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A B S T R A C T

Background: Air pollution, which represents a major environmental risk to human health, comprises a complex
mixture of compounds where only little is known about its specific toxicities.
Objectives: This study examined the specific toxicities associated with ambient air pollutant mixtures with re-
spect to gas/particle partitioning, particulate matter (PM) size, pollutant polarity and bioaccessibility from PM,
and evaluated the contribution of PAHs and their oxygenated and nitrated derivatives (OPAHs, NPAHs).
Methods: Air samples (gas phase, PM10 and size-segregated PM), were collected at urban (in winter and summer)
and background (winter) sites in the Czech Republic. The total and bioaccessible concentrations were addressed
using organic solvent extraction and simulated lung fluid extraction, respectively. Organic extracts were also
further fractionated according to polarity. Aryl hydrocarbon receptor (AhR)-mediated activity, anti-/estro-
genicity, anti-/androgenicity, thyroid receptor (TR)-mediated activity and cytotoxicity for bronchial cells were
determined by human cell-based in vitro bioassays. The contribution of studied compounds to observed effects
was assessed by both modelling and reconstructing the mixtures.
Results: Significant effects were detected in the sub-micrometre size fraction of PM (estrogenicity, androgenicity,
TR- and AhR-mediated activities) and in the gas phase (TR-mediated activity, antiandrogenicity). Compounds
interacting with TR showed high bioaccessibility to simulated lung fluid. Relatively lower bioaccessibility was
observed for estrogenicity and AhR-mediated activity. However, the toxicity testing of reconstructed mixtures
revealed that the targeted pollutants are not the main contributors, except for urban PM air pollution in winter,
where they accounted for 5–88% of several effects detected in the original complex environmental samples.
Discussion: Studied toxicities were mostly driven by polar compounds largely attributed to the easily inhalable
PM1, which is of high relevance for human health risk assessment. Except of parent PAHs in some cases, the
targeted compounds contributed to the detected effects mostly to a relatively low extent implying huge data gaps
in terms of endocrine disruptive potencies of targeted substances and the significance of other polar compounds
present in ambient air.

1. Introduction

Exposure to ambient fine particulate matter (PM2.5) is a major
human health concern. In 2016, 91% of the world population was living
in areas which failed to meet air quality criteria (WHO, 2018). Not only
has poor air quality been linked to a higher incidence of pulmonary and
cardiovascular diseases (Kim et al., 2015), ambient air pollution has
also been classified as carcinogenic by the International Agency for
Research on Cancer (IARC, 2016). The risk related to various PM2.5-
attributable causes of death is estimated to account for 7.5–10.3 million

deaths worldwide in 2015 (95% confidence interval; Burnett et al.,
2018). Gaseous air pollutants contribute to the health risk, although
their relationships to mortality and morbidity endpoints are less well
established (WHO, 2018).

Air pollution comprises complex mixtures of chemicals. While some
compounds are subject to regulatory monitoring due to their known
toxic properties, other constituents may be omitted. Thus, in regulatory
air pollution monitoring, the complexity of air contaminant mixtures as
well as the interactions among mixture constituents are not covered.

One group of the most abundant and widespread pollutants are
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polycyclic aromatic hydrocarbons (PAHs). Their abundance increases
due to anthropogenic emissions and intense carbon-based fossil fuels
use. PAHs can affect human health via several mechanisms like aryl
hydrocarbon receptor-mediated toxicity, genotoxicity or estrogenicity
(Bandowe and Meusel, 2017). Moreover, several types of cancer have
been associated with PAHs exposure (Rengarajan et al., 2015) making
them compounds of toxicological concern and of interest in this study.
Even though selected PAHs have been used as air quality indicators and
are studied intensively in terms of their environmental levels and toxic
potentials, little is known about the other constituents of ambient air
mixtures. Besides parent PAHs (containing only carbon and hydrogen),
there are many PAHs derivatives, like oxygenated PAHs (OPAHs) or
nitrated PAHs (NPAHs). However, their concentrations and toxic po-
tentials are frequently ignored, even though they have also been asso-
ciated with various adverse effects manifested in exposed populations.
Similarly to their precursors, OPAHs and NPAHs have been recognized
as direct-acting mutagens and carcinogens (Howard et al., 1990; IARC,
2014; Misaki et al., 2016; Purohit and Basu, 2000; Sen and Field, 2013).
Moreover, other toxic effects, e. g. cytotoxicity for respiratory cells or
inflammatory potential, were reported (Bolton et al., 2000; Koike et al.,
2014). The mechanisms underlying some of these toxicological effects
of PAHs derivatives include DNA damage, DNA adduct formation, aryl
hydrocarbon receptor activation, changes in gene and protein expres-
sion, cell cycle alternations, elevated levels of reactive oxygen species
and pro-inflammation (Bandowe and Meusel, 2017). PAHs and their
metabolites can also interfere with the endocrine system, primarily
through their estrogenic activity, and have been associated with en-
docrine-related cancers (Annamalai and Namasivayam, 2015; Idowu
et al., 2019).

To study the bioactive potential of complex mixtures, in vitro
bioassays represent a sensitive and very effective tool for toxicological
profiling. Not only do they cover the combined effect of the mixture
constituents, like concentration-addition or synergism, but, together
with chemical analyses, they also enable to prioritize toxicity drivers.
Health effects associated with poor air quality may be linked to various
molecular mechanisms. Although air toxicity assessment has mostly
been focused on genotoxicity or oxidative stress, recent studies have
pointed out that air pollution may also be linked to endocrine disrup-
tion via various molecular mechanisms (reviewed in Darbre, 2018).

Sensitive mediators of endocrine disruptive effect are intracellular
receptors such as the estrogen receptor (ER), androgen receptor (AR),
aryl hydrocarbon receptor (AhR), glucocorticoid receptor (GR) or
thyroid receptor (TR). They play a crucial role in physiological pro-
cesses like growth, development, reproduction, energy homeostasis or
behaviour as well as in receptor-mediated pathways involved in de-
toxification and cell proliferation (Janošek et al., 2006). The inter-
ference of environmental pollutants with signalling of these receptors is
often connected with adverse health effects such as carcinogenesis,
immunosuppression, altered neurodevelopment or adverse effects on
the reproduction system (De Coster and van Larebeke, 2012). Even
though the data on toxic potentials of air pollutant mixtures are quite
scarce, there is growing evidence that air pollutant mixtures can have
toxic potentials to interfere with intracellular receptors. Several studies
have already reported airborne estrogenic activity (Klein et al., 2006;
Oziol et al., 2017; Wenger et al., 2009). The antagonistic effect of ex-
tracts from both gas and particulate phases of outdoor air on the AR has
been found in studies of Novák et al. (2008) and Oziol et al. (2017).
AhR activation has been related to the particulate phase of outdoor air
in the study of Klein et al. (2006) and Misaki et al. (2008) and further
investigated towards PM size sub-fractions in the paper of Novák et al.
(2014). While most previous studies focused on the thyroid-disrupting
compounds indoors, a recent study by Oziol et al. (2017) detected
thyroid receptor-mediated activity also in outdoor air.

To better understand the mechanisms underlying potential toxic
effects of air pollutant mixtures and to identify the key substances
contributing to observed effects, further investigation is needed.

Although both chemical composition and bioaccessibility of PM-asso-
ciated pollutants strongly vary with particle size, to our knowledge only
a few studies so far focused on the distribution of the toxic potentials
across PM size fractions (Cho et al., 2009; Gilmour et al., 2007;
Mirowsky et al., 2013; Novák et al., 2014). Obviously, the bioaccessi-
bility is strongly dependent on gas-particle partitioning of pollutants,
too. While the bioaccessibility of toxic transition metals associated with
inhaled PM has been addressed (Kastury et al., 2017), almost nothing is
known about the bioaccessibility of organic pollutant mixtures with
toxic potential.

This study aims to explore the potential of air pollutant mixtures to
act through several important molecular mechanisms of endocrine
disruption and to cause cytotoxicity to bronchial cells and the role of
PAHs and their derivatives in the mixture effects. Moreover, we aim to
describe the specific distribution of both toxic potentials and pollutant
levels with respect to gas-particle partitioning, PM size, pollutant po-
larity, sampling site and season. Additionally, the bioaccessibility of the
air pollutant mixtures associated with PM is studied based on extraction
using simulated lung fluids as solvents.

