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Abstract: Air pollution is recognized as one of the most serious public health issues worldwide and
was declared to be a leading environmental cause of cancer deaths. At the same time, the cytokinesis-
block micronucleus (CBMN) assay serves as a cancer predictive method that is extensively used
in human biomonitoring for populations exposed to environmental contamination. The objective
of this cross-sectional study is two-fold: to evaluate genomic instability in a sample (N = 130) of
healthy, general population residents from Zagreb (Croatia), chronically exposed to different levels of
air pollution, and to relate them to air pollution levels in the period from 2011 to 2015. Measured
frequencies of CBMN assay parameters were in agreement with the baseline data for the general
population of Croatia. Air pollution exposure was based on four factors obtained from a factor
analysis of all exposure data obtained for the examined period. Based on the statistical results, we
did not observe a significant positive association between any of the CBMN assay parameters tested
and measured air pollution parameters for designated time windows, except for benzo(a)pyrene
(B[a]P) that showed significant negative association. Our results show that measured air pollution
parameters are largely below the regulatory limits, except for B[a]P, and as such, they do not affect
CBMN assay parameters’ frequency. Nevertheless, as air pollution is identified as a major health
threat, it is necessary to conduct prospective studies investigating the effect of air pollution on genome
integrity and human health.

Keywords: air quality; particulate matter; general population; peripheral blood lymphocytes; genome
instability; public health

1. Introduction

Rising industrial and energy production, the burning of fossil fuels and biomass, as
well as the rise in road traffic, contribute to urban air pollution worldwide. Therefore, cities
are generally hotspots for air pollution, which represents a global health problem, especially
in urban centres resulting in almost seven million premature deaths annually [1–5] and
affects the quality of life by causing the exacerbation of asthma, as well as other respiratory
and cardiovascular problems. At present, more than 50% of the world’s population lives
in urban areas, and thus the scope of health problems is paramount. To counter this, the
EU has set a goal to achieve air quality levels that could reduce such a negative impact
on, and risks to, human health and the environment [6–8]. Industrial and urban exhausts
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are two main sources of air pollution; however, environmental air pollution depends not
only on the source and quantities of emission, but also on several other factors, such as
weather conditions, seasonal variations, topography, location, etc. Because of this, each city
presents a unique system.

Urban air is a complex and variable mixture of many different chemicals [9–11].
Particulate matter (PM) consists of inhalable particles that may include several harmful
compounds, such as polycyclic aromatic hydrocarbons (PAHs) and heavy metals [10,12].
Both, particle size and content play an important role in affecting human health. Particle-
size fractions PM10 (suspended PM with an aerodynamic diameter < 10 µm) and especially
the smaller ones (PM2.5 and PM1, with aerodynamic diameters less than 2.5 and 1 µm,
respectively) pose a significant health problem because they can penetrate the lungs and
even the bloodstream [12–26]. For an estimation of population-weighted exposure to
ambient particulate air pollution, the average levels of PM2.5 particle fraction concentrations
are most commonly used, as this fraction is capable of penetrating deep into the lungs
and causing severe, negative health effects [27–29]. However, the choice of fraction often
depends on the availability of air pollution data. In particular, toxic airborne pollutants,
such as PM, have been studied extensively concerning their effects on human health.
The epidemiological studies conducted to date have observed a consistent association
between exposure to airborne PM and incidence and mortality for lung cancer, respiratory,
cardiovascular, and other disease [30–40]. The mechanisms of action for air pollution are
not yet elicited, but oxidative stress and inflammation are suspected factors [40–46].

Cytogenetic methods play a crucial role in biomonitoring when evaluating the extent of
chromosomal damage in human populations that have been exposed to different genotoxic
agents. One of the best validated cytogenetic methods is the cytokinesis-block micronucleus
(CBMN) assay [47–55] in peripheral blood lymphocytes (PBLs). It is frequently used
in molecular epidemiology for the assessment of chromosomal damage resulting from
exposure to environmental mutagens [51,56,57]. There are several biomarkers of genomic
instability that can be measured using the CBMN assay. These are micronuclei (MNi),
circular bodies made of chromosome fragments or whole chromosomes that indicate the
downstream effect of DNA damage [58,59]. MNi, apart from representing the products of
biological errors, such as mis-repair and/or replication errors, also indicates other biological
effects. For instance, fragmented DNA in the form of MNi exposed to the cytoplasm may
trigger the activation of immunity-system-related genes [60]. Furthermore, nucleoplasmic
bridges (NPBs) originate from dicentric chromosomes caused by telomere end-fusions or
the mis-repair of DNA breaks or failure of complete chromatid separation, while nuclear
buds (NBUDs) are another indicator of chromosomal instability as they are a mechanism
through which nuclei eliminate amplified genes and unresolved DNA repair complexes.
Moreover, the assay can provide an index of cell proliferation and cytostasis that can be
calculated from the nuclear division index (NDI) [47,58,59,61]. It has to be pointed out that
elevated MNi frequencies in PBLs of healthy subjects have been shown to reflect an elevated
risk of developing cancer later in life, suggesting a predictive role of this assay [62–64].
Lymphocytes are preferred for the measurement of genotoxic effects in biomonitoring
studies since they present a measure of the total body burden of the genotoxicity and are
considered early warning signs for adverse health effects [65–67].

In this cross-sectional study, we aim to associate historical air pollution measurements
with the parameters of the CBMN assay in PBLs to evaluate possible effects of urban air
pollution exposure on genome instability in Zagreb’s (Croatia’s) residents.

2. Results
2.1. Population Characteristics

This study included a group of 130 participants (89 females and 41 males) aged
19–80 years (average age, 38.08 ± 13.31 years; median age, 33 years) with a similar socio-
economic status. Detailed population and lifestyle characteristics are presented in Table 1.
All participants were selected from the general Croatian population and lived in the same
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region (Zagreb, the capital of Croatia), had similar patterns of physical activity, and similar
levels of education (high school and university). None of the assessed subjects had been
exposed to ionizing radiation, steroid therapy, or antibiotics for at least 3 months before
blood sampling, as well as to occupational exposure that might have interfered with the
results of the testing. Their mean body mass was 71.64 ± 14.29 kg, mean body height
1.72 ± 0.09 m, and mean body mass index (BMI) 23.99 ± 3.84 kg/m2.

Table 1. Population characteristics and lifestyle factors of the study population (mean values ± stan-
dard deviation of the mean).

Women Men Total
N 89 41 130
Age (years) 38.06 ± 13.94 38.12 ± 11.99 38.08 ± 13.31
Age range (years) 19–80 24–68 19–80
BMI (kg/m2) 22.99 ± 3.92 25.74 ± 3.00 23.99 ± 3.84
Current smokers 27 11 38
Alcohol consumers 51 32 83
Physical activity 26 24 50
Family history of
cancer 39 11 50

N, number of subjects; BMI, body mass index.

