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Abstract

Background Air pollution is associated with adverse health effects, especially on the respiratory and cardiovascular
systems, but according to recent research, even in cognitive health, metabolic, and immune systems. The objective
was to analyse the effect of long-term exposure to air pollution on selected immune system parameters, 8-isopros-
tane a parameter of oxidative stress, and alpha-1-antitrypsin a protease inhibitor.

Methods The number of 381 probands aged 35-65 from two differently polluted regions was included. Lifetime
exposures to PM,,, PM, 5, NO,, B(a)P, and benzene for each proband were calculated based on historical pollutant con-
centrations observed. The selected blood parameters were analysed in relation to independent variables (air pollut-
ants, socioeconomic factors, etc.) using multiple regression. Possible covariates were determined. In its end, the study
was conceived as a case—control study, and the odds ratio was quantified, expressing the strength of the association
of the monitored parameters with the region.

Results The average lifetime exposures to air pollution were significantly different between the two regions. Sig-
nificant effects of the region were observed on IgM, IL-6, 8-isoprostane, and alpha-1-antitrypsin levels. The strong-

est positive association was observed between 8-isoprostane levels and benzene, PM, 5, PM,, and B(a)P. Odds ratio
was 3.21 (95%Cl 1.61-6.38). A significant negative association between all pollutants and IgM levels was observed
even with covariate adjustment. Odds ratio was 1.80 (95%Cl 1.15-2.82). A significant negative association

between the alpha-1-antitrypsin levels and PM,,, PM, 5, and benzene was found, independent of smoking as a covari-
ate factor. Odds ratio was 1.77 (95%CI 1.09-2.87). In the case of IL-6, a significant effect of especially sleep as a covari-
ate was observed. After covariates adjustment, a significant positive association between the IL-6 levels and PM,,

and benzene was only observed. The odds ratio was 1.95 (95%Cl 1.28-2.97).

Conclusions The study confirmed that long-term exposure to air pollutants is associated with reduced levels

of the protease inhibitor alpha-1-antitrypsin and decreased immune system performance by IgM. Furthermore, long-
term exposure to air pollutants was associated with increased oxidative stress in humans, measured by 8-isoprostane
levels. Residents who live in an industrial, environmentally polluted region showed elevated levels of IL-6.
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Introduction

Adverse health effect of air pollution

Air pollution represents the most significant environ-
mental risk to human health. Long-term exposure to air
pollutants is associated with an increased risk of prema-
ture death, especially due to respiratory diseases, such as
asthma, chronic obstructive pulmonary disease (COPD),
and cardiovascular diseases [1-8]. Furthermore, recent
epidemiological studies have also linked such long-term
exposures with negative effects on the metabolic system,
cognitive health (i.e. cognitive decline and the develop-
ment of dementia), and the immune system [9-12], espe-
cially exposure to fine particles.

The mechanisms of adverse health effects related to air
pollution are complex. They are mainly linked to direct
or indirect reactive oxygen and nitrogen species (ROS
and RNS, respectively) production. Oxidative stress can
activate the inflammatory pathways that lead to immune
cell activation and cytokine production [13, 14], and also
the epigenetic mechanisms (change in histone tail modi-
fications, microRNA expression, and DNA methylation)
that contribute to the development and maintenance of
inflammation [15].

Immune system and air pollution

Thus, in part, immune disturbances might mediate the
effects of air pollutants on human health [16]. The respir-
atory system, the main site of exposure to air pollution,
represents the main interface between inhalable air pol-
lutants and the immune system [17]. Thus, epithelial cells
and professional immune cells of airways can be stimu-
lated by air pollution and triggered cellular signalling
pathways. As a result, multicellular immune responses
can be perturbated, leading to the onset of disease [17].
Studies also suggest that air pollution can influence skin
integrity and, in this way, can have a significant adverse
impact on the immune system [18]. Air pollutants can
bind to the stratum corneum, may penetrate the epider-
mal barrier, and can enter the systemic circulation [18].
At the same time, inflammation associated with exposure
to air pollution can cause skin ageing, allergic contact
dermatitis, atopic dermatitis, psoriasis, acne, and skin
cancer primarily [18].

Interleukins and alpha-1-antitrypsin

Several studies have reported associations between
long-term (or lifetime) exposure to air pollution and
chronic changes in immune markers [19-21]. The docu-
mented effects of air pollution primarily particulate mat-
ter (PM), nitrogen dioxide (NO,), and ozone, include
increased presence of inflammatory and immune cells
and inflammatory mediators, such as neutrophils, mast
cells and interleukins [22]. For interleukins, it is primarily
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interleukin 6 (IL-6) [23—25] and interleukin 8 (IL-8) [25,
26], which have been shown to be significantly corre-
lated with air pollution. Alpha-1-antitrypsin (A1AT) is
an acute-phase protein within the immune system [27].
A1AT plays a crucial role in protecting tissues from
enzymes of inflammatory cells. There is also evidence of a
positive association between levels of A1AT and air pol-
lution, especially PM,, and PM, ; [28].

Imunoglobulins

A positive relationship has also been found between the
concentration of immunoglobulins (Ig) and PMs, espe-
cially significant for IgG and PM, ; and less significant for
PMs and IgM, IgA, or IgE [29]. But, for example, Zhao
et al. [30] have investigated immunoglobulin levels in
traffic in Shanghai police officers and found that expo-
sure to PM, ; was associated with a decrease in IgA and
increases in IgM, IgG, and IgE. According to Wang et al.
and their systematic review and meta-analysis [31], ambi-
ent air pollutants increase the risk of IgE-mediated aller-
gic diseases, including eczema, atopic dermatitis, and
allergic rhinitis.

Marker of oxidative stress

Among the biological markers related to oxidative stress
in vivo, 8-isoprostane (IsoP) is known as a stable and spe-
cific product of lipid peroxidation [32]. IsoP is formed
endogenously and can be measured in urine, plasma,
exhaled breath condensates, amniotic fluid, saliva, and
tissues [33]. The IsoP concentration increases in response
to ROS production. Along with decreased antioxidant
defence, can induce tissue damage. Therefore, it contrib-
ute to pathophysiological changes such as those seen in
asthma [34, 35]. A growing number of studies link IsoP
concentrations with outdoor air pollutants, especially
PM, 5 [36—40], but these studies are mainly focused on
short-term exposure.

