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Abstract BACKGROUND: To study the impact of oxidative damage associated with particu-
late matter< 2.5 μm (PM2.5) during prenatal period on the cognitive development 
in five years old children. 
METHODS: Two cohorts of children aged five years, born in the years 2013 and 
2014, were studied for their cognitive development in the polluted district Karvina 
and the control district Ceske Budejovice. Exposure to PM2.5 in the ambient air 
was measured for each mother during the 3rd trimester of pregnancy. Oxidative 
damage was determined from the level of biomarkers at delivery in mothers´ 
and newborns´ urine as 8-oxo-7,8-dihydro-2´-deoxyguanosine (8-oxodG) and 
in plasma as 15-F2t-isoprostane levels (15-F2t-IsoP). The Bender Visual Motor 
Gestalt Test (BG test) and the Raven Colored Progressive Matrices (RCPM test) 
were used as psychological cognitive tests. 
RESULTS: Average concentrations of PM2.5 ± SD in the 3rd trimester of mothers´ 
pregnancies were 37.7 ± 14.7 μg/m3 and 17.1 ± 4.8 μg/m3 in Karvina and Ceske 
Budejovice, respectively (p < 0.001). The maternal level of 15-F2t-IsoP in plasma 
at the time of delivery was significantly associated with the results of the RCPM 
test (p < 0.05) and the BG test (p < 0.05) in five years old children. 
CONCLUSIONS: Lipid peroxidation in maternal plasma at the time of delivery has 
an adverse effect on the results of psychological cognitive tests in five years old 
children.
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INTRODUCTION
Oxidative stress results from the imbalance between 
the formation of reactive oxygen species (ROS) and the 
ability of the organism to readily detoxify the reactive 
intermediates as well as to repair the resulting damage 
(Mazzoli-Rocha et al. 2010). The source of ROS can 
be endogenous (cellular metabolism, inflammation) 
and exogenous (air pollution and other environmental 
factors). To maintain the physiological level of ROS 
in the organism, cells use a wide range of antioxidant 
mechanisms. However, resulting high levels of ROS, 
when the antioxidant mechanisms are insufficient, 
can cause an oxidation of cellular biomolecules: DNA, 
lipids, proteins. The biomarkers of oxidative damage 
to biomolecules can predict human health problems 
(Dizdaroglu, 2015).

ROS (e.g. hydroxyl or superoxide radicals), can 
interact with all structures of DNA resulting in a variety 
of DNA modifications such as a single base and sugar-
phosphate damage, as well as strand breaks and DNA 
cross-links. Among DNA bases, guanine is the most 
susceptible to oxidation. One of the predominant 
modified bases, 8-oxoguanine (8-oxoGua), is highly 
mutagenic due to mispairing with adenine. Guanine is 
oxidized by ROS in the presence of other components 
of the redox cyclic system (NADPH and copper ions). 
If 8-oxoGua is not identified and repaired by base exci-
sion repair (BER), it would induce GC-TA and AT-GC 
transversions. This modification is fixed in the subse-
quent replication cycle, this modification may be the 
onset of a process of carcinogenesis (Weiss et al. 2005). 
8-hydroxy-2' -deoxyguanosine (8-oxodG), excreted in 
urine, is generally perceived as an indicator of the total 
oxidative DNA damage (Loft & Poulsen 1999). 

Cellular or organelle membranes and their polyun-
saturated fatty acids (PUFA) are among the first targets 
of ROS attack. Due to the formation of lipid peroxides 
which can later decompose into a wide range of prod-
ucts (short-chain alkanes, aldehydes, alkenyls, isopros-
tanes, etc.), the properties of biological membranes 
are changed (Ayala et al. 2014). 15-F2t-isoprostane 
(15-F2t-IsoP) is considered to be a reliable biomarker 
of membrane lipid damage in vivo due to its stability 
(Roberts & Morrow 2000). It is formed by non-
enzymatic oxidation of arachidonic acid abundant in 
membranes (Morrow et al. 1990). 15-F2t-IsoP is subse-
quently removed from the site of action by phospholi-
pase A2 (PLA2), can be quantified in body fluids: urine 
or plasma (Morrow et al. 1992). Although urine collec-
tion is an easily available and non-invasive method, 
the determination of 15-F2t-IsoP in plasma provides 
a  more accurate view of the overall oxidative damage 
of the organism (Lee et al. 2016). 