For the purpose of this study, two sampling sites in the Czech
Republic were selected; one heavily polluted urban site affected by
industry, traffic and domestic heating, and a regional background site
for Central Europe, part of the European Monitoring and Evaluation
Programme (EMEP) monitoring network. The urban site was located in
Ostrava city, which is situated in the north-eastern Czech Republic and,
due to its numerous industrial and traffic sources, is considered one of
the most polluted areas not only in the Czech Republic but also in
Europe (Šrám et al., 2013). The worst air quality occurs in winter when
these pollution sources are accompanied by coal-based domestic
heating. Such environmental conditions can be associated with sig-
nificantly impaired human health (Šrám et al., 2013). At this urban site,
samples were collected in summer and winter to study also seasonal
variability. Furthermore, the gas phase, particulate matter (PM10), and
six PM10 size sub-fractions were sampled to assess the phase- and par-
ticle size-specific distributions of studied toxic potentials and pollu-
tants. In this study, human cell-based in vitro bioassays were employed
to examine endocrine-disruptive potentials, AhR-mediated toxicity and
cytotoxicity for the human respiratory tract. Toxicological results are
discussed together with the results of the chemical analysis which fo-
cused on PAHs and their derivatives, OPAHs and NPAHs, to examine
their contribution to observed effects.

2. Material and methods

2.1. Sampling and sample processing

Samples were collected during 12 consecutive days at an urban and
a background site in the Czech Republic (Fig. S1 in Supplementary
material 1). Three sampling campaigns were carried out. The urban site
(Ostrava city) was sampled in both winter and summer periods (Feb-
ruary and September 2016), whereas the background site (Košetice
monitoring station, part of EMEP) was sampled only in winter (Feb-
ruary 2017). Both the gas and particulate phases were collected by four
active air samplers employed side-by-side to increased sampled air
volume: two high volume Digitel DH77 samplers (Digitel, Switzerland)
and two high-volume 6-stage cascade impactors Baghirra HV-100P
(Baghirra, Czech Republic). The Digitel samplers were equipped with
PM10 sampling cartridge containing quartz fibre filter (QFF, Whatman
GE, UK) and, downstream, two polyurethane foam plugs (PUF; Molitan,
Czech Republic, density 0.030 g/cm3, placed in a glass cartridge) in
series. The Baghirra samplers were equipped with a multi-stage cascade
impactor (Andersen Instruments Inc., Fultonville, New York, USA,
series 230, model 235) with five impactor stages, corresponding to
7.2–10, 3–7.2, 1.5–3, 0.95–1.5, 0.49–0.95 μm of aerodynamic particle
size, and backup filter collecting particles <0.49 μm. In the impactor,
PM was collected on slotted quartz fibre filters (QFFs, TE-230-QZ, Tisch
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Environmental Inc., Cleves, USA, 14.3 × 13.7 cm) and the backup filter
was another QFF (Whatman GE, UK). PUFs were pre-cleaned (8 h-ex-
traction in acetone and 8 h in dichloromethane), wrapped in two layers
of aluminium foil, placed into zip-lock polyethylene bags and kept in a
freezer prior to deployment. The samplers were operated at constant
flow rates of ≈30 (Digitel, 24 h sampling) and ≈68 m3/h (Baghirra,
96 h sampling).

High volume air sampler (Digitel) provided enough material for
fractionation according to pollutant polarity (Fig. 1). The cascade im-
pactor, deployed in parallel to Digitel sampler, was used to address the
distribution of pollutants among six PM fractions according to particle
size. One filter set from each sampler type (PUF plug and QFF from the
Digitel sampler and 6 QFFs from the Baghirra sampler) was used for
organic extraction with dichloromethane (DCM), while another filter
set (only QFFs from both sampler types) was used for the bioaccessi-
bility assessment using simulated lung fluid extraction (Section 2.2).
The organic extraction was performed for both PUFs and QFFs using
automated Soxhlet extraction (40 min warm Soxhlet followed by
20 min of solvent rinsing) with DCM in a B-811 extraction unit (Büchi,
Switzerland). After extraction, the time series sample extracts were
pooled to obtain a 12-day composite sample for each sampler and filter
type. Blanks (i.e. solvent control and extracts of field blank filters) were
prepared and analysed using the same procedures as collected samples.

For a portion of the gas phase and PM10 sample extracts, a frac-
tionation was performed on a deactivated silica column (as above, 10%
deactivated). The first fraction was eluted by 15 mL n-hexane followed
by 20 mL DCM:n-hexane (1:1), the second fraction by 10 mL DCM and
the third and final fraction by 15 mL DCM:methanol (1:1).

All extracts were split for chemical and toxicological analysis
(Sections 2.3 and 2.4, respectively).

2.2. Bioaccessibility assessment using simulated lung fluids

To assess the bioaccessibility of studied PAHs and derivatives and
potential other bioactive compounds associated with the PM of

different sizes, a portion of QFFs from the side-by-side PM10 and PM10-
subfraction samplers were extracted by simulated lung fluids (SLFs).
Two types of SLFs were used. An artificial lysosomal fluid (ALF) was
prepared following Marques et al. (2011). This ALF mimics the lung
fluid which inhaled particles come in contact with after phagocytosis by
alveolar and interstitial macrophages. This solution is similar to the
traditionally used Gamblés solution but with more acidic pH (4.5) and
higher organic content by the addition of, for example, citric acid (to
mimic natural proteins while avoiding solution foaming), glycine and
sodium lactate. The second SLF was simulated epithelial lung fluid
(SELF). In addition to electrolytes, it also contains antioxidants i.e.
glutathione, uric and ascorbic acid, proteins (albumin, mucin), and a
surfactant. Due to the latter components, the SELF composition is more
similar to the real human lung fluid than e.g. the Gamble’s solution and
it can better mimic the airways’ fluid surfactant properties and lipo-
philicity (Boisa et al., 2014). The exact composition of both SLFs and
leaching procedure are described in detail in Supplementary material 1.

After leaching for 24 h, the leachate was filtered through a cellulose
acetate membrane filter and further transferred into a 50 mL amber vial
with a PTFE lined cap. The vials were stored at 4 °C until liquid–liquid
extraction (extracted three times by 5 mL DCM:n-hexane 1:3). Blanks
(i.e. leachates with no filter and leachates with field blank filters) were
prepared using the same procedure.

2.3. Chemical analyses

The chemical analyses focused on PAHs and their derivatives,
OPAHs and NPAHs (Table 1). After splitting the extracts for chemical
and toxicological analysis, the extract portions for chemical analysis
were spiked with deuterated PAHs and NPAHs (listed in Supplementary
material 1).

The extracts were cleaned-up using a silica column (5 g of silica,
0.063–0.200 mm, activated at 150 °C for 12 h, 10% deactivated with
ultrapure water) and 1 g Na2SO4. Then they were loaded and eluted
with 5 mL n-hexane followed by 50 mL DCM. The eluate volume was

Fig. 1. Samplers and sample processing scheme.
Air pollutants were sampled by 2 types of high
volume air samplers. The Digitel sampler collected
particulate phase (PM10) and gas phase using
quartz fibre filter (QFF) and polyurethane foam
plug (PUF), respectively. These sampling media
were extracted by dichloromethane (DCM) and a
portion of each extract was further fractionated
according to polarity resulting in fractions F1, F2
and F3. The parent non-fractionated extract is
marked as NF. Secondly, a cascade impactor,
Baghirra, was employed to collect 6 size sub-frac-
tions of PM10 using QFF. The stages of the impactor
are marked as A – F. All filters from cascade im-
pactor were extracted by DCM. A portion of QFFs
from both samplers was extracted also by simulated
lung fluids (SLFs).
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then reduced by nitrogen stream in TurboVap II concentrator unit
(Caliper LifeSciences, USA) and transferred into a GC vial. The p-ter-
phenyl and PCB 121 were added as syringe standards, the final volume
was 200 μL.