Long-term exposure to air pollution

Therefore, it is important to focus research on the study
of the associations between air pollution and immune
system parameters. Furthermore, recent studies consist-
ently show that adverse health effects triggered by air can
also be observed at very low concentrations (lower than
current limit values) [41-45]. As a response, the WHO
published an update in 2021 of the WHO Global Air
Quality Guidelines that adjusted the levels of key air pol-
lutants in the downward air quality guidelines for long-
term (lifetime) exposure [46]. The highest concentrations
of certain air pollutants within the European Union
occur in some localities in the Czech Republic (CR) [47,
48]. On the other hand, there are localities that can be
characterised as relatively environmentally clean, i.e. with
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air pollution below governmentally set limit values. The
objective of this study is to analyse the effect of long-term
exposure to air pollution on selected parameters of the
immune system, 8-Isoprostane and alpha-1 antitrypsin in
differently polluted localities in the CR.

Most related research examines short-term exposure.
Fewer studies focus on long-term exposure, and many
of them were conducted relatively long ago or examined
individual air pollutants. Therefore, there is less evidence
of the combined effects of air pollution in general. The
present study assesses the effect of long-term exposure,
using an originally developed method of historical time
series analysis of air pollutant concentrations, which
allows quantifying individual lifetime exposure of air pol-
lutants of each proband. In additional, the selection of
two differently polluted regions allows the investigation
to be carried out as an analytical epidemiological study.
Thus, it is possible to quantify the strength of the asso-
ciation of combined long-term exposure to air pollution
(represented by environmentally distinct regions) and
aberrations of selected parameters. Analysing depend-
ence at this level may contribute to understanding the
causal relationship between long-term exposure to air
pollution and changes in the parameters of the immune
system and related parameters, which can induce an
adverse health effect.

Methods

Study settings

The subcohort of the research project Healthy Aging
in Industrial Environment (HAIE) carried out in 2018—
2023 (in acknowledgement) was used. The HAIE study
addresses the assessment of the effects of air pollution
and lifestyle on health and ageing in environmentally dif-
ferent regions of the CR. The presented study analyses the
parameters of the immune system and related parameters
in relation to different independent variables (parameters
of air pollution, socioeconomic factors, etc.) using mul-
tiple regression analysis. The present study is conceived
as a case—control study and quantifies the strength of
the statistical association (odds ratio) between selected
parameters and environmentally distinct regions. Indi-
viduals with aberrated immune system parameters can
be understood as a group of cases and vice versa. Two
environmentally distinct regions represent different risk
factors of long-term exposure to air pollution.

Location and study group

The number of 381 probands aged 35—65 years from two
differently polluted regions of CR was included in this
study (see Fig. 1). Two hundred and one probands (98
males, 103 females) were from the Moravian-Silesian
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region (MSR), which lies in the northeast part of CR.
Probands were mainly recruited from the Ostrava (the
capital of this region) and Karvina (one out of six dis-
tricts in the MSR) districts. These two districts of the
MSR have long been among the most air-polluted areas
in the CR and Central and Western Europe [48]. This
region has a long history in heavy industry (primary
metallurgy, steel, and coke production) and the chemi-
cal industry [49, 50]. Currently, the main sources of air
pollution are industry, energy production, local heat-
ing, road traffic, and the emission of dust and gas pol-
lutants from local municipal energy sources [49, 50].
Therefore, this locality is considered a high-polluted
region (HPR) for the purpose of this study.

The number of 180 probands (88 males, 92 females)
were from the South Bohemia region (SBR), which
lies in the southwest part of CR. In contrast, this
region, which consists of seven districts, is one of
the least environmentally polluted areas of CR. The
probands were mainly recruited from the district Ceské
Budéjovice (the capital of this region). Historically, this
region has been characterised by fish farming and for-
estry and has extensive agricultural areas. Although
the industry with a focus on manufacturing activities
developed in the last century, the concentrations of air
pollutants are below the limit values [51]. Therefore,
this region is considered a low-polluted region (LPR).

The selection of probands was random, with an equal
representation of men and women from a cohort of
approximately 3700 people representing the population
living in both areas. Part of the exclusion criteria for
the random selection of probands in both regions was
good health, without the presence of serious diseases.
To be included in the study, a person had to have signed
an informed consent form, have lived in the area for at
least half of their life and have lived in the area for at
least five years as a child (up to 15 years) and for at least
the last ten years of their life. The person must not have
planned to move out of the area in the next 12 months.

Input data

Long-term exposure to air pollution

Our originally developed method for historical time
series analysis of air pollutant concentrations at the
level of districts was used. This method was devel-
oped for the purposes of the HAIE project (mentioned
above) to estimate lifetime exposures. The methodol-
ogy of historical time series analysis was published by
Michalik et al. [50]. The methodology of lifetime expo-
sure calculation using this historical time series analy-
sis was also published by Machaczka et al. [52]. The
main procedures are summarised in the following text.
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Czech Republic

South Bohemian Region
Low-polluted region
(LPR)

Fig. 1 Study location

Historical time series analysis of air pollutant concentrations
Time series data from PM,, PM, ., NO,, benzene, and
benzo(a)pyrene from valid national databases were used
for model calculations. The analysis was divided into four
main steps according to the availability of the data:

1. Time period 1997-2019 (available air quality data)

— The average annual concentrations were interpreted
from the available tabular overviews of data from
air pollution monitoring stations and modelled area
five-year average concentrations in a regular net-
work of squares (1 X 1 km). By combining these data
based on mutual relations of individual air pollution
characteristics, the average annual concentrations
in the entire regular network of squares were inter-
preted. The missing data were replaced by a linear
trend determined by the closest known values. Cor-
rection was made to the annual average concentra-
tions of territorial units for residential zones.
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Moravian-Silesian Region
High-polluted region
(HPR)

2. Time period 1980—1997 (available emissions balance

data)

— Subsequently, a less accurate estimate of these

concentrations was made for the years 1980, 1985,
1990, 1995 based on emission balance data for indi-
vidual evaluated districts. Then, an approximation
was done for all years from 1997 to 1980 using lin-
ear trend based on the closest known values.

