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Sweelin Chew a, Topi Rönkkö j, Pasi Jalava e, Katja M. Kanninen a,* 

a A. I. Virtanen Institute for Molecular Sciences, University of Eastern Finland, 70210 Kuopio, Finland 
b Department of Computer Science, University of Verona, 37134 Verona, Italy 
c Department of Genetic Toxicology and Epigenetics, Institute of Experimental Medicine of the Czech Academy of Sciences, Videnska 1083, 142 20 Prague, Czech 
Republic 
d VTT Technical Research Centre of Finland, VTT, 02044 Espoo, Finland 
e Inhalation Toxicology Laboratory, Department of Environmental and Biological Sciences, University of Eastern Finland, 70211 Kuopio, Finland 
f Department of Neurology, Neuro Centre, Kuopio University Hospital, 70210 Kuopio, Finland 
g Department of Otorhinolaryngology, University of Eastern Finland and Kuopio University Hospital, 70210 Kuopio, Finland 
h Brain Research Unit, Department of Neurology, School of Medicine, University of Eastern Finland, 70210 Kuopio, Finland 
i Department of Neurology and Geriatrics, Helsinki University Hospital and Neurosciences, Faculty of Medicine, University of Helsinki, 00014 Helsinki, Finland 
j Aerosol Physics Laboratory, Physics Unit, Tampere University, 33014 Tampere, Finland   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Olfactory mucosa (OM) cells: a relevant 
model to study effects of air pollution 

• Emission characterization data com-
bined with gene-level alterations in OM 
cells 

• UFPs might mediate harmful effects on 
the brain through the olfactory route. 

• Fossil diesel causes more severe adverse 
effects than renewable diesel. 

• PAHs may disturb inflammatory pro-
cesses and xenobiotic metabolism in OM 
cells.  
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A B S T R A C T   

Ultrafine particles (UFP) with a diameter of ≤0.1 μm, are contributors to ambient air pollution and derived 
mainly from traffic emissions, yet their health effects remain poorly characterized. The olfactory mucosa (OM) is 
located at the rooftop of the nasal cavity and directly exposed to both the environment and the brain. Mounting 
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evidence suggests that pollutant particles affect the brain through the olfactory tract, however, the exact cellular 
mechanisms of how the OM responds to air pollutants remain poorly known. Here we show that the responses of 
primary human OM cells are altered upon exposure to UFPs and that different fuels and engines elicit different 
adverse effects. We used UFPs collected from exhausts of a heavy-duty-engine run with renewable diesel (A0) 
and fossil diesel (A20), and from a modern diesel vehicle run with renewable diesel (Euro6) and compared their 
health effects on the OM cells by assessing cellular processes on the functional and transcriptomic levels. 
Quantification revealed all samples as UFPs with the majority of particles being ≤0.1 μm by an aerodynamic 
diameter. Exposure to A0 and A20 induced substantial alterations in processes associated with inflammatory 
response, xenobiotic metabolism, olfactory signaling, and epithelial integrity. Euro6 caused only negligible 
changes, demonstrating the efficacy of aftertreatment devices. Furthermore, when compared to A20, A0 elicited 
less pronounced effects on OM cells, suggesting renewable diesel induces less adverse effects in OM cells. Prior 
studies and these results suggest that PAHs may disturb the inflammatory process and xenobiotic metabolism in 
the OM and that UFPs might mediate harmful effects on the brain through the olfactory route. This study pro-
vides important information on the adverse effects of UFPs in a human-based in vitro model, therefore providing 
new insight to form the basis for mitigation and preventive actions against the possible toxicological impairments 
caused by UFP exposure.   

1. Introduction 

Air pollution is a major global health risk estimated to cause yearly 
millions of deaths and the loss of healthy years of life (World Health 
Organization, 2021). A large literature on epidemiological and experi-
mental studies has shown that air pollution is harmful to health and 
exposure to particulate matter (PM) is mainly associated with diseases of 
the cardiovascular and respiratory systems (Fuzzi et al., 2015). A 
growing body of evidence suggests that the neurological system is also 
targeted by air pollution, especially by particulate compounds in smaller 
particle size fractions (Hahad et al., 2020). The association between PM 
and cognitive decline as well as other neurological effects is documented 
(Calderón-Garcidueñas et al., 2021; Iaccarino et al., 2021; Jew et al., 
2019; Zundel et al., 2022). Particles are thought to reach the brain either 
through the bloodstream or directly via the olfactory nerve, which is 
connected to the olfactory mucosa (OM) located at the rooftop of the 
nasal cavity (Costa et al., 2020; Hochella et al., 2019; Jankowska-Kiel-
tyka et al., 2021; Maher et al., 2016; Schraufnagel, 2020). 

Air quality is monitored by measuring different compounds and 
particles in the air, e.g., nitrogen oxides (NOx), sulfur dioxide (SO2), 
ozone (O3), and particulate matter with a diameter of smaller than 10 
μm (PM10) and smaller than 2.5 μm (PM2.5) (Hahad et al., 2020; World 
Health Organization, 2021). Measurements of PM10 have been con-
ducted for over two decades in Europe, and later the air quality guide-
lines have also included PM2.5. Still, yet to this day, less attention has 
been paid to ultrafine particles (UFP) with a diameter of 0.1 μm or less 
(Cassee et al., 2019; Fuzzi et al., 2015; Nazarenko et al., 2021; Rönkkö 
and Timonen, 2019). Although UFPs were acknowledged in the newest 
WHO Air Quality guideline report published in 2021, it was stated that 
there is not enough epidemiological evidence to set concrete air quality 
guidelines for UFPs. Therefore, more experimental and epidemiological 
studies of the adverse effects of UFP exposure are desperately needed. 

The biggest anthropogenic sources of UFPs of ambient air are 
combustion-based processes that utilize fossil fuels and biofuels, 
including exhaust from vehicle engines and biomass burning (Kwon 
et al., 2020; Rönkkö and Timonen, 2019; World Health Organization, 
2021). Advances in exhaust aftertreatment technologies have led to 
reduced amounts of solid particle emissions, resulting in better- 
measured air quality in many large cities (Kwon et al., 2020; Luoma 
et al., 2021; Steiner et al., 2016). However, several types of gaseous 
compounds may pass through the filtration systems, potentially leading 
to the formation of particles in the atmosphere; UFPs can be formed from 
semivolatile compounds that pass the exhaust aftertreatment systems or 
even form in those systems (Kwon et al., 2020). 

The nasal cavity works as an entrance hall where inhaled air is 
assessed, pre-processed (warming and moisturizing), and guided for-
ward to the lungs where gas exchange occurs (Freeman et al., 2021). The 
olfactory mucosa (OM), located at the rooftop of the nasal cavity, 

consists of epithelium, basement membrane, and lamina propria, which 
are specialized in odor perception (Chen et al., 2014). Increasing evi-
dence of its dysfunction as an early marker for neuropathogenesis pre-
sents an avenue for in-depth exploration of its role in how the brain deals 
with environmental exposures such as air pollution (Kanninen et al., 
2020). The exact means by which the OM responds to air pollutants 
remains to be fully elucidated, although previous work with a primary 
human OM cell culture model revealed mitochondrial dysfunction, 
inflammation, and apoptotic features when cultures were exposed to PM 
collected from an urban environment in China (Chew et al., 2020). 
Toxicogenomic studies with primary human nasal epithelial cells have 
also revealed a biological relationship between epithelial damage and 
exposure to diesel exhaust particles (Kim et al., 2020a). However, little 
is known about the detailed cellular and molecular mechanisms caused 
by UFPs on OM cells. Based on previous work it is known that the pri-
mary human OM cultures are heterogenous, similar to in vivo, including 
but not limited to the epithelial cells (Chew et al., 2020; Lampinen et al., 
2022). Given that the OM can be a gateway of particles to the brain, it is 
important to focus research efforts on uncovering how environmental 
insults exploit this path to the detriment of the brain. A recent review 
summarizes how exposure to PM2.5 or other air pollutants (e.g., traffic- 
related emissions) is associated with neuroinflammation due to their 
transition to the brain through the olfactory route (Cristaldi et al., 2022). 
Altered expression of genes mediating olfactory dysfunction in the ol-
factory epithelium (OE) of mice exposed to diesel exhaust particles has 
also been reported (Kim et al., 2020b). Despite many animal studies 
linking OM as a gateway of pollutants to the brain, anatomical differ-
ences between species must be considered when applying findings to 
humans (Kanninen et al., 2020). In support of this, a stronger response to 
polycyclic aromatic hydrocarbons (PAH) has been reported in human 
cells when compared to rodents (Vondracek et al., 2017). 

Here, we utilize a highly translational primary cell model of the OM 
(Lampinen et al., 2022) to investigate cellular and molecular mecha-
nisms occurring upon exposure to traffic-related UFPs. We harness state- 
of-the-art methods for the characterization of UFPs and combine this 
information with multiple layers of data and information collected from 
human cells. For the first time, different aftertreatment systems and fuels 
are compared on the transcriptomic level in OM cells by RNA- 
sequencing (RNA-Seq). 

2. Materials and methods 

2.1. Cell culture 

Primary OM cell cultures from n = 8 donors were established as 
described in detail by (Lampinen et al., 2022). This work has received 
approval for research ethics from the Research Ethics Committee of the 
Northern Savo Hospital District (permit number 536/2017). Written 
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informed consent was obtained from all the donors. In brief, OM biopsies 
were received via the Department of Otorhinolaryngology, Kuopio 
University hospital from patients undergoing a dacryocystorhinostomy 
(DCR) surgery. Biopsy of the OM was taken from the nasal septum close 
to the rooftop of the nasal cavity and immediately transferred on ice to 
the laboratory where the tissue piece was processed mechanically and 
enzymatically to obtain dissociated single cells. Cell cultures were 
expanded, and cells were banked to liquid nitrogen. Used OM cells were 
primary lines between passages 5 and 7. Cells were cultured as sub-
merged cultures in Dulbecco’s Modified Eagle Medium: Nutrient 
Mixture F12 (DMEM/F-12) (Gibco #11320-033) containing 10 % heat- 
inactivated Fetal Bovine Serum (Gibco #10500-064) and 1 % of 
Penicillin-Streptomycin (10,000 U/ml) (Gibco #15140-122) at humified 
conditions at 37 ◦C, 5 % CO2. For experiments, cells were plated with 
varying densities depending on the experiment performed two-three 
days before exposures to allow them to adhere and divide. 