2.2. Baseline Frequency of the Cytokinesis-Block Micronucleus (CBMN) Assay Parameters

With the CBMN assay, the incidences of MNi, NPBs, and NBUDs were evaluated
simultaneously with the cell-proliferation kinetics as measured by the NDI. The mean
values and distributions of the CBMN assay parameters for the total population are sum-
marized in Table 2. The mean MNi frequency for all of the subjects was 5.12 ± 2.82 per
1000 BNCs (median was 5), ranging from 1 to 13. The mean frequency of NPBs for all of the
subjects was 1.22 ± 1.51 per 1000 BNCs (the median was 1), ranging from 0 to 7. The mean
frequency of NBUDs for all of the subjects was 3.45 ± 2.10 per 1000 BNCs (the median was
3), ranging from 0 to 10. As for cell proliferation, the mean NDI was 2.00 ± 0.12, ranging
from 1.60 to 2.38.

Table 2. Mean values ± standard deviation of the cytokinesis-block micronucleus (CBMN) assay
parameters (total number of micronuclei, nucleoplasmic bridges, nuclear buds per 1000 cells, and
nuclear division index) in peripheral blood lymphocytes of the general population.

Women Men Total
MNi

Mean 5.28 ± 2.81 4.76 ± 2.84 5.12 ± 2.82
Range 1–13 1–12 1–13

NPBs
Mean 1.09 ± 1.35 1.51 ± 1.79 1.22 ± 1.51
Range 0–7 0–7 0–7

NBUDs
Mean 3.43 ± 2.05 3.51 ± 2.21 3.45 ± 2.10
Range 0–10 0–10 0–10

NDI
Mean 2.01 ± 0.12 1.98 ± 0.12 2.00 ± 0.12
Range 1.60–2.38 1.61–2.16 1.60–2.38

MNi, micronuclei; NPBs, nucleoplasmic bridges; NBUDs, nuclear buds; NDI, nuclear division index.

2.3. Air Pollution Exposure

The mean exposure ± standard deviation and range for each measured pollutant are
presented in Table 3. Among the PM10 constituents, the highest mean concentrations had
organic carbon (OC) (8.16, 8.33, and 8.74 µg/m3 for 3, 7, and 30 days before blood sampling,
respectively), followed by sulphate and nitrate, while the lowest mean concentrations were
obtained for Cd (0.217, 0.222, and 0.229 ng/m3) and As (0.554, 0.569, and 0.562 ng/m3). For
none of the pollutants did the mean log-transformed values differ significantly for different
time windows.
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Table 3. Air pollution exposure of participants during different time windows (3, 7, and 30 days
before blood sampling).

Pollutant Average
3 Days Before

Average
7 Days Before

Average
30 Days Before

PM10 (µg/m3)
Mean ± SD 29 ± 15 30 ± 13 32 ± 13

Range 11–81 15–67 13–60

PM2.5 (µg/m3)
Mean ± SD 23 ± 14 23 ± 13 25 ± 12

Range 9–68 9–59 8–50

PM1 (µg/m3)
Mean ± SD 16 ± 9 17 ± 9 18 ± 8

Range 7–39 7–50 7–35

OC (µg/m3) *
Mean ± SD 8.16 ± 4.42 8.33 ± 4.37 8.74 ± 4.28

Range 3.02–25.40 3.50–19.48 3.74–16.59

EC (µg/m3) *
Mean ± SD 1.07 ± 0.57 1.14 ± 0.51 1.10 ± 0.39

Range 0.22–2.94 0.27–2.36 0.42–1.84

SO4
2− (µg/m3) *

Mean ± SD 4.31 ± 5.22 4.09 ± 3.60 4.40 ± 2.28
Range 0.51–31.30 1.40–19.88 1.32–10.64

NO3
− (µg/m3) *

Mean ± SD 3.17 ± 3.31 3.41 ± 3.22 3.58 ± 2.90
Range 0.25–13.10 0.34–16.10 0.34–11.54

Cl− (µg/m3) *
Mean ± SD 0.20 ± 0.29 0.22 ± 0.31 0.21 ± 0.24

Range 0.01–1.42 0.01–1.44 0.01–0.97

Pb (µg/m3) *
Mean ± SD 0.006 ± 0.005 0.006 ± 0.003 0.006 ± 0.003

Range 0.002–0.036 0.003–0.021 0.003–0.013

Mn (µg/m3) *
Mean ± SD 0.005 ± 0.002 0.006 ± 0.002 0.005 ± 0.001

Range 0.002–0.012 0.003–0.010 0.003–0.011

Cd (ng/m3) *
Mean ± SD 0.217 ± 0.161 0.222 ± 0.161 0.229 ± 0.128

Range 0.068–0.884 0.068–0.837 0.072–0.666

As (ng/m3) *
Mean ± SD 0.554 ± 0.491 0.569 ± 0.461 0.562 ± 0.220

Range 0.156–2.310 0.231–2.852 0.269–1.191

Ni (ng/m3) *
Mean ± SD 0.977 ± 1.052 1.057 ± 0.956 1.169 ± 1.078

Range LOD-5.018 LOD-5.454 0.067–6.240

Cu (µg/m3) *
Mean ± SD 0.012 ± 0.005 0.013 ± 0.005 0.013 ± 0.004

Range 0.004–0.034 0.005–0.025 0.006–0.033

Fe (µg/m3) *
Mean ± SD 0.300 ± 0.153 0.325 ± 0.121 0.303 ± 0.078

Range 0.086–0.958 0.142–0.712 0.179–0.612

Zn (µg/m3) *
Mean ± SD 0.021 ± 0.010 0.021 ± 0.009 0.022 ± 0.007

Range 0.008–0.057 0.011–0.055 0.011–0.044

B[a]P (ng/m3) *
Mean ± SD 1.033 ± 1.242 1.024 ± 1.075 1.151 ± 1.081

Range LOD-5.307 0.039–3.517 0.050–3.508
* In PM10 particle fraction. SD, standard deviation; LOD, limit of detection; PM, particulate matter; OC, organic
carbon; EC, elemental carbon; B[a]P, benzo(a)pyrene.
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2.4. Influence of Air Pollution on the Cytokinesis-Block Micronucleus (CBMN) Assay Parameters

Based on the statistical analysis, we did not observe significant association between
any of the CBMN assay parameters’ (total number of MNi, NPBs, NBUDs, and NDI) tested
and measured air pollution parameters for the designated time windows of 3, 7, and
30 days before blood sampling. The results are presented in the Supplementary Materials
(Supplementary Tables S1 and S2).

3. Discussion

During their daily activities, people are exposed to various environmental pollutants
that may have cyto/genotoxic properties. This particularly concerns urban air, which is
a complex mixture of different physical and chemical agents that possess mutagenic and
carcinogenic properties, such as heavy metals, diesel soot, volatile organic compounds
(VOCs), and PAHs [68–75]). In line with that, human biomonitoring is a critical instrument
that allows us to evaluate to what extent different environmental substances affect the
human population, providing valuable information on environmental exposure and helping
us identify potential health risks. One of the strengths of human biomonitoring is that it
can produce precise information for the overall exposure of an individual at a particular
time point, as it adds together exposure from various sources and routes. Nonetheless,
the risks these exposures may pose to human health, in which combination, and at what
levels is quite challenging to estimate [67,76–83]. Therefore, we wanted to retrospectively
associate air pollution with CBMN assay parameters in PBLs of the general population in
the capital of Zagreb, which is the largest and the most populated city in Croatia.