3. Time period 1980-1960 (different availability of data)

— For districts where air quality monitoring station

data have been available, air pollutant concentra-
tions were estimated based on the steps mentioned
above. Between 1972 and 1960, the extrapolation
was based on regression and correlation analysis of
air quality monitoring data, emission balance, and
dust downfall.

For other districts, where exact data from air qual-
ity monitoring stations or emission balance data
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were unavailable, a constant trend was used to
back-extrapolate into a deeper history.

4. Time period before year 1960 (no exact data on air
quality or emissions balance)

— Based on documented data on the increasing vol-
ume of production, the extrapolation was carried
out using a linear trend. For districts, where such
data were unavailable, a constant trend was used.

Estimated historical time series of air pollutant concen-
trations were further used to quantify lifetime exposures.

Calculating lifetime exposure to air pollutants

Lifetime exposure to air pollutants was expressed by the
lifetime average exposure concentration (LC,;) of the
individual air pollutant x for each proband p. The calcula-
tion is based on the average concentration (ICy,), which
uses historical time series of air pollutant concentrations
estimated according to the procedure mentioned above.
IC,qy was calculated for the air pollutant x in district d
where the proband lived, corresponding to the years y of
life spent in the given region. Formula used:

¥
IC
LCyp = M, (1)
n
where:
LC,,—mean lifetime exposure of pollutant x for each

proband p expressed as lifetime average exposure con-
centration in pg/m? or ng/m? for B(a)P.

IC,q,—the average concentration of the air pollutant x in
district d of the HPR or LPR where the proband lived cor-
responding to year y-n, where y is the year corresponding
to proband age and # is the sequence 0, 1, 2, ...,y.

The lifetime exposure calculation was performed for
each proband separately and consisted of averaging the
annual pollutant concentrations for each year from the
proband’s birth to 2019 from the district in which the
proband lived in each year. For example, if a 45-year-old
proband lived 20 years in District A and then 25 years in
District B, the concentrations of a specific pollutant were
averaged from District A from 1974-1993 and from Dis-
trict B from 1994-2019.

Blood samples

The probands gave 9 ml of clotted venous blood, which
was placed in BD Vacutainer CAT tubes. Serum was sep-
arated from blood by centrifugation. IgA, IgG, IgM, and
A1AT were determined in serum using a BN II automatic
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nephelometric analyzer (Siemens). The immunoglobu-
lin E and interleukin-6 parameters were determined by
Immulite (Siemens), and interleukin-8 was determined
by Enzyme-linked Immunosorbent Assay (ELISA).

Plasma blood sample purification and plasma IsoP
analysis were performed using an 8-isoprostane ELISA
kit from Cayman Chemical Company (Ann Arbor, MI,
USA) according to the manufacturer’s instructions.
Each sample (125 pL) was hydrolysed and further puri-
fied using 8-isoprostane Affinity Sorbent (Cayman, Ann
Arbor, MI, USA). After evaporation of the elution solu-
tion, the purified samples were dissolved in ELISA buffer
(330 pL) and analysed in technical duplicates using a
50 pL sample/well. The absorbance was measured using
SpectraMax®D3 (Molecular Devices, San Jose, CA,
USA) at 405 nm, and the plasma IsoP concentration was
expressed as pg IsoP/mL plasma.

The lower detection limit for the assays was 0.07 g/l
for IgA, 0.07 g/ for IgG (determination limit), 0.043 g/l
for IgM, 2.00 IU/ml for IgE, 2.00 pg/ml for IL-6, 9.36 pg/
ml for IL-8, 0.047 g/l for A1AT, 0.8 pg/ml of plasma for
IsoP. For further calculations, data adjusted according to
the detection limit were used, that is, if a value below the
detection limit was measured, it was replaced by half the
value of the given detection limit.

Socioeconomic and lifestyle factors (covariates)

All probands completed the standardised socioeconomic
questionnaire (SES questionnaire) [53], which included
data on gender, age, education, diet, alcohol consump-
tion, smoking, physical activity, BMI, waist circumfer-
ence, and sleep that were used for analysis. The SES
questionnaire was created by selecting and modifying
the questions of the standardised questionnaires used
in major studies, such as, for example, EHIS (European
Health Interview Survey) [54], ELSA (English Longitudi-
nal Study of Ageing) [55], HELEN (Health, Life Style and
Environment) [56], and LTEQ Physical Activity [57]. The
rating scales and evaluation methods used for each of the
socioeconomic and lifestyle factors are shown in Table 1.

Data processed
The data evaluation in this study uses 3 different
methods:

a. First, there were comparative tests of raw data using
a nonparametric test (Mann—Whitney U test) for com-
parison results for probands living in different regions
HPR and LPR.

b. Second, we used the multiple linear regression model
to identify possible influences (independent variables/
covariates—not only different regions) on the investi-
gated parameters (dependent variables/covariates)[59].
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Table 1 Socioeconomic and lifestyle factors and their rating scales and evaluation methods used

Independent variables  Abbreviations Rating scale used

Evaluation method

Age AGE years
Education EDU 1-4 according to education level
Diet DIET 1-12 according to food composition
Alcohol ALC g/week
Smoking SMK 0-4 according to smoking frequency and number
of cigarette per day
Physical activity PA Godin LTE questionnaire—Godin scale score used [60]
BMI BMI Number value
Waist circumference WAIST cm
Sleep SLEEP Hours per day

Elementary school

Vocational School

High school with a maturita degree

Higher professional schools and Universities

(1
(2
3
(4
1-9 balanced diet; 10-12 unbalanced diet

(0) Non-smoker

(1) Ex-smoker

(2) Smoker—up to 5 cigarettes per day

(3) Smoker—6-19 cigarettes per day

(4) Smoker—20 or more cigarettes per day

24 units or more—active
14-23 units—moderately active
Less than 14 units—insufficiently active

Calculation: reference value 7.5 h per day [58]
minus absolute value,

(1) Risk if the result is 1.5 h or more

(0) Without risk if the result is less than 1.5 h

The following steps of exploratory analysis before multi-
ple linear regression were performed. They are:

+ Smirnov—Grubbs test for outliers.

+ Shapiro—Wilk normality test and single sample Kol-
mogorov—Smirnov normality test of residuals.