2.2. Air Liquid Interface (ALI) cultures 

OM cell line of passage 3 was cultured as submerged culture until 
reaching 70 % confluence. Cells were harvested and seeded with a 
density of 50,000 cells to tissue culture insert for 24-well (0,4 μm, 
transparent) (Sarstedt #83.3932.041), coated with 1:100 Matrigel 
Growth Factor Reduced (GFR) Basement Membrane Matrix (Corning 
#356231). Full medium changes in both the basal and apical chambers 
were done every two days until confluence was reached. At the start of 
an Air Liquid Interface (ALI) culture, the medium from the apical side 
was removed and the medium from the basal compartment was replaced 
by ALI-medium, composed of Pneumacult-ALI medium kit (STEMCELL 
Technologies #5001), Hydrocortisone Stock Solution (STEMCELL 
Technologies #7925), Heparin Solution (Parano LEO 5000 IU/ML) and 
Penicillin-Streptomycin (10,000 U/ml) (Gibco #15140122). Complete 
medium change was performed every two days for four weeks until the 
exposures to A0, A20, and Euro6. 

2.3. UFP sample collection and characterization 

The particle samples were collected by VTT Technical Research 
Centre of Finland from the exhaust of a heavy-duty diesel engine, 
abbreviated herein as ‘HDE’ and a 2019 model diesel vehicle, abbrevi-
ated herein as ‘DI-E6d’. The HDE was a modern 4-cylinder 4.4 dm3 

turbocharged diesel unit equipped with high-pressure common-rail fuel 
injection. As an important factor for the interpretation of the results, it’s 
clarified that the HDE was not equipped with any exhaust aftertreatment 
devices. Thus, the collected samples represent engine-out emissions. The 
DI-E6d was a modern diesel passenger car with a 1.6 dm3 turbocharged 
engine and Euro 6d-temp emission rating. The exhaust aftertreatment 
consisted of a Diesel Particulate Filter (DPF) to reduce particle emissions 
and a Selective Catalytic Reduction (SCR) to reduce NOx emissions. 

The engine was run in an electrical dynamometer measuring the 
power and the torque according to ISO 8178 RMC-C1 test cycle, which 
consists of 2-5 min constant modes with certain engine speed and torque 
and linear ramps with a duration of 20 s between these modes. The 
vehicle was driven on the VTT light-duty chassis dynamometer ac-
cording to the Worldwide harmonized Light duty Test Cycle (WLTC). 

The engine was run with two fuels: regular fossil diesel (in this paper 
A20) and paraffinic renewable diesel (Neste renewable diesel, in this 
paper A0). The regular fossil diesel met the EN590 specifications, the 
total aromatic content was 20 wt% (percentage by weight), and Fatty 
Acid Methyl Ester (FAME) content was <0.1 vol% (percentage by vol-
ume). The renewable diesel was Hydrotreated Vegetable Oil (HVO)-type 
fuel made of renewable feedstocks with 0.1 wt% of total aromatics and 
the FAME content was <0.1 vol%. The main difference between the 
renewable diesel compared to biodiesel is the production which uses the 
catalytic hydro-processing method, while biodiesel or FAME is produced 
via transesterification (Neste Renewable Diesel Handbook, 2020; Xu et al., 

2022). Unlike traditional biodiesel, the new generation renewable diesel 
can be used as the sole fuel in engines due to fuel quality even better than 
the fossil diesel. Both fuels were supplied by the same refining company 
(Neste Oyj, Espoo, Finland) and were analyzed in an external laboratory 
(ASG Analytik-Service GmbH, Neusäss, Germany). In the case of the 
HDE, the filter samples were collected from the raw exhaust with a 
diluting sampling system (SPC472 Smart Sampler, AVL List GmbH, Graz, 
Austria) according to ISO 8178 standard. 

The dilution ratio was set to 6 and the total flow of diluted exhaust 
through the filter was 70 l/min. Two parallel filter holders were used 
simultaneously, with a primary filter and a backup filter in both filter 
holders. Particles used for this study were collected on primary pre- 
treated fluorocarbon membrane filters, 70 mm (o.d.; optical density) 
(Fluoropore, Merck KGaA, Darmstadt, Germany). The backup filters 
were placed in the filter holders, but they were not extracted for bio-
logical analyses. 

Exhaust from the tailpipe of the DI-E6d car was led to a Constant 
Volume Sampler (CVS)-type dilution tunnel as in standard emissions 
measurements. In the tunnel, a sample was diluted with HEPA-filtered 
air with a variable dilution ratio depending on the exhaust flow. The 
dilution ratio was 6-8, on average. The total flow of diluted exhaust 
through the filter was 100 l/min. Two parallel filter holders were used 
simultaneously. Particles used for this study were collected on primary 
pre-treated fluorocarbon membrane filters, 70 mm (o.d.) (Fluoropore, 
Merck KGaA, Darmstadt, Germany). 

Before collection on filters, filter material (MerckMillipore, Fluo-
ropore) was washed with HPLC-grade methanol three times, dried, and 
weighed. The filters for the collection were stored on individual Petri 
dishes, closed to prevent contaminations. After the collection, filters 
were weighed and stored at − 20 ◦C before extraction procedures. 

2.4. Filter extraction of exposure material 

Before extraction, filters were weighed with an analytical balance to 
calculate the collected mass. For extraction, filters were cut into four 
pieces and placed into a 50 ml glass tube, which was filled with HPLC- 
grade methanol, and sonicated for 30 min at a temperature <30 ◦C. 
Thereafter, the methanol suspensions from all of the filters from the 
same sample were transferred to a rotary evaporator flask. This pro-
cedure was repeated twice for each filter. After the extraction, the 
sample was reduced to a small volume in a rotary evaporator, set at 
35 ◦C and 150 mbar. This small volume was measured, and transferred 
into 15 ml glass vials, based on calculated emission volumes and 
collected mass. The methanol in each vial was evaporated under nitro-
gen flow and thereafter the remaining dry samples were stored at − 20 ◦C 
until the cell exposures. All the same procedures, except for actual 
sample collection, were conducted for blank control filters. 

2.5. UFP exposures 

Pollutant particles were suspended in 10 % v/v sterile Dime-
thylsulfoxide (DMSO) (Sigma-Aldrich #D2650) in sterile water (Baxter) 
and sonicated in an ultrasonic water bath for 30 min. Prior to the 
exposure, to ensure a homogenous mixture, samples were either mixed 
thoroughly by pipetting or by further sonication for 5 min. The control 
was prepared by mixing 10 % v/v sterile DMSO with sterile water. The 
final DMSO concentration used on the cells was 0.2 %–2 %. To outrule 
the effect of DMSO itself, treatments with different concentrations were 
compared to corresponding control-treated cells. The cell culture media 
was changed 1 h prior to pollutant exposures. Cells were treated with 
pollutants in final concentrations of 10, 20, 50, 100, 200, and 400 l/ml 
in culture media, with concentrations referring to the amount of exhaust 
run through the collection filter. Rather than using a mass, we used the 
volume of the exhaust as the dose metric, since mass is known to 
correlate poorly with the surface area of UFPs (Cassee et al., 2019). With 
ALI-cultures exposures were executed by adding 60 μl of media 
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containing UFPs at a concentration of 20 l/ml to the apical compart-
ment. After exposure, cells were kept for either 24-h or 72-h at humid-
ified conditions at 37 ◦C, 5 % CO2. 

2.6. Measurement of metabolic activity and cytotoxicity 

MTT (3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bro-
mide) tetrazolium reduction assay was used to assess the metabolic ac-
tivity of exposed cells. Cells were plated on 48-well plates with a density 
of 20,000 cells/well. Cells were exposed to pollutants for 24-h and 72-h, 
with four technical replicates per treatment. After the exposure, UFP- 
containing media was collected and replaced with media containing 
1.2 mM Thiazolyl blue tetrazolium bromide (VWR #0793-1G) and 
incubated for 2.5–3-h at 37 ◦C. After incubation, the media was removed 
and the formed crystal-salts were solubilized in DMSO (Fisher Chemical 
#D/4121/PB15, 67-68-5). The absorbances were measured at 595 nm 
with a Wallac Victor 1420 plate reader (Perkin Elmer, Waltham, USA), 
and the background signal (measured with DMSO) was subtracted from 
readings. All values were normalized to control-treated cells. The 
collected culture media was used for quantification of lactate dehydro-
genase (LDH) release with CyQUANT™ LDH Cytotoxicity Assay Kit 
(Invitrogen #C20301) and performed according to the manufacturer’s 
instructions. Absorbances were read at 490 nm and 650 nm using the 
Wallac Victor 1420 plate reader (Perkin Elmer, Waltham, USA). Cells 
lysed with Triton-X (Sigma-Aldrich #9002-93-1) were used as a positive 
control for cell death. 

2.7. Transcriptomic analysis 

RNA-seq was performed on six primary OM cell lines. Cells were 
plated to 6-well plates at a density of 150,000 cells/well three days prior 
to exposures. After 24-h and 72-h exposures to A0, A20, and Euro6 at a 
concentration of 20 l/ml, the culture media was collected, cells were 
washed with ice-cold Dulbecco’s phosphate-buffered saline (D-PBS) 
(Gibco #14190-094) and RNA was extracted using the protocol pro-
vided by the manufacturer of the kit AllPrep DNA/RNA/miRNA (Qiagen 
#80224), DNase treatment included. The RNA quality was determined 
using the RNA Pico or Nano 6000 LabChip kit (Agilent Technologies, 
USA #5067-1513 or #5067-1511). The LabChips were run in an Agilent 
2100 Bioanalyzer according to the manufacturer’s instructions. Ana-
lyses of RNA yield were performed using Qubit. Samples with RNA 
integrity numbers higher than 6 were selected for sequencing. Ribo-
somal RNA was depleted using NEBNext® rRNA Depletion Kit v2 
(Human/Mouse/Rat) (New England BioLabs). cDNA libraries were 
prepared using the NEBNext® Ultra™ II Directional RNA Library Prep 
Kit for Illumina® (New England BioLabs). SPRi beads (Beckman Coulter 
Inc.) were employed for purification and size selection. Libraries were 
sequenced as paired-end sequencing on the Illumina NovaSeq 6000 
platform using NovaSeq 6000 S1 Reagent Kit v1.5 (200 cycles) 
(Illumina). 

