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Abstract Exhaust aerosol from gasoline passenger cars is a
complex mixture of a particulate fraction as well as volatile
compounds. In contrary to the observed adverse effects of
diesel exhaust particles the gasoline exhaust has, however,
received little attention so far. The aim of this study was to
perform a comparison of exhaust composition and biological
responses from freshly produced non-filtered exhaust as well
as from exhaust filtered with a noncoated gasoline particle
filter (GPF). A 3D model of the human epithelial airway bar-
rier was exposed to the exhaust directly at the air-liquid inter-
face and different effects such as cytotoxicity, antioxidative
response, pro-inflammation, and activation of the aryl hydro-
carbon receptor (AhR) were studied. In addition, genotoxicity
was assessed using the Ames test. By an online analysis of the
exhaust, it has been shown that the GPF efficiently filters the
particle count in both the cold and warm phase when the new
European driving cycle (NEDC) was applied. The lung cell
tests revealed that the use of the GPF increased the antioxida-
tive glutathionine (GSH) response as well as the pro-
inflammatory potential, i.e., IL-8, expression, indicating
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increased cell stimulation by the volatile compounds alone.
The removal of the particulate fraction, however, decreased
significantly the AhR activation in comparison to unfiltered
exhaust, and the exhaust genotoxicity was reduced as tested
by the Ames test. In conclusion, GPF exhaust did not
completely reduce the adverse effects of gasoline exhaust in
the in vitro test and further experiments with a coated GPF are
needed in the future.

Keywords gasoline - exhaust emissions - in vitro 3D lung
model - air-liquid interface - gasoline particle filter - toxicity

1 Introduction

Studies for gasoline-fueled internal combustion engines point
out that this vehicle class can emit remarkable amounts of
particles, up to 10® particles/cm® in certain cases [1-3].
Especially gasoline direct injection (GDI) technology shows
particle number (PN) emissions significantly higher than
modern diesel cars equipped with best available diesel particle
filter technology. Since the trend for gasoline vehicles with
GDI technology is increasing, a significant rise in emission
is predicted in the near future.

The emissions of combustion-derived nanoparticles (NPs),
i.e., particles with a diameter of less than 100 nm, are pro-
duced especially at cold starts and warm-up conditions as well
as at a dynamic engine operation [4]. The lube oil contributes
to this emission and affects number concentrations of nuclei
mode particles and chemical exhaust composition [5, 6].

The investigations of the NP morphology from GDI engine
revealed principally graphitic structures, which can store some
metal oxides in certain conditions and can be coated by con-
densates [7, 8]. NP count concentrations are limited in EU for
diesel passenger cars since 2013 and for GDI cars since 2014;
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this limit for GDI cars was temporarily extended to 6x 10"
particles/km (regulation no. 459/2012/EU), and with a gaso-
line particle filter (GPF), it has been shown that the NPs can be
eliminated [9].

The lung is the main portal of entry for inhaled exhaust
emissions such as diesel particles which have been associated
with lung cancer [10]. Reduction in emission of exhaust con-
stituents are readily measured by technical means to ensure
better environmental protection; however, estimating how
current and new combustion engine technologies actually af-
fect exhaust toxicity in humans is difficult. Standardized pro-
tocols for exhaust toxicity assessment are lacking and it relies
in many aspects on epidemiological and in vivo studies
(animals) [11, 12], which are time and cost-intensive and suf-
fer from considerable ethical issues. There is an urgent need to
establish realistic and well accepted in vitro alternatives; we
focused on such a risk assessment with an in vitro human lung
cell model alternative [13]. To study the cellular interplay and
cellular responses following exhaust emission exposures at
the cellular level in human lung cells, a triple-cell co-culture
model system composed of epithelial lung cells (16HBE140-
human bronchial cells), monocyte-derived macrophages
(MDM), and monocyte-derived dendritic cells (MDDC) has
been established [14]. This model mimics the epithelial airway
barrier and has been evaluated in terms of their functional
relevance in vivo [13—15].