+ In case of non-normal distribution of residuals—
Box—Cox transformation,

+ Test multicollinearity by the eigenvalues of correla-
tion matrix, condition number, and variance infla-
tion factors,

+ Anova table of regression, i.e. F-test and p-value for
significance of the regression.

« Multiple correlation statistics (incl. multiple corre-
lation coefficient).

+ All significant partial regression coefficients were
verified by simple linear regression (for one covari-
ate), which also had to show significance.

Independent covariates are lifestyle parameters and
the lifetime exposure to air pollution and dependent
covariates are the immune system status (immuno-
globulins and cytokines), the protease inhibitor (A1AT)
and the oxidative stress biomarker (IsoP). If the simul-
taneous effect of several covariates on the observed
parameter was detected, the multiple regression model
was adjusted and the effect of the covariates was sub-
tracted. The results of the original model (crude model)
and adjusted models (covariate models) are presented
together. For example, the study by Azzouz et al. used a

similar method of analysis [28] to investigate the asso-
ciations between air pollution and established biomark-
ers of inflammation and cardiovascular disease.

c. The standard logistic regression method was used
to calculate odds ratios (OR) with the calculation of
95% confidence intervals and statistical significance
using the Chi2-test. The minimum of the difference
between sensitivity and specificity and the minimum of
p(Chi2) value were used to find the optimal cut-point
[60].

Statistica 14 (TIBCO Software Inc, Palo Alto, USA),
KyPlot 6.0. (KyensLab Inc, Japan) and Excel (Microsoft)
were used for statistical analysis.

Results
The descriptive statistics of the estimated lifetime expo-
sures to air pollutants (as independent variables) and
their comparison by region and sex are shown in Table 2.
The average lifetime exposure to PM,,, PM, 5, NO,, ben-
zene and B(a)P was 51.28 pg/m?®, 39.28 pg/m?, 23.01 pg/
m?, 2.46 pg/m® and 4.87 ng/m?, respectively, in a high-
polluted area (HPR), against 24.45 pg/m?, 19.18 pg/m?,
13.88 pg/m?, 0.82 pg/m3 0.45 ng/m? in a low-polluted
area (LPR). So, the lifetime exposures to air pollution
were almost twice as large in HPR than in LPR and thus
significantly different in the general population. Inter-
estingly, there were also differences between men and
women from different regions.

Immunoglobulins—IgA, IgE, IgG, IgM, interleukins—
IL-6, IL-8, protease inhibitor—AI1AT, and parameter
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Table 2 Descriptive statistics of the independent input variables—mean lifetime exposure to air pollutants values (PM;,, PM, s, NO,,

B(a)P, benzene) from all study probands

Overall Male Female
HPR LPR HPR LPR HPR LPR

LC PM;q [pg/m?]
N 199 170 98 80 101 90
Min 33.18 1361 34.20 1361 33.18 15.37
LQ 47.58 22.79 46.34 22.96 48.96 2275
Med 5197 2549 51.21 2541 52.38 25.56
Avg 51.28 2445 50.86 24.63 51.70 24.29
uQ 55.77 25.84 55.77 25.76 55.79 2591
Max 6545 47.63 6545 47.63 64.19 37.31
p-value® e e e

LC PM, 5 [ug/m’]
N 199 170 98 80 101 90
Min 25.22 12.14 2591 12.14 2522 13.02
LQ 36.55 18.05 3541 18.14 37.30 17.89
Med 40.01 19.74 39.22 19.65 40.01 19.81
Avg 39.28 19.18 3893 19.32 39.62 19.05
uQ 42.95 20.00 42.88 19.94 43.03 20.05
Max 5040 37.19 50.40 37.19 4943 29.18
pvalue® G G G

LC NO, [ug/m?]
N 199 170 98 80 101 90
Min 9.60 6.05 9.72 6.05 9.60 8.23
LQ 2249 13.11 2157 13.17 23.04 13.11
Med 25.25 13.63 24.76 13.64 2546 13.63
Avg 23.01 13.88 22.59 13.96 2341 13.80
vQ 26.74 14.68 26.57 14.72 26.85 14.06
Max 2842 2337 28.16 2337 2842 19.34
p-value® Grax Grex Grex

LC B@)P [ng/m”]
N 199 170 98 80 101 90
Min 1.15 033 1.15 033 1.15 0.35
LQ 2.96 0.40 296 0.40 296 0.40
Med 487 0.40 499 041 480 040
Avg 487 045 484 047 491 043
uQ 717 043 7.16 043 7.28 043
Max 824 3.86 824 3.86 8.14 2.05
p-value® e e e

LC benzene [ug/m’]
N 199 170 98 80 101 90
Min 2.01 052 2.01 0.52 204 0.57
LQ 242 0.78 2.38 0.78 242 0.78
Med 244 0.81 243 0.81 245 0.81
Avg 246 0.82 243 0.84 248 0.81
uQ 2.56 0.82 255 0.83 257 0.81
Max 3.03 2.07 3.03 2.07 297 1.07
p-value® e e e

HPR: living in a high-polluted region, LPR: living in an unpolluted region, N: number of variables, Min: minimum, LQ: lower quartile, Med: median, Avg: arithmetic
mean, UQ: upper quartile, Max: maximum, LC: average lifetime exposure of air pollutant

2The nonparametric Hodges-Lehmann estimates of the median of differences were used to statistically test for differences, because the data showed deviations from
a normal distribution determined by the Shapiro-Wilk test. The Wilcoxon rank sum test (Mann-Whitney U test) for unpaired data was used to test these differences

and is reported as resulted p-value. S* (P < =0.05); S**(P< =0.01); S***(P< =0.001)
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Table 3 Descriptive statistics of input independent variables—blood test results (alfa-1-antitrypsin, immunoglobulins, interleukins,

8-isoprostane)

Overall Male Female Overall Male Female
HPR LPR HPR LPR HPR LPR HPR LPR HPR LPR HPR LPR