In the ambient air, the particulate matter (PM) repre-
sents a major factor that upon inhalation may induce 
oxidative stress in the organism. The small size of fine 
PM (PM of aerodynamic diameter of < 2.5 μm; PM2.5) 

facilitates its transport through the respiratory tract. 
The organism defense in the lower respiratory tract 
against infiltrating PM is mediated by a  non-specific 
immune response involving phagocytic alveolar macro-
phages. During the elimination of PM by macrophages, 
proinflammatory and other mediators are released and 
ROS are formed, thus contributing to  oxidative stress 
in the lungs (Valavanidis et al. 2013). It is assumed that 
proinflammatory mediators released during PM phago-
cytosis in the pulmonary alveoli may eventually enter 
the bloodstream and cause systemic inflammation and 
oxidative stress (Mills et al. 2009). The effects of these 
proinflammatory mediators are also manifested in the 
central nervous system (CNS) under specific conditions 
and are associated with neurodegenerative diseases 
(Block et al. 2009). Oxidative damage might be also 
induced by polycyclic aromatic hydrocarbons (PAHs) 
metabolized to reactive intermediates which exert 
their mutagenic and/or carcinogenic effects. PAHs 
are adsorbed onto PM and significantly contribute 
to toxicity of the polluted air. The o-quinone pathway 
of  PAHs metabolism leads to redox cycling and the 
formation of ROS and therefore oxidative damage 
of cellular macromolecules (Burczynski et al. 1998).

The link between ambient air pollution and oxida-
tive stress and their impact on mothers and their 
newborns has been repeatedly investigated. Ambroz 
et al. (2016) studied the impact of air pollutants on 
oxidatively damaged DNA and lipid peroxidation in 
two groups in two localities: the district of Karvina with 
high air pollution levels and the control district of Ceske 
Budejovice. Recently, the Karvina region was listed the 
3rd most polluted location by PM2.5 for premature 
mortality in Europe (Khomenko et al. 2021). 8-oxodG 
in urine and 15-F2t-IsoP in plasma were determined 
as biomarkers of oxidative damage. The results of the 
multivariate regression analysis showed PM2.5 concen-
trations to be a significant predictor of 8-oxodG excre-
tion as well as 15-F2t-IsoP levels in newborns from 
Karvina. The effect of 8-oxodG excretion was observed 
only in mothers at delivery. These results suggest that 
concentrations of PM2.5 affect the oxidative damage in 
newborns in the polluted region. 

A recently published review indicates the impact 
of fine particulate matter on neurological disorders 
as dementia and cognitive function, stroke, depres-
sion, multiple sclerosis, schizophrenia, ADHD and 
neurodevelopment, implying the effect of air pollu-
tion during pregnancy on brain development (Kim 
et al. 2020). Rivas et al. (2019) observed an association 
between early life exposure to air pollution and working 
memory and attention by studying the effect of PM2.5 
exposure during prenatal period to – seven to ten years 
old children in Barcelona (N = 2 221). PM2.5 concen-
trations during pregnancy were 16.5 ± 3.0 μg/m3. In 
another study in Barcelona, Mortamais et al. (2019) 
analyzed the effect of PM2.5 prenatal exposure on the 
corpus callosum volume (CC) in eight to twelve years 
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old children. Brain MRI showed that increase of PM2.5 
level decreased CC volume which could increase 
behavioral problems. Johnson et al. (2021) reviewed the 
impact of air pollution on children health and highlight 
associations between prenatal fine particles exposure 
and adverse neurodevelopment. Gangwar et al. (2020) 
reviewed the impact of particulate matter pollution 
on oxidative stress in human studies over the last five 
years. All these studies show the significance of oxida-
tive stress for PM2.5-associated neurodevelopmental 
changes.

In several studies, PM2.5-induced oxidative stress 
was identified as a developmental neurotoxicant (Block 
& Calderón-Garcidueñas, 2009; Genc et al. 2012; Liu 
& Lewis 2014; Chiu et al. 2016; Zhang et al. 2018). 
A potential link between prenatal oxidative stress and 
behavioral outcomes was assessed by Rommel et al. 
(2020) in four years old children as followed: the level 
of urinary biomarkers was determined in mothers´ 
urine in the third trimester of pregnancy. Prostaglandin 
F2α (PG F2α), 8-iso-prostaglandin F2α (8-iso-PG F2α) 

and metabolite 2,3-dinor-5,6-dihydro-15-F2t-isopros-
tane were measured as biomarkers of oxidative stress. 
Parents completed the Behavior Assessment System for 
Children (BASC) Parent Rating Scale in order to eval-
uate behavior of their children (Reynolds 2010). The 
third trimester oxidative stress measured as 8-iso-PG 
F2α was associated with social impairments at  the 
age of four years, specifically ASD (autism spectrum 
disorders). Inflammation-related response, measured 
as PG F2α was associated with ADHD (attention 
deficit hyperactivity disorder) symptoms. These asso-
ciations were pronounced in children of more educated 
mothers. Rommel’s et al. (2020) paper is the first one 
indicating the association between oxidative stress 
during prenatal period and neurobehavioral develop-
ment in children. Until now, the impact of air pollution 
on cognitive development has been considered to be 
related to exposure to PAHs (Jedrychowski et al. 2003; 
Perera et al. 2003; Perera et al. 2006; Perera et al. 2009; 
Edwards et al. 2010; Perera et al. 2012; Jedrychowski 
et al. 2015; Peterson et al. 2015). 