RNA-seq analysis was conducted separately on 24-h and 72-h 
exposed samples. FastQC tool (Andrews, 2010), used to check the 
quality of sequenced reads, highlighted the presence of potential adapter 
sequences that were extracted and trimmed from the reads through the 
use of the Trimmomatic tool (Bolger et al., 2014). Pre-processed reads 
were aligned to the human HG38 Gencode indexed genome using STAR 
tool (v2.4) (Dobin et al., 2013) then, mapped reads were quantified 
through the featureCounts tool (Liao et al., 2014). Statistical analysis 
was conducted independently on both expression matrices using the R 
package DESeq2 (Love et al., 2014). Exploratory analysis revealed in 
both datasets a batch effect due to the cell line of origin of each sample. 
Looking at the Principal Component Analysis (PCA) plots we observed 
that samples were grouped by cell line of origin rather than the treat-
ment, which was our variable of interest in the analysis. This batch effect 
was considered in the analysis and the cell line of origin was used as a 
covariate of the statistical model for the differential expression analysis. 

A potential outlier sample at the 72-h exposure to A0 (id: Control8_A0) 
was found and removed from the following analysis steps. Both datasets 
were balanced by filtering out genes that were not expressed in at least 
one sample for each group. By using the appropriate function provided 
by DESeq2 package, differential expression analysis was performed by 
comparing each exposed group with its relative control group. 
Benjamini-Hochberg procedure was used for multiple testing correction 
and only significant genes with an adjusted p-value < 0.05 were kept 
and used as input for the pathway analysis performed by using QIAGEN 
IPA software (Krämer et al., 2014; QIAGEN Inc., n.d.). 

2.8. TEER measurements 

To assess the alterations in epithelial barrier integrity of the OM 
cultures in ALI after being exposed to the emissions, transepithelial 
electric resistance (TEER) was used. We utilized a volt/Ohm meter 
(EVOM2) with STX2 chopstick electrodes (World Precision Instruments) 
to measure the resistance imposed by the cells at ALI. The EVOM2 was 
used according to the manufacturer’s instructions manual. Before the 
start of the exposure, the apical OM cells at ALI were washed with D-PBS 
to remove the mucous followed by measurement of a baseline resistance. 
Further, the OM cells at ALI were exposed through the apical side to A0, 
A20, and Euro6 at a concentration of 20 l/ml, for 24-h and 72-h. At the 
end of the exposure time, the pollutants were removed from the apical 
side of the tissue culture insert, and both apical and basal chambers were 
washed with D-PBS before obtaining the endpoint TEER measurement. 
Each exposure was carried out in triplicates, and both timepoints were 
performed independently. Actual resistance values were obtained by 
subtracting the resistance value of the actual exposure from the resis-
tance value obtained from blank inserts. Finally, the TEER values (Ohm/ 
cm2) were calculated by multiplying the actual resistance with the 
surface area of the insert. The alteration caused by the emission was 
represented as a fold change relative to the control. 

2.9. Statistical analyses 

Statistics were performed with the GraphPad Prism 8.1.0 (GraphPad 
Software Inc. San Diego, CA, USA) software. The significance of differ-
ences between control and experimental values was assessed using the 
one-way analysis of variance (ANOVA) with Dunnett’s post hoc test. 
Error bars represent the standard deviation (SD). Differences were 
considered significant at p ≤ 0.05 if not otherwise stated. For graphical 
illustrations were utilized features of BioRender.com and the open- 
source vector graphics editor Inkscape 0.91. 

3. Results 

3.1. Characterization of A0, A20 and Euro6 samples 

Chemical analyses were performed to characterize the contents of 
metals, polycyclic aromatic hydrocarbons (PAHs), nitrogen compounds 
(NOx), organic carbon (OC), and elemental carbon (EC) in the collected 
UFP samples. In addition, particle size distribution was measured. For 
A0 and A20 more detailed analysis including OC/EC ratios has been 
published previously (Hakkarainen et al., 2023), and Euro6-sample 
characterization is reported elsewhere (Saarikoski et al., unpublished 
results) The Euro6-sample is very clean, due to the low number of 
components. Fig. 1a, c, and d thus display results only from A0 and A20 
analysis. 

3.1.1. Metal contents 
Metal concentrations analyzed from PM samples were low, and only 

a few species exceeded the detection limit of the analysis method 
(Fig. 1a). Total amount of metals was higher in A20 (10.94 μg/m3) than 
in A0 (7.27 μg/m3). The highest concentrations of metals in A0 were 
nickel (Ni) and calcium (Ca) while sodium (Na), Ca, and Ni dominated in 
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A20. Major differences between fuels were observed with Ni (4.5 μg/m3 

[A0] vs. 1.9 μg/m3 [A20]), Ca (1.1 μg/m3 [A0] vs. 3.2 μg/m3 [A20]) and 
with Na (0 μg/m3 [A0] vs. 4.7 μg/m3 [A20]). In addition, small amounts 
of boron (B), chromium (Cr), phosphorus (P), and zinc (Zn) were also 
detected in both A0 and A20 (Fig. 1a). However, the majority of the 
measured metals (Hg, Ag, Al, As, Ba, Be, Br, Cd, Co, Cu, K, Li, Mg, Mn, 
Mo, Pb, Rb, Sb, Se, Sn, Sr, Th, Tl, U, V) were under the limit of detection. 
Overall, metal contents seem to be higher in A20 when compared to A0. 
In the analysis of Euro6 sample, no metals were detected. 

3.1.2. Reactive nitrogen compounds 
Most of the nitrogen exists in the atmosphere as N2 gas (Nieder and 

Benbi, 2022). When the bond is broken due to high temperature, N 
becomes reactive and can form gases such as NH3 (ammonia), NOx 
(nitrogen oxides): NO (nitric oxide), and NO2 (nitrogen dioxide) and 
N2O (nitrous oxide). Measurements of reactive nitrogen compounds 
(Fig. 1b) resulted in a substantial difference in NOx levels when 
comparing A0 and A20 to Euro6. NOx level for Euro6 was 0.0257 g/m3, 
whereas for A0 and A20 the amounts were 0.789 g/m3 and 0.839 g/m3, 
respectively. Roughly stated, NOx emissions are 30 times higher in A0 
and A20 emissions than in Euro6. In addition, NO2 levels with A0 (0.042 
g/m3) and A20 (0.045 g/m3) were clearly higher than with Euro6 

(0.0002 g/m3). However, the N2O level was found to be higher with 
Euro6 (0.0059 g/m3), whereas both A0 and A20 had non-detectable 
amounts. NH3 level was also observed to be higher with Euro6 
(0.0006 g/m3) when compared to A0 (0.0001 g/m3) and A20 (0.00001 
g/m3). Overall, these results suggest that amounts of reactive nitrogen 
products are higher in A0 and A20 compared to Euro6. In addition, A20 
seems to produce slightly more NOx emissions than A0. 

3.1.3. Particle number size distributions 
Fig. 1c shows the normalized exhaust particle number size distri-

butions measured for the samples A0 and A20 from HDE and Euro6 from 
DI-E6d (Data adapted from Saarikoski et al., unpublished results and 
Hakkarainen et al., 2023). As the sources and fuel were the same, the 
particle size distributions represent the collected PM size distribution. 
Note that, normalized size distributions do not show the particle con-
centrations, which were significantly smaller in Euro6 than in A0 or A20 
samples. In general, the number size distribution data showed that the 
majority of collected exhaust particles were in particle sizes smaller than 
100 nm with all the samples. Thus, the samples used in this study can be 
considered as UFPs. Importantly, the size distributions of A0 and A20 
(from HDE exhaust without exhaust filtration) are typical for that kind of 
engine, including nanoparticle mode at 10 nm and soot mode in 

Fig. 1. Characterization data of used samples A0, A20, and Euro6. (a) Metals found in A0 and A20, are presented as a mass of metals per volume of the raw exhaust 
(μg/m3). (b) Reactive nitrogen compounds in A0, A20, and Euro6 are presented as a mass of nitrogen compounds per volume of the exhaust (g/m3). (c) Particle 
number size distributions for A0, A20, and Euro6 presented as particle diameter (Dp) vs. normalized concentration of particles in the exhaust (dN/dlogDp). (d) 
Distribution of 20 detected PAHs in A0 and A20, presented as a mass per volume of the raw exhaust (μg/m3). 
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relatively small particle sizes (Hakkarainen et al., 2023). Also, the par-
ticle size distribution of Euro6 from DI-E6d exhaust can be seen as 
typical particle size distribution for a diesel car with DPF; particles were 
in low concentrations but in sizes distributions of diesel exhaust soot 
particles (Saarikoski et al., unpublished results; see also Wihersaari 
et al., 2020). 