GC–MS analysis of PAHs was performed on a 6890 GC (Agilent,
USA) equipped with a 60 m× 0.25 mm× 0.25 µm Rxi-5Sil MS column
(Restek, USA) coupled to a Quattro Micro GC (Waters, UK). The in-
jection was 1 μL splitless at 280 °C, with helium as carrier gas at a
constant flow of 1.5 mL/min. The GC programme was 80 °C (1 min
hold), then 15 °C/min to 180 °C, followed by 5 °C/min to 310 °C
(20 min hold). The MS was operated in EI + mode with multiple re-
action monitoring mode (MRM).

OPAHs and NPAHs were analysed by gas chromatography-atmo-
spheric pressure chemical ionization-tandem mass spectrometry (GC-
APCI-MS/MS) on a Waters Xevo TQ-S MS coupled to Agilent 7890 GC.
The MS was operated under dry source conditions in MRM mode. The
GC was fitted with a 30 m × 0.25 mm × 0.25 µm Rxi-5Sil MS column
(Restek, USA). The injection 1 μL was splitless at 270 °C. Helium was
used as carrier gas at a constant flow of 1.5 mL/min. The oven tem-
perature programme was 90 °C (1 min hold), then 40 °C/min to 180 °C,
followed by 5 °C/min to 320 °C (6 min hold). As for the extract stability,
repeated analyses confirmed that the targeted compounds (PAHs,
OPAHs, NPAHs) are stable in the extracts. All results are blank-cor-
rected using data from a set of field and solvent blanks. The method was
validated using PUFs for air and simulated lung fluids spiked with na-
tive compounds. Recovery of native analytes can be found in the
Supplementary material 1 (Table S2). Limits of quantification (LOQs)
for parent PAHs were derived from the calibration curve based on the
signal-to-noise ratio (S/N) of ten. For OPAHs and NPAHs, the S/N of ten
in sample chromatogram was used for the LOQ estimation. LOQ values
can be found in the Supplementary material 2.

2.4. Toxicological analyses

Five cell lines (Table 2) were employed to assess the toxic potentials
of air sample extracts while covering interactions among mixture con-
stituents. To increase the relevance of the study towards human health,
only human-based cell lines were used. Studied endpoints included
AhR-mediated toxicity, anti-/estrogenicity, anti-/androgenicity, TR-

mediated activity and cytotoxicity for bronchial cells characterised by 3
different reagents assays. A detailed description of used cell lines and
testing procedures is provided in Supplementary material 1.

Based on data from chemical analyses, mixtures of detected che-
micals were reconstructed from standard chemicals according to the
composition of non-fractionated PM10 and gas phase organic extracts
(i.e. Digitel samples) from all 3 campaigns. For each of these extracts,
four variants of the mixture were prepared. A complex mixture con-
taining all three analysed groups of chemicals (PAHs, NPAHs and
OPAHs) and three mixtures representing each of the groups separately.
The quality of the mixture preparation was confirmed by chemical
analyses and the mixture toxicity was assessed by the reporter-gene
bioassay battery.

2.5. Data analysis

The data from bioassays were evaluated using GraphPad Prism 6.0
software, using a log-logistic dose-response model to estimate the ef-
fective concentration, ECx or ICx values (preferably EC20 or IC20). In
cases where the observed effect did not reach the level of EC20 or IC20,
EC10 or IC10 was estimated. These effective concentrations were cal-
culated from the statistically significant responses compared to the
solvent controls obtained from independent experiments (one-way-
ANOVA, Dunnett’s test, p < 0.05).

The obtained EC and IC (inhibition concentration) values for re-
ference compounds and extracts were converted into bioanalytical
equivalents (BEQbio) using Eq. (1), with the EC20/EC10 or IC20/IC10
value of the reference compound (rc) and the corresponding ECx or ICx
level of the air sample extract. When the response did not reach the
level of EC10, but was statistically significant compared to the solvent
control, point-estimate was used. Limits of quantification (LOQs) for the
samples with no statistically significant effects were based on the fact
that even the greatest non-cytotoxic concentration of the sample did not
cause effect that would correspond to the effect of the EC10 value of the
reference chemical. Thus, LOQs were defined as the EC10 of the re-
ference chemical per the highest tested air concentration with no cy-
totoxic effect (viability not significantly different from the solvent
control). LOQs can be found in the Supplementary material 2. Cyto-
toxicity was expressed as the index of cytotoxicity (1/IC20).

Table 1
List of targeted compounds.

PAHs

ACE Acenaphthene BGF Benzo[ghi]fluoranthene FLT Fluoranthene
ACY Acenaphthylene BJF Benzo[j]fluoranthene CHR Chrysene
ANT Anthracene BKF Benzo[k]fluoranthene INP Indeno[123-cd]pyrene
ATT Anthanthrene BPE Benzo[ghi]perylene PER Perylene
BAA Benzo[a]anthracene COR Coronene PHE Phenantrene
BAP Benzo[a]pyrene CPP Cyclopenta-[cd]-pyrene PYR Pyrene
BBF Benzo[b]fluoranthene DBA Dibenzo[ah]anthracene TPH Triphenylene
BBN Benzo[b]fluorene DCA Dibenzo[ac]anthracene
BEP Benzo[e]pyrene FLN Fluorene

OPAHs

O2NAP 1,4-Naphthoquinone (1,4)O2ANT 1,4-Anthraquinone BAN Benzanthrone
1(CHO)NAP Naphthalene-1-aldehyde (9,10)O2PHE 9,10-Phenanthroquinone (7,12)O2BAA Benz[a]anthracene-7,12-dione
9OFLN 9-Fluorenone 11OBaFLN Benzo[a]fluoren-11-one (5,12)O2TET 5,12-Naphthacenequinone
(9,10)O2ANT 9,10-Anthraquinone 11OBbFLN Benzo[b]fluoren-11-one

NPAHs

1NNAP 1-Nitronaphthalene 9NPHE 9-Nitrophenanthrene 7NBAA 7-Nitrobenzo[a]anthracene
2NNAP 2-Nitronaphthalene 3NPHE 3-Nitrophenanthrene 6NCHR 6-Nitrochrysene
3NACE 3-Nitroacenaphthene 2NFLT 2-Nitrofluoranthene (1,3)N2PYR 1,3-Dinitropyrene
5NACE 5-Nitroacenaphthene 3NFLT 3-Nitrofluoranthene (1,6)N2PYR 1,6-Dinitropyrene
2NFLN 2-Nitrofluorene 1NPYR 1-Nitropyrene (1,8)N2PYR 1,8-Dinitropyrene
9NANT 9-Nitroanthracene 2NPYR 2-Nitropyrene 6NBAP 6-Nitrobenzo[a]pyrene
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Further, relative effect potency (REPi) of the detected chemicals was
calculated from earlier in-house measurements, complemented by in-
formation from literature or calculated based on data from the
CompTox database (US EPA, 2015). The list of REPs with references can
be found in Supplementary material 2_5. REPi was calculated using Eq.
(2), with ECx of the reference compound (rc) and the corresponding ECx
value of detected chemical i.

=REP EC rc
EC i

or IC rc
IC i

( )
( )

( )
( )i

X

X

X

X (2)

Moreover, BEQchem (analytically determined equivalent) based on
the concentration of each chemical quantified in the air sample extract
by targeted chemical analysis (ca, i) and corresponding REPi value was
modelled using the concentration-addition approach described by Eq.
(3), which reflects the current knowledge of mixture toxicity
(Kortenkamp et al., 2009). Even though the BEQchem value was calcu-
lated in molar units, by introducing the coefficient MWRC:MWi, (which
covers the molecular weight difference between studied and reference
compound), final BEQchem is expressed in mass units.