Tab. 1. Overview of tested confounders

All CB Karvina Boys Girls

N Mean±SD N Mean±SD N Mean±SD N Mean±SD N Mean±SD

Maternal Characteristics

Maternal Age years 168 31.9±4.5 99 32.7±4.4 69 30.8±4.4 *) 78 31.6±4.0 90 32.2±4.9

ETS  - pregnancy cig/day 167 0.06±0.24 99 0.04±0.20 68 0.09±0.29 78 0.06±0.25 89 0.06±0.23

ETS - 1st child year cig/day 167 0.08±0.27 99 0.03±0.17 68 0.15±0.36 **) 78 0.09±0.29 89 0.07±0.25

ETS - 2nd child year cig/day 167 0.11±0.32 99 0.06±0.24 68 0.19±0.40 **) 78 0.12±0.32 89 0.11±0.32

Maternal University 
Education % 167 37±48 99 34±48 68 41±50 78 42±50 89 33±47

Birth Characteristics

Vaginal Delivery % 168 69±46 99 70±46 69 68±47 78 69±46 90 69±47

Gestation Age weeks 168 39.8±1.8 99 39.5±1.5 69 40.1±2.0 ***) 78 39.7±1.3 90 39.9±2.1

Birth Weight g 162 3434±439 97 3464±452 65 3389±417 76 3502±439 86 3374±432 ++)

Birth Length cm 159 49.7±2.1 94 50.0±1.9 65 49.2±2.3 **) 76 50.1±2.1 83 49.3±2.0 ++)

Birth Head Perimeter cm 158 34.4±1.4 97 34.4±1.5 61 34.4±1.3 74 34.7±1.5 84 34.2±1.4

Apgar 5’ 146 9.9±0.5 88 9.8±0.6 58 10.0±0.1 ***) 66 9.8±0.6 80 9.9±0.3

Hyperbilirubinia % 168 9±29 99 6±24 69 13±34 78 8±27 90 10±30

TBC 
Primovaccination % 168 8±27 99 4±20 69 13±34 *) 78 5±22 90 10±30

Children’s Diseases

GIS % 168 23±42  97 16±37 71 31±47 *) 75 23±42 93 23±42

Viral Diseases % 168 24±43 97 4±20 71 51±50 **) 75 19±39 93 28±45

Otitis % 168 10±29 97 13±34 71 4±20 75 12±33 93 8±27

URD % 168 76±43 97 71±46 71 82±39 75 76±43 93 75±43

Bronchitis % 168 26±44 97 24±43 71 30±46 75 27±45 93 26±44

Results of Mann Whitney U-test compared by region *) p < 0.05, **) p < 0.01, ***) p < 0.001 and by gender +) p < 0.05, ++) p < 0.01, 
+++) p < 0.001. ETS - environmental tobacco smoke, GIS - gastrointestinal diseases, URD - upper respiratory diseases
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Recently, we have analyzed the impact of PAHs 
in ambient air at the time of delivery on the cogni-
tive development in five years old children. Exposure 
to  PAHs was evaluated according to the concentra-
tion of benzo[a]pyrene (B[a]P) in ambient air during 
the last trimester and OH-PAH (hydroxy-PAH) 
metabolites in the urine of newborns at the time 
of  delivery. Similarly to Ambroz et al. (2016), we 
studied two cohorts of children from Karvina and 
Ceske Budejovice. We did not observe any significant 
effect of prenatal PAH exposure on results of psycho-
logical cognitive tests in five years old children. 
However, lower scores in cognitive tests results were 
associated with the higher exposure to PM2.5 during 
the third trimester in girls in Karvina (Blazkova et al. 
2020 a). 

Results of the Rommel et al. (2020) have inspired 
us to analyze possible relationship between oxidative 
damage at the time of delivery and cognitive functions 
in children later in their development.

We assessed in two cohorts from polluted and 
control districts oxidative stress in mothers and 
newborns in urine and plasma at the time of delivery 
(Ambroz et al. 2016). The average concentration 
of  PM2.5 in Karvina was 38.1±27.3 μg/m3, in Ceske 
Budejovice 18.3±14.7  μg/m3. For carcinogenic 
benzo[a]pyrene (B[a]P), the values were 4.5±1.9 ng/m3

and 1.5±0.6 ng/m3, respectively (CHMI 2013). The 
levels of 8-oxodG (oxidatively damaged DNA) and 
15-F2t-IsoP (lipid peroxidation) were determined 
as biomarkers of oxidative stress and correlated with 
mothers’ PM2.5 exposure levels in the third trimester. 
We used these results to  study a possible association 
between oxidative stress during prenatal development 
and cognitive development of five years old children.

