
Page 1/15

Benzo[a]pyrene-associated Oxidative Stress is Divergent in Non-atopic Versus
Atopic Children, and Suggest They May Represent Asthma Endotypes: A Case-
control Study
Hyunok Choi  (  hyc219@lehigh.edu )

Lehigh University https://orcid.org/0000-0003-0375-7271
Miroslav Dostal 

Akademie ved Ceske republiky
Anna Pastorkova 

Akademie ved Ceske republiky
Pavel Rossner, Jr. 

Akademie ved Ceske republiky
Radim Sram 

Akademie ved Ceske republiky

Research

Keywords: air pollution, benzo[a]pyrene, endotype, 15-Ft2-isoprostane, 8-oxo-7, 8-dihydro-2’-deoxyguanosine

Posted Date: July 15th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-41716/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

Version of Record: A version of this preprint was published at Environmental Health on April 9th, 2021. See the published version at
https://doi.org/10.1186/s12940-021-00711-4.

https://doi.org/10.21203/rs.3.rs-41716/v1
mailto:hyc219@lehigh.edu
https://orcid.org/0000-0003-0375-7271
https://doi.org/10.21203/rs.3.rs-41716/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12940-021-00711-4


Page 2/15

Abstract

Background
For nearly 50% of the asthmatic children, effective treatments against exacerbation do not exist, because existing therapies do not target the mechanistic
origins of discrete sub-diseases (i.e. endotypes). While non-atopic and atopic asthma represent known phenotypes, it is unknown whether they arise from
disparate processes. The objective is to classify two phenotypes (non-atopic vs. atopic asthma) into endotypes using polyaromatic hydrocarbon, namely,
benzo[a]pyrene, as putative marker of endotype.

Methods
In a case-control study, lean controls (i.e. reference) are compared against three outcomes of interest – overweight/obese controls, lean asthmatics (without
overweight/obesity), and overweight/obese asthmatics – in terms of benzo[a]pyrene exposure level, plasma 15-Ft2-isoprostane, urinary 8-oxo-7,8-dihydro-2’-
deoxyguanosine, as well as their history of co-morbidities until age three, following atopy- and gender-strati�cation.

Results
The non-atopic girls are associated with signi�cantly elevated median benzo[a]pyrene for the lean asthmatics (11.2 ng/m3) and the overweight/obese
asthmatics (18.0 ng/m3), compared to the non-atopic control girls (4.3 ng/m3; p-value < 0.001). A natural-log (ln) unit increase B[a]P exposure predicts 10-
times greater odds of asthma in the lean non-atopic boys, while the same exposure is not associated with asthma among the lean atopic boys. The diagnosis
of lung function de�cit, which only appear among those with highest median value of B[a]P, appears to be a particularly important predictor of non-atopic
asthma only. The non-atopic asthmatic boys with highest exposure to B[a]P (median, 20 ng/m3) were also positively diagnosis with lung function de�cit,
compared to the non-atopic controls (median, 4.3 ng/m3). An elevated exposure to B[a]P is associated with depressed systemic oxidant levels, and
correspondingly elevated odds of non-atopic asthma. On the other hand, low ambient exposure to B[a]P, and weakly pro-in�ammatory effect of oxidative
stress of such exposure, is not associated with atopic asthma.

Conclusions
Ambient benzo[a]pyrene is robustly associated with non-atopic asthma, while it has no clear associations with atopic asthma among the lean children. Our
observation, once validated in a prospective cohort design, could aid the development of targeted and personalized therapies in children in whom the
respiratory injuries are still reversible.

Introduction
Asthma represents the most common impairment of respiratory system around the world, a�icting over 300 million people of all age groups, racial/ethnic
backgrounds, and genders [1]. Worldwide, the burden of asthma is growing, because asthma, which typically begins during childhood, could transform into a
life-long condition with multiple co-morbidities [1, 2]. To date, the heaviest economic burden of asthma are incurred by those with poorly controlled condition,
compared to that by non-asthmatics [2]. Furthermore, nearly 50% of the poorly-controlled asthmatic children typically emerge as severe adult cases [3]. This, at
least in part, re�ects symptom-based intervention approach based on the view of asthma as a singular disease [4]. However, growing body of evidence
indicates asthma is more likely to be a heterogeneous collection of discrete sub-diseases (i.e. endotypes), nested within overlapping characteristics (i.e.
phenotypes) [4, 5]. Accordingly, there is an urgent need to clarify the mechanistic processes underlying the phenotypes into endotypes [3]. Such de�nition
could aid the development of targeted and personalized therapies in children in whom the respiratory injuries are still reversible [3].

Early-life exposures to tra�c-related air pollution [6, 7], or indoor air pollution (e.g. cigarette smoke and other anthropogenic compounds) have been shown to
predict de novo asthma development during childhood [8]. Our group too has documented signi�cant associations among neighborhood level of polyaromatic
hydrocarbon (PAH), speci�cally, benzo[a]pyrene (B[a]P), multiple putative biomarkers, and clinically diagnosed asthma in children [9–15]. Furthermore, our
analysis suggest for the �rst time that childhood B[a]P exposure predicts dose-responsive, integrative -Omics based mechanisms of asthma, mediated by
dysregulated hematopoiesis among the asthma cases, compared to the controls [11]. However, to date, we have not investigated whether children’s early-life
exposure to airborne PAH could induce PAH-speci�c asthma endotype(s). More generally, exposure to environmental pollutants have never been investigated
as drivers of endotype development.