ATAT [g/1] 19G [g/1]
N 201 180 98 88 103 92 201 180 98 88 103 92
Min 0.65 0.73 0.79 0.73 0.65 0.78 5.19 5.50 519 5.50 6.26 7.00
LQ 1.21 1.25 1.20 1.25 1.23 1.27 9.72 9.60 9.99 9.90 9.37 9.56
Med 1.30 135 131 135 1.30 135 11.20 11.05 1145 11.20 10.90 10.90
Avg 1.33 1.39 1.31 1.39 135 1.40 11.06 11.15 11.26 11.19 10.87 11.12
uQ 1.44 153 1.41 153 148 152 1240 12.33 12.68 12.20 12.30 1243
Max 1.90 215 1.77 215 1.90 2.03 16.60 19.30 16.60 17.50 15.80 19.30
pvalue®  S** S* NS NS NS NS

IgA [g/1] IL-6 [pg/ml]
N 201 180 98 88 103 92 200 179 98 87 102 92
Min 0.04 0.64 0.69 0.69 0.04 0.64 1.00 1.00 1.00 1.00 1.00 1.00
LQ 1.56 1.61 1.72 1.85 1.44 148 1.00 1.00 1.00 1.00 1.00 1.00
Med 212 211 240 230 202 1.93 204 1.00 216 1.00 1.51 1.00
Avg 228 226 252 240 2.05 212 243 2.05 249 2.01 238 210
vQ 2.88 2.81 3.29 298 255 252 3.19 243 337 243 2.78 244
Max 558 555 558 541 4.34 555 20.20 18.20 9.10 18.20 20.20 9.44
pvalue® NS NS NS S i NS

IgM [g/1] IL-8 [pg/ml]
N 201 180 98 88 103 92 201 180 98 88 103 92
Min 0.19 0.36 0.19 036 045 039 468 468 468 468 468 468
LQ 0.69 0.89 0.57 0.86 0.78 0.97 468 4.68 468 468 4.68 468
Med 0.98 1.16 0.89 1.03 1.05 1.20 12.80 11.20 1347 12.01 11.73 10.86
Avg 1.13 132 1.03 1.24 1.22 1.39 1844 1542 19.91 17.33 17.03 13.58
vQ 133 1.54 1.16 1.41 153 157 23.25 19.81 23.81 21.63 21.90 1842
Max 439 6.73 439 3.89 4.0 6.73 10844 103.50 108.44 103.50 96.70 66.04
pvalue?  S*** S** S* NS NS NS

IgE [IU/ml] IsoP [pg/ml of plasmal
N 199 179 97 87 102 92 196 178 96 87 100 91
Min 1.00 1.00 1.00 2.70 1.00 1.00 4.19 4.06 431 4.06 419 592
LQ 11.55 1145 12.90 13.50 9.10 9.22 13.66 12.34 12.90 10.93 14.26 14.10
Med 25.90 2740 3240 28.20 19.95 25.00 21.16 1849 20.75 16.53 23.22 18.81
Avg 7947 87.69 110.07 100.39 5038 75.68 24.12 2048 23.10 20.55 25.11 2041
uQ 65.85 85.20 89.60 88.30 55.38 72.30 31.66 24.69 29.59 25.88 33.11 2367
Max 1694.00 1550.00 1694.00 1550.00 626.00 667.00 11848 146.45 70.65 14645 11848 56.57
pvalue® NS NS NS S** NS NS

#The nonparametric Hodges-Lehmann estimates of the median of differences were used to statistically test for differences, because the data showed deviations from
a normal distribution determined by the Shapiro-Wilk test. The Wilcoxon rank sum test (Mann-Whitney U test) for unpaired data was used to test these differences

and is reported as resulted p-value

HPR: living in a high-polluted region, LPR: living in an unpolluted region, N: number of variables, Min: minimum, LQ: lower quartile, Med: median, Avg: arithmetic

mean, UQ: upper quartile, Max: maximum
NS: not significant; S* (P< =0.05); S** (P< =0.01); S*** (P< =0.001)

of oxidative stress—IsoP were determined from blood
samples. The descriptive statistics of the results of the
blood tests (as independent variables) and their compari-
son according to regions and sex are shown in Table 3.

A significant difference between regions was found for
A1AT, IgM, IL-6, and IsoP.

Information on socioeconomic and lifestyle factors was
also collected from the studied population as possible
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covariates (Table 4). All monitored factors such as gen-
der, age, education, diet, alcohol consumption, smoking,
physical activity, BMI, waist circumference, and sleep
were not statistically different between HPR and LPR,
only physical activity was slightly different in women
between HPR and LPR.

First, the effect of possible covariates on the selected
parameters was tested by multiregression analysis
(Table 5). In the case of immunoglobulins and possible
covariates, there was observed an association of sex with
IgA, and IgM levels; age was associated with IgG levels;
alcohol consumption and BMI was associated with IgA,
and IgE levels; smoking was associated with IgG levels;
and diet was associated with IgA levels. In interleukins,
only in IL-6 has the effect of the evaluated covariates
been observed. There was found an association of BMI,
and especially sleep. In addition to the parameters of the
immune system, the A1AT protease inhibitor was also
monitored and it was found that smoking affects its level.
Also, the oxidative stress IsoP parameter was analysed,
but no effect of the evaluated covariates was observed.

The statistically significant effect of the region (HPR,
LPR) was found only in cases of A1AT, IgM, IL-6, and
IsoP (Table 5). Only these parameters were subjected to
more detailed analysis due to the main objective of the
study (to evaluate the effect of air pollution on selected
parameters in environmentally distinct regions). Table 6
then shows the results of the effect of long-term expo-
sures to different air pollutants on AI1AT, IgM, IL-6
and IsoP using different covariate models with differ-
ent adjusted covariates identified in the previous step
(Table 5) as statistically significant.

In the case of A1AT, a significant effect of lifetime
exposure to PM;o, PM, ; and benzene was found on the
A1AT levels independent of the influence of smoking,
that is, for both crude model (M0) and the model with
the adjusted effect of smoking (M1). On the other side
BM]I, and especially sleep played a significant role in the
level of IL-6. If the effect of BMI and sleep was adjusted,
significant effect on the level of IL-6 was found only for
PM,, and benzene long-term exposures (covariate model
M3). Even if the covariates were adjusted (covariate
model M2), a statistically significant effect of long-term
exposures to all air pollutants lifetime exposures on the
IgM level was found. Similarly, long-term exposures to
PM,,, PM, s B(a)P, and benzene had a significant effect
on the level of IsoP and there was no significant effect of
covariates.