Previous studies of air quality in continental Croatia have shown that ambient air
is polluted with PM and PAHs, especially during the colder part of the year (heating
season) [84–88]. Levels of ambient air pollutants measured in Zagreb during this study
did not differ significantly from values obtained in earlier investigations [85,87,89]. Similar
or slightly higher benzo(a)pyrene (B[a]P) concentrations were observed in some other
European urban areas, such as Zaragoza and Monagrega in Spain [90] and Naples, Italy [91],
while higher concentrations were measured in Sarajevo, Bosnia and Herzegovina [92] and
some rural residential areas in Germany during the winter season [93]. In Zagreb, levels
of PM10 and PM10-bound B[a]P exceeded the limit and target values set by Croatian and
EU legislation [7,8,94]. On the other hand, levels of toxic metals (Pb, As, Cd, Ni) were
much lower than the regulatory limits [95,96], and were also comparable with previously
reported ones. Zink levels reported in this study follow up on the decreasing trend of
annual values for zinc in Zagreb air [97]. A similar decreasing trend was also pronounced
for lead, manganese, cadmium, and nickel in PM10 from 2006 to 2011, while concentrations
of arsenic were at similar levels as those reported here [95]. The ambient air levels of
metals observed in this study were lower than the ones obtained from urban and urban
background sites in some other studies [98–103] and similar to the concentrations of metals
obtained from an urban background site in Italy [104].

Earlier Croatian legislation [105] set a limit value for sulphate in PM10 (30 µg/m3 for
24 average, 20 µg/m3 for annual average); however, as Croatia joined the European Union
in 2013, the new regulation was adjusted with EU directives and limit values for acidic
ions in the PM being omitted. In the new regulation, the measurements of water-soluble
anions and cations, as well as organic and elemental carbon in PM2.5 particle fractions, are
still required, but only to ensure adequate information for the comparison of background
and more polluted areas, assess the possible contribution of the long-range transport of air
pollutants, and support source-apportionment analysis and modelling. At present, for OC
and elemental carbon (EC) there are no regulatory limit values, but these data may produce
valuable information on possible pollution sources, such as traffic, biomass burning, or
secondary (aged) aerosols [106–108]. Previous measurements of acidic anions in Zagreb
have shown that the annual average mass concentrations followed the order of chloride <
nitrate < sulphate. Over 7 years (1999–2005) the mean annual mass concentrations varied
from 0.28 to 0.95 µg/m3 for chlorides, from 3.21 to 7.87 µg/m3 for nitrates, and from 3.98 to
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9.71 µg/m3 for sulphates. The annual average mass ratio of NO3
−/SO4

2− suggested that
mobile source emission was an important contributor to particle mass [109,110]. Previous
measurements of OC and EC in Zagreb have shown that EC ranged between 0.5 µg/m3

and 2.2 µg/m3 depending on particle size, location, and period of sampling, while OC
ranged between 5 µg/m3 and 33 µg/m3 [85,108,111,112].

The factor analysis conducted in this study (described in Section 4.5) extracted 4 factors:
a PM factor, 2 metal factors (F2–Mn, Cu, Fe, Zn, and F4–Pb, Cd, As, Zn), and the last F3
factor correlated to NO3

−, Cl−, OC, EC, and B[a]P—negatively with SO4
2−. As the PM1

particle fraction is part of PM2.5, and PM1 and PM2.5 are both part of PM10, they usually
correlate well with each other, which can explain F1. Metal factors containing Zn, Cu, Fe,
and Mn can be attributed to non-exhaust traffic emissions, which included additives to
oil, tyre, and brakes wear [113,114]. Since Zn is often suggested as a marker for different
sources, it is not uncommon to be found in the second factor with Pb, Cd, and As, which
could be a mixed anthropogenic source, both from industrial and traffic emissions. Levels
of NO3

−, Cl−, OC, EC, and B[a]P in Zagreb are usually higher during the colder part of the
year [85–87,109,110,115], while SO4

2− did not show a clear seasonal trend [110]. OC, EC,
and B[a]P from F4 could originate from different combustion processes; during the cold
part of the year, they could indicate biomass burning, probably wood-burning households,
while during the warm period of the year, this factor could also represent traffic [108].
Elevated NO3

− levels could be due to the combined action of various factors, such as
photochemical and heterogeneous reactions and emissions of NOx. The studies conducted
by Jiang et al. [116] and Tao et al. [117] showed that low temperatures favour the conversion
of ammonium nitrate and inhibit the secondary transformation of SO4

2−. Cl− could result
from winter road salting or a tracer of coal combustion [118,119].

Based on the statistical results, we did not observe a significant association between
any of the CBMN assay parameters tested and the measured air pollution parameters
for the designated time windows in the period between 2011 and 2015, except for B[a]P
that showed a significant negative association. This may be due to the fact that, in winter
(when B[a]P levels are higher), people are mostly inside and are not exposed to measured
B[a]P levels, and in summer (when B[a]P levels in the air are very low) we have some
other factors (such as intense sunlight, solar radiation, high temperature, and high UV
index) that can cause an increase in the measured parameters. Furthermore, in the summer
months, PAHs (including B[a]P) are subjected to the reactions of photooxidation and
oxidation with the ozone [120,121]. The degradation products of PAHs are complicated
and depend on the propagation of the free-radical reaction in the atmosphere, potentially
enhancing the ozone and UV-induced carcinogenesis by PAH compounds. Previous studies
showed that PAHs can adsorb sunlight (visible and UV regions of the solar spectrum)
causing structural modification and photoproducts, such as quinine, which were confirmed
as toxic [122,123]. It was also shown that UV significantly impairs B[a]P metabolism,
and decreases rather than increases immediate toxicity. However, it cannot be excluded
that decreased metabolism leads to the accumulation of B[a]P and delayed genotoxic
effects [124–126]. Nevertheless, air pollution’s effect on CBMN assay parameters in PBLs
was noticed in several European cities and regions [56,127–132] as well as on the world
scale [133–139] with outdoor city workers, such as traffic controllers, taxi drivers, and
policemen, being at a greater risk. Children and newborns are also at a higher risk since
they are far more sensitive to potentially mutagenic and carcinogenic effects of air pollution
compared to adults. This risk is caused by children’s anatomical features and their longer
life expectancy in which to express that risk. Nonetheless, there are studies indicating that
exposure to urban air pollutants does not result in increased levels of MNi in peripheral
blood cells or that the results are inconclusive [57,138,140–142]. Additionally, the above-
mentioned studies provide evidence that the CBMN assay could be used as a sensitive
indicator to air pollution-induced genotoxic effects in humans and favours it application in
the studies of this type. Since MNi are biomarkers of early genetic effects that have been
used to investigate the association between environmental exposures and cancer [62–64],
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these findings suggest that long-term exposure to air pollution could induce cumulative
DNA damage, supporting the hypothesis that prolonged exposure to air pollution can
contribute to cancer development posing a serious burden to the health system [143].

In addition to PM that was measured in this study, nitrogen dioxide and ground-level
ozone are generally recognized as the pollutants that most significantly affect human
health [9] and should also be included in the future studies when evaluating the impact of
air pollution on genomic instability and human health. According to the EEA, 18 of the
28 EU countries in 2015 registered ozone concentrations greater than the human health
protection target value (120 µg/m3), while the guideline value set by the World Health
Organization (WHO) (100 µg/m3) was exceeded in 96% of all the reporting stations. The
annual limit value for nitrogen dioxide was exceeded across the whole of Europe, with the
highest values usually observed at traffic stations [6,11]. Their interaction with organic com-
pounds, such as PAHs bonded to PM, may lead to the formation of some more dangerous
compounds [120,121,144].