3.1.4. Polycyclic aromatic hydrocarbons (PAHs) 
A total of 24 PAHs were characterized, out of which 20 PAH com-

pounds were detected. Their mass per cubic meter of the raw exhaust is 
presented in Fig. 1d. Acenaphthene, biphenyl, dibenz[a,h]anthracene, 
and perylene were under the limit of detection. In A0, the major PAHs 
found were pyrene (0.390 μg/m3) > chrysene (0.282 μg/m3) > fluo-
ranthene (0.067 μg/m3) > benz[a]anthracene (0.061 μg/m3) and 
>benzo[b]fluoranthene (0,055 μg/m3). In A20, the major PAHs found 

Fig. 2. Assessment of cellular viability. (a, b) MTT reduction assay with multiple concentrations at the 24 h and 72 h exposure. Decrease of metabolic activity 
compared to the control as assessed with the MTT test after a 24-h and 72-h exposure of OM-cells to different concentrations of UFP samples. All concentrations are 
compared to their corresponding control. n = 1 line, 4 technical replicates. (c, d) LDH release assay with multiple concentrations. Effects of different concentrations of 
A0, A20, and Euro6 samples on cytotoxicity in OM cultures. Results are shown as a percentage from lysed cell control: TXT (Triton-X treated cells for absolute cell 
death), n = 1 line, 2 technical replicates. (e, f) MTT with one concentration. OM cells from n = 5 individuals upon exposure to different UFPs at a concentration of 20 
l/ml. All treatments are compared to the control. (g, h) LDH with one concentration. OM cells from n = 6 individuals upon exposure to different UFPs at a con-
centration of 20 l/ml. Results are shown as a percentage from lysed cell control (TXT). * = p ≤ 0.05; ** = p < 0.01; *** = p < 0.001. 
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were pyrene (1.622 μg/m3) > chrysene (0.398 μg/m3) > phenanthrene 
(0.243 μg/m3) > 1- methylphenanthrene, (0.228 μg/m3) > fluoranthene 
(0.171 μg/m3). 

The dominant PAHs were: 3- (phenanthrene, 1- methylphenan-
threne) 4- (pyrene, chrysene, fluoranthene, benz[a]anthracene), and 5- 
ring (benzo[b]fluoranthene) PAHs, most of them classified as carcino-
genic and mutagenic substances (Kim et al., 2013). All measured PAHs 
were found to be higher in A20 than in A0, except for naphthalene. This 
2-ring PAH was not detected in A20 while in A0 it was the ninth highest 
(0.034 μg/m3) PAH. However, in A20, dimethylnaphthalene, 2.6- and 
trimethylnaphthalene, 2.3.5- were found among the top 10 measured 
PAHs. Overall, the differences in PAH compositions between A0 and A20 
were substantial and indicate the large difference between distillate and 
hydrotreated fuel. 

3.2. Effects of emissions on cytotoxicity and cellular metabolism in OM 
cells 

Firstly, we defined the lowest effective dose at which a response 
occurs in OM cells. Cellular metabolism was measured with the MTT 
reduction assay following exposure to exhaust UFPs for 24-h and 72-h 
(Fig. 2a and b). OM cells derived from one individual were treated 
with different concentrations (10, 20, 50, and 100 l/ml) of A0, A20, 
Euro6 samples. Timepoints were selected to represent more acute 
response (24-h) and slightly prolonged exposure (72-h) to see whether 
response differs upon different durations. 

At the 24-h timepoint, exposures to A0 and A20 showed a slight but 
statistically significant reduction in metabolic activity with a concen-
tration of 10 l/ml when compared to the control (Fig. 2a). However, 
exposure to Euro6 caused a significant reduction in cellular metabolism 
only at the higher concentration of 50 l/ml. At the 72-h timepoint 
(Fig. 2b), exposure to A0 resulted in a significant decrease of metabolic 
activity with concentrations of ≥20 l/ml, whereas exposure to A20 eli-
cited a significant reduction with all the tested concentrations. Exposure 
to Euro6 reduced metabolic activity with higher concentrations of 50 l/ 
ml and 100 l/ml. This suggests that with exposures to A0 and A20 sig-
nificant decrease in metabolic activity was reached with relatively low 
concentrations, whereas the Euro6 sample required a 2.5–5 times 
stronger dosage to cause a significant decrease in MTT assay. When 
comparing the two time points, 24-h and 72-h, it seems that cells elicit a 
stronger response to UFPs with the shorter exposure time (24-h), espe-
cially with higher concentrations of 50 l/ml and 100 l/ml. This might be 
explained by an acute reaction, which plateaus to some extent with 
increasing time, although the magnitude of the differences overall were 
relatively modest. 

To see whether any of these concentrations cause cell death, cellular 
toxicity upon 24-h and 72-h UFP treatment was assessed by the lactate 
dehydrogenase (LDH) release assay in one representative OM cell line 
exposed to various concentrations (20, 50, 100, 200, and 400 l/ml) of 
A0, A20, and Euro6 (Fig. 2c and d). Lysed cells (Triton-X treated) serve 
as an indicator for absolute cell death (100 %). No cytotoxicity was 
observed in response to A0 and Euro6 exposure in any of the tested 
concentrations when compared to the control at either timepoint. 
However, at the 24-h timepoint cells exposed to A20 with the highest 
concentration of 400 l/ml (Fig. 2c) showed a slight but statistically 
significant increase in cytotoxicity. Whereas, at the 72-h timepoint 
exposure to A20 with a concentration of 200 l/ml already displayed 
significant toxicity in addition to a concentration of 400 l/ml (Fig. 2d). 
This suggests that only exposure to A20 manifests signs of toxicity with 
substantially high concentrations, and longer exposure time increase the 
cytotoxicity. Even though UFPs may not cause significant cell death until 
with substantially high concentrations as assessed by LDH release 
(Fig. 2c and d), they can still have detrimental effects on cell functions 
even with lower doses, as shown by results of the MTT assay (Fig. 2a and 
b). Due to the limited number of the samples (especially of A0 and A20), 
it was essential to determine the lowest effective dose at which a 

response occurs. Thus, based on the resources and these findings we 
decided to continue further experiments with the UFP concentration of 
20 l/ml and both time points of 24-h and 72-h. Using the same dose and 
timepoint for all emissions will allow us to decipher whether there exist 
differential responses of the OM cells to these fuels. To analyze further 
the selected concentration of 20 l/ml, and specifically the donor-to- 
donor variation in cellular responses, we exposed OM cells from 
different individuals (n = 5) to A0, A20, and Euro6 samples and per-
formed the MTT viability assay (Fig. 2e and f). At the 24-h and 72-h 
timepoints we observed a statistically significant decrease in metabolic 
activity compared to the DMSO control with exposures to A0 and A20. 
However, exposure to Euro6 did not affect cellular metabolic activity 
compared to the control. Response to A20 was stronger in both time-
points compared to A0 and Euro6. We also noted the donor-to-donor 
variation inside treatments, and it seemed to be enlarged with longer 
exposure. These trends suggest that despite the variation between do-
nors, the most severe decrease in viability appears to be with exposure to 
A20 in both timepoints. Cellular toxicity upon 24-h and 72-h pollutant 
treatment was again assessed by LDH assay. The LDH assay was per-
formed on OM cells from different individuals (n = 6) exposed to the 20 
l/ml concentration of A0, A20, and Euro6 (Fig. 2g and h). No significant 
cytotoxicity was observed in response to any of the exposures when 
compared to control in either timepoint. It is however notable that at the 
72-h timepoint with exposure to A20, the deviation is large. This sug-
gests that 72-h exposure to A20 is causing eminently diverse responses 
between OM cells from different individuals. 

3.3. Transcriptomic analysis revealed substantial numbers of 
differentially expressed genes (DEGs) with exposures to A0 and A20 

Having confirmed suitable effective concentration to expose OM 
cells without causing cell death, to gain insight into molecular level 
mechanisms in OM upon exposure, we performed total RNA-Seq on UFP- 
treated OM cells derived from different individuals (n = 6) in two 
different timepoints. 

At the 24-h timepoint differential expression analysis resulted in 
1690 DEGs in A0 exposed cells with respect to control cells (812 upre-
gulated and 878 downregulated) (Fig. 3a; See Supplementary Table S1 
for a full listing of all DEGs), while exposure to A20 resulted in 1912 
DEGs (892 upregulated and 1020 downregulated) (Fig. 3b; Table S1). 
However, only 9 genes were differentially expressed upon 24-h exposure 
to Euro6 compared to control cells (6 upregulated and 3 downregulated) 
(Fig. 3c; Table S1). DEGs having an adjusted p-value lower than 0.05 
were included in the analysis. The overlap of differentially expressed 
genes in Fig. 3g shows that the majority of DEGs are shared between A0 
and A20, although both still have a substantial portion of exposure- 
specific genes. In addition, Euro6 exposure seems to elicit similar ef-
fects as exposures to A0 and A20, although the magnitude of the re-
sponses is considerably smaller. 

At the 72-h timepoint differential expression analysis revealed 866 
DEGs upon exposure to A0 with respect to control cells (376 upregulated 
and 490 downregulated) (Fig. 3d; Table S1), and exposure to A20 
resulted in 3719 DEGs (1681 upregulated and 2038 downregulated) 
(Fig. 3e; Table S1). Again, only 13 genes were found to be differentially 
expressed upon 72-h exposure to Euro6 when compared to control cells 
(1 upregulated and 12 downregulated) (Fig. 3f; Table S1). Overlap of 
differentially expressed genes at the 72-h timepoint in Fig. 3h revealed 
that the majority of DEGs found upon exposure to A0 are shared with 
A20. However, the total amount of genes found solely in exposure to 
A20 is remarkable. Again, the effect of Euro6 exposure seems to be in-
cremental, having only a few shared genes in comparison to A0 and A20. 

Notably, the most prominent transcriptional changes with respect to 
the number of DEGs were observed with the 72-h exposure to A20, while 
exposure to Euro6 seems to cause only minor alterations compared to A0 
and A20 exposures. Overall, these findings suggest that A20 has the most 
significant impact on OM cells’ altered gene expression. Furthermore, 
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Fig. 3. Transcriptomic alterations caused by exposures to A0, A20, and Euro6 at timepoints of 24-h and 72-h. (a, b, c) Heatmaps showing the scaled expression of 
differentially expressed genes (p-adjusted < 0.05) upon a 24-h exposure to A0, A20, and Euro6. (d, e, f) Heatmaps showing the scaled expression of differentially 
expressed genes (p-adjusted < 0.05) upon a 72-h exposure to A0, A20, and Euro6. In all the heatmaps, the top 15 most down- and upregulated genes are shown for A0 
and A20 while for Euro6 all the differentially expressed ones are presented. (g, h) Venn diagrams showing the number of shared differentially expressed genes 
between A0, A20, and Euro6 exposures at different timepoints (24-h and 72-h). 
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the longer exposure seems to elicit a stronger impact than the shorter 
more acute exposure time. However, exposure to A0 caused a stronger 
response with shorter 24-h exposure than with 72-h exposure. Given the 
vast amount of DEGs found, we decided to focus mainly on the top 15 up 
and downregulated genes based on the log2FC-value within each 
treatment per timepoint to understand the major manifestations behind 
altered gene expression in OM-cells upon the UFP exposure. We aimed to 
explore if there is a common nominator for the bigger subset of genes 
and if we can find correlations to prior literature. We were not interested 
in one specific gene which was highly differentially expressed, but more 
like a set of genes telling the same story. 

