
Many epidemiological studies have
demonstrated air pollution as a risk
factor for respiratory illnesses,
malignancies and cardiovascular

diseases (CVD)(1-4). Environmental air contains a
range of pollutants, many of which are free radicals or
have the ability to drive free radical reactions.
Exposure to these pollutants gives rise to oxidative
stress (OS), which appears to initiate responses
particularly dangerous to children(5-7). An early
increase of OS may be responsible for predisposition
to premature atherosclerosis leading to development
of CVD in later life(8-10). There is a paucity of data
evaluating the effect of air pollution on OS and anti-
oxidative defense (AOD) parameters in healthy

children. It is known that the Serbian males have
increased risk for early development of CVD and its
consequences(11). We planned this study with the
objective of evaluating the contribution of
environmental air pollutants on OS status parameters
and on protective antioxidative high-density lipo-
protein (HDL) function in Serbian schoolchildren.
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Objective: To evaluate the possible relationship between
industrial air pollution and oxidative stress in
schoolchildren by comparing parameters from children
residing in two nearby localities with contrasting
environmental conditions.
Participants: 42 schoolchildren (12-15 years) from
Pancevo (site of Serbia’s largest petrochemical
installation)  formed the exposed group. 82 schoolchildren
from Kovacica village, located 30 km north of Pancevo,
formed the non-exposed group.
Methods: Oxidative stress status, anti-oxidative defense
parameters, paraoxonase-1 status, lipid status, glucose
concentration and leukocyte counts were compared in two
groups.

Results: The children from Pancevo showed higher level
of oxidative stress demonstrated by an elevated
malondialdehyde concentration (P <0.001) and decreased
superoxide dismutase  activity (P<0.01) in comparison to
the non-exposed group.
Conclusions: The results suggested a relationship
between the presence of air pollutants and increased
oxidative stress in schoolchildren residing in an industrial
environment.
Key words: Air pollution, Anti-oxidative defense,
Cardiovascular disease, Environment, Oxidative stress.
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METHODS

Study population and sample size

The study population consisted of 124 healthy
schoolchildren (aged between 12 and 15 years)
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scheduled for a regular health check in April and
May 2007. Forty two (34%) children were from
Pancevo where Serbia’s largest petrochemical
facilities and oil refineries are situated. These
individuals were labeled as ‘exposed group’ (EG).
The living conditions in Pancevo are characterized
by a high concentration of chemical industries, and
the close proximity of industrial zones to residential
areas(12). Eighty two children from Kovacica
village, located 30 km north of Pancevo, formed the
‘non-exposed group’ (NEG). The main occupation
of parents in the municipality of Kovacica is
agriculture. Dietary habits are similar for both
locations.

Sample size was determined according to
Hopkins(13), using the formula N=32/ES2 where ES
is the smallest effect size worth detecting (smallest
difference worth noticing divided by standard
deviation, expressed in the same units). The ES for
our study was 0.55. With Type I error of 0.05 and
Type II error of 0.2, the sample size was calculated as
119 with unequal number of subjects in two groups
(39+80). Informed consent was obtained from
children and their parents prior to enrolment in the
study. The institutional review committee of the
Faculty of Pharmacy, University of Belgrade and
committees of both Health Centers’ approved the
study protocol.

Air pollution monitoring in Pancevo

Air pollution in Pancevo was determined according
to standard operating procedures(14) from the air
pollution monitor network. The mean concentrations
of benzene, total suspended particles, polycyclic
aromatic compounds and benzopyrenes were more
than the maximum allowable concentrations (MAC)
on most days in three years preceding the survey,
whereas the levels of sulphur dioxide, nitrogen
dioxide, ammonia, toluene and total precipitated
matter were below the MAC on all days during this
period. Air pollution data from Kovacica were not
available as it is not monitored because of its
distance from industries.