In summary, this study evaluated the possible associations between the CBMN assay
parameters and historical air pollution data. One hundred and thirty subjects from the
general population living in the city of Zagreb (Croatia) in the period from 2011 to 2015
participated in the study. Atmospheric levels of B[a]P and PM10 slightly exceeded regula-
tory limits during the observed period. On the contrary, concentrations of toxic metals and
other PM constituents were relatively low and comparable with other urban locations in the
region. The measured frequencies of CBMN assay parameters (micronuclei, nucleoplasmic
bridges, nuclear buds, and nuclear division index) were in agreement with the baseline
data for the general population in Croatia. We did not observe statistically significant
associations between any of the CBMN assay parameters and measured air pollution data.
Our results show that the measured air pollution parameters are considerably below the
regulatory limits and, as such, they do not affect the CBMN assay parameter frequencies.
Nevertheless, the global trend of rising air pollution, especially in urban city areas, indicates
the necessity for conducting prospective studies on the effect of air pollution on genome
integrity and human health. However, our results should be interpreted considering the
limits of the study, such as the potentially non-representative sample, selection bias, un-
controlled confounding or effect modifiers, as well as missing biomarkers of exposure. In
future studies, more attention should be paid to include outdoor as well as indoor air-
exposure assessments; the use of biomarkers of exposure, including more complementary
biomarkers of effect; optimising the width of the selected time windows; air pollutants’
measurements in relation to the type of each biomarker; as well as the inclusion of more
air-monitoring stations in larger cities. These retrospective data will serve as a historical
record that may contribute to a better understanding of how air pollution may influence
the frequencies of CBMN assay parameters and can later serve as a comparison for future
prospective studies.

4. Materials and Methods
4.1. Study Sample and Participant Selection

This cross-sectional study was conducted on a group of 130 participants extracted
from our database for the period between the years of 2011 and 2015. The participants
were collected either during various ecogenetic studies aimed at assessing the values of
biomarkers of exposure, effect and genome sensitivity in the general population in the
Republic of Croatia, or during the continuous biomonitoring of populations of workers,
in line with Croatian regulations, conducted in that period. All participants were selected
from the general Croatian population (both sexes) living in Zagreb (capital of Croatia).
The selection criteria were that they were healthy at the moment of blood sampling and
interviews, occupationally unexposed, and had not been exposed to ionizing radiation,
steroid therapy, or antibiotics for at least 3 months before blood sampling. All participants
provided their written informed consent and completed a questionnaire intended to obtain
demographic data, smoking habits, alcohol consumption, health status, family history of
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cancer, and prior or current exposure to diagnostic radiation, and medication that could
interfere with the obtained results. Privacy of the data is guaranteed. The study was part of
the projects approved by the Ethics Committee of the Institute for Medical Research and
Occupational Health, Zagreb, Croatia.

4.2. Blood Sampling

Venous blood was collected at the Institute for Medical Research and Occupational
Health (Croatia) into sterile heparinised tubes (Becton Dickinson, Franklin Lakes, NJ, USA)
in the morning hours (between 8 and 10 a.m.) by highly trained medical professional.
Subsequently, blood samples were handled in the same manner, being randomly coded,
stored at 4 ◦C, protected from light, and processed as quickly as possible (not more than
4 h after the sampling).

4.3. Cytokinesis-Block Micronucleus (CBMN) Assay

The CBMN assay followed the protocol by Fenech [47] and previously described
in detail [48]. For the culture setup, 500 µL of whole blood was added to RPMI 1640
medium (Gibco, Carlsbad, CA, USA) supplemented with foetal bovine serum (FBS; Gibco),
phytohemagglutinin (Remel, Lenexa, KS, USA), and antibiotics (penicillin and streptomycin;
Sigma, St. Louis, MO, USA), and incubated at 37 ◦C and 5% CO2 for 72 h. Cytochalasin-
B (Sigma) was added to each sample at a final concentration of 6 µg/mL after 44 h of
incubation in order to prevent cytokinesis, and the cells were harvested at 72 h. The
lymphocytes were fixed in a methanol–acetic acid solution (Kemika, Zagreb, Croatia),
air-dried, and subsequently stained with 5% Giemsa (Merck, Darmstadt, Germany). An
optical microscope with a final magnification of 400× (Olympus CX41, Tokyo, Japan) was
used for slide analysis. Every subject was analysed for a total number of MNi, NPBs, and
NBUDs per 1000 binucleated cells, while the NDI was calculated on the same slides by
counting 1000 cells.

4.4. Variables Tested

In the present study, age, sex, BMI, and lifestyle factors recorded in the questionnaire,
including smoking habit, alcohol consumption, physical activity, and medical status that
could affect the number of tested parameters, were considered as potential confounding
variables. Moreover, air pollution measurements according to the sampling period were
also considered.

4.4.1. Age, Sex, and Lifestyle Factors

Factors, such as age, sex, and BMI, of the selected population; several lifestyle factors,
such as smoking habit, alcohol consumption, regular exercise (at least two times per week
for at least half an hour); and medical status (family history of cancer) that could affect
the number of tested parameters were considered. Participants were categorised as non-
smokers or smokers. Individuals who had been smoking for at least one year prior to
blood sampling were considered to be smokers. Participants were also categorised as
non-alcohol consumers and alcohol consumers. Individuals who said that they consumed
alcoholic beverages (beer, wine, or spirits) once a week were considered to be alcohol
consumers. Participants were also categorised for the occurrence of cancer in their family
(family members who had or have different types of cancer).

4.4.2. Air Pollution Measurements

In this paper, the air pollution data for the period from January 2011 to January 2015
were used. The 24 h samples of three different PM fractions (PM10, PM2.5, and PM1) were
collected. In the PM10 particle fraction, the following constituents were determined: metals
(Pb, Ni, Cd, As, Fe, Cu, Zn, Mn), B[a]P, water-soluble anions (chlorides, nitrates, sulphates),
OC, and EC.
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The measuring site for air-quality monitoring was located at the Institute for Medical
Research and Occupational Health (45◦50′6.8” N, 15◦58′42.12” E, 168 m a.s.l.) in the
northern, residential part of Zagreb (Croatia). The measuring station is classified as an
urban background station and it is part of the local air-quality monitoring network funded
by the City of Zagreb. Over the years, in addition to standard, routine pollutants required by
the air-quality legislation (PM10, PM2.5, B[a]P, Pb, Ni, Cd, As in PM10), different particulate
matter fractions and their constituents have been determined.

In this study, air pollution data were obtained from the oldest Zagreb air-quality-
monitoring station, which is also the only one with a complete five-year dataset on PM10
composition (metals, OC, EC, PAHs, major anions), as well as on PM2.5 and PM1. Prelim-
inary data analysis (data available at http://iszz.azo.hr/iskzl, (accessed on 1 July 2022))
showed that levels of PM10 did not significantly differ between most of the stations. Higher
values were observed only in the southern part of the town, but correlated well with other
locations. Therefore, in the absence of other air pollution data, the existing data can be
considered sufficiently representative of the majority of the area.