= × ×
=

BEQ REP C MW
MWchem i i a i

RC

i1

n
, (3)

3. Results

3.1. Toxicological analyses of organic extract samples

The analyses characterized the mean exposure situation over
twelve-day sampling periods at the sites. The in vitro testing detected
significant effects of air sample extracts for most studied endpoints:
estrogenicity, anti-/androgenicity, AhR-mediated activity, thyroid re-
ceptor-mediated activity and cytotoxicity for respiratory cells. The
specific toxic potentials expressed as the bioanalytical equivalents
(BEQbio) i.e. the concentration of the corresponding reference com-
pounds are shown in Fig. 2A–E. A polarity-dependent distribution of
toxic potential was found for AhR-, ER-, AR- and TR-mediated activ-
ities. In most cases, the parent sample (non-fractionated, NF) and the
most polar fraction (F3) showed the strongest effects. Furthermore, the
AhR-, ER- and AR-mediated activities and cytotoxicity for lung cells
were associated mostly with fine/ultrafine PM fractions. For results see
Fig. 2, for detailed information Supplementary material 2_1. Except for
field blank relevant for the urban winter PM cascade impactor samples
extracted with DCM, which elicited cytotoxicity in AlamarBlue assay,
all blanks were negative in all employed bioassays. In this exceptional
case, the data were blank-corrected. There was no blank correction
needed for any other effect data.

AhR-mediated activity was associated only with the PM phase, with
urban winter samples eliciting the strongest effects. Relatively high
activity was found at the background site in winter and the lowest
activity at the urban site in summer. Moreover, the cascade impactor
data showed clear PM size-dependent distribution of AhR-mediated
activity, with the sub-micrometre PM fractions being the most potent.

Even though this activity was detected also in the non-polar fraction, it
was found predominantly in the polar fraction (Fig. 2A).

Estrogenic activity was also associated only with the PM phase and
significant effects were observed in both winter and summer urban cam-
paigns. The estrogenic effect was elicited mostly by the fine PM fractions
(PM<1.5 in winter and PM<0.95 in summer). Again, this activity was
mostly elicited by polar pollutants, even though some activity was ob-
served also in the non-polar fraction of urban winter samples (F1; Fig. 2B).
Antiestrogenicity was not detected in any sample (<LOQ of 43 pg/m3).

Androgenicity was greatest in urban winter samples. It was asso-
ciated only with fine/ultrafine particles and predominantly the polar
(F3) fractions with a smaller contribution from non-polar compounds
(F1) similarly to estrogenicity (Fig. 2C). Even though the employed cell
line MDA-kb2 can detect also GR-mediated activity, the co-exposure to
samples and AR antagonist flutamide abolished the effect of the active
samples (data not shown), confirming that the observed effects are
mediated by AR only. Interestingly, while androgenic potential was
detected specifically for particulate phase, gas phase was associated
with antiandrogenic activity (Fig. 2C and D). The fractionation of gas
phase samples showed that this activity can be elicited by compounds
from both polar and non-polar fractions.

The thyroid receptor-mediated activity was the most frequently
quantified in the urban summer samples. It was associated with polar
compounds in both gas and particulate phases. As for the PM size dis-
tribution, the activity was associated namely with the particles sized
0.49–0.95 µm (stage E). Interestingly, this activity was also detected in
the gas phase samples from the background site in winter (Fig. 2E).

Cytotoxicity to respiratory cells assessed by 3 different assays
(Fig. 2F–H) was strongly associated with the PM phase and strongly de-
pendent on the particle size. It was detected in all three campaigns. Also,
cytotoxic effects were often more pronounced in the polar fraction (F3).
Cytotoxicity of the gas phase showed a similar pattern but these results
were detected only by the most sensitive assay (neutral red uptake, NRU).

3.2. Chemical analyses of organic extract samples

A total of 54 compounds including PAHs (25), OPAHs (11) and
NPAHs (18) were analysed (Table 1). Three compounds (1,6N2PYR;
1,8N2PYR; 6NBAP) were not detected in any sample and, therefore, are
not shown in any graphs. In general, the total concentration (particulate
and gas phases) of detected compounds followed two trends. First:
urban winter > urban summer > background winter, and second:
PAHs > OPAHs ≫ NPAHs (Figs. 3 and 4). At the urban site, the con-
centration of PM-associated PAHs and NPAHs was approximately 5
times higher in winter than in summer, whereas for OPAHs this ratio
was ≈10. Moreover, a PM size-dependent distribution was found for all
3 compound groups with the highest concentration associated with the
smallest particles. Detailed results of organic extract chemical analyses
can be found in the Supplementary material 2_3.

The total concentration of the targeted parent PAHs (≈140 ng/m3)
at the urban site was higher in winter than in summer (Fig. 4A). In
winter, similar total concentrations were detected in both studied
phases, but in summer the total concentration of parent PAHs was
higher in the gas phase. The PAH mass fraction associated with the

Table 2
List of employed bioassays.

Endpoint Endpoint abbreviation Bioassay Ref. compound Ref. compound concentration range Seeding density (cells/well) ECX derived

AhR-mediated activity AhR AZ-AHR TCDD 0.016–50 nM 24,000 EC20
Estrogenicity ER HeLa9903 Estradiol 1.2–500 pM 12,000 EC10
Antiestrogenicity AntiER HeLa9903 Fulvestrant 0.008–4 nM 12,000 IC20
Androgenicity AR MDA-kb2 DHT 0.01–100 pM 40,000 EC10
Antiandrogenicity AntiAR MDA-kb2 Flutamide 0.008–1 µM 40,000 IC20
Thyroid receptor-mediated activity TR PZ-TR T3 0.2–150 nM 24,000 EC10
Cytotoxicity Cyto BEAS-2B – – 12,000 IC20
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particulate phase showed a pronounced size dependency, with the
highest concentrations associated with the sub-micrometre fractions
(Fig. 3A and B). As for pollutant polarity, PAHs were detected mainly in
the non-polar fraction (F1) with phenanthrene, fluoranthene, fluorene
and pyrene being most abundant among detected parent PAHs in the
gas phase and pyrene, fluoranthene, chrysene and benzo[b]fluor-
anthene in the particulate phase (Fig. 4A and B).

Contrary to the quite abundant parent PAHs, the total concentration
of targeted OPAHs in both phases was below 12 ng/m3 at the urban site
during both sampling seasons and below 1 ng/m3 at the background
site (Fig. 4C and D). The concentrations were higher in winter when
OPAHs were associated more with the particulate matter, while in
summer, OPAHs were less abundant and more associated with the gas
phase. The most abundant substances were benzanthrone and 9,10-
anthraquinone in winter and 1,4-naphthoquinone and 9,10-phenan-
throquinone in summer. OPAHs were detected mainly in the polar
fraction (F3) – in both particulate and gas phases (Fig. 4C and D). The
particle size-dependent distribution of OPAHs was similar to the parent

PAHs distribution with greatest levels in the smallest particle size
fractions (Fig. 3C and D).

Compared to parent PAHs and OPAHs, the nitro derivatives were
the least abundant. NPAHs were detected in both particulate and gas
phases, with a total concentration in both phases below 1.2 ng/m3,
regardless the site or the season (Fig. 4E and F). The concentrations of
all individual NPAHs were always less than 1 ng/m3. In winter, they
were associated more with the particulate phase and mainly with the
sub-micrometre fractions (most abundant 9-nitroanthracene, Fig. 3E
and F), but in summer they were more abundant in the gas phase with
1-nitronaphthalene being the most abundant. NPAHs did not show any
clear distribution pattern among the polarity fractions (Fig. 4E and F).

3.3. Toxicological and chemical analyses of simulated lung fluid (SLF)
extract samples

The toxicological assessment revealed AhR-mediated activity, es-
trogenicity and TR-mediated activity in SLF extracts (Figs. 5 and S3). In

Fig. 3. The distribution of parent PAHs and their oxygenated and nitrated derivatives among PM10 sub-fractions: A = 7.2–10 µm, B = 3–7.2 µm, C = 1.5–3 µm,
D = 0.95–1.5 µm, E = 0.49–0.95 µm, F < 0.49 µm of aerodynamic particle size at the polluted urban site in winter and summer (graph A, C and E) and the
background site in winter (graph B, D and F). Analysed compounds are listed in Table 1.
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ALF extracts, AhR-mediated activity and estrogenicity were detected in
both urban and background winter samples. In SELF extracts, these two
activities were detected also in urban summer samples. The TR-medi-
ated activity was found in SLF extracts of urban samples from both
sampling seasons. All studied effects showed pronounced particle size-
dependent pattern (Fig. 5). Androgenicity was not detected in any SLF
extract (LOQs in Supplementary material 2_2). Comparison of the
bioactivity of organic and lung fluid extracts showed that, except for the
TR-mediated activity, SLF extractable compounds mostly reached only
several per cents of the effects of organic extracts. More specifically, it
was by average 18.7% (3.1–148%) and 2.6% (0.1–11.3%) for

estrogenicity and AhR-mediated toxicity, respectively. On the other
hand, TR-mediated activity was often relatively higher in SLF extracts
with a mean of >208% (8.7–>918%) of the effects caused by organic
extracts. In several cases, namely for fractions C, D, E and F of urban
winter samples, the TR-mediated activity detected in SLFs was up to 9
times higher than the LOQ value derived for the organic extract
(Supplementary material 2_2).