The study design allows quantification of the strength
of the statistical association by odds ratio (OR) between
different long-term exposures to air pollution (repre-
sented by environmentally distinct regions HPR and
LPR) and A1AT, IgM, IL-6, and IsoP. OR was calculated
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for each covariate model. The cut-point with the high-
est and statistically significant value of OR was searched
for every evaluated parameter; the results are shown in
Fig. 2.

An increased risk of aberrated levels of all param-
eters evaluated was found for HPR (that is, higher
long-term exposures to air pollution). The highest sta-
tistical association strength (OR 3.21) was found in the
case of IsoP when the risk of aberrated IsoP level (cut-
point>35.00 pg/ml) was more than three times higher
in HPR than in LPR. For the other parameters evaluated,
the risk of aberration was approximately 2 times higher
(OR 1.77-2.06) in HPR than in LPR.

Discussion

The difference between populations from environ-
mentally distinct regions allowed us to study the link
between long-term risk exposures and adverse health
effects. The populations of the present study are char-
acterised by significantly different long-term (lifetime)
exposures to air pollution (Table 2). The findings of the
present study indicate an association between lifetime
exposures to air pollution and aberrated levels of some
selected parameters of the immune system, the param-
eter of oxidative stress, and the protease inhibitor.

The effect of covariates on the levels of selected
parameters

First, the effect of possible covariates was tested (Table 5).
For example, according to a study by Gonzalez-Quintela
[61], sex, age, alcohol consumption, smoking, and obesity
should be considered when interpreting serum levels of
IgA, IgG, and IgM. Sex differences in female immuno-
globulin levels are attributed to hormonal effects on B
lymphocytes [62, 63]. IgM levels have been reported to
be higher in females than in males [61, 64]. In addition,
in the present study, higher levels of IgM were found in
females. On the contrary, higher levels of IgA were found
in males, which corresponds to the results of other stud-
ies [61, 65, 66]. Also, immunoglobulin levels tend to
increase with age [61, 67]. An increase in IgA and IgG
levels may reflect the accumulation of chronic inflam-
matory conditions with ageing [61]. This corresponds to
the results of the present study, in which age was associ-
ated with IgG. In studies, a parallel association has been
observed between IgA and IgG levels and IL-6 levels,
which is a marker of inflammation and a co-factor for
immunoglobulin synthesis [61]. Regarding alcohol con-
sumption, studies show a positive association with IgA
levels [61, 68], also found in the present study too and
also at IgE. For example, studies show that the increase
in IgA levels in heavy drinkers is selective and does not
affect IgM or IgG [61]. In addition, IgG and IgM levels
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Table 5 The effect of covariates and long-term exposures to air pollutants on the parameters of the immune system (multiple
regression analysis results)

A1AT IgA IgG IgM IgE IL-6 IL-8 IsoP
Regression coefficient b (p-value)
Region —0.0519 0.00273 -0.0186 —0.0615 -0.0717 0468 3239 (p=0.0796) 0.229
(p=0.0063) (p=0.958) (p=0391) (p=0.0105)  (p=0267) (p=0.0238) (p=0.0044)
Covariates

AGE —0.000438 —0.000891 —0.0355 —0.00149 0.00330 0.0241 0.124 (p=0.270) —0.00460
(p=0.702) (p=0.774) (p=0.0072) (p=0.308) (p=0.399) (p=0.0551) (p=0.348)

BMI 0.269 (p=0.498) 2272 2694 (p=0.554) 00136 (p=0.216) 3.929 10.169 —38518 0.653 (p=0.697)

(p=0.0352) (p=0.0379)  (p=0.0195)  (p=0321)

WAIST ~ 0.000752 0.00630 0.00977 —0.00150 —0.265 0.0109 (p=0.168) —0.0323 0.0393 (p=0.508)
(p=0.384) (p=0.0973) (p=0.260) (p=0.606) (p=0.727) (p=0649)

SEX 0.0340 -0.192 —-0.338 0.0796 -0.115 0.110 (p=0.634) —3.765 0.158 (p=0.0788)
(p=0.0969) (p<0.001) (p=0.164) (p=0.0033) (p=0.112) (p=0.069)

EDU 0.00127 0.0194 (p=0.406) 0.0505 (p=0.610) —0.0230 0.0151 (p=0.608)0.0522 (p=0.579) 0371 (p=0.660) 0.0422 (p=0.248)
(p=0.882) (p=0.647)

PA —0.000595 —0.00162 —0.00513 —0.000679 —0.00214 0.00150 —0.0235 —0.00142
(p=0.125) (p=0.123) (p=0.249) (p=0.157) (p=0.105) (p=0.723) (p=0.535) (p=0.390)

SLEEP  —-0.0138 0.0294 (p=0.784) 0.750 (p=0.0992) 0.00899 0.343 1.189 —-1.003 0301 (p=0.0711)
(p=0727) (p=0861) (p=0.0115) (p=0.0062)  (p=0.795)

SMK 0.0255 —0.0359 —0.263 —0.000863 0.0407 (p=0.172) 0.133 (p=0.162)0.0126 (p=0.988) —0.00514
(p=0.0036) (p=0.129) (p=0.0089) (p=0.938) (p=0.889)

ALC —0.0001 0.000611 0.000335 0.000148 0.000602 —0.00150 0.00849 —0.000105
(p=0.229) (p=0.0082) (p=0.7308) (p=0.181) (p=0.0385) (p=0.106) (p=0.306) (p=0.770)

DIET 0.00265 —0.0268 -0.0259 —0.00372 —0.00484 0.0438 (p=0.326) —0.00690 00217 (p=0211)
(p=0516) (p=0.0159) (p=0579) (p=0472) (p=0.728) (p=0.986)

Possible dependencies were tested using multiple regression analysis. The statistical significance of this and subsequent regressions was tested using analysis of
variance (ANOVA). Bold: statistically significant

AGE: age, ALC: alcohol consumption, DIET: diet, EDU: education, PA: physical activity, SLEEP: sleep, SMK: smoking, WAIST: waist circumference

Table 6 The effect of long-term exposures to air pollutants on A1AT, IgM, IL-6 and IsoP by using different covariate models

A1AT IgM IL-6 IsoP

Covariate model MO M1 MO M2 Mo M3 MO

Adjusted factors - SMK - SEX - BMI, SLEEP -

Regression coefficient b (p-value)