3.3.1. Transcriptomic alterations related to inflammation and xenobiotic 
metabolism 

As previously reported by others, PM exposure can cause diverse 
reactions in cells varying from oxidative stress and inflammation to cell 
death. In our data, the most upregulated gene found at the 24-h time-
point in exposures to A0 (Fig. 3a log2FC 3.86) and A20 (Fig. 3 b log2FC 
3.78) was GPR68, which is a mediator of respiratory inflammatory re-
sponses (Huang et al., 2015). In addition, CD7, associated with inflam-
mation in nasal mucosa (Morinaka and Nakamura, 2000) was found to 
be highly upregulated at both timepoints of 24-h (Fig. 3a; log2FC 2.84 
[A0] and Fig. 3b; log2FC 2.98 [A20]) and 72-h (Fig. 3d; log2FC 2.95 [A0] 
and Fig. 3e; log2FC 3.70 [A20]). Contrary to previous reports of up- 
regulation during inflammatory processes, A2M in the nasal mucus 
(Tomazic et al., 2014) and IL32 in vascular endothelial cells (Nold-Petry 
et al., 2009), these two genes were highly downregulated at 72-h 
exposure to A0 (Fig. 3d; log2FC − 2,04) and to A20 (Fig. 3e; log2FC 
− 3.38), respectively. 

Interestingly, CYP1A1, known to metabolize PAHs (Kang et al., 
2020), was upregulated at the 24-h timepoint with exposures to all the 
tested samples, A0 (log2FC 2.47), A20 (log2FC 2.70) and Euro6 (log2FC 
2.05) (Fig. 3a, b, c respectively). However, at the 72-h timepoint, only 
exposure to A0 (Fig. 3d) and A20 (Fig. 3e) resulted in upregulation of 
CYP1B1 (log2FC 2.87 [A0] and log2FC 3.22 [A20]). Furthermore, at the 
24-h timepoint among the top 15 most downregulated genes with ex-
posures to A0 and A20 (Fig. 3a and b) were found the genes INMT 
(log2FC − 3.04 [A0], − 3.54 [A20]), FMO1 (log2FC − 2.48 [A0], − 2.68 
[A20]) (Watson et al., 2013) GSTA1 (log2FC − 1.62 [A0], − 2.48 [A20]) 
(Schwartz et al., 2020) associated with xenobiotic metabolism. At the 
72-h exposure to A0, (Fig. 3d) FMO1 (log2FC − 2.24), as well as FMO2 
(log2FC − 2.01), were found in the top 15 most downregulated genes. In 
exposure to Euro6 at the 24-h timepoint (Fig. 3c) was found the gene 
SECTM1 (log2FC 1.21), which has been previously reported to be 
upregulated upon exposure to PAH benzo(a)pyrene (Kaarthik et al., 
2009). This gene was also up-regulated with the 72-h exposure to A20 
(log2FC 2.62) (Fig. 3e). Lastly, at the 72-h timepoint the most upregu-
lated gene found in exposures to A0 (Fig. 3d; log2FC 3.51) and A20 
(Fig. 3; log2FC 4.88) was NPTX1, which has previously shown by our 
research group to be upregulated upon exposure to urban PM in OM 
cultures (Chew et al., 2020). This gene was also up-regulated with the 
24-h exposure to Euro6 (Fig. 3c). Taken together, our findings from the 
differential expression analysis are in line with the current literature 
concerning inflammatory responses and xenobiotic metabolism and 
provide new insight into the effects of UFPs in cultures of OM cells. 

3.3.2. Transcriptomic alterations in olfactory signaling 
Considering the specialized role of the OM in odor perception, we 

were exceptionally interested to discover UFP-induced alterations in 
genes associated with olfactory signaling. For example, GAD1 (Gluta-
mate Decarboxylase 1) was among the top 15 upregulated genes at the 
24-h exposure to A0 (Fig. 3a; log2FC 2.19) and within the top 40 genes 
altered upon exposure to A20 (Fig. 3b; log2FC 2.09). In addition, genes 
associated with olfactory functions, LEP (Sun et al., 2019) and GSTA1 
(Schwartz et al., 2020), were found downregulated at the 24-h expo-
sures to A0 (log2FC − 2.50 and − 1.62 respectively) and A20 (log2FC 

− 2.87 and − 2.48 respectively). In addition, TAS2R belonging to the 
chemosensory receptors (di Pizio et al., 2019), was downregulated with 
A0 (log2FC − 2.49) and A20 (log2FC − 2.56) exposures. At the 72-h 
timepoint the most downregulated gene in exposure to A20 (Fig. 3e; 
log2FC − 4.14) and fifth most downregulated in exposure to A0 (Fig. 3d; 
log2FC − 2.59) was KISS1, an important neuropeptide which has been 
visualized in olfactory bulb (OB) and its role in mediating signals 
through olfactory route to the brain has been established with both 
animal and human studies (Mills et al., 2022). Interestingly, also LEP 
was among the most downregulated genes at the time point of 72-h with 
A0 (Fig. 3d; log2FC − 2.48) and A20 (Fig. 3e; log2FC − 3.38) exposures. In 
addition, at the 72-h exposure to A20 (Fig. 3e), we discovered several 
upregulated genes further supporting findings of altered olfactory 
signaling, such as PYY2 (log2FC 2.52), a rather poorly known pseudo-
gene and member of the neuropeptide family (Couzens et al., 2000). 
This gene has been previously reported to have an important role in the 
regulation of olfactory neuron differentiation in mouse olfactory neu-
roepithelium (Doyle et al., 2012). In addition, among the top 15 DEGs 
upon 72-h exposure to A20, we found PTPRN (log2FC 2.51) previously 
reported as an activity-dependent gene in mouse olfactory sensory 
neurons (Fischl et al., 2014) and GABRA3 (log2FC 2.56), the receptor of 
inhibitory neurotransmitter GABA (Agapite et al., 2022). Taken 
together, these results suggest that exposure to A0 and A20 causes 
altered expression of genes related to olfactory signaling in human pri-
mary OM cell cultures. 

3.3.3. Transcriptomic alterations related to compromised epithelial barrier 
functions 

Based on the existing knowledge of PM’s ability to hamper epithelial 
functions in other tissues, we were interested to see whether these 
changes also manifest in human primary OM cells. Keratins are impor-
tant components of the cytoskeletal network providing support for cells 
but also building connections between adjacent cells and extracellular 
matrix (ECM), therefore playing an important role in regulating the 
integrity of epithelial tissues (Yu et al., 2022). At the 24-h timepoint in 
exposure to A0 (Fig. 3a) and A20 (Fig. 3b), among the most down-
regulated genes was FLG (log2FC − 2.87 [A0], − 2.71 [A20]), which is 
known to be involved in the maintenance of the epidermal barrier by 
aggregating keratin filaments to form a keratin network (Kim and Lim, 
2021; Nakamura et al., 2021). Furthermore, 72-h exposure to A20 
(Fig. 3e) revealed several keratins among the top 15 downregulated 
genes: KRT81 (log2FC − 3.56), KRT7 (log2FC − 3.44), KRT86 (log2FC 
− 3.36) and KRT80 (log2FC − 3.08), as well as PADI1 (log2FC − 3.20), 
which is known to be involved in filaggrin and keratin processing 
(Merleev et al., 2022). In addition, TRPA1, reported to regulate kerati-
nocyte differentiation and mediate inflammatory skin responses (Atoyan 
et al., 2009), was highly upregulated at the 24-h exposure to A20 (log2FC 
2.72). However, exposure to A0 at the 72-h timepoint resulted in only 
one downregulated keratin, KRT86 (log2FC − 2.06). Genes known to be 
key players in the formation of tight junctions (TJ) (Zihni et al., 2016), 
CLDN1 (log2FC − 2.35), OCLN (log2FC − 1.25), and MAGI1 (log2FC 
− 0.40), were also found to be downregulated at the 72-h exposure to 
A20 (Table S1). Considering the pivotal role of proper ECM stiffness in 
maintaining epithelial barrier permeability (Mammoto et al., 2013), it 
was interesting to find the main fibrous ECM proteins, collagens and 
elastin (Liu et al., 2021), to be well represented among all DEGs. One of 
the most upregulated genes in exposure to A20 at the 24-h timepoint was 
COL28A1 (Fig. 3b; log2FC 3.00) and at the 72-h timepoint COL26A1 
(Fig. 3e; log2FC 2.64). At the 72-h exposure to A20, among all DEGs 
(Table S1) we found 14 additional members of the collagen family. 
Whereas exposure to A0 at the 72-h timepoint resulted only in one DEG 
COL5A3 (Table S1; log2FC 1.02). However, ELN was downregulated in 
exposures to A0 and A20 at both timepoints of 24 h (log2FC − 2.00 [A0] 
and − 2.20 [A20]) and 72-h (log2FC − 1.83 [A0] and − 2.59 [A20]) 
(Table S1). Taken together, these results suggest that several genes 
coding vital components in epithelial integrity maintenance are 
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downregulated in OM cells upon exposure to A0 and A20, with A20 
causing a more severe impact. 

3.4. Pathway analysis 

Since differential expression analysis resulted in a vast amount of 
DEGs, we harnessed Ingenuity Pathway Analysis (IPA) features to sug-
gest the cellular pathways affected by exposure to different emissions. 
IPA predicted several cellular pathways to be inhibited and a few being 
activated upon exposures to A0 and A20 in both timepoints. The most 
significant pathways of our interests in both timepoints are presented in 
Fig. 4a and b. Only pathways with z-scores ≥2 or ≤− 2 and − log(p- 
value) ≥ 1.3 were considered significant (see Supplementary Data 
Table S2 for a full listing of pathways and genes for each pathway). 
Euro6 exposure did not elicit any significant pathways in either time-
point, therefore not included in the figures. 