Blood sampling and analysis

Venous blood was drawn from the antecubital vein
after overnight fasting and samples were stored at

– 80° C in aliquots, until analysis. For malondial-
dehyde (MDA) determination, butylated hydro-
xytoluene (BHT, 0.05% w/v) was immediately
added to the plasma (0.2 mL) before storage, and
for the measurement of superoxide anion (O2-),
plasma from heparinized blood samples was used
immediately. Leukocyte count was determined by
a combination of flow impedance and light absor-
bance using a Pentra 60C+ analyser (Horiba ABX,
Montpelier, France). Glucose, total cholesterol
(TC) and triglycerides (TG) were assayed by
routine enzymatic methods using an ILab 300+
analyser (Instrumentation Laboratory, Milan,
Italy) and Randox Laboratories (Armdore, UK)
reagents. High-density lipoprotein cholesterol
(HDL-C) was measured using the same method (as
above) after precipitation of the plasma with
phosphotungstic acid in the presence of
magnesium ions. Apolipoprotein A-I (apoA-I) and
apolipoprotein B (apoB) were measured by
immunoturbidimetry using the ILab 600 analyser
and Dialab (Vienna, Austria) reagents. The
concentration of low-density lipoprotein choles-
terol (LDL-C) was calculated using the Friedewald
formula(15). The plasma concentration of lipo-
protein(a) [Lp(a)] was measured using immuno-
turbidimetry (BIOKIT, Barcelona, Spain). The
lipid tetrad index (LTI) was calculated using the
formula [TC × TG × Lp(a)]/HDL-C(16) and the
lipid pentad index (LPI) was calculated using the
formula [TC × TG × Lp(a) × apoB]/apoA(17).

Parameters of oxidative stress

To determine the OS index, we used the
thiobarbituric acid-reacting substances (TBARs)
assay that measures the quantity of the
malondialdehyde (MDA)-TBA 1:2 adduct described
previously by Girotti, et al.(18). The rate of nitroblue
tetrazolium reduction was used to measure the level
of O2-, as previously described(19). Plasma super-
oxide dismutase (SOD) activity was measured
according to a previously published method(20). The
method for plasma lipid hydroperoxide (LOOH)
determination is based on the oxidation of Fe2+ to
Fe3+ under acidic conditions(21). The plasma
advanced oxidation protein product (AOPP)
concentration was determined using standard
method(22).
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Determination of Paraoxonasi-1 (PON1) status
involved the measurement of PON1 activity towards
two substrates [paraoxon (POase activity) and
diazoxon (DZOase activity)] and the subsequent
assessment of PON1192 activity phenotype. Rates of
POase and DZOase activity were measured
spectrophotometrically using a UV/VIS Ultrospec
III spectrophotometer (Pharmacia LKB, Cambridge,
UK) in serum according to the method described by
Richter and Furlong(23,24). The PON1192 pheno-
type (QQ, QR or RR) was predicted after exami-
nation of the two-dimensional plot of diazoxon vs.
paraoxon hydrolysis rates and also by calculating the
DZOase/POase activity ratio(24).

Statistical methods

The differences between the groups with continuous
variables were statistically tested using the Student’s
t test for normally distributed variables. As the
distributions of TG, Lp (a), LTI, LPI, HDL-C,
POase, O2-, MDA, AOPP and the O2- /SOD ratio
were skewed, logarithmic transformation of the

values was performed before statistical comparisons.
The distribution of LOOH concentrations was not
normally distributed even after logarithmic trans-
formation so they were compared using the Mann-
Whitney test. Because obesity can influence the OS
status(25), the BMI (body mass index) was used for
analysis of covariance in order to determine the
adjusted means. Categorical variables and
phenotype distributions between the study groups
were compared using the Chi-square test. Two-tailed
P values less than 0.05 were considered statistically
significant. All analyses were conducted using
MedCalc® (Mariakerke, Belgium) version 9.3.90.

RESULTS

Basic demographic and biochemical characteristics
of the two examined groups are shown in Table I. 22
subjects in exposed group (EG) and 37 in non-
exposed group (NEG) were males. The mean age and
body mass index of children in NEG were
significantly greater than those in EG. There were no
significant differences in the basic biochemical