The triple-cell co-culture model is routinely used to study
the toxic potential of various NPs when applied in suspension
such as diesel exhaust particles or engineered NPs, e.g., tita-
nium dioxide [16], as well as for high aspect ratio
nanomaterials such as carbon nanotubes [17] or cellulose
nanocrystals [18]. In addition, the cultures function at the air-
liquid interface (ALI) allowing the direct exposure of the cell
culture surface to a defined aerosol or a complete engine emis-
sion sample, thus representing the realistic situation following
inhalation [19-21]. Different endpoints including numerous
biochemical and molecular markers can be assessed to inves-
tigate the potential toxicological response in lung cells after
exhaust exposures (for a review, see [22]), such as cytotoxic-
ity, oxidative stress, and pro-inflammatory effects [18, 23-25].

Exposure of submerged cells to sampled exhaust compo-
nents suspended in cell culture medium does not represent a
realistic scenario; therefore, many sophisticated systems have
been developed recently to bring a freshly produced exhaust
directly onto the lung cells [21, 25-29]. Exhaust samples can
be taken directly at the tailpipe and brought to the lung cell
cultures with a delay of less than 30 s [29]. Such a system has
the advantage that the exhaust components, i.e., the particulate
fraction as well as the volatile compounds, can be analyzed
online and do not suffer from biased sample generation [30,
31].

The combined use of the exhaust exposure at the ALI and a
model of the human airway epithelial barrier [32, 33] is the
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base for the efficient and reliable investigation of exhaust tox-
icity in a standardized manner without the need for invasive
animal or ethically entangled human exposures.

In the current study, we have investigated the effects of
emissions produced from a gasoline vehicle in combination
with a GPF. The exhaust from a car driven by the new
European driving cycle (NEDC) repeated for 6 h was directly
exposed onto the lung cell surface of a 3D in vitro model of
the human epithelial airway barrier. In parallel the exhaust was
characterized online in order to correlate any cell response
with the exhaust constituents. After 6 h gasoline exhaust ex-
posure, the cells were placed into the incubator for 6 h post-
exposure, and then, the cells and supernatants were fixed and
collected to perform various assays to determine a possible
cell response, e.g., cytotoxicity, oxidative stress, pro-inflam-
mation, and aryl hydrocarbon receptor (AhR) activation. In
addition, the Ames test was performed to assess the genotoxic
potential of the exhausts.

2 Materials and Methods
2.1 Cell Cultures

A triple-cell co-culture model of the human epithelial air-
way barrier was used as previously described [34]. Briefly,
16HBE140- cells (human bronchial epithelium airway cell
line [35]) were seeded on insert membranes and cultured
for 5 days before adding human MDM on top and human
MDDC on the bottom of the insert. Human whole blood
monocytes were isolated from buffy coats provided by the
blood donation service SRK Bern and purified using CD14
Microbeads (Milteny Biotech) as described by Steiner
et al. [36].

Prior to exposure, the cell cultures were transferred to the
ALI for 24 h. The cells were exposed to filtered air (reference
chamber) or diluted exhaust continuously for 6 h, followed by
6 h post-incubation in the incubator. After post-incubation,
cells and cell culture media were collected and immediately
fixed or stored. Positive controls confirmed the functionality
of the performed assays and the responsiveness of the cells to
a certain stimuli. Negative cell culture controls which were
kept in the incubator (not shown) confirmed the quality of
the cell cultures. Analyses of the samples were performed as
described below.

2.2 Ames Test Bacteria

The mutagenicity on bacteria was tested using the Ames MPF
98/100 microplate format assay (S. typhimurium strains TA98
and TA100, Xenometrix).

Bacterial cultures were exposed to diluted exhaust for 2,
4, and 6 h directly in the exposure chamber. Using different
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time points allow for analysis of different “doses,” as the
longer the bacteria is exposed, the more exhaust is depos-
ited. As with the cell cultures, control cultures were ex-
posed to filtered air in the reference chamber. Positive bac-
terial controls were treated with 2 pg/ml 2-nitrofluorene
(TA98) and 0.1 pg/ml 4-nitroquinoline N-oxide (TA100),
according to the kit manufacturer’s protocol. After expo-
sure, the bacterial cultures were kept in histidine-free cul-
ture medium for 48 h prior to counting the number of
revertant colonies. Since all mutagens are genotoxic, we
used the latter term throughout the text.