At the 24-h timepoint (Fig. 4a), the exposure to A0 resulted in 28 
inhibited and 3 activated pathways. Exposure to A20 caused the inhi-
bition of 99 pathways, while 3 were upregulated. One of the most sig-
nificant pathways observed with both exposures to A0 and A20 was EIF2 
Signaling, with z-scores of − 3.272 and − 2.785 respectively. Other 
common significant pathways observed with both exposures to A0 and 
A20 were Integrin Signaling (z-scores − 2.744 [A0] and − 3.592[A20]), 
ILK Signaling (z-scores − 2.646 [A0] and − 3.536 [A20]), Actin Cyto-
skeleton Signaling (z-scores − 3,024 [A0] and − 3.286 [A20]), Signaling 
by Rho Family GTPases (z-scores − 2.921[A0] and − 3.43 [A20]) and 
Regulation of Actin-based Motility by Rho (z-scores − 2.357[A0] and 
− 2.524 [A20]). Among the few activated pathways, we found RHOGDI- 
Signaling, which was significant in both exposures (z-scores 3 [A0] and 
3.138 [A20]) and PPAR signaling (z-score 2.496) which was significant 
only with exposure to A20. Although there were many common path-
ways observed, there were still some unique pathways with both ex-
posures. In exposure to A0, the most significant unique pathways were 
inhibited Oxidative Phosphorylation (z-score = − 4.123) and activated 
Granzyme A Signaling (z-score = 2.111). With exposure to A20, major 
differences found in comparison to A0 were Pulmonary Fibrosis Idio-
pathic Signaling Pathway (z-score − 3.13), VEGF Signaling (z-score 
− 2.982), IL-8 Signaling (z-score − 2.556), Acute Myeloid Leukemia 
Signaling (z-score − 3.153), Regulation Of The Epithelial Mesenchymal 
Transition By Growth Factors Pathway (z-score − 3.536), IL-3 Signaling 
(z-score − 2.668), Thrombopoietin Signaling (z-score − 2.324) and In-
sulin Receptor Signaling (z-score − 2.711). 

The 72-h exposure (Fig. 4b) to A0 resulted in 4 inhibited pathways, 
while exposure to A20 revealed 72 inhibited and 8 activated pathways. 
All pathways found with exposure to A0 were also observed with 
exposure to A20. These pathways and their z-scores were Actin Cyto-
skeleton Signaling (z-scores) (z-score = − 2.236 [A0] and z-score =
− 4.811[A20]), Integrin Signaling (z-score = − 2.5 [A0] and z-score =
− 3.873[A20]), ILK Signaling (z-score = − 2.138 [A0] and z-score = − 2.1 
[A20]) and Paxillin Signaling (z-score = − 2.121 [A0] and z-score =
− 3.4 [A20]). In addition, at the 72-h exposure to A20, other significant 
pathways were Signaling by Rho Family GTPases (z-score = − 3.457), 
RHOA Signaling (z-score = − 2.846), Regulation of Actin-based Motility 
by Rho (z-score = − 2.694), RAC Signaling (z-score = − 4), Pulmonary 
Fibrosis Idiopathic Signaling Pathway (z-score = − 2.619), Actin 
Nucleation by ARP-WASP Complex (z-score = − 3), Ephrin Receptor 
Signaling (z-score = − 3.317), Remodeling of Epithelial Adherens 
Junctions (− log(p) = 5.77, z-score = − 2.121), Wound Healing Signaling 
Pathway (z-score = − 3.414) and PI3K/AKT Signaling (z-score = − 4.7). 
The activated pathways found in exposure to A20 were RHOGDI- 
Signaling (z-score = 3.13), PTEN signaling (z-score = − 3.182), Sonic 
hedgehog signaling (z-score = 2.111), and PPAR signaling (z-score =
2.524). Overall, the most prominent impact on biological processes 
concerning the altered pathways seems to be with exposure to A20. 

3.5. Permeability measurements validate transcriptomic changes 

Since one of the most prominent alterations observed in tran-
scriptomic analyses was related to membrane permeability upon UFP 
exposure, we next validated our findings of the compromised epithelial 
barrier function of the OM using transepithelial electric resistance 
measurements. For this purpose, we cultured the OM cells in ALI, 
exposed them to UFPs with a concentration of 20 l/ml, and performed 
TEER-measurements (Fig. 5a) at 24-h and 72-h timepoints. In the 24-h 
timepoint, (Fig. 5b) exposure to A20 UFP shows a statistically signifi-
cant decrease in relative TEER compared to the control. A0 or Euro6 
exposure did not affect the TEER values. In the 72-h timepoint (Fig. 5c), 
exposure to both A0 and A20 resulted in a significant reduction in 
relative TEER when compared to the control. Euro6 UFP shows a slight 
but statistically significant decrease in the TEER with longer 72-h 
exposure. We have compared the originally measured TEER values to 
the corresponding expression level of genes involved in epithelial barrier 
functions within the same cell line (n = 1) upon each UFP exposure 
(Supplementary Fig. 1). The scatterplots (Fig. S1) present the correlation 
of DEGs mentioned in the results section 3.3.3 and in addition, some 
genes from Actin Cytoskeleton Signaling, Signaling by Rho Family 
GTPases, and Integrin Signaling pathways. From the scatterplots 
(Fig. S1) we can observe, depending on the log2FC-value of the genes, 
that for the majority of the listed genes, a lower TEER value corresponds 
with lower gene expression or vice versa. These findings suggest that 
exposure to UFPs can affect the epithelial barrier function in OM cells 
with some time-dependent effects and that exposure to A20 UFP seems 
to elicit the strongest effect on membrane permeability. 

4. Discussion 

The aim of this study was to provide new insight into the impacts of 
exhaust emissions on the human olfactory mucosa by comparing the 
exposure effects of different fuels and engine technologies. Given the 
lack of knowledge in this area, we were especially interested in the ef-
fects of the UFP fraction of the emissions. 

We first characterized the emissions by analysis of chemical 
composition and size. Analysis of metal content revealed that only low 
amounts of metals were found in A0 and A20 samples. Most of the 
analyzed metals were below detection limits and even those that were 
detected might be residues of lubricant oils or engine wear (Rönkkö and 
Timonen, 2019). In A0 the most abundant metal found was nickel (4.5 
μg/m3). According to WHO air quality guidelines for Europe, the in-
cremental risk level for nickel in the air is 1 μg/m3 (World Health Or-
ganization. Regional Office for Europe., 2000). Occupational nickel 
exposure has been connected to olfactory impairment and toxicity in the 
olfactory tract has been shown also in rodents (Sunderman, 2001). The 
A20 sample consisted mostly of sodium and calcium comprising roughly 
72 % of the total metals found in the sample. Similar results have been 
reported earlier with Euro3 vehicles, stating that these metals are 
components of lubricant oils (Alves et al., 2015). Total NOx emissions 
and NO2-levels alone were found to be extremely high with A0 and A20, 
which was expected since the HDE did not contain any aftertreatment 
device to reduce NOx emissions. The recommended NO2-level by WHO 
air quality guidelines is 10 μg/m3 Since the 1990s due to the regulation 
of emissions, NOx concentrations have been decreasing in Europe and 
USA but instead, in the developing world they are still increasing 
(Nieder and Benbi, 2022). In our opinion, it is possible that this amount 
of NOx released in the air could cause adverse health effects and alter the 
functions of OM cells. 

Size distribution analyses revealed that all the samples in this study 
consist mainly of UFPs, with HDE samples A0 and A20 having higher 
concentrations of the smallest particles, compared to the Euro6 sample. 
According to the prior literature, the smallest particles may cross 
membranes most easily (Kwon et al., 2020), and possibly reach the brain 
(Schraufnagel, 2020) suggesting that A0 and A20 might be more 
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Fig. 4. The cellular pathways affected by the exposure to A0 and A20. (a) Barplot showing the level of significance and the enrichment score of the 20 most 
interesting pathways provided by IPA, analyzing A0 and A20 differentially expressed genes after the exposure for 24-h, (b) and 30 most interesting pathways 
provided by IPA, analyzing A0 and A20 differentially expressed genes after the exposure for 72-h. 
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harmful to the functions of OM cells. PAH contents revealed A20 con-
taining substantially larger amounts of different PAHs, demonstrating 
the difference between fossil and renewable diesel. Overall, PAH con-
tents were similar to those previously reported in diesel vehicle exhaust 
(Zhang et al., 2019), having pyrene, chrysene, phenanthrene, and flu-
oranthene as dominating species. Furthermore, these PAHs are typically 
bound to particles with a diameter of <1 μm and therefore able to travel 
long distances in the atmosphere and enter the bloodstream reaching 
multiple organs including the central nervous system (Zhang et al., 
2019). The most notable difference in PAH contents between fuels was 
observed with the levels of phenanthrene and 1- methylphenanthrene, 
which both were found clearly higher in A20 compared to A0 and pre-
viously have been shown to cause toxicity (He et al., 2022; Le Bihanic 
et al., 2014). In this study viability assays showed that exposure to A0 
and A20 samples reduced the metabolic activity of the OM cells without 
causing significant cytotoxicity. Cytotoxicity, assessed by the LDH- 
release assay, was reached upon using high exposure concentrations of 
200 l/ml and 400 l/ml and even then, observed only with the A20 
sample. The higher cytotoxicity of A20 compared to A0 might be 
partially explained by the higher level of phenanthrene and 1- 
methylphenanthrene. 

Chemical characterization of the Euro6 sample confirmed it to be 
very clean, as only some nitrogen-related compounds were identified, 
and these were low in comparison to the levels observed in the A0 and 
A20 samples. The comparison of the A0 and Euro6 samples, which both 
contained the same fuel but different engines, clearly demonstrated the 
effectiveness of selective catalytic reduction (SCR) technology in cutting 
down total NOx emissions in the Euro 6d-temp engine. In addition, based 
on the particle size distribution, it seems the Euro6 sample is composed 
of slightly larger average PM size fractions, which may partially explain 
less harmful effects. PAH contents of Euro6 were not measured due to 
the challenges of analyzing these low amounts of PAHs. Overall, the 
differences between the Euro6-sample and A0 & A20- samples were 
expected since DI-E6d was equipped with DPF and SCR, whereas HDE 
did not have any exhaust aftertreatment devices. 

