frequently studied by the his-
tone H2AX phosphorylation detection (reviewed by (Garcia-Canton
et al., 2012). The genotoxic effect of organic compounds from particu-
late matter of various origin was previously reported (Audebert et al.,
2010; Oya et al., 2011; Rossner et al., 2014; Toyooka et al., 2012). On
the other hand, publications presented by our team on the exposure of
MucilAir™ and BEAS-2B cells to complete gasoline engine emissions
gave diverse results. While emissions from E20 fuel did not cause any
increase of histone phosphorylation in MucilAir™, a significant induc-
tion of dsDNA damage was observed in BEAS-2B. In both cell models,
longer exposure had a lower effect than the shorter one (Rossner et al.,
2019). After the exposure of the cell models to emissions from E5 fuel,
the only significant increase of histone phosphorylation was found after
the 5-day treatment of MucilAir™. Moreover, a strong induction of
dsDNA damage was detected in these cells when the long exposure was
compared to the 1-day experiment (Cervena et al., 2021). In contrast,
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Table 2
Gene deregulated after 5-days when compared with 1-day exposure.
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EOM Cell model Ensemble ID Gene Name Log2 FC Adjusted p-value Biological pathways
ENSG00000094963 FMO2 2.715 4.33E-06 Cytochrome P450s & Phase I Drug Metabolism
ENSG00000076258 FMO4 0.970 0.007 Cytochrome P450s & Phase I Drug Metabolism
ENSG00000186951 PPARA 0.787 0.001 Steatosis
ENSG00000104081 BMF 0.632 0.030 Necrosis
ENSG00000107643 MAPKS8 0.529 0.031 Steatosis
ENSG00000175198 PCCA 0.476 0.017 Steatosis

E5 BEAS-2B ENSG00000132002 DNAJB1 0.302 0.045 Heat Shock Response
ENSG00000064012 CASP8 —0.304 0.035 Apoptosis
ENSG00000225830 ERCC6 —0.394 0.010 DNA Damage & Repair
ENSG00000115541 HSPE1 —0.602 0.015 Heat Shock Response
ENSG00000115008 IL1A —0.805 0.010 Immunotoxicity
ENSG00000125538 IL1B —1.284 2.46E-04 Cholestasis & Immunotoxicity
ENSG00000175564 UCP3 —1.955 0.029 Mitochondrial Energy Metabolism & Oxidative Stress & Antioxidant Response
ENSG00000232810 TNF 2.677 0.023 Apoptosis & Cholestasis & Immunotoxicity
ENSG00000115008 IL1IA 2.271 2.44E-04 Immunotoxicity

MucilAir™ ENSG00000149591 TAGLN 2.174 0.023 Phospholipidosis

ENSG00000073756 PTGS2 1.022 0.023 Immunotoxicity
ENSG00000104689 TNFRSF10A 0.671 0.031 Apoptosis
ENSG00000113013 HSPA9 0.833 0.049 Heat Shock Response

E20 ENSG00000171791 BCL2 0.726 0.013 Apoptosis
ENSG00000169087 HSPBAPI1 0.586 0.012 Necrosis

BEAS-2B ENSG00000026103 FAS 0.354 0.037 Apoptosis & Steatosis & Immunotoxicity

ENSG00000101365 IDH3B —0.280 0.050 Mitochondrial Energy Metabolism
ENSG00000120437 ACAT2 —0.347 0.039 Fatty Acid Metabolism
ENSG00000167815 PRDX2 —0.470 0.036 Oxidative Stress & Antioxidant Response
ENSG00000104689 TNFRSF10A —0.487 0.036 Apoptosis

Specific gene deregulation for E5/E20 EOMs treatment of MucilAir™/BEAS-2B cells, when the 5-day exposure was compared with 1-day treatment, is listed in this
table. Ensemble IDs, gene names, log2 FoldChange, adjusted p-values, and appropriate biological pathways are indicated for all comparisons. Genes in red or blue were

commonly deregulated in more than one comparison

EOMs from these fuels did not show a significant increase of histone
phosphorylation in the exposed samples. In nearly all of the 5-day ex-
periments, the induction of dsDNA damage was significantly lower
when compared to the shorter tests. Both EOMs had a similar effect on
both cell lines. The distinct results obtained after exposure of Muci-
1Air™/BEAS-2B cells to E5/E20 emissions/EOMs, suggest that each of
these cell cultures may have diverse sensitivity and/or that the
composition of the tested mixtures (namely particles and gaseous com-
ponents of the exhaust) plays a role in DNA damage induction.