2.3 Test Vehicle and Exposure System

A gasoline passenger car from the year 2013 (Euro 5b+ex-
haust class) was driven on a chassis dynamometer with stan-
dard market gasoline (RON 95) and dexos2-SAESW-30 (the
original lubricant). The vehicle was still equipped with its
original three-way catalytic converter, and neither the catalytic
converter itself nor the electronic control was modified. The
NEDC was repeated for 6 h. The exhaust exposure experi-
ments were conducted as already described [34]. Briefly, 10-
fold diluted exhaust was cooled to 37 °C and sucked through
the chamber with the cells with a constant volume flow of
2 L min ", Except for the presence or absence of exhaust,
the conditions in the exposure and reference chamber were
kept identical and stable at 37 °C, 85 % relative humidity
and 5 % CO,.

The GPF used was a new, noncoated wall flow particle
filter with cordierite, a porosity of 50 %, a pore size of
19 pm, and 200 cells per square inch.

2.4 Exhaust Characterization

The exposure experiments and hence the online exhaust char-
acterization were performed at the exhaust gas control station
of the Bern University of Applied Sciences in Nidau,
Switzerland, an institution officially accredited for exhaust
gas control by the Swiss government. Exhaust sample charac-
terization (in terms of particulate and gaseous components) is
performed in parallel to the exposure experiments, yielding
detailed and unbiased information on a part of the very same
emission sample the cells were exposed to. All measurements
have been performed by qualified personnel according to the
requested protocols.

The PN was measured in the 10-fold diluted exhaust using
a condensation particle counter: TSI 3790. Furthermore, the
concentrations of carbon monoxide (CO), carbon dioxide
(COy), total gaseous hydrocarbons (HC), and nitrogen oxides
(NOx) were measured using a Horiba MEXA-9400H exhaust
gas measuring system.

2.5 Cell Sample Analyses

After exposure to the exhaust the cell sample analyses, i.e.,
fixed cells, collected cell lysates, and supernatants, were per-
formed according to established and standardized protocols as
previously described [34, 36-38]. The combined cell re-
sponses were assessed using collected cells/supernatants from
the 3D cell model and therefore the effects could not be
assigned to a specific cell type but rather reflects the response
in an airway tissue. Shortly, the different assays were per-
formed as follows:

Quantification of Extracellular Lactate Dehydrogenase
The viability of the cells was tested using the LDH detection
kit (Cytotoxicity Detection Kit (LDH), Roche Applied
Science) according to the manufacturer’s protocol. The release
of LDH for a positive control was done with 0.25 % Triton
X-100.

Laser Scanning Microscopy (LSM) LSM was used to eval-
uate the morphology of the cells after the exhaust expo-
sures. Samples were fixed in 3 % paraformaldehyde,
permeabilized with 0.25 % Triton X-100, labeled with
mouse anti «-tubulin antibodies (secondary labeling with
Cy3 conjugated goat anti-mouse antibodies, labeling the
tubulin cytoskeleton), phalloidin Alexa 633 (labeling F-
Actin cytoskeleton), and 4',6-diamidino-2-phenylindole
(DAPI, labeling nucleic acids). Image acquisition was per-
formed on a Zeiss LSM 710.

Quantification of Total GSH The glutathione assay kit (in-
dication of oxidative stress, Cayman Chemical, provided by
Adipogen AG, Liestal, Switzerland) was performed according
to the manufacturer’s protocol using cell lysates. In order to
account for possible variations in the cell number in different
cell cultures, GSH concentrations were normalized to the total
protein content of the cultures (BCA protein assay kit, Pierce).
For the positive control for oxidative stress, tert-butyl hydro-
peroxide (500 pL, S mM in PBS) was put on top of the mem-
brane and left there for 6 h.

Gene Expression Analysis Real-time reverse transcriptase
polymerase chain reaction (real-time RT-PCR) was performed
as previously described. RNA was isolated using the RNeasy
plus kit (Qiagen). Per reverse transcriptase reaction, isolated
RNA (6.5 pL, 250 ng), oligo-dT primer (1 pL, 10 uM,
Qiagen), RNase inhibitor (0.25 pL, RNasin Plus RNase
Inhibitor, Promega), dNTP Mix (1 uL, 5 mM, Qiagen),
Omniscript reverse transcriptase (0.25 puL, 1 U, Qiagen), and
buffer RT (1 puL, Qiagen) were used to synthesize comple-
mentary DNA (cDNA). The master mix for the real-time
PCR consisted of nuclease-free water (2 uL), SYBR-green
mix (5 pL, Fast SYBR Green master mix, Applied
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Biosystems), and primer mix (2 puL, 91 nM). The mix was
added to 2 pL 10-fold diluted cDNA, and PCR was per-
formed on the 7500 fast real-time PCR system, Applied
Biosystems.