TABLE I BASIC DEMOGRAPHIC CHARACTERISTICS AND BIOCHEMICAL PARAMETERS OF THE STUDY GROUPS

Parameters Exposed (n=42), mean (SD) Non-exposed (n=82), mean (SD) P value

Age (years) 12 (0.22) 14.24 (1.08) < 0.0001
BMI (kg/m2) 18.6 (3.35) 21.54 (3.49) < 0.0001
TC (mmol/L) 4.33 (0.78) 4.34 (0.73) 0.93
TG (mmol/L)* 0.69 (0.59-0.79) 0.62 (0.57-0.68) 0.22
LDL-C (mmol/L) 2.68 (0.63) 2.71 (0.62) 0.78
HDL-C (mmol/L)* 1.27 (1.18-1.36) 1.29 (1.23-1.35) 0.71
apoA (g/L) 1.76 (0.21) 1.67 (0.25) 0.64
apoB (g/L) 0.89 (0.20) 0.89 (0.23) 0.87
Lp a (mg/L)* 9.36 (6.48-13.5) 8.73 (7.16-10.65) 0.72
TC/HDL-C 3.43 (0.65) 3.39 (0.68) 0.79
LDL-C/HDL-C 2.16 (0.64) 2.15 (0.64) 0.97
apoB/apoA 0.51 (0.15) 0.53 (0.14) 0.32
LPI (mg/dL)* 4.6 x 103 [(3.0-7.0)x103] 4.0 x103 [(3.1-5.2) x103] 0.59
LTI (mg/dL)* 1.9x 102 [(1.3-2.8) x102] 1.6 x 102 [(1.2- 2.0) x 102] 0.35
Leukocyte X109/L 6.61 (1.62) 7.02(1.83) 0.22
Glucose ( mmol/L) 4.8 (0.41) 4.83(0.47) 0.79

BMI, body mass index; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol;HDL-C, high-density lipoprotein
cholesterol; apoA, apolipoprotein A-I; apoB, apolipoproteinB; Lp(a), lipoprotein(a); LPI, lipid pentad index; LTI, lipid tetrad index;   * Mean
values derived from log normal distribution given as geometric mean values (95% CI).
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parameters between the two groups.

The EG exhibited a higher level of OS
(demonstrated by an elevated MDA concentration)
when compared to the NEG (Table II). SOD activity
was significantly lower in the EG compared with the
NEG (P=0.043). DZOase and POase activities
showed no significant differences between the two
groups, although in the EG both enzymatic activities
were lower. The adjusted MDA concentration in the
EG was significantly higher than that in the NEG
(P=0.002).

There was no statistically significant difference
in the PON1192 phenotypes between the two groups
(QQEG vs. QQNEG 0.49 vs. 0.47; QREG vs. QRNEG
0.42 vs. 0.43 and RREG vs RRNEG 0.09 vs. 0.10,
P=0.832). In order to further analyze changes in
PON activities, we categorized children from both
groups according to their PON1192 phenotype and

compared corresponding POase and DZOase
activities. Distinct PON1 phenotype activity was
always lower in the EG compared to the NEG. The
highest statistical significance was found in the RR
phenotype subgroup (Table III).

DISCUSSION

The increase in CVD in Serbian adults(11) and the
fact that risk factors are established at a young age
indicate the necessity to investigate possible contri-
butors in young populations. We evaluated the
potential influence of outdoor air pollution on OS in
schoolchildren in two nearby localities having
distinct living conditions(12).

Total suspended particles (TSP) of smaller size
have been shown to penetrate the alveolar epithelium
causing local inflammation and OS. The systemic
inflammatory response to particulate air pollution
and its relationship to adverse coronary events in

TABLE II OXIDATIVE STRESS STATUS AND ANTI-OXIDANT DEFENSE PARAMETERS IN THE STUDY GROUPS

Parameters Exposed (n=42), mean (SD) Non-exposed (n=82), mean (SD) P value

O2
-, (ìmol/min/L)* 189 (168-213) 207 (193-223) 0.17

MDA (µmol/L) * 1.25 (1.12-1.39) 0.99 (0.92-1.06) < 0.001
AOPP (µmol/L) * 14.0 (11.8-16.7) 13.1 (12.4-13.9) 0.40
LOOH  (µmol/L)† 0.01(0.01-1.57) 0.01 (0.01-0.77) 0.25
SOD (U/L) 98 (25) 114 (27) < 0.01
O2

-
 /SOD** 2.03 (1.76-2.34) 1.87 (1.70-2.05) 0.30

POase (IU/L)* 309 (248-385) 381 (320 - 455) 0.15
DZOase IU/L 11083 (4511) 11429 (4416) 0.69

O2
-, superoxide anion; MDA, malondialdehyde; AOPP, plasma advanced oxidation protein product; LOOH, lipid hydroperoxide; SOD,

superoxide dismutase; O2
-
 /SOD, OS index; POase, PON1 activity towards paraoxon; DZOase, PON1 activity towards diazoxon. * Mean

values derived from lognormal distribution given as geometric mean values (95% CI); †Values presented as median (interquartile range),P
value for Mann-Whitney test.