Taken together, it can be concluded that exhaust aftertreatment 
systems have a major impact on the levels of harmful substances found 
in diesel vehicle emissions. Notable also is the difference observed be-
tween fossil and renewable diesel. Renewable diesel seems to be slightly 
less harmful on a cellular level in OM than fossil diesel. A0 and A20 
samples contain relatively large amounts of nitrogen compounds, they 
mainly consist of UFPs and contain a wide repertoire of different PAHs. 
Based on the previous studies we suspect these factors to be the main 
mediators of cellular disruption and the harmfulness of A0 and A20 may 
indeed lie in the synergism of UFPs and their bound compounds, such as 
PAHs (He et al., 2022; Kwon et al., 2020; Le Bihanic et al., 2014; 
Schraufnagel, 2020; Zhang et al., 2019). 

On the gene expression level, the same trend with different samples 
was observed. Exposure to A20 elicited the strongest response in both 

timepoints, while Euro6 caused only minor changes on the tran-
scriptomic level. However, it was interesting that A0 caused a relatively 
strong effect on gene expression with a shorter exposure time of 24-h, 
but not with a longer exposure time of 72-h. A similar effect was seen 
in MTT at the 24-h exposure where a significant reduction in viability 
was seen with several concentrations but at the 72-h timepoint, re-
sponses were slightly weaker. This might be explained by an acute re-
action, which plateaus with increasing exposure time. It is also possible 
that something in the chemical composition of A0 changes over time, 
which changes the response. By focusing on the top 15 DEGs in each 
exposure, we observed that the same types of genes appeared similarly 
with all of the exposures and in both timepoints, and furthermore, they 
were supported by the Ingenuity Pathway Analysis-features. Another 
reason for the single-gene-level examination was to find links between 
single compounds found in the emission characterization-data. To our 
knowledge, this kind of linking has not been performed earlier, so 
therefore this approach was selected. One of the most common cellular 
responses related to air pollution exposure is inflammation, as shown in 
several animal models, for example via NLRP3 inflammasome pathway 
(Jia et al., 2021; Li et al., 2021; Ogino et al., 2014), in vitro models 
(Mazzarella et al., 2007; Zarcone et al., 2016) as well as in epidemio-
logical studies (Zhang et al., 2022). Furthermore, this has also been seen 
in the epidemiology of UFP (Clifford et al., 2018). However, to this date, 
the exact mechanisms of exposure-induced inflammation in the human 
OM have not been clearly demonstrated. A review by Imamura and 
Hasegawa-Ishii concluded that infiltration of immune cells and pro-
duction of inflammatory cytokines are the major initiators of inflam-
matory response upon exposure to environmental toxicants in the OM 
(Imamura and Hasegawa-Ishii, 2016). In addition, our previous study 
demonstrated elevated cytokines upon exposure of OM cells to urban PM 
(Chew et al., 2020). In the current study, transcriptomic analyses 
revealed that the most prominent gene upregulated after both 24-h and 
72-h exposures to A0 and A20 was CD7, an immunoglobulin associated 
with inflammation in the nasal mucosa (Morinaka and Nakamura, 
2000). However, we also observed the downregulation of certain in-
flammatory genes, such as A2M and IL32, and in IPA analyses IL-8 
Signaling was among the most inhibited pathways. It has been previ-
ously reported that PAHs might modulate immunity and disrupt endo-
crine systems (Vogel et al., 2020; Zhang et al., 2016). In addition, the 
activation of Peroxisome proliferator-activated receptor α (PPARα) 
might regulate the inflammatory process by suppressing the release of 
cytokines and chemokines, for instance via blocking NLRP3 inflamma-
some activation (Grabacka et al., 2021). In our data, PPAR signaling was 
one of the few upregulated pathways observed in exposure to A20 at 
both timepoints. PPARγ activity has previously been shown to be 
increased with exposure to diesel particulate matter, possibly through 
the binding of benzo[e]pyrene, benzo[a]pyrene, and other related 
chemicals to the receptor (Jeong et al., 2021). Regulation of PPARγ 
stability is mediated by the aryl hydrocarbon receptor (AHR), to which 

Fig. 5. Transepithelial electric resistance (TEER) (a). Illustration of the experimental setup. (b) Decrease of epithelial barrier integrity compared to control as 
assessed with the TEER-measurement after 24-h and (c) 72-h exposure to different UFPs at a concentration of 20 l/ml. Results are shown as a relative change to 
control. Asterisks indicate a statistically significant difference in exposure from the control. n = 1 primary OM cell line, 3-4 technical replicates. * = p ≤ 0.05; ** = p 
< 0.01; *** = p < 0.001. 
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PAHs are known to bind and activate the receptor (Vogel et al., 2020). 
Taken together, it is plausible that PAHs present in A0 and A20 cause 
AHR-mediated upregulation of PPAR Signaling in the OM cells, causing 
suppression of the release of cytokines observed in the sequencing data. 

AHR also regulates the expression of genes for xenobiotic metabo-
lizing enzymes, such as cytochrome P450 (CYP) (Vogel et al., 2020). 
Several CYPs were upregulated upon exposure to all emissions, with A0 
and A20 eliciting a stronger response than Euro6. The strongest effect 
was observed with A20 which correlates with the highest PAH-contents 
of the sample. Activation of CYP1A1 upon exposure to exhaust emissions 
has been reported in lung cells (Sima et al., 2022) and upon exposure to 
urban PM in OM cells (Chew et al., 2020). In addition, PM10 exposure 
upregulates both CYP1A1 and CYP1B1 in lung epithelial cells (Kang 
et al., 2020). Interestingly, the supportive sustentacular cells of the ol-
factory epithelium are known (among their many other functions) to 
express xenobiotic metabolizing CYPs in the mouse and human OM 
(Sammeta and McClintock, 2010; Schwartz et al., 2020). Thus, in line 
with the literature, our results demonstrate that exposure to UFPs in-
duces CYP-enzymes in OM cultures. However, other genes associated 
with xenobiotic metabolism, such as FMO1 and FMO2, were down-
regulated upon exposure. This was unexpected, given that nitrogen 
compounds, substrates of FMO, were abundant in the A0 and A20 
samples. A connection between excessive nitric oxide and olfactory 
dysfunction has been shown with silkworms exposed to organophos-
phate (Chen et al., 2022), and the association between NO2 and olfac-
tory dysfunction in older adults has also been reported (Adams et al., 
2016). Considering the high NOx contents of A0 and A20, these results 
suggest that FMO-mediated N‑oxygenation is somehow suppressed in 
OM cells upon exposure and it may affect olfactory function. One study 
demonstrated that AHR-mediated toxicity caused by its known agonist 
TCDD, suppressed FMO1 and INMT expression while increasing CYP1A1 
and CYP1B1 in rat liver (Watson et al., 2013). On the contrary, FMO2 
was found to be upregulated in bronchial epithelial cells upon exposure 
to extractable organic matter from PM, collected from gasoline emis-
sions (Sima et al., 2022). Overall, the roles of FMOs and INMT in air 
pollution exposure studies are not well understood and require further 
research. High amounts of PAH observed in A0 and A20 samples may 
indicate that alterations in inflammatory cascade and xenobiotic meta-
bolism upon exposure are mediated by AHR in OM, with PAHs being the 
main culprit. Since the number of human studies investigating this is low 
(Chang et al., 2019; Wang et al., 2017a), future studies could be targeted 
at AHR-related mechanisms for increased understanding. 

Enzymes such as CYPs and glutathione transferases (GSTs) are 
known to metabolize and presumably clear odorant chemicals from the 
olfactory system to prevent their accumulation and thereby keeping 
chemical stress within the epithelium at low to moderate levels (Sam-
meta and McClintock, 2010; Schwartz et al., 2020). We found GSTA1 to 
be among the most downregulated genes at the 24-h exposure to A0 and 
A20, which might indicate the impaired capability to clear odors and 
deal with cellular stress. GSTA1 and GSTP, both members of the GST 
family, have been previously identified in human nasal mucus and 
human olfactory sustentacular cells (Durante et al., 2020), and reduced 
expression of GSTP has been connected to impaired olfactory sensitivity 
among the elderly (Schwartz et al., 2020). Our results could thereby 
indicate that the fine-tuning of odors is disrupted in the OM upon 
exposure to UFPs, thereby negatively affecting odor perception capa-
bility. It is suggested that odorant metabolizing enzymes in the olfactory 
system might be affected by environmental pollutants causing oxidative 
stress leading to disrupted olfactory perception (Wei et al., 2021). In 
support of this, earlier reports have suggested a link between high air 
pollution levels and olfactory function (Adams et al., 2016; Ajmani et al., 
2016; Genter and Doty, 2019; Werner and Nies, 2018). 

While we did not observe olfactory receptor alterations upon expo-
sure, we found several genes that have previously been associated with 
olfactory signaling. Kisspeptin1 (KISS1) is a neuropeptide known to 
mediate signals from the OB to deep brain areas (Mills et al., 2022). 