Region —0.0519 —0.0500 -0.0615 —0.0747 (0.0014) 0.468 (p=0.0238) 0.468 (p=0.0238) 0.229 (p=0.0044)
(p=0.0063) (p=0.0075) (p=0.0105)

Air pollutant long-term exposures

LC PMyq —-0.00142 —-0.00133 —0.00241 —-0.00238 0.0148 0.0141 0.00696
(p=0.0287) (p=0.0385) (p=0.0033) (p=0.003) (p=0.0366) (p=0.0429) (p=0.0117)

LCPM, 5 —-0.00183 —-0.00171 —-0.00314 —0.00311 0.0190 0.0180 (p=0.0517) 0.00896
(p=0.0333) (p=0.0437) (p=0.0038) (p=0.0034) (p=0.0437) (p=0.0143)

LCNO, —0.00206 —-0.00191 —-0.00436 —0.00447 0.0190 (p=0.2481) 0.0149 (p=0.3569) 0.0122 (p=0.0554)
(p=0.171) (p=0.199) (p=0.0213) (p=0.0162)

LCB()P —0.00242 —0.00246 —-0.0109 -0.0107 0.0378 (p=0.305) 0.0298 (p=0.411)  0.0300
(p=0472) (p=0459) (p=0.0105) (p=0.0102) (p=0.0347)

LC Benzene —-0.0278 —-0.0262 —-0.0420 —-0.0413 0.237 (p=0.0549) 0.240 (p=0.0484) 0.132 (p=0.0054)
(p=0.0136) (p=0.0186) (p=0.0032) (p=0.0031)

Possible dependencies were tested using multiple regression analysis. The statistical significance of this and subsequent regressions was tested using analysis of
variance (ANOVA). Bold: statistically significant

MO: crude model, M1, M2, M3: adjusted models, LC: average lifetime exposure of air pollutant
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Par. Cut-point M Odds Ratio (95%Cl)
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A1AT  <1.24g/t MO  2.06(1.27-3.35)%*
<1.24 g/l M1 1.77 (1.09-2.87)*

1M <1.28g/ MO 1.89 (1.22-2.98)**
<1.28 g/l M2 1.80 (1.15-2.82)**

IL-6 2250 pg/ml. MO 1.96(1.24-3.12)**

21.50 pg/ml M3  1.95(1.28-2.97)**

IsoP 235.00 pg/ml. MO 3.21(1.61-6.38)***

1 2 3 4 5 6 7
Odds Ratio

Fig. 2 Result of odds ratios between HPR and LPR (i.e. different long-term exposures to air pollution) and ATAT, IgM, IL-6, IsoP. Par: parameters, M;
covariate model. *-***Chi-quadrat test: *(P< =0.05); **(P< =0.01); ***(P< =0.001)

tend to be lower in low-to-moderate alcohol consumers
than in abstainers [61, 68]. IgA levels can also be affected
by diet, as also the results of the present study show.
The microbiome of the gastrointestinal tract is associ-
ated with B cell maturation, activation, and IgA antibody
responses [69]. The results of studies demonstrate the
interaction between dietary components, the gut micro-
biome, and autoantibody production [69]. Studies also
show a negative association between smoking and IgG
levels [61, 70], which was also found in the present study.
Various mechanisms are involved in the effects of smok-
ing on serum immunoglobulin concentrations. They may
include direct effects on B cells and indirect effects on T
cells and antigen-presenting cells, which could affect the
switching of the immunoglobulin class and/or differential
survival of naive B cells or memory B cells [70]. In vitro
studies demonstrate that nicotine inhibits immuno-
globulin production similarly to cigarette smoke extract.
This could explain why smokers have significantly lower
serum IgG, most of which is derived from antigen-stim-
ulated B cells [70].

In interleukins, only in IL-6 has the effect of the evalu-
ated covariates been observed. There was found to be an
association between BMI and sleep with IL-6 levels. The
strongest effect was observed in sleep. Studies show that
alterations in sleep duration and quality increase IL-6
levels [71]. In general, acute and chronic reductions in
sleep duration and quality have been shown to induce an
increase in pro-inflammatory cytokine levels, and IL-6

appears to be one of the most important. Therefore, it is
also referred to as the “sleep factor” that enhances sleep
drive according to the circadian rhythm [71-73]. The
level of IL-6 was found to be positively associated with
BMI, which other studies also support by describing
higher levels of IL-6 in obese patients [74, 75]. No effect
of the evaluated covariates on the level of IL-8 has been
observed. Other studies show that, for example, smoking
[76] and BMI [77] can affect IL-8 levels.

In addition to immune system parameters, related
parameters, such as the protease inhibitor A1AT, were
also monitored. Regarding possible covariates, smok-
ing can influence A1AT levels, but the relationship is
more complex. Research has shown that smoking can
cause increased oxidative stress and reduced levels of
serum A1AT in cigarette smokers [78]. However, it is also
important that increased levels of serum A1AT can occur
in response to inflammation [79]. For example, studies
[80—82] have found that serum levels of A1AT in active
smokers were significantly higher than in non-smokers.
Chronic smoking leads to elevation of A1AT, especially
in the endothelium of the lung periphery. These changes
are only modestly reflected in A1AT in the sputum, while
plasma AI1AT significantly reflects systemic manifesta-
tions related to smoking [80-82]. In the present study, a
positive association of smoking was found with the AIAT
level.

Also, the oxidative stress IsoP parameter was analysed,
but no effect of the evaluated covariates was observed.
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For example, studies mention the influence of smoking
when chronic healthy smokers have higher levels of IsoP
in plasma and also in urine, indicating the prooxidative
effect of smoking. [83, 84].

The effect of long-term air pollution exposure on the levels
of selected parameters

Only at levels of IsoP, IgM, IL-6 and A1AT significant
effects of the region were observed, that is, the effect of
different lifetime exposures to air pollution (Table 6).
Therefore, these parameters were subjected to a more
detailed follow-up analysis. The effect of particular air
pollutants was observed on these parameters. Without
considering the influence of possible covariates (crude
model MO), lifetime exposures to PM,,, PM, ;, and ben-
zene were negatively associated with levels of A1AT and
IgM and positively associated with levels of IsoP and
IL-6. Lifetime exposures to NO, were negatively asso-
ciated only with the levels of IgM. Lifetime exposure to
B(a)P was negatively associated with the IgM levels, and
positively associated with levels of IL-6 and IsoP. Differ-
ent covariate models with different adjusted factors iden-
tified in the previous step as statistically significant were
used to analyse the effect of only air pollution on the
parameters evaluated (Table 5).