Relative expression levels were calculated using the ““Ct
method with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal standard gene. Heme oxygenase 1
(HMOXI), superoxide dismutase 2 (SOD2), and glutathione
reductase (GSR) were genes used to measure oxidative stress.
For pro-inflammatory responses, tumor necrosis factor «
(TNF'«) and interleukin-8 (//-8) were assessed. AhR activation
was assessed by the genes coding for following proteins:
indoleamine 2,3-dioxygenase 1 (/DO-1), transcription factor
NFE2-related factor 2 (NFE2L2), cytochrome P450 1Al
(CYP1A1I), UDP-glucuronosyltransferase 1-6 (UGT1A46),
and NAD(P)H dehydrogenase [quinone] 1 (NQOI). The
primer sequences for all assessed genes can be found in the
supporting information Table S1.

2.6 Data Processing and Presentation

Data Normalization For the assessed biological endpoints,
the value obtained on 1 day of exhaust exposure was normal-
ized to the value obtained after reference exposure on the same
day. This normalization was performed for two reasons: (i)
independently on the presence of exhaust in the exposure
chamber, certain biological responses to the treatment may
have been induced (for example by the continuous stream of
air in the exposure chamber). This made elimination of non-
exhaust related effects (which can be assumed to be the same
after exhaust and air exposure) by normalization to the refer-
ence necessary. (ii) The variability between two sets of cell
cultures (mainly due to the presence of immune cells obtained
from different blood donors) inevitably results in different
baseline values for any assessed biological response. Even if
the baseline level of a given biological parameter is not the
same in different sets of cell cultures, the fold change in this
parameter in response to a certain stimulus is comparable.
Normalization to an assumed zero-effect level, in this case
the level measured in the reference cultures, is therefore a
valid method for data smoothening.

For the Ames test, according to the kit manufacturer’s rec-
ommendation, all values smaller than 1 were set to 1 in addi-
tion to normalization to the reference.

Statistical Analysis and Definition of Significant Results
The number of repetitions was n=4 for GPF and n=3 for no
GPF exhaust, unless otherwise stated in the figure caption; all
assays were performed in triplicate. An independent two-sided
Student’s ¢ test using Excel was performed, comparing filtered
and unfiltered exhaust only [39]. All results are presented as
average+standard error of the mean (SEM), and p values be-
low 5 % were considered statistically significant.
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For the Ames test, according to the manufacturer’s recom-
mendation, a 3-fold or higher increase in the number of rever-
tants in exposed cultures compared to the reference or the
presence of a clearly discernible dose response was considered
as indicative for genotoxic effects.

3 Results
3.1 Exhaust Composition

The investigated parameters for the gaseous fraction were car-
bon monoxide (CO), total hydrocarbon (THC), nonmethane
hydrocarbon (NMHC), mono-nitrogens NO and NO, (NO,),
and carbon dioxide (CO,). This gaseous fraction of the ex-
haust was not altered with the addition of the GPF (supporting
information Figs. S1 and S2). High concentrations of CO were
measured, and regardless of the setup, this CO enrichment
occurred especially in the cold phase and in high velocities
(100-120 km/h).

The GPF reached a particle count filtration efficiency of
99.8 % in the cold cycle and 99.99 % in the warm cycles. In
the 10-fold diluted exhaust, an average particle count of 2.6 x
10° particles/cm® without GPF (n=3) and 28.7 particles/cm’
with GPF (n=4) were measured (supporting information
Figs. S3, S4, and S5).

The GPF created some additional backpressure for the en-
gine but still in the accepting range of the on-board diagnos-
tics. It seems therefore that the function of the catalytic con-
verter was not influenced nor did we notice any system re-
sponse which would have indicated such an influence.