MATERIALS AND METHODS
Subjects
The cohorts were formed in summer 2013 and winter 
2014 from mothers and their newborns born in the 
Ceske Budejovice Hospital, Department of Obstetrics 
and Gynecology and Department of Neonatology and 
in the Karvina Hospital, Department of Obstetrics 
and Gynecology and Department of Neonatology. 
The samples were collected from normal deliveries 
(week 38-41) of nonsmoking mothers and their 
newborns in the summer and winter season to account 
for monitored seasonal differences in air pollution. 
When the mothers were invited to take part in the 
study, they signed the informed consent. The samples 
included venous blood and urine from 99 mothers 
(summer) and 100 mothers (winter) obtained in Ceske 
Budejovice, a locality with relatively clean air, and 
70  mothers (summer) and 73  mothers (winter) from 
Karvina, a locality with high air pollution; and cord 
blood and urine from 99 newborns (summer) and 
100 newborns (winter) collected in Ceske Budejovice 

and 71 newborns (summer) and 74 newborns (winter) 
from Karvina. Venous blood and urine from mothers 
were collected during the time of delivery. For new-
borns, cord blood was obtained and urine was collected 
during the first or second day after delivery. Blood 
was drawn to EDTA tubes to isolate DNA and plasma. 
Urine samples were collected into 50 mL tubes (Greiner 
Bio-one) and stored at -20°C until transported to the 
Institute of Experimental Medicine. Aliquots (1-2 mL) 
of urine were frozen at - 80°C until analysis. The study 
was approved by the Ethics Committees of both hospi-
tals and the Institute of Experimental Medicine CAS in 
Prague (Ambroz et al. 2016).

Between November 2018 and November 2019, 
199  mothers from Ceske Budejovice district and 143 
from Karvina district who provided samples from their 
children in 2013 and 2014, were approached to take 
part in the psychological cognitive testing of their chil-
dren. Undertaking the psychological test was optional. 
Out of  the total amount of 342 potential subjects, 
140 refused to participate, and 31 were impossible 
to contact. In the present study, data from 99 children 
from Ceske Budejovice and 70 children from Karvina 
were collected. The final sample therefore included 
169 children (1 set of twins). The confounders of oxida-
tive stress markers in the groups studied are shown 
in Table 1. This study was approved by the Ethics 
Committee of the Faculty of Health and Social Sciences, 
University of South Bohemia, Ceske Budejovice.

Air sampling of PM2.5
PM2.5 was collected by a High Volume (HiVol) 3000 Air 
Sampler (model ECO-HVS3000, Ecotech, Australia) on 
Pallflex membrane filters (EMFAB, TX40HI20-WW) in 
both study locations (Topinka et al. 2011). The detailed 
information regarding the air sampling is described 
in Topinka et  al. (2011). In order to estimate PM2.5 
exposure for each mother during the last trimester, 
filters were collected every 3rd day during the urine 
sampling, i.e. from August 2018 to November 2019. 
Concentrations of PM2.5 were expressed in μg/m3.

Analysis of oxidative stress
8-oxodG ELISA
Solid phase extraction (SPE) of urine samples was 
performed as described by Rossner et al. (2013). 
Levels of 8-oxodG were analyzed by Highly Sensitive 
8-OhdG Check ELISA kit (JaICA, Shizuoka, Japan). 
ELISA was conducted according to the manufacturer’s 
instructions with some modifications: samples were 
incubated with the primary antibody at 4°C overnight, 
each sample was analyzed in duplicate using a 50 μL 
sample/well. 8-oxodG concentration was expressed 
in nmol 8-oxodG/mmol creatinine. Creatinine levels 
were measured in urine samples by the reaction with 
picric acid - the Jaffe method (Jaffe, 1886; Delanghe & 
Speeckaert, 2011). The samples were analyzed in tripli-
cate, 50 μL sample/well and creatinine concentrations 
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were expressed in mmol/L (Ambroz et al. 2016). 
A  repeated sample was analyzed in every experiment 
to assure quality control and reproducibility. An inter-
assay variability did not exceed 10%.

15-F2t-isoprostane immunoassay
Blood plasma 15-F2t-IsoP were analyzed using immu-
noassay kits from Cayman Chemical Company (Ann 
Arbor, MI, USA) according to the manufacturer’s 
protocol. Each sample was analyzed in duplicate 
(Rossner et al. 2008). The 15-F2t-IsoP concentrations 
were expressed as pg 15-F2t-IsoP/ml plasma (Ambroz 
et al. 2016). A repeated sample was analyzed in every 
experiment to assure quality control and reproduc-
ibility. An inter-assay variability did not exceed 10%.