Parent PAHs were extracted more effectively using SELF than ALF
(Fig. 6A–C). Total concentrations ranged from several pg/m3 to 284 pg/
m3 and were about 2–3 orders of magnitude lower compared to ex-
traction by organic solvents. As for seasonal variability, concentrations

Fig. 4. The distribution of parent PAHs and their oxygenated and nitrated derivatives among polarity fractions (NF = non-fractionated sample, F1 = non-polar,
F2 = semi-polar, F3 = polar fraction) in the particulate and gas phases at the urban site in winter and summer (graph A, C and E) and the background site in winter
(graph B, D and F). Analysed compounds are listed in Table 1. Detailed numeric results can be found in the Supplementary material 2_3.
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in SLFs were approximately ten times higher in winter compared to
summer (Fig. 6A vs B). The most abundant compound among parent
PAHs was phenanthrene.

Oxygenated PAHs were detected in similar concentrations as parent
PAHs (from several pg to 446 pg/m3) with 9,10-anthraquinone and
9,10-phenanthroquinone being the most abundant. Again, significantly
higher concentrations were detected in winter (Fig. 6D and E). Com-
pared to organic extract, the total OPAHs concentrations detected in
SLFs were about 1–2 orders of magnitude lower. The concentrations of
all studied NPAHs were below the limit of detection in all SLF extracts.
Detailed results of SLF extract chemical analyses can be found in the
Supplementary material 2_4.

3.4. Contribution of the detected compounds to observed bioactivities

To assess the contribution of the detected chemicals to the observed

biological effects, BEQchem was calculated using the concentration-ad-
dition approach (Eq. (3)). Data on REPs (relative effect potency) were
collected from peer-reviewed literature, CompTox database or based on
our own measurements. Unfortunately, the available data on REPs are
quite scarce. Most of the relevant REP values were found for parent
PAHs and only a few for oxy- and nitro- derivatives (Supplementary
material 2_5). From these values, preferentially REPs derived from
human-based cell models, which focused on the studied receptors, were
included in the calculation. For each studied endpoint, all REP values
for the individual chemical effect data are adjusted/related to the same
reference compound from the same assay. Among the observed effects,
AhR-mediated toxicity and estrogenicity were the most studied ones
(REPs for 15 and 12 substances, respectively), while the information on
the other toxicological endpoints is often not available. A summary of
the obtained data, calculated BEQs and the ratio BEQchem/BEQbio (a
fraction of the observed effect explicable by the targeted substances) for
both organic and SLF extracts can be found in Supplementary material
2_1 and 2_2.

As for AhR-mediated toxicity, up to 42% of the observed effect was
explained in urban winter samples, and up to 98% in summer samples
by modelling the effect of REP-covered PAHs. Both maximum values
were found for the non-polar fraction of the PM10 sample. Even though
the concentration of REP-covered compounds in this fraction was ap-
proximately 5 times higher in winter than in summer, the detected AhR-
mediated toxicity was approximately 10 times higher. Thus the ratio of
BEQchem/BEQbio (the explicable fraction) in this fraction was lower in
winter implying other non-polar AhR-activators play a more significant
role in winter air pollutant mixture. The highest BEQchem/BEQbio was
associated with particle-bound parent PAHs with known REPs, which
were found in quite high concentrations compared to their derivatives.
Moreover, parent PAHs are also characterised by higher REP values
than their derivatives in case of AhR-mediated toxicity. Therefore, in
our study, they contributed the most to the observed effect among
studied compound groups. Similarly to AhR-mediated activity, the de-
tected estrogenicity could be partly explained (in average 4%) by de-
tected compounds with available REP values. The highest explicability
was found for the C fraction of PM phase in the urban winter sample
(23%).

REPs for androgenicity were found only for 3 compounds (benzo[a]
anthracene, indeno[123-cd]pyrene and dibenzo[ah]anthracene) and
explained at maximum only 0.85% of the detected effect. As for the
antiandrogenicity, REP values for 15 compounds were found. The cal-
culated BEQchem explained in average less than 2% of the observed
effect.

Contrary to organic extracts, where REP-covered compounds ex-
plained the detected activities at least partly, in case of SLF extracts, the
REP-based modelling did not bring any more light into toxicity drivers
identification. At maximum, the detected compounds with known REPs
were able to explain 3.5% of the detected effect (AhR mediated activity,
background site in winter, stage C extracted by ALF) but in average the
explicability in SLFs was below 1% for both AhR-mediated activity and
estrogenicity. Androgenicity was not detected and antiandrogenicity
not tested in SLF extracts (Supplementary material 2_2).

Regardless the extract solvent, other effects could not be explained
due to the lack of relevant REP data. Given these huge data gaps, the
potential role of PAHs and their derivatives in these effects could not be
evaluated by modelling. To assess their contribution, REPs for these
compounds and employed assays are needed. Both complex chemical
and effect-driven analyses are required for the identification of the ef-
fect-drivers.

In the testing of reconstructed chemical mixtures, quantifiable ef-
fects were elicited mostly by the mixture based on PM10 filter sample
from the urban winter campaign and its PAHs fraction. Detected effects
of these reconstructed mixtures included AhR-mediated activity, es-
trogenicity and androgenicity (Supplementary material 2_6). Ad-
ditionally, AhR-mediated activity was quantifiable for the mixture
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Fig. 5. Toxicological profiling of air samples lung fluid extracts. The distribu-
tion of detected toxic potentials in either total PM10 sample or PM10 size sub-
fraction samples extracted by artificial lysosomal fluid (ALF) or by simulated
epithelial lung fluid (SELF). Graphs represent results for AhR-mediated activity
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based on PM10 filter sample collected at the background site and anti-
androgenicity was found in the reconstructed gas phase mixture from
the urban winter campaign. Effects observed in the reconstituted mix-
tures of parent PAHs and OPAHs were compared to those detected for
the non-polar (F1) and polar (F3) fraction, respectively, since most of
the parent PAHs was detected in F1 and OPAHs in F3.

The AhR-mediated activity of the reconstructed mixture (recBEQbio)
reached 24% and 4% of the original effect (BEQbio) in urban and
background winter PM10 samples, respectively. While the calculated
effect (BEQchem) of these 2 samples represented 16 and 4% of the ac-
tivity detected in the original samples, it represented 68 and 81% of the
activity detected in the reconstructed mixtures (recBEQbio) of urban and
background winter samples, respectively. Nevertheless, some of the
compounds in reconstructed mixtures could not be taken into account
in the calculated effect (BEQchem) due to the lack of their REP values.

The AhR-mediated activity of the non-polar fraction (F1) of the
original urban and background winter samples was explained by re-
constructed mixtures of parent PAHs by 69 and 17%, respectively.
Whereas in the original F1 samples, the effect calculated from known
REPs (BEQchem) represented 42 and 8% of the AhR-mediated activity
detected in vitro (BEQbio), it represented 61 and 51% of the activity
(recBEQbio) in reconstructed parent PAH mixtures of urban and back-
ground winter samples, respectively.

Quantifiable estrogenicity was only detected in two reconstructed
mixtures. The reconstructed mixture based on the composition of PM10

urban winter sample reached 5% of the complex sample activity
(BEQbio) whereas the mixture reconstructed from parent PAHs reached
37% of the activity detected in the non-polar fraction (F1). While the
estrogenicity modelled from known REPs (BEQchem) explained 3 and
13% of the original activity (BEQbio), it explained 58 and 35% of the
activity detected in reconstructed mixtures (recBEQbio) of PM10 urban
winter sample and its F1 fraction containing parent PAHs, respectively.