3.2 Cell Viability

No changes in cellular morphology or ruptures in the epithe-
lial layer could be detected by LSM (Fig. 1a) for any of the
exposure conditions, i.e., with or without GPF. The quantifi-
cation of the extracellular LDH activity revealed no mem-
brane disruption (Fig. 1b).

3.3 Oxidative Stress and Antioxidative Response

GPF-filtered exhaust resulted in a significant decrease in the
GSH levels, an antioxidative stress-responsive protein, by
about 50 % in comparison to the air control, while unfiltered
exhaust only moderately decreased the GSH levels by about
15 % (Fig. 2a).

Interestingly, according to the genes SOD2 and GSR
(Fig. 2b), filtered exhaust overall appears to have resulted in
a lower response to oxidative stress than unfiltered exhaust:
SOD?2 expression was increased 1.5+0.5-fold by unfiltered
exhaust but suppressed to 0.7+0.1-fold activity by filtered
exhaust. The according values for GSR are 4.1+2.8 (no
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Reference
(filtered air)

Fig. 1 Cell viability and

morphology after exhaust A
exposures. a Laser scanning
microscopy images visualizing
the F-actin cytoskeleton (purple),
a-tubulin (orange), or the cell
nuclei (/ight blue) indicate no
effects on the cell morphology at
either condition. b Quantification
of extracellular LDH shows no
cell death. Error bars indicate
SEMs. Experimental repetitions
are for no GPF (n=3) and GPF
(n=4). The respective controls are
shown as white bars (color figure
online) B
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GPF) and 1.3+0.2 (GPF). HMOXI expression was induced
3.1+1.3-fold by unfiltered exhaust and 4.3+3.2-fold by fil-
tered exhaust.

3.4 Pro-Inflammation

The gene expression levels of both assessed genes, TNF« and
1I-8, were found to be increased by filtered exhaust (1.740.6-
fold and 6.6+5.8-fold, respectively), whereas unfiltered ex-
haust decreased the expression of both genes (to 0.5+0.2-fold
and 0.7+0.1) (Fig. 3).
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3.5 AhR Activation

Whereas no effects of filtered exhaust could be detected for
any of the assessed genes (changes in gene expression levels
smaller than 2-fold), clear effects were observed for unfiltered
exhaust (Fig. 4). NFE2L2 expression was increased 3.1+£2.2-
fold, indicating the activation of NFE2-related factor 2-
dependent signaling. Also, genes whose products are involved
in the detoxification of xenobiotics were activated (UGT1A6
2.6£1.6-fold, NQO1 5.5+3.2-fold). NFE2L2 and NQO! gene
expression was significantly higher in unfiltered exhaust com-
pared to filtered exhaust.

Oxidative stress-related gene expression (HMOX1, SOD2, GSR)
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Fig. 2 Oxidative stress in cells exposed to the various exhausts. a
Antioxidative stress. Exhaust-related oxidation of the antioxidative
molecule GSH reveals more stress in cells exposed to the filtered

exhaust which is however not significant. b Oxidative stress.
Transcriptional response to oxidative stress of three oxidative stress-

HMOX1

= GPF

Positive Control

SOoD2 GSR

responsive genes indicating an increased oxidative stress upon exposure
to unfiltered exhaust for SOD2 and GSR. Error bars indicate SEMs.
Experimental repetitions are for no GPF (n=3) and GPF (n=4). The
respective controls are shown as white bars
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Hno GPF (n=3)

12
B GPF (n=4)

10
Positive Control

Normalized amount of mRNA
(relative to filtered air exposure)
[e)]

TNFa

Fig. 3 Exhaust-related changes in the transcriptional activity of two pro-
inflammatory genes, i.c., TNFa and IL-8. Filtered exhaust increases the
IL-8 gene expression. Error bars indicate SEMs. Experimental
repetitions are for no GPF (n=3) and GPF (n=4). *p>0.05 no GPF vs
GPF. The respective controls are shown as white bars

3.6 Genotoxicity

A genotoxic dose response dependent on the exposure time
was observed in S. typhimurium strain TA100 for unfiltered
exhaust (Fig. 5a). However, at no time points (2, 4, or 6 h), a
fold change in revertants of more than 3 was observed (fold
induction of 1.5+£0.4, 1.8+0.8, and 2.8+0.9, respectively).
Also, a weak dose response could be seen in strain TA98
(Fig. 5b), but prolonged exposures would be needed to con-
firm this. Filtered exhaust did not act genotoxic in neither of
the two strains.