Cotinine level
Plasma cotinine levels as a marker of active and passive 
smoking were analyzed by radioimmunoassay (Langone 
& Van Vunakis, 1982) to check the tobacco smoke expo-
sure reported in the lifestyle of mothers´ questionnaires 
(Ambroz et al. 2016). Concentration of cotinine was 
expressed in ng/ml. Cotinine level > 14 ng/ml indicated 
active smoking, while cotinine levels between 1 and 
14 ng/ml described passive smoking (environmental 
tobacco smoke, ETS) (Bearer et al. 1997; Pichini et al. 
2000). A repeated sample was analyzed in every experi-
ment to assure quality control and reproducibility. An 
inter-assay variability did not exceed 5%.

Measures of child visual-motor functioning and intellect
To examine the potential effect of oxidative damage 
on cognitive development in five years old children, 
two psychological assessment instruments were used, 
namely the Bender Visual Motor Gestalt test (BG 
test) and Raven Colored Progressive Matrices test 

(RCPM test). These standardized methods have been 
broadly used by child psychologists for decades and 
have been found to be well perceived by five years old 
children. Moreover, compared to other potentially suit-
able assessment tools, the BG test and the RCPM test 
were manageable in one session. These non-verbal, 
culture-free tests can be used for both healthy five years 
old children and those with some kind of physical or 
mental impairment.

Each child from the cohort was tested individually 
by a child psychologist. The psychologist did not know 
the results of the analysis of the oxidative damage in 
children urine at the time of testing. The BG test was 
used to measure the extent of visual-motor functioning 
of each child from the cohort. This method has been 
widely applied to assess the level of motor functioning 
and visual perception (Bender & Strnadova, 1974). The 
children were presented with various geometric shapes 
drawn on nine cards with increasing level of difficulty. 
The task was to draw the best copy possible on a blank 
sheet of paper. The reproductions were scored based on 
the accuracy and organization according to the BG test 
manual (Bender & Strnadova, 1974). 169 children from 
our cohort completed the test.

Right after the completion of the BG test (which on 
average took about 5-10 minutes), the related RCPM 
test followed. The test has been widely used world-
wide to assess reasoning and problem-solving ability in 
children, elderly, and mentally or physically impaired 
people. This intelligence test consists of 36  tasks with 
increasing level of difficulty. Each task is a matrix with 
eight patterns and one missing of the total of nine. The 
missing piece should be determined from multiple 
answer options. Children were asked to choose the 
missing element from six options in a  drawing. One 
point was given for each correct answer. The total 

Fig. 1. Results of Bender Visual Motor Gestalt Test (BG test) and the Raven Colored Progressive Matrices (RCPM test)
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score represents the total number of matrices that were 
completed correctly, the range of possible scores is 
between 0 to 36 (Raven et al. 1990). Since one of  the 
children tested was unable to understand the RCPM test 
logic based on standardized instructions presented and 
one was unable to finish the whole test, out of 169 tested 
children 167 children at the age of five years completed 
the test.

Both the RCPM test and the BG test provide single 
total score. In general population the results are distrib-
uted normally (Smirni, 2020). In both psychological 
assessment tools used the higher score means better 
result.

Questionnaire for mothers
Mothers involved in the study provided information 
about the social environment of the family, breast-
feeding and eating habits, and child´s medical history. 
Similarly, the data regarding gestational age, birth 
weight, birth length, head circumference, and Apgar 
score were collected in order to be taken into account 
when analyzing the psychological tests results.

Statistical analysis
Two statistical methods for the evaluation of differences 
between the cohorts were used. 
(1)  Mann-Whitney U-test (Wilcoxon rank-sum test) 

was applied to a direct comparison of the RCPM test 
and the BG test results, PM2.5 values, and oxidative 
damage values between cohorts. 

(2)  Logistic regression was used to estimate the bivar-
iate and multivariate impacts of oxidative damage 
and other confounders on the scores of the RCPM 
test and the BG test as dependent variables. In 
order to convert scores of the test values, of PM2.5 
concentrations and oxidative damage values into 
binary scale, the values were divided by medians 
of appropriate group distribution. 

8-oxodG concentration in urine and 15-F2t-IsoP 
in plasma showed the probability which children 
would achieve the RCPM test and the BG test scores 
above the median in their cohorts in association with 
the oxidative damage from environmental pollu-
tion as calculated odds ratios (OddRs), where OddR 
> 1 expresses positive and OddR < 1 negative asso-
ciations (Szumilas, 2010). Multiple parameters from 
health and social status of mothers as mostly related 
to maternal questionnaires such as: maternal age, 
maternal ETS (passive smoking), various maternal 
health status parameters, children birth parameters 
and birth procedures, and child illnesses in period 
from birth to two years of age were checked as poten-
tial confounders. Additional test has been calculated 
from parameters related to moth-er’s pregnancies such 
as following: medically confirmed risk pregnancy, 
long term sick leave and illness during pregnancy, 
mother’s permanent medications, maternal work and 

employment risk factor during pregnancy, medical 
risk factor and birth complication. Maternal alcohol 
consumption during pregnancy according to  the 
information obtained by the questionnaire has been 
also considered, but no strongly significant relations 
were found. The impact of the type of delivery and the 
mothers´ education were studied separately (Blazkova 
et al. 2020b).