Similarly, also androgenicity was detected only in these two re-
constructed mixtures of urban winter PM samples: in the non-fractio-
nated sample and in the parent PAHs mixture (corresponding to the F1
fraction). These two reconstructed mixtures elicited 88 and 252% of the
original activity (BEQbio), respectively. Since only 3 androgenicity REPs
were available, the modelled level of BEQchem explained only 0.2 and
0.3% of the reconstructed mixture activities (recBEQbio), respectively.

The antiandrogenicity of the reconstructed mixture was detected
only for the gas phase of urban winter sample, and the detected recBEQ
was below the LOQ for the activity of the original sample. Nevertheless,
the comparison of this LOQ with the recBEQbio indicates that the re-
constructed mixture would elicit at least 45% of the original sample
activity. The calculated BEQchem explained 13% of the effect observed
in the reconstructed mixture. The TR-mediated activity was not quan-
tifiable for any reconstructed mixture.

4. Discussion

Ostrava city located in the northeast of the Czech Republic is con-
sidered one of the most polluted areas in Europe due to its industry and
intense traffic (Pokorná et al., 2015). The pollution has been associated
with significantly impaired human health (Šrám et al., 2013). Apart
from the identified and regulated air pollutants, there are other com-
pounds, which upon inhalation can affect human health. The diversity
of air pollutants results in the exposure to complex mixtures, the spe-
cific toxic potentials of which were assessed by the in vitro bioassays.
The collected air sample extracts were pooled across 12-day sampling
periods to increase the relevance of obtained results towards the longer-
term exposure situation. The detected levels of chemicals (54 PAHs and
their derivatives) were used for modelling of their effects (BEQchem) and
their contribution to the air samples effects detected by in vitro assays
(BEQbio). However, the modelling approach was impaired by rather low

A B C
pg

/m
3

0

50

100

150

200

250

300

A+B C D E F

ALF

E F

SELF

PM10

pg
/m

3

0

5

10

15

20

25

30

A+B C D E F

ALF

E F

SELF

pg
/m

3

0
10
20
30
40
50
60
70
80

A+B C D E F

ALF

E F

SELF

PM10

D E F

pg
/m

3

0

100

200

300

400

500

A+B C D E F

ALF

E F

SELF

PM10

pg
/m

3

0

5

10

15

A+B C D E F

ALF

E F

SELF

pg
/m

3

0

10

20

30

A+B C D E F

ALF

E F

SELF

PM10

PAHs
ACY
ACE
FLN
PHE

ANT
FLT
PYR
BBN

BGF
CPP
BAA
TPH

CHR
BBF
BJF
BKF

BEP
BAP
PER
INP BPE

DBA

DCA

OPAHs
11OBaFLN
11OBbFLN
BAN

1(CHO)NAP
9OFLN

O2NAP (9,10)O2ANT
(1,4)O2ANT
(9,10)O2PHE

(7,12)O2BAA

(5,12)O2TET

Fig. 6. Concentrations of parent PAHs and their oxygenated derivatives extracted into simulated lung fluids. The distribution of quantified compounds in either total
PM10 sample or PM10 size sub-fraction samples extracted by artificial lysosomal fluid (ALF) or by simulated epithelial lung fluid (SELF). Levels of PAHs at urban site
in winter, in summer and at background site in winter are shown in graph A, B and C, respectively; levels of OPAHs at graphs D, E and F. PM10 sub-fractions:
A + B = 3–10 µm, C = 1.5–3 µm, D = 0.95–1.5 µm, E = 0.49–0.95 µm, F < 0.49 µm of aerodynamic particle size. Analysed compounds are listed in Table 1.
Detailed numeric results can be found in the Supplementary material 2_4.

Z. Nováková, et al. Environment International 139 (2020) 105634

10



availability of relative potency values (REPs) of the chemicals for stu-
died endpoints. To bypass the problem with non-available REPs for
many analysed pollutants, detected chemical mixtures were re-
constructed and assessed with bioassays.

4.1. Toxicological analyses of organic extracts of air samples

4.1.1. AhR-mediated activity
The activation of the aryl-hydrocarbon receptor can trigger the in-

duction of enzymes involved for instance in hormone signalling, de-
toxification and cell proliferation and its activation has been studied in
both toxicological and pharmaceutical studies since it can be linked to
carcinogenesis or immunotoxicity (Safe and Wormke, 2003). In our
study, the AhR-mediated activity was associated with the particulate
phase only, strongly PM size-dependent, and elicited mostly by com-
pounds in polar fraction. The AhR-mediated activity at the background
site in winter was higher than at the urban site in summer. This implies
that the dispersion cannot compensate for the pollution of the back-
ground atmosphere in Central Europe in winter. The highest activity
detected in winter urban air is in agreement with the data published
previously by Klein et al. (2006) who reported this activity to be as-
sociated with PM regardless of site or season in Canada. Similarly, our
previous study (Novák et al., 2014) showed that the potency to activate
AhR is inversely proportional to the particle size. The AhR-mediated
activity elicited by compounds in the polar fraction had also been found
by Misaki et al. (2008) who related their findings to diesel exhaust
particles in Japan. Furthermore, diesel exhaust particles from an urban
site in Japan were found to be AhR active in transfected human prostate
carcinoma cells (Okamura et al., 2004).

Out of the 25 targeted parent PAHs, REP values were available only
for 10 (in general the most abundant ones), which accounted for 80% of
the mass of the targeted parent PAHs (urban winter samples, PM10). On
the other hand, these most abundant PAHs only explained 16% of the
observed effect. Additionally, the rest of the targeted compounds
(OPAHs and NPAHs) with known REP values explained 2 × 10−3%
(REP values found for 5 out of 29 OPAHs and NPAHs). However, data
from reconstructed mixtures show that all targeted PAHs together were
able to elicit 24% of the effect of the complex sample and even 69% of
parent PAHs-containing fraction. This implies that the PAHs without
available REP played a big role in the effect and it might be also pos-
sible that the chemicals in the mixture act synergistically, even though
in complex mixtures it is not as common as concentration-addition
mechanism. Anyway, there is 76% of the effect unexplained, obviously
elicited by non-targeted compounds.

The AhR-mediated activity in the non-polar fraction was partly
explained by REP-based modelling (42% in winter and 98% in
summer), and only parent PAHs contributed to the explanation. This
corresponds with the finding that the usual AhR-activity suspects
(parent PAHs) were detected mostly in the non-polar fraction. On the
other hand, the AhR-mediated activity detected in vitro dominated in
the polar fraction and we were unable to explain it by the contribution
of the identified substances or by the reconstructed mixture. This im-
plies that the observed effect was caused by other polar PAH derivatives
and/or by other polar substances associated with PM not addressed in
this study.

4.1.2. Anti-/estrogenicity
The estrogen receptor is a crucial player in physiological processes

like growth, development and reproduction and even though estrogenic
compounds are mostly studied in aquatic environment, airborne es-
trogenic activity has been reported in previous studies. Oziol et al.
(2017) detected significant estrogenic activity in an urban environment
in both gas and PM phases during both winter and autumn. Even
though the activity was more attributed to the gas phase, it was higher
in winter. Similarly, Klein et al. (2006) found that the estrogenicity
elicited by compounds in the gas phase is often similar or even higher

than PM-related estrogenicity in both urban and rural environments.
Contrary to their findings, in our study, the estrogenic activity was
exclusively particle-borne and driven mostly by the polar compounds
associated in all 3 campaigns with the fine particles <0.95 µm. The
estrogenic activity of the gas phase samples was always below LOQ. The
differences may originate from different pollution sources or from dif-
ferent sorbents used (i. e. highly absorbent resin XAD vs PUF). The
difference can be also affected by different sensitivities of some assays.
Despite the detected estrogenicity in F3 of the urban summer PM or-
ganic extract, no estrogenicity was detected in the corresponding NF
sample. However, the detected estrogenicity in the fractionated sample
was comparable to LOQ of NF sample. The effects in fractions could be
detected even below or close to the LOQ for the nonfractionated sam-
ples, that could be only tested at lower concentrations due to their
greater cytotoxicity. Another factor that could play a role is the po-
tential presence of ER antagonists in NF sample and their removal in
fractionation process.