4 Discussion

The effects of exhaust emitted from a gasoline passenger car
with and without particle filter were assessed by using a well-
defined and characterized exhaust exposure system which has
been used for scooter as well as diesel exhausts in combina-
tion with different after-treatment technologies or fuels [21,
25,29, 34, 36-38, 40]. As expected, the GPF reduced the PN
significantly and the concentrations of the volatile compounds
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Fig. 4 Exhaust-related changes in the transcriptional activity of five
AhR-responsive genes. Unfiltered exhaust increases three out of five
tested genes while unfiltered does not alter the mRNA levels compared
to control cultures. Error bars indicate SEMs. Experimental repetitions
are for no GPF (n=3) and GPF (n=4). *p>0.05 no GPF vs GPF. The
respective controls are shown as white bars
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did not change. A 10-fold dilution of the exhaust was chosen
based on our previous work using diesel emissions [34]
representing a highly polluted site [41]. Also, a 10-fold dilu-
tion resulted in PN concentrations similar to on-road studies in
Los Angeles [42] and Israel [43] where ambient measure-
ments have been performed. In a study from Reed and col-
leagues [44], different dilutions of gasoline engine exhaust
were tested ranging from 1:10 to 1:90, and significant effects
in rodents were only observed for the higher dose, i.e., 1:10—
1:15 dilutions.

The cellular effects induced by the two exhaust types are
summarized in Table 1, indicating that the removal of the
particulate exhaust fraction alone is not sufficient to eliminate
all adverse effects in vitro. This is in line with in vivo studies,
which report toxic effects of gasoline exhaust, particularly
also after filtration with a GPF [44, 45]. Epidemiological stud-
ies on the other hand could not find or find only weak associ-
ations between gasoline engine exhaust and e.g. lung cancer
[46-48].

No cytotoxicity or changes in cell morphology were ob-
served for both exhaust classes, but an induction of antioxida-
tive stress response (GSH assay) in comparison to the cells
exposed only to clean air was measured. This induction was
considerably stronger for the filtered exhaust, and even though
between filtered and unfiltered exhaust, no statistically signif-
icant difference can be observed. Interestingly, the induction
of oxidative stress responsive genes was comparable or weak-
er for filtered exhaust. A decrease in antioxidative response
was also observed in the same exhaust exposure setup when a
diesel engine in combination with an uncatalyzed diesel par-
ticle filter (DPF) was used, but there a similar response for the
nonfiltered diesel exhaust was found [34]. More oxidative and
antioxidative genes/proteins should be studied in further
experiments.

Additional to the observed reduced antioxidative re-
sponse, an increase of pro-inflammatory effects was mea-
sured for the filtered gasoline exhaust, while no effects on
the pro-inflammatory potential were observed for the un-
filtered exhaust. It is important to note that changes of gene
expression levels of less than two are usually not consid-
ered biologically relevant, therefore only the induction of
IL-8 upon exposure to filtered exhaust should be consid-
ered as a real effect.

Since the AhR controls the transcriptional activity of a
wide variety of genes whose gene products are involved in
immunomodulation, antioxidant responses, and the detoxifi-
cation of xenobiotics [49], the mRNA expression analysis of
AhR-related genes was investigated. The results indicate that
the use of a GPF is able to remove toxic exhaust components,
at least with respect to the subset of xenobiotics that activate
AhR signaling. In contrary, the unfiltered exhaust clearly
showed the induction of some of the investigated AhR-
responsive genes. These findings are in-line considering the
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Fig. 5 Genotoxicity on bacteria. AMES tests were performed with a
Salmonella typhimurium, strain TA100 and b Salmonella typhimurium,
strain TA98. A fold change relative to the control in the number of
revertant colonies of 2 or higher and the presence of a clear dose

main ligands for AhRs are polycyclic aromatic hydrocarbons
(PAHSs) [50]. Nonfiltered exhaust also induced genotoxicity in
the Ames test (in S. fyphimurium strain TA100) after 6 h of
exposure; a weak dose response for a longer exposure can be
observed. In strain TA9S, only a small increase in revertants
for nonfiltered exhaust is visible. A weaker dose response is
also visible in strain TA98, but prolonged exposures would be
needed for a more clear answer.