Gravimetric Analysis

The 24 h samples of three different PM fractions (PM10, PM2.5, and PM1) were collected
each day from January 2011 to January 2015 on quartz filters with low-volume gravimetric
samplers (LVS 3 single-filter sampler, Sven Leckel Ingenieurbüro GmbH, Berlin, Germany)
from about 55 m3 of air. The samples were collected on several parallel samplers because
each type of pollutant required a separate filter for chemical analyses.

After sampling, mass concentrations of the PM fractions were gravimetrically de-
termined on a microbalance (Mettler Toledo MX-5, Mettler-Toledo GmbH, Greifensee,
Switzerland) according to the EN 12341:2006 and EN 14907:2005 standards. Before and
after sampling, the filters were conditioned at a constant temperature (20 ± 1 ◦C) and
relative air humidity (50 ± 5% RH) for 48 h prior to the first weighing and reweighing after
the subsequent 24 h.

Metal Analysis

For the analysis of metals, particulate matter filter samples were digested with nitric
acid (25% HNO3 v/v) in a high-pressure microwave digestion system (Ultraclave IV, Mile-
stone, Sorisole, Italy) and diluted with deionised water. The samples were analysed using
inductively coupled plasma mass spectrometry, ICP-MS (7500cx, Agilent Technologies,
Santa Clara, CA, USA). Isotopes 55Mn, 56Fe, 60Ni, 65Cu, 66Zn, 75As, 111Cd, and 206Pb were
selected and the integration time per point was 0.5 s for As and Cd, and 0.1 s for other
analysed metals with three acquisition points per peak. Scandium, germanium, rhodium,
and bismuth were added as internal standards. The ICP-MS spectrometer was tuned to ob-
tain an oxide ratio and doubly charged ratio <1.5%. The analysis was made in helium (He)
mode. The instrument operating parameters were optimized to minimize the interferences
and maximize the sensitivity. Working standards (5% HNO3 v/v) were prepared from
single-element stock solutions (1000 µg/mL, SCP SCIENCE) at eight level concentrations,
and the calibration was performed every time before the sample analysis. The accuracy
of the method was determined by preparing and analysing PM10-like reference materials
NIST 1648a and ERM CZ120 in the same way as the collected samples. The recoveries for
the analysed metals ranged from 87% to 108% for both certified reference materials [95,96].

Benzo(a)pyrene (B[a]P) Analysis

For the B[a]P analysis, filters were extracted with a solvent mixture of toluene (Merck)
and cyclohexane (Merck) (7:3) in an ultrasonic bath for 1 h, separated from undissolved
parts by centrifugation (10 min, 3000 rpm), evaporated to dryness in a mild stream of
nitrogen at 30 ◦C, and then re-dissolved in acetonitrile (Merck) [87]. The analysis was
performed using Varian Pro Star high-performance liquid chromatography (HPLC, Varian,
Victoria, Australia) with a fluorescence detector, which was programmed at eight different

http://iszz.azo.hr/iskzl
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steps of excitation (λ = 234) and emission (λ = 500) to provide optimal detection. The mobile
phase was a mixture of acetonitrile and water, and the flow rate was 0.55 mL/min. For
separation, a Varian stainless-steel Pursuit 3 PAH column (3 µm, 4.6 × 100 mm) was used.
Laboratory and field blanks were processed in the same way as real samples. For quality
control and assurance, the analytical standard (Supelco EPA 610 PAH mix) and certified
reference material (CRM NIST 1649b, Urban dust) were used [87,88,145].

Organic (OC) and Elemental (EC) Carbon Analysis

Carbon content (OC, EC) in the PM10 fraction was determined by the thermo-optical
transmittance method (TOT). Analyses were conducted on a Carbon Aerosol Analyzer
(Sunset Laboratory Inc., Amsterdam, The Netherlands) with a flame ionization detector,
FID, [112,146,147] using the Quartz (NIOSH-like) protocol. To ensure QA/QC and to
prove the consistent operation of the instrument, the inner standard, an external sucrose
aqueous solution, and a cross-method procedure were used. The results of the recovery are
(100 ± 4) % with a relative standard deviation of RSD < 5% [112,115,148].

Water-Soluble-Anions Analysis

Water-soluble acidic anions (Cl−, NO3
−, SO4

2−) were analysed by ion chromatography
using a Dionex DX 120 chromatograph equipped with suppressed conductivity detection
(Dionex, Sunnyvale, CA, USA), Dionex AS14: 4 mm Analytical Column + AG14: 4 mm
Guard Column. The eluent was 3.5 mM Na2CO3/1 mM NaHCO3 solution. Prior to the
analysis, filters were extracted by ultrasound in 18 Milli-Q ultrapure water (resistivity
≥ 18.3 MΩcm). For the instrument calibration and quantitative determination of each
component, a commercial standard-mixture solution of anions (Dionex) was used [109,110].
The limits of detection (LOD) for each measured analyte are presented in the Supplementary
Materials (Supplementary Table S3).

4.5. Data Processing

Air pollution exposure data obtained from January 2011 to January 2015 in the form of
24 h mass concentrations of pollutants were subjected to factor analysis. As the distributions
of all the measurements were right-skewed, the factor analyses were performed on the
log(10) transformations of the measurements. Nickel was excluded from this factor analysis
owing to a high number of measurements below the detection limit. To avoid the potential
bias related to partially missing measurements, we applied multiple imputations (n = 50)
based on the correlation structure and replaced the missing measurements with the mean
of the imputed variables, leading to 1492 complete daily measurements. The factor analysis
included log PM10, PM2.5, PM1, as well as the above-cited metals (Pb, Mn, Cd, As, Cu, Fe,
Zn) and other pollutants EC, OC, SO4

2−, NO3−, Cl−. B[a]P. All pollutants were measured in
the PM10 fraction and standardized by PM10. The factor analysis thus included 16 variables.
The number of factors retained was based on a criterion of an eigenvalue greater than 1.
A post hoc varimax rotation was then performed to select the factors close to the original
variables. Four factors were retained: a PM factor, 2 metal factors (F2–Mn, Cu, Fe, Zn,
and F4–Pb, Cd, As, Zn), and the last F3 factor correlated to NO3

−, Cl−, OC, EC and
B[a]P—negatively with SO4

2−.
The average air pollution exposure was calculated for each participant. Finally,

predicted factor-specific indices for all subjects were generated for three time windows
(last 3, 7, and 30 days) based on the prediction equation obtained using all the exposure
measurements.