Finally, the detection of specific gene deregulation was performed in
our study. The expression of 370 selected genes involved in biological
pathways connected to the response to the toxic effects of engine
exhaust was determined. Both EOMs had a similar impact on the
expression of CYP1A1 (cytochrome P450 family 1 subfamily A member
1). In all the studied comparisons, the exposure caused the up-regulation
of this gene expression. While in MucilAir™, the longer exposure
resulted in a stronger up-regulation of CYP1A1 (mainly after E5 EOM
treatment), the expression was more pronounced after the 1-day expo-
sure in BEAS-2B. It was previously shown that this gene expression was
deregulated after the exposure of MucilAir™ to benzo[a]pyrene, as well
as to complete emissions from E5 and E20 fuels (Cervena et al., 2021;
Cervena et al., 2019; Rossner et al., 2019). Our data are further sup-
ported by a study by (Libalova et al., 2018b), in which the expression of
CYP1A1 was induced after 24 h exposure of BEAS-2B to EOMs from neat
gasoline fuel and from gasoline with 15% ethanol. The protein encoded
by this gene is involved in the metabolism of PAHs, and the modulation
of CYP1A1 levels thus most likely reflects the response to these com-
pounds present in tested EOMs.

We further searched for genes whose expression is exposure time-
dependent. For this analysis, we compared expression levels after 5-
day exposure with the shorter time interval. For EOMs from E5, we
did not detect any significant differences between these periods in
MucilAir™. On the contrary, a deregulation of 13 genes was observed
for this comparison in BEAS-2B cells. Our results clearly showed that the
expression of two genes (FMOZ2 and FMO4) included in the cytochrome
P450s and phase I drug metabolism pathways, increased in time.

Diversely, the expression of genes connected with immunotoxicity or
oxidative stress (IL1A, IL1B, and UCP3) was decreased. Interestingly, the
deregulation of most of these genes was not detected after the exposure
to complete emissions (Cervena et al., 2021; Rossner et al., 2019;
Tomasek et al., 2018), suggesting an important role of organic compo-
nents in modulation of the response. In studies investigating the effect of
EOMs, a diverse response of proinflammatory cytokine expression was
observed. In BEAS-2B cells, EOMs from various ethanol content gasoline
fuels caused the downregulation of IL1A (Ahmed et al., 2020), while the
expression of interleukins was upregulated after 24 h exposure of these
cells to EOMs from other gasoline exhausts (Libalova et al., 2018b). It is
generally accepted that inflammatory-related toxicity is mediated by
particles and/or gaseous components of complete gasoline exhaust, as
recently demonstrated for E5 emissions (Rossner et al., 2021). It is
apparent, however, that organic compounds, such as PAHs, also
modulate a pro-inflammatory response at certain conditions. As the
previously mentioned studies did not contain the time dependent
deregulation analysis, the modulation of gene expression detected in our
study might suggest that it is time specific.

The expression of other genes was slightly different when the long
and short exposure of BEAS-2B to E5 EOM was compared. It included
genes involved in steatosis, heat shock response, apoptosis, or DNA
damage. The expression changes of genes associated with these path-
ways were previously described after the exposure of cells exposed to
complete emission from the E5 and E20 fuels (Cervena et al., 2021;
Rossner et al., 2019), although the time-dependent effects were not
investigated.

The exposure of MucilAir™ to E20 EOM increased the expression of
five genes involved in apoptosis and immunotoxicity (including IL1A)
when long and short treatments were compared. In BEAS-2B cells, the
expression of eight genes differed between the exposure times. Similarly
to MucilAir™, the genes associated with apoptosis and immunotoxicity
were upregulated. The expression of four genes involved in other bio-
logical processes, such as mitochondrial energy metabolism, oxidative
stress and antioxidant response, or apoptosis, was decreased after the
long exposure, similarly as after the 5-day exposure to E5 EOM.