TABLE III  PON1 ACTIVITY TOWARD PARAOXON AND DIAZOXON ACCORDING TO PON1 ACTIVITY PHENOTYPES

 POase activity, Geometric mean (95% CI) P DZOase activity, (mean±SD) P
EG NEG EG NEG

QQ 170 (151-192) 186 (161-215) 0.070 12901±3529 11631±4831 0.411
QR 542 (437-672) 647 (567-740) 0.070 10340±4572 10970±4028 0.287
RR 643 (334-1239) 1093 (837-1426) 0.028 4972±2565 7757±1920 0.058

POase, PON1 activity towards paraoxon; DZOase, PON1 activity towards diazoxon; QQ, QR,RR, phenotype subgroups for
PON1192 isoenzyme.
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patients with coronary artery disease and in the
healthy population are well established(4,6,25).
Polycyclic aromatic hydrocarbons (PAH) can induce
OS indirectly through its biotransformation by liver
enzymes to generate redox active quinones which act
as catalysts for free radical production(5,6). In vitro
reactive oxygen species (ROS) formation has been
shown to be highly correlated with PAH content in
air(6). The oxidation of membrane lipids, one of the
primary events during oxidative cellular damage,
can be assessed by measuring plasma MDA concen-
trations, a late-stage OS biomarker of injured cells
and subcellular structures(26,27). Our finding that
increased MDA concentrations in children
belonging to the EG was consistent with a study by
Zalata, et al.(28).

In our study, the LOOH level, a marker of early
damage to cellular membranes, lipoproteins and
other lipid containing molecules(21,29) did not
significantly differ between the two groups.
However, an elevated MDA concentration(10) and a
tendency for AOPP to increase(30) in the EG
indicated long term (chronic) exposure to air
pollution in Pancevo.

Protective HDL function is primarily via the
enzyme paraoxonase 1 (PON1) which hydrolyzes
lipid peroxides in human atherosclerotic lesions(31-
33). PON1 has a common coding region polymo-
rphism, a glutamine (Q) to arginine (R) substitution
at position 192, which is associated with a number of
pathophysiological conditions such as CVD and
some others(31). It is well-documented that
PON1192RR isoform is less capable for antioxidative
protection than PON1192QR or PON1192QQ iso-
forms(32). The activities of PON1 and SOD were
analyzed as indicators of the AOD status. Signi-
ficantly lower plasma SOD activity, which indicated

a reduced ability of SOD to remove ROS, was noted
in EG. We detected reduced PON1 activity in
children exposed to air pollution, although this
difference did not reach statistical significance.
Lower POase and DZOase activities in children from
the EG was particularly evident and reached
statistical significance in PON1192RR risk phenotype
carriers.

A limitation of our study was the absence of air
pollution related data in the Kovaica village, which
we assumed as non-exposed group. It would have
been interesting to see whether the air pollution
levels are actually less at a distance of 30 Km from
industries but the absence of monitoring in this
village precluded this analysis. Children from NEG
had significantly greater BMI and they were
significantly older than children from EG but they
were not in the state of OS. Greater BMI and older
age could lead to higher OS parameters and lower
AOD parameters values(34). On the contrary,
children from EG, even younger and thinner, were in
OS state.

In conclusion, there is an enhanced oxidative
stress and a fall in anti-oxidant defense in children
exposed to industrial pollution. Increase in serum
MDA concentration and decrease in plasma SOD
activity in the exposed children could be an indirect
response of cells to increased oxidative challenge
attributable to air pollution. These findings support
the view that air pollution increases oxidative stress
and suggest a metabolic self-defense adaptation
mechanism of antioxidant systems following
exposure to air contaminants.
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