4.6. Statistical Analysis

When comparing the exposure measurements according to the time windows, we
applied a standard simple analysis of variance. For the substance, for which some mea-
surements were below the limit of quantification, this was replaced by interval regression
followed by a Wald test [149,150].
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The regression models used to assess the effect of air pollution on the CBMN assay
parameters were either the linear mixed model for NDI or mixed Poisson models for
count data (total number of MNi, NPBs, or NBUDs). The random-effect parameter (the
measurement date) was included to account for the correlation induced by the fact that
all blood cells collected on the same day were assigned the same exposure measurements.
For each parameter, the first step consisted of a stepwise regression, including all potential
confounding variables. All the confounders that were even marginally significant were
included in the models in which the effect of the environmental exposure was tested. As
(except for B[a]P) no a priori hypothesis of effect had been formulated, the effect of air
pollution was assessed using the computed factor-specific indices. For each parameter and
time window, three models were fitted—all including the parameter-specific confounding
factors. The first model included only factor 1, which assessed the global effect of PM.
The second model included the PM factor F1 and the two metal factors (F2 and F4), thus
assessing a possible metal-specific effect within the PM. The third model included the PM
factor F1, and the last factor, F3, correlated with the other substances. A final series of
models included the unstandardized exposure to B[a]P, as this is a recognized carcinogen.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231710083/s1.
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This study was funded by the Institute for Medical Research and Occupational Health and the
Croatian Science Foundation project IP-2020-02-1192 (HUMNap). The study was also supported by
the European Cooperation in Science and Technology (CA COST Action CA16113—CliniMARK).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO. WHO Global Urban Ambient Air Pollution Database; WHO: Geneva, Switzerland, 2018.
2. Lelieveld, J.; Pöschl, U. Chemists can help to solve the air-pollution health crisis. Nature 2017, 551, 291–293. [CrossRef] [PubMed]
3. Lelieveld, J.; Pozzer, A.; Pöschl, U.; Fnais, M.; Haines, A.; Münzel, T. Loss of life expectancy from air pollution compared to other

risk factors: A worldwide perspective. Cardiovasc. Res. 2020, 116, 1910–1917. [CrossRef] [PubMed]
4. Boogaard, H.; Walker, K.; Cohen, A.J. Air pollution: The emergence of a major global health risk factor. Int. Health 2019, 11,

417–421. [CrossRef] [PubMed]
5. Khomenko, S.; Cirach, M.; Pereira-Barboza, E.; Mueller, N.; Barrera-Gómez, J.; Rojas-Rueda, D.; de Hoogh, K.; Hoek, G.;

Nieuwenhuijsen, M. Premature mortality due to air pollution in European cities: A health impact assessment. Lancet Planet.
Health 2021, 5, e121–e134. [CrossRef]

6. EEA. Air Quality in Europe—2021 Report—European Environment Agency (EEA); EEA: Copenhagen, Denmark, 2021.
7. European Commission. Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on Ambient Air

Quality and Cleaner Air for Europe. Off. J. Eur. Commun. 2008, 152, 1–43.

https://www.mdpi.com/article/10.3390/ijms231710083/s1
https://www.mdpi.com/article/10.3390/ijms231710083/s1
http://doi.org/10.1038/d41586-017-05906-9
http://www.ncbi.nlm.nih.gov/pubmed/29144470
http://doi.org/10.1093/cvr/cvaa025
http://www.ncbi.nlm.nih.gov/pubmed/32123898
http://doi.org/10.1093/inthealth/ihz078
http://www.ncbi.nlm.nih.gov/pubmed/31613318
http://doi.org/10.1016/S2542-5196(20)30272-2


Int. J. Mol. Sci. 2022, 23, 10083 12 of 17

8. European Commission. Directive 2004/107/EC of the European Parliament and of the Council of 15/12/2004 Relating to Arsenic,
Cadmium, Mercury, Nickel and Polycyclic Aromatic Hydrocarbons in Ambient Air. Off. J. Eur. Union 2005, 23, 3–16.

9. WHO. Air Quality Guidelines: Global Update 2005: Particulate Matter, Ozone, Nitrogen Dioxide, and Sulfur Dioxide; World Health
Organization: Copenhagen, Denmark, 2006; ISBN 9289021926.

10. Stanek, L.W.; Brown, J.S.; Stanek, J.; Gift, J.; Costa, D.L. Air Pollution Toxicology—A Brief Review of the Role of the Science in
Shaping the Current Understanding of Air Pollution Health Risks. Toxicol. Sci. 2011, 120, S8–S27. [CrossRef]

11. EEA. Air Quality in Europe—2017 Report; EEA: Copenhagen, Denmark, 2017; ISBN 9789292139216.
12. Jaafari, J.; Naddafi, K.; Yunesian, M.; Nabizadeh, R.; Hassanvand, M.S.; Ghozikali, M.G.; Shamsollahi, H.R.; Nazmara, S.;

Yaghmaeian, K. Characterization, risk assessment and potential source identification of PM10 in Tehran. Microchem. J. 2020, 154,
104533. [CrossRef]

13. Agudelo-Castañeda, D.M.; Teixeira, E.C.; Schneider, I.L.; Lara, S.R.; Silva, L.F.O. Exposure to polycyclic aromatic hydrocarbons in
atmospheric PM1.0 of urban environments: Carcinogenic and mutagenic respiratory health risk by age groups. Environ. Pollut.
2017, 224, 158–170. [CrossRef]

14. Bhardawaj, A.; Habib, G.; Nema, A.K.; Kumar, A.; Singh, S. A Review of Ultrafine Particle-Related Pollution during Vehicular
Motion, Health Effects and Control. J. Environ. Sci. Public Health 2017, 1, 268–288. [CrossRef]

15. Dandotiya, B. Health Effects of Air Pollution in Urban Environment. In Climate Change and Its Impact on Ecosystem Services and
Biodiversity in Arid and Semi-Arid Zones; IGI Global: Hershey, PA, USA, 2019; pp. 96–115. [CrossRef]

16. De Marco, A.; Proietti, C.; Anav, A.; Ciancarella, L.; D’Elia, I.; Fares, S.; Fornasier, M.F.; Fusaro, L.; Gualtieri, M.; Manes, F.; et al.
Impacts of air pollution on human and ecosystem health, and implications for the National Emission Ceilings Directive: Insights
from Italy. Environ. Int. 2019, 125, 320–333. [CrossRef]

17. Habre, R.; Zhou, H.; Eckel, S.P.; Enebish, T.; Fruin, S.; Bastain, T.; Rappaport, E.; Gilliland, F. Short-term effects of airport-associated
ultrafine particle exposure on lung function and inflammation in adults with asthma. Environ. Int. 2018, 118, 48–59. [CrossRef]
[PubMed]

18. Idowu, O.; Semple, K.; Ramadass, K.; O’Connor, W.; Hansbro, P.; Thavamani, P. Beyond the obvious: Environmental health
implications of polar polycyclic aromatic hydrocarbons. Environ. Int. 2019, 123, 543–557. [CrossRef] [PubMed]

19. Khamraev, K.; Cheriyan, D.; Choi, J.-H. A review on health risk assessment of PM in the construction industry—Current situation
and future directions. Sci. Total Environ. 2020, 758, 143716. [CrossRef]

20. Rovira, J.; Domingo, J.L.; Schuhmacher, M. Air quality, health impacts and burden of disease due to air pollution (PM10, PM2.5,
NO2 and O3): Application of AirQ+ model to the Camp de Tarragona County (Catalonia, Spain). Sci. Total Environ. 2020, 703,
135538. [CrossRef]

21. Samoli, E.; Stafoggia, M.; Rodopoulou, S.; Ostro, B.; Alessandrini, E.; Basagaña, X.; Díaz, J.; Faustini, A.; Gandini, M.; Karanasiou,
A.; et al. Which specific causes of death are associated with short term exposure to fine and coarse particles in Southern Europe?
Results from the MED-PARTICLES project. Environ. Int. 2014, 67, 54–61. [CrossRef] [PubMed]