RESULTS
The tested confounders are shown in Table 1. The 
district of Karvina differed from the district Ceske 
Budejovice as follows: mothers from Karvina were 
younger (p < 0.05), ETS (environmental tobacco smoke) 
exposure was higher during the first and second child 
year (p < 0.01), gestation age was longer (p < 0.001), 
children were shorter (p < 0.01), Apgar 5´ was higher 
(p < 0.001), and gastrointestinal and viral diseases in 
children were more frequent (p < 0.01). Birth weight 
and birth length was lower in girls vs. boys (p < 0.01) in 
both cohorts.

The results of psychological cognitive tests are 
presented in Figure 1. Neither results of the RCPM test 
nor the BG test differed in children in Karvina vs. Ceske 
Budejovice, or boys vs. girls.

Concentration of PM2.5 was significantly higher 
in Karvina when compared with Ceske Budejovice 
(p <  0.001) (Figure 2). When estimating the impact 
of PM2.5 concentrations during the third trimester 
on psychological test scores in children using logistic 
regression, no significant effect was observed in the 
RCPM test, while the BG test scores showed decreased 
cognitive functions in girls in Karvina (OddR = 0.25, 
p < 0.05) (Figure 3) and also for Karviná and all indi-
cates not significant decreasing of BG cognitive test 
results for upper levels of PM 2.5.

Mean and median levels of oxidative stress markers 
and cotinine in mothers´ and children´s urine or 
plasma after delivery are presented in Table 2. There 
were no differences in levels of 8-oxodG in urine 
and 15-F2t-IsoP in the plasma of mothers in either 
district. Cotinine levels were higher in the plasma 
of mothers from Karvina (p < 0.001). The concentration 
of  8-oxodG in urine of newborns was higher in girls 
(p < 0.01) in both districts, while 15-F2t-IsoP concen-
tration in plasma was higher in newborns from Ceske 
Budejovice (p < 0.001). Comparing the level of oxida-
tive stress markers between mothers and children, they 
were significantly higher in children.

The associations between oxidative stress markers 
and psychological test scores are reported in Table 3. 
The RCPM test results above-median values were signif-
icantly lower in children born to mothers with above-
median levels of 15-F2t-IsoP in plasma for all (OddR 
= 0.45, p < 0.01) and for boys (OddR = 0.30, p < 0.01). 
Surprisingly, the results of the RCPM test were posi-
tively associated with 8-oxodG levels in urine of girls 
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(OddR = 2.69, p < 0.05). The results of the BG test were 
negatively impacted by the maternal above-median 
levels of 15-F2t-IsoP in plasma (OddR = 0.54, p < 0.05). 
Models have been adjusted for maternal education, 
delivery type, and cotinine level. Impact of  delivery 
type and education was described in (Daniel, 1990). 
Oxidative damage is correlated with values of PM 2.5 
during 3rd trimester.

Results of BG test were significantly affected by 
children delivery season, better results were observed 
in children born in summer against those born in 
winter in both cohorts (OddR = 3.11, p < 0.01), in 
Karvina (OddR = 4.81, p < 0.05) and in girls (OddR = 
4.38, 0.01). A June-August period has been considered 
summer season, December-February has been consid-
ered winter season (Figure 4).

Fig. 3. Estimated impact of PM2.5 in 3rd trimester of mother’s pregnancies to The Bender Visual Motor Gestalt Test (BG test) and the Raven 
Colored Progressive Matrices (RCPM test) testing values.

Fig. 2. Concentration of PM2.5 in 3rd trimester of mother’s pregnancies, delivery in years 2013-2014
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DISCUSSION
We aimed to study the impact of PM2.5 exposure on 
oxidative stress induction and its relation to cognitive 
development in five years old children. We did not 
observe any significant effect of PM2.5 concentra-
tions in the third trimester on the RCPM test results 
in any group, but we found worse cognitive perfor-
mance of girls from Karvina as measured by the BG 
test. Increased levels of 8-oxodG in girls were associ-
ated with the results of the RCPM test. Air pollution 
during the third trimester increased lipid peroxida-
tion in children (Ambroz et al. 2016). We thus may 
assume that oxidative damage-induced changes were 
more pronounced in girls. Our results correspond 
to previously mentioned reviews, indicating the impact 
of oxidative damage by PM2.5 during prenatal period 
on the child neurodevelopment.