As for the level of estrogenic activity, our study showed higher le-
vels of E2 equivalents in pg/m3 compared to the study in Paris (Oziol
et al., 2017). However, a direct comparison is not possible, since dif-
ferent cell lines were employed. As for the compounds responsible for
detected estrogenicity, some PAHs were found to have estrogenic po-
tential and corresponding REP values were derived. In our study, the
calculated BEQchem could be based only on 7, 3 and 2 out of 25 PAHs,
11 OPAHs and 18 NPAHs, respectively (non-availability of REP values).
In most cases REP-covered PAHs or OPAHs represented approximately
50% of the total detected mass of the targeted groups, but they ex-
plained in average 3.9% of the estrogenic effect observed for organic
extract samples. The only exception was the organic extract of C size
fraction of urban winter PM10 sample, where the REP-covered PAHs
explained 23% of the observed effect. This finding again implies that
the PAHs and their derivatives without known REP values, PAHs not
addressed in this study, and/or other substance classes may play an
important role for the ambient aerosols’ estrogenic potential.

Contrary to our findings, antiestrogenicity associated with both fine
PM and gaseous phase was detected in the study of Novák et al. (2014)
covering two locality types in the Czech Republic. Also, it was detected
in diesel exhaust particle extracts from Korea by Oh et al. (2008), who
associated this activity with both crude and pH neutral extracts. Both
studies used human breast cancer cell lines, MVLN and MCF7, respec-
tively, but tested the antiestrogenicity in different exposure times.

On the other hand, another research paper (Oziol et al., 2017) ad-
dressing also the antiestrogenicity by human breast cancer cell line
(MELN), did not detect any antiestrogenic effect in air samples from
Paris. Similarly, in our study, where HeLa9903 cells were employed, no
antiestrogenicity was detected. The different outcomes could be af-
fected by different cell line sensitivity. Also, various pollution sources
and sampling techniques may contribute to inter-studies variability.
Last but not least, different extraction solvents were often used. The
availability of LOQs would also improve the comparison, however,
these values are often not reported.

4.1.3. Anti-/androgenicity
The androgen receptor is involved in signalling pathways important

for example for the development of male sexual characteristics, re-
productive functions, growth and behaviour (Janošek et al., 2006). Its
function can be influenced in both the agonistic and antagonistic way.
In the present study, significant androgenicity was completely asso-
ciated with the PM phase, whereas antiandrogenicity was detected only
in the gas phase. This finding is in a good agreement with findings in
the same region in summer (bioluminescent yeast assay; Novák et al.,
2008) and in Paris in both autumn and winter season (Oziol et al.,
2017), the latter using the same in vitro model as our study. No further
evaluation of androgenicity BEQchem was possible due to the lack of
REP data (only 3 values found that explained less than 1% of the de-
tected effect). Out of 54 targeted compounds, for 15 of them
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antiandrogenicity REPs were available. These compounds explained
less than 2% of the detected antiandrogenicity even though they con-
tribute in average by 45% to the detected mixture composition mass.
However, the reconstructed mixture was able to explain 88% of urban
winter PM10 organic extract androgenicity and in a non-polar fraction
of this sample the explicability exceeded 100%. The exceedance was
within the variability of the bioanalysis. In winter the antiandrogenicity
was detected in the gas phase organic extract from the background site,
but not in the urban site, which could be associated with high LOQ
value in NF urban sample caused by its greater cytotoxicity. This LOQ
was actually higher than the BEQ detected for the background site.
Several other factors could play a role in this observation, like, un-
specified local sources in the background site or presence of the an-
drogenic compounds decreasing the antagonistic effect at the urban site
in winter.

4.1.4. Thyroid receptor-mediated activity
Thyroid receptor signalling contributes to the regulation of nu-

merous physiological processes like growth, neurodevelopment and
energy homeostasis. However, this endocrine signalling network can be
disrupted by various compounds like polybrominated diphenyl ethers
or polychlorinated biphenyls (Calsolaro et al., 2017). Moreover, some
pesticides have been indicated as potential TR agonists, while others as
antagonists (Xiang et al., 2017). Although compounds interfering with
thyroid signalling were found in both indoor and outdoor environ-
ments, there is very limited information regarding thyroid receptor-
mediated activity of ambient air gas phase or PM. To our present
knowledge, only one study dealing with thyroid receptor-mediated
activity in outdoor air was published so far (Oziol et al., 2017). They
reported significant thyroid receptor-mediated activity associated with
urban PM phase in Paris with higher activity observed in winter than in
autumn (2.8 vs 0.6 equiv. T3 EQ pg/m3). We detected thyroid activity
associated with both particulate and gas phases and being more pro-
minent in summer. The more frequent detection of TR-mediated ac-
tivity can result from higher mobility of indoor TR-activating pollutants
to outdoor air due to both higher temperature and increased ventilation
rate. Also, the pesticide application or evaporation during summer
could contribute to detected effects. This is supported by the fact that
several pesticides were found to be able to bind the human TR (Xiang
et al., 2017). As for site comparison, the NF gas phase organic extract
from winter elicited higher activity at background site than at urban
site (62 vs <24 T3 EQ pg/m3). Local sources at the background site,
such intense local heating in winter, might play role in this observation.
Furthermore, also some compounds with antagonistic activity towards
TR could be present at the urban site in winter lowering the overall TR
activity in NF sample, which is supported by the fact that TR activity
was detected in F3, but not in the NF sample. However, more research is
needed for the identification of TR-mediated activity drivers. Our re-
porter-gene assay often detected greater TR-mediated activity than in
the above-mentioned study (up to 90 equiv. T3 pg/m3, PM10-F3 urban-
summer sample). Moreover, our model is based on human cell line
(Oziol et al., 2017 applied a model derived from rat adrenal cancer),
hence should be more relevant for human health risk assessment. While
most previous studies focused on the thyroid-disrupting compounds
indoors, our study confirms that the thyroid receptor-mediated activity
can be significant also in ambient air and might, therefore, pose a ha-
zard for the exposed population.

4.1.5. Cytotoxicity
Significant cytotoxicity detected by all 3 applied assays i.e. Calcein-

AM, Alamar Blue and neutral red uptake (NRU), was mostly particle-
related and dominated in polar fraction. The NRU assay was proven to
be the most sensitive due to the highly energy-demanding storage of
neutral red in lysosomes. Thus, this assay can reflect the energy im-
balance at sub-cytotoxic levels. In this assay, significant cytotoxicity
was also detected in the gas phase. These results demonstrate the

potential of the particle-associated air pollutants to adversely affect
cells of the respiratory system via more general mechanisms of toxicity.
Even though the cytotoxicity assessment does not address any specific
mode of action, as the other employed receptor-based bioassays do, it
comprises a highly relevant tool for addressing the non-specific toxicity
mechanisms related to the inhalation exposure.

Our toxicological analysis showed that the studied effects are often
strongly PM size-dependent with greatest effects associated with sub-
micrometre particles. This finding shows as extremely important for
human exposure, since these particles penetrate into the deep lung
(alveolar-interstitial region) and reside there longer (clearance), while
the super-micrometre particles are preferentially deposited further up
(Kappos, 2010; Pokorná et al., 2015). Also, this study documents that
the studied bioactivities are largely attributable to the polar fraction
that contains the OPAHs, but also other polar compounds. The polar
fraction of particulate organic matter is the least characterized (Claeys
et al., 2012; Graber and Rudich, 2006; Saxena and Hildemann, 1996),
which, despite recent progress in analytical chemistry, leaves us with
thousands of unidentified chemicals (e.g. Sippula et al., 2014).