Although KISS1-neurons have been identified to be expressed in fetal 
OM (Morelli et al., 2008) to date, no connection between KISS1, OM, 
and air pollution exposure has been demonstrated. Here we showed that 
the gene coding KISS1 was highly downregulated after 72-h exposure to 
A0 and A20. The observed downregulation allows us to speculate 
whether the dysfunction of this neuropeptide could result in impaired 
signaling from the OM to the brain. Further supporting this, we found 
the leptin gene LEP to be the most prominently downregulated gene at 
both timepoints in exposures to A0 and A20. LEP is a regulator of KISS1 
(Morelli et al., 2008), known to reduce odor-discrimination performance 
in mice by inhibiting neural activity in the OB (Sun et al., 2019). In 
addition, the downregulation of LEP upon urban PM exposure in OM 
cells has been previously shown (Chew et al., 2020). We also observed 
the upregulation of genes known to mediate inhibitory signal trans-
duction. The gene GAD1, encoding glutamate decarboxylase 1, which is 
distinctly associated with the olfactory tract, was increased after 24-h 
exposure to A0 and A20. This enzyme converts glutamate to the inhib-
itory neurotransmitter GABA (Banerjee et al., 2013) and modulates 
GABA levels in the OB by odorant-induced synaptic activity-dependent 
regulation (Wang et al., 2017b). Excess GABA is known to reduce the 
activity of OB neurons (Gao et al., 2022). We found that 72-h exposure to 
A20 upregulated GABRA3, a GABA receptor involved in synaptic 
transmission in the OB (Banerjee et al., 2013; Mazurais et al., 2020). We 
thereby speculate that UFP-induced dysregulation of GABA signaling 
could impair olfactory signaling in the OM. Although a review by Wei 
et al. sums up well the current knowledge about mechanisms behind 
chemosensory dysfunction induced by environmental pollutants, exact 
molecular level alterations in olfactory signal transduction caused by 
external toxicants require further research (Wei et al., 2021). Taken 
together, these results suggest that exposure of primary human OM cells 
to A0 and A20 can impact key molecules involved in odorant signaling, 
and considering the important role of the OM in mediating information 
to the brain, further studies focusing on this aspect seem particularly 
interesting. 

The integrity of any bodily epithelium is maintained by a carefully 
orchestrated network of different proteins forming TJ, adherens junc-
tions (AJ), and actin filaments, which ties epithelium to the cytoskeleton 
(Belardi et al., 2020; Zihni et al., 2016). The appropriate stiffness of the 
ECM has also been demonstrated to be a critical determinant in the 
integrity of cell-cell junctions (Mammoto et al., 2013). Several studies 
have shown that diesel exhaust particles and PM2.5 exposure compro-
mise the human nasal epithelial barrier functions through decreased 
expression of TJ proteins, increased release of proinflammatory cyto-
kines, and oxidative stress (Fukuoka et al., 2016; Ma et al., 2021; Xian 
et al., 2020; Zhao et al., 2018). Some studies suggest that gene-level 
alterations may be behind barrier dysfunction upon PM exposure 
(Fukuoka and Yoshimoto, 2018; Kim et al., 2020a; Song et al., 2020), 
but this has not previously been addressed in the human OM. 

Our transcriptomic analyses revealed exposure-induced signs of 
compromised olfactory epithelial barrier integrity on several levels: 
downregulation of genes coding TJ-proteins, signs of dysregulation of 
genes coding structural proteins of the ECM and actin cytoskeleton, and 
lastly, strongly inhibited integrin signaling, which has a vital role in 
connecting the cell exterior to the interior. Thus far, the majority of air 
pollution studies assessing epithelial permeability have focused on the 
ZO-1 protein, which is indisputably a crucial player in maintaining 
epithelial integrity. In this study, RNA-Seq confirmed the OM cultures to 
express ZO-1, but it was not found to be differentially expressed upon 
UFP exposure. However, some other signature TJ protein-coding genes 
such as CLDN1 and OCLN were downregulated following exposure to 
A20, and IPA results showed cellular pathways related to barrier 
integrity to be altered. Furthermore, UFP exposure resulted in decreased 
expression of several genes associated with epidermal barrier structure 
(FLG, keratins), with A20 eliciting a more severe impact than A0. These 
results are supported by existing literature, demonstrating that reduced 
expression of the gene FLG in cultured human nasal epithelial cells may 
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result in epithelial barrier dysfunction (Nakamura et al., 2021). Down-
regulation of FLG has also been previously connected with exposure to 
PM (Kim et al., 2021; Song et al., 2020) and PAHs (Vogel et al., 2020). 
Considering the pivotal role of FLG and keratins in the assembly of the 
cytoskeleton as well as participating in building connections with 
adjacent cells and ECM (Yu et al., 2022), these findings suggest that UFP 
exposure may impair the keratin network formation in OM, therefore 
possibly affecting to barrier permeability. The most prominent Ingenuity 
pathways found at both timepoints with exposures to A0 and A20 were 
Actin Cytoskeleton Signaling, Signaling by Rho Family GTPases, and 
Integrin Signaling. Small GTPases, Rho and Rac have been shown to 
regulate VE-cadherin localization and cell–cell junctional integrity and 
therefore they are thought to be regulators of ECM stiffness affecting TJs 
and permeability in endothelial cells (Mammoto et al., 2013). Inhibited 
Pulmonary Fibrosis Idiopathic Signaling Pathway and dysregulation of 
collagen production might indicate disrupted ECM homeostasis which is 
a known hallmark of chronic obstructive pulmonary disease (COPD) 
(Liu et al., 2021). Since smoking and air pollution are known risk factors 
of COPD, we speculate that similar features could occur in OM upon 
exposure to UFPs. TJ formation and function are highly dependent on 
actin cytoskeleton dynamics which are also regulated by RHO GTPases 
(Zihni et al., 2016). PM2.5 remarkably suppressed RHOA activity as well 
as actin reorganization in corneal epithelial cells (Cui et al., 2018). 
Overall, RHO GTPases seem to have a fundamental role as major regu-
lators of barrier integrity via regulating both ECM stiffness and actin 
cytoskeleton dynamics (Mammoto et al., 2013; Zihni et al., 2016). These 
findings suggest that UFPs may impair the integrity of the barrier in OM 
cells by disrupting the dynamics of the ECM, as well as the actin cyto-
skeleton. In addition, integrin signaling was one of the most prominently 
inhibited pathways in both timepoints and exposures to A0 and A20. 
Integrins are transmembrane cell adhesion proteins participating in 
signal transduction and mediating cell adhesion to the ECM (Alberts 
et al., 2002). If epithelial cells lose connection with the ECM due to 
impaired integrin signaling, the machinery of cell death is initiated. A 
recent study reported inhibition of integrin signaling upon exposure to 
PM2.5 in bronchial epithelial cells, assessed by metabolomics and pro-
teomics approaches (Song et al., 2022). However, to date, the associa-
tion of integrins with PM has not been elucidated in nasal/olfactory 
epithelial cells. Here, we are the first to report that integrin signaling is 
among the most suppressed pathways in primary human OM cells upon 
exposure to UFPs. Considering the essential role of integrins as a signal 
mediator as well as the regulator of cell adhesion, we speculate that 
integrins may have an eminent role in UFP-mediated dysfunction of the 
human OM. 

Functional assessment of epithelial integrity with the TEER mea-
surement corroborated the results of the transcriptomic data, showing 
that the most significant change in epithelial integrity was observed 
with exposure to A20 in both time points, while the effect of A0 was less 
pronounced. Euro6 was affected only slightly in TEER-values with the 
longer 72-h exposure time, which further supports the previous obser-
vations of Euro6 having only minor health effects on the OM cells. 
Collectively, our data provide vast new insights into the health impacts 
of UFP exhaust emission exposure, however, the study has some limi-
tations. For instance, exposure to air pollutants in real life occurs 
throughout life, and exposure concentrations are usually relatively low. 
Mimicking this with in vitro model is challenging given that exposure 
time is quite limited and concentrations relatively high. Considering the 
time window of the cells in the laboratory, to reach the effect, which is 
cumulative over decades in real life, we need to use substantially rough 
treatment to cells to reach the same level of exposure. Cells are also more 
vulnerable when taken out from their natural environment, lacking 
sufficient clearance and defense mechanisms to fight external threats. 
However, here we used primary human cells, which on the other hand 
can bring more variation to the experimental data when compared to 
using commercially available cell lines but are also far more relevant 
than immortalized cell lines in terms of human exposures. It should also 

be noted that the procedures where particles are collected, extracted 
into liquid, and then dissolved again before their administration to cells, 
may change their physicochemical characteristics, altering their effects 
on cellular processes. However, using extracted particles with a high 
degree of physical and chemical characterization can provide important 
insight for deciphering cellular mechanisms responsible for adverse 
health outcomes associated with exposure. Although transcriptional 
differences may reveal us some molecular mechanisms, it doesn’t 
necessarily translate into the next level(s). Further multi-omics studies, 
such as epigenetics and proteomics are needed to verify the identified 
DEGs and molecular mechanisms. 

5. Conclusions 

We provide evidence that the engine exhaust with state-of-the-art 
filtration and aftertreatments is less harmful to OM cells compared to 
a modern engine without filters. This difference might be emphasized 
with old technology engines. Euro6 exhaust caused only negligible 
changes, demonstrating the major impact of engine aftertreatment de-
vices on adverse effects observed in human-derived OM cells in vitro. 
Instead, exposure to A0 and A20 caused substantial alterations in both 
the gene expression profile and function of OM cells. A20, the fossil 
diesel containing 20 % of aromatic content caused more severe and a 
broader spectrum of complications than the renewable diesel A0 used 
with the same engine. Elaborate effects were observed on the inflam-
matory response and xenobiotic metabolism, most likely due to the 
reactive nitrogen species and PAH contents of the emissions. Further-
more, hampered xenobiotic metabolism could be associated with dis-
turbances in the clearance of chemical stimuli, possibly also affecting 
olfactory signaling. In addition, several processes known to regulate OM 
integrity were disrupted, indicating that the barrier might be compro-
mised, and possibly leading to increased membrane permeability. Given 
that the OM can be a gateway of particles to the brain, we believe it is 
important to focus further research efforts to uncover how air pollutants 
exploit this path to the detriment of the brain. It is possible that UFPs 
might mediate the effects of harmful compounds, such as PAHs, on the 
brain through the olfactory route. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.167038. 
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Krämer, A., Green, J., Pollard, J., Tugendreich, S., 2014. Causal analysis approaches in 
ingenuity pathway analysis. Bioinformatics 30, 523–530. https://doi.org/10.1093/ 
BIOINFORMATICS/BTT703. 

Kwon, H.S., Ryu, M.H., Carlsten, C., 2020. Ultrafine particles: unique physicochemical 
properties relevant to health and disease. Exp. Mol. Med. 52, 318–328. https://doi. 
org/10.1038/s12276-020-0405-1. 
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