Our results indicate that cognitive functions in chil-
dren measured by the psychological cognitive tests were 
associated with the levels of 15-F2t-IsoP, the marker 
of lipid peroxidation in maternal plasma. In contrast, 
no association of cognitive functions with oxidatively 
damaged DNA, determined as 8-oxodG in mothers´ 

urine, was observed. Our data are comparable with 
the results gathered by Rommel et al. (2020) who also 
measured 8-iso-prostaglandin F2α. As recently shown, 
the detected increase in oxidative damage, probably due 
to air pollution (PM2.5), might have a negative impact 
on cognitive development in children. Corona (2020) 
reviewed the role of oxidative stress in ADHD (atten-
tion-deficit/hyperactivity disorder). Bjorklund et al. 
(2020) postulated the significant role of oxidative stress 
in autism spectrum disorder.

The results of the RCPM test were inversely related 
to the cotinine level in mothers´ plasma. As we 
selected non-smoking mothers, it was probably the 
effect of passive smoking. That would correspond with 
a  previous idea that maternal smoking during preg-
nancy was associated with neurotoxic effects on chil-
dren (Weitzman et al. 2002). Increased level of cotinine 
corresponds to the increased level of nanoparticles 
(<0.1 μm) in tobacco smoke which also increases the 
oxidative stress.

The outcome of the RCPM test was significantly 
associated with maternal education. Mothers´ univer-
sity degree substantially improved the results of the 
psychological tests used, probably due to hereditary 

Tab. 2. Concentration of oxidative stress markers and cotinine in samples collected from mothers´ and children´s urine and plasma at 
delivery in 2013-2014

All CB Karvina Boys Girls

N Mean±SD N Mean±SD N Mean±SD N Mean±SD N Mean±SD

Maternal
 

8-oxodG
[nmol/
mmol 

creatinine]
168 1.75±0.84 98 1.75±0.91 70 1.74±0.73 77 1.90±0.99 +) 91 1.62±0.66 +)

15-F2t-
IsoP

[pg/ml
plasma] 169 61.00±25.96 99 61.69±28.05 70 60.02±22.83 77 63.70±27.80 92 58.73±24.23

Cotinine [ng/ml] 169 2.29±14.78 99 0.14±0.28 70 5.33±22.71 77 1.19±7.84 92 3.22±18.70

Child
8-oxodG

[nmol/
mmol 

creatinine]
162 4.82±1.99 98 4.67±1.51 64 5.05±2.56 75 4.41±1.61 

++) 87 5.18
±2.22 ++)

15-F2t-
IsoP

[pg/ml
plasma] 168 93.26

±35.57 98 99.69
±32.74***) 70 84.26

±37.60***) 76 91.34
±35.74 92 94.85

±35.54

      N
Median
(5-95%)

N
Median
(5-95%)

N
Median
(5-95%)

N
Median
(5-95%)

N
Median
(5-95%)

Maternal
 

8-oxodG
[nmol/
mmol 

creatinine]
168 1.49

(0.96-3.15) 98 1.48
(0.91-3.25) 70 1.58

(1.00-3.06) 77 1.56
(0.96-3.47) 91 1.48

(0.89-2.72)

15-F2t-
IsoP

[pg/ml
plasma] 169 57.4

(26.6-112.8) 99 56.7
(25.1-115.8) 70 57.7

(30.9-106-8) 77 60.9
(26.6-116.6) 92 55.9

(23.6-105.0)

Cotinine [ng/ml] 169 0.09
(0.05-2.78) 99 0.10

(0.05-0.37) 70 0.10
(0.04-28.0) 77 0.11

(0.05-0.44) 92 0.09
(0.05-28.0)

Child
 

8-oxodG
[nmol/
mmol 

creatinine]
162 4.35

(2.56-8.02) 98 4.35
(2.62-7.33) 64 4.32

(2.51-11.09) 75 4.02
(2.47-7.47) 87 4.74

(2.76-8.95)

15-F2t-
IsoP

[pg/ml
plasma] 168 90.4

(42.0-150.3) 98 96.3
(54.5-152.0) 70 84.6

(38.0-148.6) 76 87.3
(41.6-150.0) 92 91.0

(42.0-157.1)

Results of Mann Whitney U-test, compared by region *) p < 0.05, **) p < 0.01, ***) p < 0.001 and by gender +) p < 0.05, 
++) p < 0.01, +++) p < 0.001.
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factors and possibly higher willingness of mothers 
to  devote resources to enhance the cognitive devel-
opment of their child. However, this effect was not 
observed in the BG test results. Due to a limited number 
of children in our cohorts, the results can only be gener-
alized with caution.

The results of the RCPM test were also significantly 
affected by the type of delivery: lower level of oxida-
tive damage was observed in children born vaginally. 
The impact of Cesarean and vaginal delivery on results 
of psychological tests was already described by Blazkova 
et al. (2020 b).