22. Segersson, D.; Eneroth, K.; Gidhagen, L.; Johansson, C.; Omstedt, G.; Nylén, A.E.; Forsberg, B. Health Impact of PM10, PM2.5 and
Black Carbon Exposure Due to Different Source Sectors in Stockholm, Gothenburg and Umea, Sweden. Int. J. Environ. Res. Public
Health 2017, 14, 742. [CrossRef]

23. Tian, M.; Liang, B.; Zhang, L.; Hu, H.; Yang, F.; Peng, C.; Chen, Y.; Jiang, C.; Wang, J. Measurement of size-segregated airborne
particulate bound polycyclic aromatic compounds and assessment of their human health impacts—A case study in a megacity of
southwest China. Chemosphere 2021, 284, 131339. [CrossRef] [PubMed]

24. Liu, D.; Lin, T.; Syed, J.H.; Cheng, Z.; Xu, Y.; Li, K.; Zhang, G.; Li, J. Concentration, source identification, and exposure risk
assessment of PM2.5-bound parent PAHs and nitro-PAHs in atmosphere from typical Chinese cities. Sci. Rep. 2017, 7, 10398.
[CrossRef]

25. Li, J.; Chen, X.; Wang, Z.; Du, H.; Yang, W.; Sun, Y.; Hu, B.; Li, J.; Wang, W.; Wang, T.; et al. Radiative and heterogeneous chemical
effects of aerosols on ozone and inorganic aerosols over East Asia. Sci. Total Environ. 2018, 622–623, 1327–1342. [CrossRef]

26. Li, Q.; Wang, Y.-Y.; Guo, Y.; Zhou, H.; Wang, X.; Wang, Q.; Shen, H.; Zhang, Y.; Yan, D.; Zhang, Y.; et al. Effect of airborne
particulate matter of 2.5 µm or less on preterm birth: A national birth cohort study in China. Environ. Int. 2018, 121, 1128–1136.
[CrossRef]

27. Brauer, M.; Freedman, G.; Frostad, J.; Van Donkelaar, A.; Martin, R.; Dentener, F.; Van Dingenen, R.; Estep, K.; Amini, H.; Apte, J.;
et al. Ambient Air Pollution Exposure Estimation for the Global Burden of Disease 2013. Environ. Sci. Technol. 2016, 50, 79–88.
[CrossRef] [PubMed]

28. Knudsen, L.E.; Andersen, Z.J.; Sram, R.J.; Kohlová, M.B.; Gurzau, E.S.; Fucic, A.; Gribaldo, L.; Rossner, P.; Rossnerova, A.; Máca,
V.; et al. Perinatal health in the Danube region—New birth cohort justified. Rev. Environ. Health 2017, 32, 9–14. [CrossRef]
[PubMed]

29. Santovito, A.; Gendusa, C.; Cervella, P.; Traversi, D. In vitro genomic damage induced by urban fine particulate matter on human
lymphocytes. Sci. Rep. 2020, 10, 8853. [CrossRef] [PubMed]

30. Anderson, J.O.; Thundiyil, J.G.; Stolbach, A. Clearing the Air: A Review of the Effects of Particulate Matter Air Pollution on
Human Health. J. Med. Toxicol. 2012, 8, 166–175. [CrossRef] [PubMed]

http://doi.org/10.1093/toxsci/kfq367
http://doi.org/10.1016/j.microc.2019.104533
http://doi.org/10.1016/j.envpol.2017.01.075
http://doi.org/10.26502/jesph.96120024
http://doi.org/10.4018/978-1-5225-7387-6.ch006
http://doi.org/10.1016/j.envint.2019.01.064
http://doi.org/10.1016/j.envint.2018.05.031
http://www.ncbi.nlm.nih.gov/pubmed/29800768
http://doi.org/10.1016/j.envint.2018.12.051
http://www.ncbi.nlm.nih.gov/pubmed/30622079
http://doi.org/10.1016/j.scitotenv.2020.143716
http://doi.org/10.1016/j.scitotenv.2019.135538
http://doi.org/10.1016/j.envint.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24657768
http://doi.org/10.3390/ijerph14070742
http://doi.org/10.1016/j.chemosphere.2021.131339
http://www.ncbi.nlm.nih.gov/pubmed/34198059
http://doi.org/10.1038/s41598-017-10623-4
http://doi.org/10.1016/j.scitotenv.2017.12.041
http://doi.org/10.1016/j.envint.2018.10.025
http://doi.org/10.1021/acs.est.5b03709
http://www.ncbi.nlm.nih.gov/pubmed/26595236
http://doi.org/10.1515/reveh-2016-0038
http://www.ncbi.nlm.nih.gov/pubmed/27754971
http://doi.org/10.1038/s41598-020-65785-5
http://www.ncbi.nlm.nih.gov/pubmed/32483266
http://doi.org/10.1007/s13181-011-0203-1
http://www.ncbi.nlm.nih.gov/pubmed/22194192


Int. J. Mol. Sci. 2022, 23, 10083 13 of 17

31. Beelen, R.; Raaschou-Nielsen, O.; Stafoggia, M.; Andersen, Z.J.; Weinmayr, G.; Hoffmann, B.; Wolf, K.; Samoli, E.; Fischer, P.;
Nieuwenhuijsen, M.; et al. Effects of long-term exposure to air pollution on natural-cause mortality: An analysis of 22 European
cohorts within the multicentre ESCAPE project. Lancet 2014, 383, 785–795. [CrossRef]

32. Cesaroni, G.; Forastiere, F.; Stafoggia, M.; Andersen, Z.J.; Badaloni, C.; Beelen, R.; Caracciolo, B.; De Faire, U.; Erbel, R.; Eriksen,
K.T.; et al. Long term exposure to ambient air pollution and incidence of acute coronary events: Prospective cohort study and
meta-analysis in 11 European cohorts from the ESCAPE Project. BMJ 2014, 348, f7412. [CrossRef]

33. Landrigan, P.J.; Fuller, R.; Acosta, N.J.R.; Adeyi, O.; Arnold, R.; Basu, N.; Baldé, A.B.; Bertollini, R.; Bose-O’Reilly, S.; Boufford, J.I.;
et al. The Lancet Commission on pollution and health. Lancet 2018, 391, 462–512, Erratum in Lancet 2018, 391, 430. [CrossRef]

34. Lelieveld, J.; Evans, J.S.; Fnais, M.; Giannadaki, D.; Pozzer, A. The contribution of outdoor air pollution sources to premature
mortality on a global scale. Nature 2015, 525, 367–371. [CrossRef]

35. Myers, S.S. Planetary health: Protecting human health on a rapidly changing planet. Lancet 2017, 390, 2860–2868. [CrossRef]
36. Raaschou-Nielsen, O.; Andersen, Z.J.; Beelen, R.; Samoli, E.; Stafoggia, M.; Weinmayr, G.; Hoffmann, B.; Fischer, P.; Nieuwenhui-

jsen, M.J.; Brunekreef, B.; et al. Air pollution and lung cancer incidence in 17 European cohorts: Prospective analyses from the
European Study of Cohorts for Air Pollution Effects (ESCAPE). Lancet Oncol. 2013, 14, 813–822. [CrossRef]

37. Shah, A.S.V.; Langrish, J.P.; Nair, H.; McAllister, D.A.; Hunter, A.L.; Donaldson, K.; Newby, D.E.; Mills, N.L. Global association of
air pollution and heart failure: A systematic review and meta-analysis. Lancet 2013, 382, 1039–1048. [CrossRef]
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94. Official Gazette No. 77 Uredba o Razinama Onečišćujućih Tvari u Zraku/Regulation on Levels of Air Pollutants. Croatia. 2020;
Volume 77, pp. 1–11.