4.2. Bioaccessibility assessment using SLFs

The overall level of SLF extractable PAHs and OPAHs was in general
much lower compared to the amount obtained by the total (organic
solvent) extraction, implying that only a small portion of studied par-
ticle-associated pollutants can leach into lung fluid. When comparing
the extractability of targeted compound groups, it can be concluded
that OPAHs are more extractable into SLFs than PAHs, due to the
double bonded oxygen in the structure, which increases their polarity.
Also, since SLF is a mix containing, among others, carbohydrates and
lipoproteins, these may increase extraction efficiency for OPAHs, either
as freely dissolved or by forming structures similar to micelles. The
concentration of SLF extractable NPAHs was always below the limit of
detection, which corresponds to the much lower levels of NPAHs in
organic extracts. As for the bioactivities detected in SLF extracts, sig-
nificant estrogenicity and AhR-mediated toxicity were quantified,
nevertheless mostly in much lesser extent compared to the bioactivities
elicited by the corresponding organic extracts. As for the comparison of
the bioactivities detected in both ALF and SELF extracts of E and F
fractions, we can conclude, that the winter samples elicited higher ef-
fects in ALF extracts, whereas effects of summer samples were more
pronounced in SELF extracts. Interestingly, TR-mediated activity was
detected in SLF extracts from both winter and summer urban PM
samples and it was quantifiable more frequently in SLFs compared to
organic extracts. Moreover, in contrast to other activities detected in
SLF, the detected TR-mediated activity was in similar order of magni-
tude as the T3 EQ levels found in organic extracts. In case of fine PM
fractions, where TR-mediated activity was quantifiable only in SLF
extracts, the activity in SLF even exceeded the LOQ values of the or-
ganic extracts with no detected effect (Supplementary material 2_2).
This implies the presence of not targeted, more easily bioaccessible
substances contributing to the TR-mediated activity mainly in the fine
PM fractions. These findings could be of importance since thyroid sig-
nalling pathways play role in regulation of growth, development and
metabolism and are involved for example in neurodevelopment, but
further research is definitely needed to examine the potential link be-
tween long-term exposure to airborne TR-activating compounds and its
possible health impact. No such study to directly compare with has
been performed, to the best of our knowledge. Vuong et al. (2017)
determined the toxicity of water-soluble and water-insoluble fractions
of urban air PM10 from Ottawa for lung epithelial cells A549 and found
that the insoluble fraction is responsible for the detected toxicity and
that soluble and insoluble fractions can differently alter the expression
of proteins linked to cell death, proliferation and inflammation.
BEQchem modelled in SLFs explained significantly less activity com-
pared to organic extract-based BEQchem, proving that REP-covered
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targeted compounds are not the toxicity drivers in SLFs and that the
original mixture is much more complex.

4.3. Concentrations of PAHs and their derivatives in outdoor air samples

This study focuses on the role of PAHs and their derivatives in the
studied bioactivities, therefore following paragraphs just briefly sum-
marize the levels of targeted pollutants to provide the reader with
general context. Detailed results can be found in the Supplementary
material 2_3. Detailed discussion of both concentration and distribution
of targeted compounds will be provided in an accompanying paper
(Lammel et al., 2020).

The total concentration of studied parent PAHs was higher at the
urban site compared to the rural one. This trend, as well as the PAHs
levels, are in a good agreement with findings of Morville et al. (2011).
On the other hand, parent PAHs can reach tens of ng/m3, especially
during impaired weather conditions in winter (Landlová et al., 2014).
PM size-dependent distribution was observed to be the same as in
previous studies (Kawanaka et al., 2009; Lammel et al., 2010; Landlová
et al., 2014) confirming the observation that particles of the smallest
size fractions often carry most of the studied toxic compound mass.

OPAHs were detected at similar concentrations as reported pre-
viously in Europe and Canada. They are mostly found at levels below
10 ng/m3 regardless the place or sampling season (Albinet et al., 2007;
Ringuet et al., 2012; Tomaz et al., 2017; Wnorowski and Charland,
2017). As for their distribution, OPAHs dominated in PM in winter with
the highest concentration associated with small particles, whereas in
summer higher concentrations were found in the gas phase.

The chemical analysis of selected NPAHs confirmed that they are
the least abundant among the studied substance classes. Compared to
PAHs and OPAHs, NPAHs were found at 2 and 1 order of magnitude
lower concentration, which corresponds to previous studies (Albinet
et al., 2007; Lammel et al., 2017). In this study, the highest total NPAHs
concentration was 1.11 ng/m3, which is in a good agreement with other
studies from polluted environments (Albinet et al., 2007; Liu et al.,
2017; Ringuet et al., 2012). However, the knowledge on their toxicity is
very limited and further investigation is needed to estimate their con-
tribution to the observed effects.

The chemical analysis confirmed that the parent PAHs are fractio-
nated into the least polar solvent, while the more polar OPAHs domi-
nated in the polar fraction. The distribution of NPAHs according to
polarity varies with both sampling season and site.

4.4. Effects of reconstructed mixtures

For reconstructed mixtures based on analytical data from gas phase
samples across sites and urban summer PM10 samples, there were no
quantifiable effects detected. Thus, the targeted chemicals were prob-
ably not the main effect-drivers in the gas phase. Similarly, the detected
effects of environmental pollutant mixtures associated with PM10 in
summer were elicited mainly by chemicals non-analysed in this study.
In case of winter PM10 samples, the analysed chemicals were more
significant for the studied toxicity endpoints. This was the case mainly
for the winter sample from the urban region, since these reconstructed
mixtures elicited also quantifiable estrogenic and androgenic activities
compared to reconstructed mixtures of background winter samples,
which elicited only AhR-mediated activity. The mixture data show that
among the analysed chemicals parent PAHs were the most effective.
The effects detected in the reconstructed mixtures were elicited mainly
by parent PAHs since the mixture containing all chemicals together
produced a similar effect as the mixture consisting of parent PAHs only.
Moreover, OPAHs and NPAHs mixtures were without quantifiable ef-
fects when tested separately by chemical groups. However, the most
potent fraction of the original samples was the polar one (F3). Thus, the
targeted OPAHs were not the effect-drivers for the assessed endpoints.
Therefore, there is a need to identify those other polar chemicals which

contributed significantly to the detected effects.

5. Conclusions

This study represents an efficient assessment of outdoor air pollu-
tion linking both chemical and toxicological perspectives. The results
confirm that air pollutants possess several toxic potentials, that can
interfere with human health via various molecular mechanisms like
estrogenicity, AhR-mediated activity or thyroid receptor-mediated ac-
tivity as well as toxicity for bronchial cells. Furthermore, our results
emphasize the seasonal variability and distribution of the studied toxic
potentials among the particulate and gas phases of the ambient air and
across size fractions of inhalable particles. It documents that the
bioactivities are largely attributed to PM1 and the polar fractions of
both gas and particulate phases.

The effects of the targeted PAHs and their derivatives represent only
a part of the mixture toxicity humans are exposed to in both urban and
background environments. The calculated contribution of the targeted
PAHs and OPAHs together accounted on average for 21 (0.004–98) %
of the total AhR-mediated activity and on average for 4 (0.06–23) % of
the total estrogenicity. However, the toxicity testing of the mixtures
reconstructed according to chemical analyses revealed that, apart from
an important role of parent PAHs in several effects associated with
urban PM pollution in winter, the targeted pollutants are not the main
contributors to the effects detected for the studied complex environ-
mental samples.

This study is the first one focusing on the more specific distribution
of the thyroid receptor-mediated activity, which is highly relevant for
the health of the exposed population. Especially if we take into account
that compounds causing TR-mediated activity were the most bioac-
cessible compared to the other effects detected in the simulated lung
fluids. While for some effects specific toxicity carriers have been at least
partly identified, effect-directed analysis should be conducted to iden-
tify further pollutants contributing to the effects, namely for the thyroid
receptor-mediated activity in outdoor air, where the drivers are un-
known.

This study confirms the suitability of specific in vitro bioassays for
assessing the mixture toxicity. As for most effects the particulate phase
sample extraction by simulated lung fluids mobilised only a portion of
the biological effects attributable to the total extract, the results em-
phasise the significance of addressing the bioaccessible mass fraction
for the assessment of PM toxicity. Obviously, there is an urgent need to
close the data gaps with regard to REP values of aromatic air pollutants.
The availability of further REPs would definitely help in assessing the
effects of environmentally relevant air pollutant mixtures.
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