Our study has some limitations that need to be 
mentioned. As this investigation is only the second one 
indicating the impact of oxidative stress induced by 
air polluted by PM2.5 on cognitive functions in chil-
dren, the results should be interpreted with caution. 
It is necessary to confirm the observed effects also in 
other regions and population groups, preferably on 
a larger research sample. In addition, as oxidative stress 
is affected by the level of antioxidants in diet, the diet 
of mothers as well as their blood levels of vitamins A, 
C, D, and E should be studied and the results should be 
adjusted to these parameters. 

Tab. 3. Estimated impact of oxidative damage in the mother´s and children´s urine and plasma on psychological testing scores

All CB Karvina Boys Girls

OddR (95% CI) OddR (95% CI) OddR (95% CI) OddR (95% CI) OddR (95% CI)

RCPM test

Maternal

8-oxodG 0.72 (0.38-1.35) 0.85 (0.39-1.87) 0.63 (0.21-1.87) 0.89 (0.34-2.31) 0.64 (0.27-1.54)

15-F2t-IsoP 0.45 (0.24-0.86) **) 0.63 (0.28-1.41) 0.59 (0.20-1.69)  0.30 (0.10-0.84) **) 0.59 (0.25-1.37)

cotinine 0.55 (0.29-1.04) 0.79 (0.35-1.80) 0.49 (0.17-1.42) 0.79 (0.29-2.10) 0.43 (0.18-1.04)

Child
8-oxodG 1.52 (0.80-2.86) 1.78 (0.79-3.98) 1.85 (0.63-5.44) 0.74 (0.28-1.98) 2.69 (1.13-6.40) **)

15-F2t-IsoP 0.61 (0.32-1.16) 0.72 (0.32-1.63) 0.64 (0.22-1.87) 0.63 (0.24-1.66) 0.57 (0.24-1.35)

BG test

Maternal

8-oxodG 1.39 (0.76-2.54) 1.46 (0.66-3.22) 0.63 (0.23-1.70) 1.31 (0.53-3.26) 1.56 (0.68-3.61)

15-F2t-IsoP 0.54 (0.30-1.00) **) 0.59 (0.27-1.32) 0.50 (0.19-1.34) 0.54 (0.21-1.37) 0.50 (0.22-1.15)

cotinine 1.17 (0.63-2.15) 1.72 (0.74-3.98) 0.65 (0.24-1.72) 1.07 (0.42-2.72) 1.31 (0.56-3.05)

Child
 

8-oxodG 1.44 (0.79-2.64) 1.61 (0.72-3.61) 1.93 (0.71-5.19) 1.52 (0.59-3.96) 1.56 (0.69-3.55)

15-F2t-IsoP 0.72 (0.39-1.31) 0.77 (0.34-1.74) 0.85 (0.32-2.24) 0.55 (0.22-1.39) 0.85 (0.38-1.91)

Logistic Regression results *) p < 0.05, **) p < 0.01, adjusted for maternal education and delivery type

Fig. 4. Estimated impact of seasonality of children´s delivery on The Bender Visual Motor Gestalt Test (BG test) and the Raven Colored 
Progressive Matrices (RCPM test) testing scores.
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Since the study took five years starting with the 
first contact with mothers of newborns ending with 
contacting them to take part in psychological assess-
ment of their five years old children, we were only able 
to analyze 169 cases. 140 mothers refused to take part in 
the psychological examination and 31 were impossible 
to contact. The reasons for not being able to contact 
were either moving to another district or changing the 
phone number. To check whether there could be any 
possible systematic bias between the group of those 
who refused to continue participating in the study and 
those who agreed to get their children assessed, we 
analyzed potential differences in multiple confounders 
between mothers and children included into this study 
and those who refused or had been elusive. Except for 
a small but significant difference in maternal age we did 
not find any substantial difference between groups. It is 
also possible that there might had been mothers afraid 
that their children would be unable to perform well at 
psychological assessment and refused to take part in the 
assessment.

In any case, a larger group of participants shall be 
tested in the future to get more representative numbers.

CONCLUSIONS
In this study, we observed for the first time that oxida-
tive damage, seen as increased lipid peroxidation in 
maternal plasma, can correlate negatively with psycho-
logical cognitive test results of five years old children. 
We may hypothesize that oxidative damage induced by 
air pollution by PM2.5 during the prenatal develop-
ment observed by Ambroz et al. (2016), may be delete-
rious for the child brain development. This effect on 
children´s cognitive functions is more noticeable as 
their development continues. These innovative find-
ings show the importance of reducing air pollution 
in order to protect the children´s neurodevelopment. 
However, further research conducted on a larger cohort 
will be needed to support the hypothesis mentioned 
above. The impact of oxidative stress on neurobe-
havioral development in children seems to be a new 
significant topic which should be studied in a complex 
way in the future: new methods related to epigenetics 
as DNA methylation and other biomarkers like telo-
mere length, mitochondrial DNA content (mtDNA), 
and inflammation markers might be used (Desai et al. 
2017).
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