M. Sima et al.

In this study, we detected deregulated genes after exposure to E20
EOM, for which no changes were observed in BEAS-2B cells exposed to
complete E20 emissions (Rossner et al., 2019). In contrast, the emissions
from E5 caused the deregulation of a higher number of genes than E5
EOM, mainly in the case of BEAS-2B cells (Cervena et al., 2021). More
deregulated genes than after exposure to E5 or E20 EOMs were also
detected, after BEAS-2B cells were exposed to EOMs from other gasoline
fuels with various ethanol content (Ahmed et al., 2020; Libalova et al.,
2018b).

Overall, the deregulation of genes involved in similar biological
pathways was detected for both EOMs. Slight variations in response
were probably caused by the different composition of EOMs. It was also
speculated that each cell model might have the distinct ability to adapt
to the exposure conditions, which could result in modulations of their
reactions (Rossner et al., 2019). This hypothesis was also supported in
our study by various deregulations of the same genes between cell
models — upregulation of proinflammatory cytokine IL1A in MucilAir™
and downregulation in BEAS-2B. It was demonstrated, that the exposure
of human nasal mucociliary airway epithelial cultures to EOM from PM
of aerodynamic diameter 2.5 pm (PM3 5) induced the expression of genes
connected to mucus secretory program, as well as the expression of
CYPI1A1 or IL1A (Montgomery et al., 2020). Considering the results of
the present study, we assume this connection to be cell model specific.
The upregulation of CYPA1A was detected after the exposure of both cell
models to both EOMs for both exposure times, while the production of
mucin decreased after exposure of MucilAir™ and was not detectable in
BEAS-2B cells.

The different results observed for the analyzed endpoints for the
tested cell models might be related to diverse character and properties of
these cell cultures. BEAS-2B cells were established by transfection of
bronchial epithelial cells by an adenovirus 12-SV40 hybrid virus and
subsequent immortalization. They represent a typical cell culture con-
sisting of a single cell type, standardly growing in the submerged con-
ditions (Reddel et al., 1988). In contrast, MucilAir™ was obtained by
reconstitution of human primary cells, consisting of several cell types
(ciliated, mucus and basal cells) that remains fully differentiated while
kept in the cell culture. It is further characterized by mucin production,
cilia beating, established tight junctions, active ion transport, produc-
tion of cytokines/chemokines, as well as the ability to grow at the air-
liquid interface (Huang et al., 2013). Thus, our data might be regar-
ded as a comparison of two different cell models, rather than a com-
parison of a 2D and a 3D culture. We assume that these differences that
resulted in the fact that the cell models were not cultivated under
identical conditions contributed to variability of the results.

In conclusion, we used extractable organic matter from particulate
matter from E5 and E20 gasoline engine emissions to assess the toxic
response in MucilAir™ and BEAS-2B cells after 1-day or 5-day exposure.
Markers of toxicity, mucin and ROS production, double-stranded DNA
damage, and the differential expression of selected genes were evalu-
ated. As expected, most of our data show that the longer exposure had a
greater effect on both cell models, as was also shown for the exposure to
complete emissions (Cervena et al., 2021; Rossner et al., 2019). Only
small differences were detected between EOMs from PM from fuels with
distinct ethanol contribution, with BEAS-2B cells being more sensitive.
These data also indicate a different response when compared with pre-
viously published information on the effect of complete emissions from
the same fuels on the same cell cultures. The variations are most likely
caused by differences in complete emissions/EOMs composition, but
may be also related to specific exposure conditions used in our study, as
suggested by significant changes of several endpoints in the control
samples (e.g. mucin or extracellular ROS production). These parameters
might not be optimal to evaluate EOMs toxicity in our experimental
models, unless the impact of exposure is greater than variability detec-
ted in the control samples. Further, it should be pointed out that the
results obtained for EOMs do not reflect biological impacts of engine
emissions associated with real-world exposure, as they do not take into
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account the number of particles generated from individual fuels. They
merely illustrate potential toxicity of organic extracts obtained from
particles collected on the filters. Thus, our study should be regarded as a
mechanistic investigation of impacts of EOM components, rather than a
quantitative comparison of the tested fuels. Overall, choosing the correct
cell model, type of the toxic compound, and exposure scheme, play a
crucial role on the resulting data and all of these parameters should be
taken into consideration when planning analogous experiments.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tiv.2022.105316.
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