In the case of A1AT, with the adjusted effect of smoking
(covariate model M1), still long-term exposure to PM,,,
PM,; and benzene was negatively associated with the
level of A1AT, as in the crude model (M0). Most studies
focus on A1AT deficiency and the effect of air pollution.
A1AT deficiency is a genetic disorder that predisposes to
the development of chronic obstructive pulmonary dis-
ease [85]. Long-term exposure to air pollution is associ-
ated with decreased lung function in patients with A1AT
deficiency [86]. However, there are only a few studies that
deal with the effect of long-term exposure to air pollu-
tion on the level of A1AT in healthy individuals. For
example, according to previously published results [28]
in the Malmo Diet and Cancer subcohort, evidence of a
positive association has been found between increased
levels of A1AT and moderate long-term exposure to air
pollution, especially to PM,;, and PM, ;. These findings
support inflammation as a mechanism behind the asso-
ciation between air pollution and cardiovascular disease.
Another study suggested that continued exposure to high
levels of pollution could lead to reduced levels of A1AT in
plasma, potentially compounding impaired lung function
in children living in highly polluted areas [87]. This dis-
crepancy deserves further investigation. However, studies
show that lower levels of A1AT are associated with a risk
of spontaneous cervical artery dissections [88], type II
diabetes mellitus [89], type 1 human immunodeficiency
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virus (HIV) infection [90], and spontaneous abortions
[91].

If the effect of BMI and sleep was adjusted (covariate
model M3), a significant effect on the level of IL-6 was
found for PM,, and benzene long-term exposures only.
Studies found evidence of a positive association, espe-
cially between long-term PM, ; and serum IL-6 [21, 25].
For example, according to the results of the Tripathy
et al. study [92], exposure to PM, ; was associated with
increased IL-6 production by stimulated immune cells,
but exposure to pollutants was not related to the circulat-
ing level of IL-6.

The effect of long-term exposures to PM,,, PM, 5, B(a)
P, NO, and benzene on IgM level was found to be statisti-
cally significant, even if sex was adjusted (covariate model
M2). A positive association has been observed between
long-term exposure to those air pollutants and the IgM
levels. Studies found a positive association between PMs
and immunoglobulin concentration with different signifi-
cant associations for IgM [29, 30]. For example, Hadnagy
et al. [93] conducted a study in adults and Zhao et al. [30]
conducted a study on traffic police officers. They found
that IgM was significantly increased in relation to PM,
specifically IgA in adults and IgA, IgG, and IgE in traffic
police officers. On the contrary, Leonardi [29] conducted
a study in children and observed a significant positive
association between PM and especially IgG. In general,
these results suggest that long-term exposure to PM can
cause inflammation of the airways and activation of the
cellular and humoral immune system [29]. A systematic
review [94] has linked benzene to an immunosuppres-
sive effect on the adaptive immune system and can acti-
vate the innate immune system to cause inflammation.
In particular, benzene significantly reduces the number
of white blood cells and natural killer cells and increases
pro-inflammatory biomarkers at low levels of exposure.
However, the specific impact of benzene on IgM is not
directly described.

The covariates had no significant effect on the level of
IsoP, a marker of oxidative stress, as mentioned above.
Similarly, long-term exposures to PM,;, PM,; B(a)
P and benzene significantly affected the IsoP level, but
with a positive association. Studies focus on short-term
exposure to air pollution and its effect on IsoP. For exam-
ple, Hashemzadeh’s study [38] in children showed that
short-term exposure to traffic-related air pollution could
increase the 8-isoprostane of exhaled breath condensate.
In a study by Rossner et al. [36], a positive relationship
was observed between lipid peroxidation (levels of IsoP
in plasma) and air pollution during three seasons (win-
ter 2009, summer 2009, and winter 2010), especially for
exposure to B(a)P, PM, 5, and benzene.



Jitik et al. Environmental Sciences Europe (2024) 36:125

Strength of the association (odds ratio) of the monitored
parameters with the region where the probands live
Although the associations are not strong, significant
associations with air pollution were found for the pro-
tease inhibitor A1AT (OR=1.77, the effect of smoking
was subtracted), for IgM (OR=1.80, the effect of sex
was subtracted), and for the oxidative stress biomarker
IsoP (OR=3.21, the effect of other covariates was not
observed). For cytokine IL-6, after subtracting the effect
of BMI and sleep, significant association with PM,, and
benzene long-term exposures was observed, OR=1.95.
For all findings, it can be stated that they are also relevant
to earlier studies, which are quite rarely conducted [29,
37, 88, 92].

Limitations

Like any study, this one also has certain limitations. First
of all, it is a relatively low number of probands—about
381 in total. Ideally, there should be several times more,
which unfortunately was not feasible in practice. For this
reason, the statistical significance of the results is “on
the edge” in some cases. Another partial limitation may
be the fact that some selection criteria related to expo-
sure, namely all places of residence listed in the proband’s
questionnaire (from his birth to the present, i.e. several
decades ago), could not be verified. On the other hand,
we consider the strong side of the study to be strict selec-
tion criteria for equal selection in all age categories for
both sexes and in both studied regions of a total cohort
of approximately 4000 volunteers who were also selected
according to the same criteria.

Conclusion

This research uses original methods to estimate indi-
vidual lifetime exposures to polluted air and is designed
as an analytical study in its conclusion. The results may
contribute to understanding of the causal relationship
between long-term exposure to air pollution and adverse
health effects induced by aberration of the immune
system and related parameters. Hypotheses about the
reduction of protease inhibitor A1AT levels and immune
system performance were confirmed, mainly due to the
decrease in IgM immunoglobulin level, in association
with long-term exposures to air pollutants. This work
also showed an association of exposure to air pollutants
with increased oxidative stress in humans, measured as
IsoP levels, and increased levels of the cytokine IL-6 in
residents who live most of their lives in an industrial,
environmentally polluted region.
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