95. Vad̄ić, V.; Žužul, S.; Rinkovec, J.; Pehnec, G. Metali u Sitnim Česticama u Zraku Zagreba. Sigurnost 2013, 55, 9–17.
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99. Perišić, M.; Rajšić, S.; Šoštarić, A.; Mijić, Z.; Stojić, A. Levels of PM10-bound species in Belgrade, Serbia: Spatio-temporal
distributions and related human health risk estimation. Air Qual. Atmos. Health 2017, 10, 93–103. [CrossRef]
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Pollutants. Croatia. 2005; pp. 1–9.

106. Tunno, B.J.; Shmool, J.L.C.; Michanowicz, D.R.; Tripathy, S.; Chubb, L.; Kinnee, E.; Cambal, L.; Roper, C.; Clougherty, J.E. Spatial
variation in diesel-related elemental and organic PM2.5 components during workweek hours across a downtown core. Sci. Total
Environ. 2016, 573, 27–38. [CrossRef] [PubMed]

107. Rivas, I.; Viana, M.; Moreno, T.; Bouso, L.; Pandolfi, M.; Alvarez-Pedrerol, M.; Forns, J.; Alastuey, A.; Sunyer, J.; Querol, X.
Outdoor infiltration and indoor contribution of UFP and BC, OC, secondary inorganic ions and metals in PM2.5 in schools. Atmos.
Environ. 2015, 106, 129–138. [CrossRef]

http://doi.org/10.1016/j.envint.2020.106257
http://www.ncbi.nlm.nih.gov/pubmed/33395925
http://doi.org/10.1016/j.toxlet.2019.11.010
http://doi.org/10.1080/10934529.2016.1170431
http://www.ncbi.nlm.nih.gov/pubmed/27128984
http://doi.org/10.1016/j.envpol.2016.06.034
http://doi.org/10.1007/s11356-015-4777-z
http://www.ncbi.nlm.nih.gov/pubmed/26050151
http://doi.org/10.1007/s00128-011-0516-4
http://doi.org/10.1016/j.atmosenv.2016.02.009
http://doi.org/10.1016/j.jhazmat.2010.04.085
http://doi.org/10.1016/S1352-2310(99)00199-5
http://doi.org/10.1016/j.scitotenv.2020.139414
http://doi.org/10.1007/s11869-009-0057-8
http://www.ncbi.nlm.nih.gov/pubmed/20495599
http://doi.org/10.37544/0949-8036-2020-06-17
http://doi.org/10.1007/s00128-010-0142-6
http://doi.org/10.2298/JSC0911319J
http://doi.org/10.1007/s11869-016-0411-6
http://doi.org/10.1080/02772248.2016.1207173
http://doi.org/10.1186/s40201-015-0224-9
http://doi.org/10.1016/j.apr.2018.11.009
http://doi.org/10.1016/j.apr.2016.12.001
http://doi.org/10.3390/atmos5020435
http://doi.org/10.1016/j.scitotenv.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27544653
http://doi.org/10.1016/j.atmosenv.2015.01.055


Int. J. Mol. Sci. 2022, 23, 10083 16 of 17

108. Perrone, M.G.; Vratolis, S.; Georgieva, E.; Török, S.; Šega, K.; Veleva, B.; Osán, J.; Bešlić, I.; Kertész, Z.; Pernigotti, D.; et al. Sources
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145. Pehnec, G.; Jakovljević, I. Carcinogenic Potency of Airborne Polycyclic Aromatic Hydrocarbons in Relation to the Particle Fraction
Size. Int. J. Environ. Res. Public Health 2018, 15, 2485. [CrossRef]

146. Birch, M.E.; Cary, R.A. Elemental Carbon-Based Method for Monitoring Occupational Exposures to Particulate Diesel Exhaust.
Aerosol Sci. Technol. 1996, 25, 221–241. [CrossRef]

147. Quincey, P.; Butterfield, D.; Green, D.; Coyle, M.; Cape, J.N. An evaluation of measurement methods for organic, elemental and
black carbon in ambient air monitoring sites. Atmos. Environ. 2009, 43, 5085–5091. [CrossRef]

148. Godec, R. Temporal and Spatial Distribution of Carbon in Airborne Particulates; University of Zagreb, Faculty of Science: Zagreb,
Croatia, 2013.

149. Conroy, R.M. Stings in the Tails: Detecting and Dealing with Censored Data. Stata J. Promot. Commun. Stat. Stata 2005, 5, 395–404.
[CrossRef]

150. Remy, A.M.; Wild, P. Bivariate Left-Censored Measurements in Biomonitoring: A Bayesian Model for the Determination of
Biological Limit Values Based on Occupational Exposure Limits. Ann. Work Expo. Health 2017, 61, 515–527. [CrossRef]

http://doi.org/10.1016/j.mrgentox.2005.01.011
http://doi.org/10.1016/j.mrgentox.2018.08.002
http://doi.org/10.1016/j.canlet.2005.08.023
http://doi.org/10.1002/em.22275
http://www.ncbi.nlm.nih.gov/pubmed/30702784
http://www.ncbi.nlm.nih.gov/pubmed/9812504
http://doi.org/10.1016/j.envres.2020.109443
http://doi.org/10.1002/em.20193
http://doi.org/10.1016/S1383-5718(98)00066-7
http://doi.org/10.1002/em.10138
http://www.ncbi.nlm.nih.gov/pubmed/12605382
http://doi.org/10.1002/(SICI)1098-2280(1997)30:2&lt;119::AID-EM4&gt;3.0.CO;2-I
http://doi.org/10.1093/mutage/gev054
http://doi.org/10.1515/aiht-2017-68-3005
http://doi.org/10.1007/s00216-003-2449-1
http://www.ncbi.nlm.nih.gov/pubmed/14704835
http://doi.org/10.3390/ijerph15112485
http://doi.org/10.1080/02786829608965393
http://doi.org/10.1016/j.atmosenv.2009.06.041
http://doi.org/10.1177/1536867X0500500308
http://doi.org/10.1093/annweh/wxx031

	Introduction 
	Results 
	Population Characteristics 
	Baseline Frequency of the Cytokinesis-Block Micronucleus (CBMN) Assay Parameters 
	Air Pollution Exposure 
	Influence of Air Pollution on the Cytokinesis-Block Micronucleus (CBMN) Assay Parameters 

	Discussion 
	Materials and Methods 
	Study Sample and Participant Selection 
	Blood Sampling 
	Cytokinesis-Block Micronucleus (CBMN) Assay 
	Variables Tested 
	Age, Sex, and Lifestyle Factors 
	Air Pollution Measurements 

	Data Processing 
	Statistical Analysis 

	References