Using a similar experimental setup as in the present study,
Steiner et al. [34] could show that the filtration of diesel ex-
haust by an uncatalyzed DPF decreases the pro-inflammatory
potential of the exhaust by simultaneously increasing its
genotoxicity compared to unfiltered reference exhaust pro-
duced in absence of any catalyst [34, 37], but that when the
same DPF is used (with the same test vehicle at the identical
operation point) in combination with a fuel borne catalyst
(Satacen®3), exhaust genotoxicity can be completely
abolished, however, with a certain penalty towards pro-
inflammatory effects. These findings were in-line with what

Table 1 Summary of the effects induced by nonfiltered as well as
filtered gasoline exhaust emissions in lung cells in vitro

Without GPF With GPF

(i.e., particulate fraction (i.e., volatile

and volatile compounds) compounds)
Cytotoxicity No effect No effect
Cell morphology No effect No effect
Oxidative stress Increase No effect
Antioxidative stress No effect Increase
Pro-inflammation No effect Increase
AhR activation Increase No effect
Genotoxicity (Ames test) Increase No effect

The term oxidative stress is related to the gene expression analysis while
antioxidative stress is related to level of the antioxidative protein GSH.
The table indicates differences in response compared to filtered air
exposures

o)

over filtered air exposure

243
TA98
4
3.5
3
2.5
Hno GPF
2
m GPF
1.5
1
0
oh 2h 4h 6h

response indicates genotoxic effects. Error bars indicate SEMs.
Experimental repetitions are for no GPF (n=2) and for GPF (n=3),
except for the treatment with GPF for TA100 at 6 h (n=2)

had been reported in detailed analytical studies investigating
how DPFs and the catalytic activity that goes along with them
influence the formation or elimination of exhaust components
of high genotoxic (and/or pro-inflammatory, oxidative, etc.)
potential [51, 52]. The combined conclusions of these studies
were as follows:

1. That DPFs may act as chemical reactors in which exhaust
components are stored for prolonged periods of time during
which they may be chemically modified by the continuous
stream of hot, reactive exhaust gases. Importantly, either
merely as a function of time or as a function of changed vapor
pressure brought by the chemical modifications, the DPF will
emit certain components as secondary emissions.

2. That the secondary emissions are not only detectable ana-
lytically but may in fact have profound effects on exhaust
toxicity.

3. That therefore a high filtration efficiency of DPF alone is
not sufficient for exhaust detoxification but that the catalytic
activity the filter provides is at least as important.

It is likely that the findings made for a DPF also apply for a
GPF, i.e., that the beneficial effects of the filter may be greatly
increased by backing up its high filtration efficiency—which
per se can be assumed to have a beneficial effect—with fine-
tuned catalytic activity that does not only efficiently eliminate
primary toxic exhaust components but also does not result in
the formation of secondary emissions. It is also important to
note that our experimental approach represents an acute expo-
sure scenario and cannot account for chronic effects of the
various exhaust exposures.

5 Conclusion

In summary, our results allow differentiating the contributions
of the particulate and the gaseous fraction to the overall
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exhaust effects from a gasoline engine. The GPF used in this
study efficiently filters the particle count in both the cold and
warm phase of the NEDC. The biological tests showed that
the removal of the particulate fraction decreased significantly
the AhR activation in human lung cells in vitro; also, the
Ames test suggested a lower genotoxicity for filtered gasoline
exhaust. However, the GPF exhaust increased GSH oxidation
as well as pro-inflammatory effects, i.e., I/L-§ expression, in
the lung cell cultures.

The different toxic profiles in the cell cultures upon expo-
sure to unfiltered and filtered exhaust could be due to the fact
that volatile compounds can attach on the particulate fraction
and when the particles are filtered those compounds might
react differently with the lung cells.

In conclusion, GPF exhaust did not completely reduce the
adverse effects of gasoline exhaust in the in vitro test and
further experiments with a coated GPF are needed in the
future.
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