Within the present investigation, we generate a novel hypothesis that ambient B[a]P represents a benchmark for asthma endotypes underlying two well-known
phenotypes (i.e. atopic vs. non-atopic asthma). Speci�cally, we compare B[a]P associations with atopic and non-atopic asthma, respectively, in terms of two
types of biomarkers (i.e. positive diagnosis of lung function de�cit and systemic oxidant burden, including plasma 15-Ft2-isoprostane (15-Ft2-isoP) and urinary
8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG)) as intermediates. We used three criteria to determine whether they warrant consideration as endotypes. First,
we contrast the clinical event history for the atopic and the non-atopic children from birth until age three, preceding their present asthma diagnosis. Second,
we compare the shape of the B[a]P-asthma dose-response between the atopic vs. non-atopic children. Since asthma is measured as a dichotomous outcome,
we linearize it by combining it with overweight/obese (OV/OB) status, another dichotomous outcome [10]. Third, we postulate that the role of biomarkers (i.e.
positive diagnosis of lung function de�cit, plasma 15-Ft2-isoP, and urinary 8-oxodG) are divergent for the non-atopic asthmatics, compared to the atopic
asthmatics.
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Material And Methods
The study population’s socioeconomic traits, exposure sources, and overall approaches are described [10, 12, 13]. Brie�y, a case-control study was conducted
on 191 asthmatic and 194 control children on November 2008. Children were enrolled from an industrial city, Ostrava (n = 94 asthmatic and 96 controls), and
semi-rural villages across the Southern Bohemia (n = 97 asthmatic and 98 controls) in Czech Republic [16]. The children’s medical record, questionnaire data
(�lled out by the parents and the child’s primary care doctor), as well as an informed consent, are obtained. The children also provided blood and urine
samples. Institutional review board at the Institute of Experimental Medicine, Academy of Science, Czech Republic, reviewed and approved the study. Full
details of the approach can be found in the online data supplement.

Air Pollution Monitoring of Polycyclic Aromatic Hydrocarbons

Publicly available ambient concentration of benzo[a]pyrene is downloaded from the Czech Hydrometeorological Institute [17]. Eight particle-bound PAHs are
routinely monitored using Versatile Air Pollution Sampler [18–20].

15-F2t-IsoP immunoassay

Plasma concentrations of 15-F2t-IsoP are analyzed using immunoassay kits as described [21].

Urinary 8-oxodG

The concentration of urinary 8-oxodG, using competitive ELISA, is performed [22]. Children’s urine sample are incubated with 50 µl of 8-oxo-dG standards
(concentration range, 1.25–40 ng/ml), 50 µl of primary antibody (JaICA, Japan, clone N45.1, concentration 0.2 µg/ml) as well as 100 µl of secondary antibody
conjugated with alkaline phosphatase. Any samples, which demonstrated inhibition < 20% or > 80% are repeatedly analyzed with or without additional dilution.
Urinary 8-oxo-dG concentration is determined as nmol 8-oxo-dG/mmol creatinine.

Asthma diagnosis: The diagnosis is made during multiple clinic visits, based on the child’s clinical symptoms, laboratory markers, and by performing lung
function test, bronchodilation test, and skin prick tests on older children. The children’s designated primary care physician used different set of clinical criteria
for the older children (≥ 5 years in age) vs. infants and toddlers (≤ 4 years in age). In children 5 years in age or older, a positive diagnosis of asthma is made if
the child had three or more of the following events, including parental report of ≥ 2 episodes of cough (any time during the day); chest tightness and/or
belabored breathing; wheezing and/or whistling sound during breathing; school absence or limitation in play activities; emergency room visit and/or
hospitalization from acute symptom exacerbation. Skin prick test is given to each child to determine the allergen sensitization status (i.e. wheal size ≥ 3 mm
diameter) following an application of common local allergen on the volar arm (PhadiatopH, Pharmacia & Upjohn Diagnostics, Uppsala, Sweden). On children 
≤ 4 years in age, following major and minor criteria are considered. Major criteria include: i) history of hospitalization for bronchiolitis or heavy wheezing
dyspnea; ii) a minimum of three episodes of wheezing dyspnea within the last 6 months; iii) positive asthma diagnosis in either parents; and iv) atopic
dermatitis diagnosis. Minor criteria include: i) atopic rhinitis diagnosis without an indication of infection; ii) history of wheezing without an indication of
infection; iii) Eosinophilia; and iv) male sex. If the infant/toddler met at least one major and at least two minor criteria, he/she is considered to be at high risk
of asthma. Such child are closely monitored. On the other hand, asymptomatic controls included those, who are free from all symptoms. One asthma case is
matched with one control child by geographic location, age range, and gender.

Cotinine Assays

Based on our earlier investigation, urinary concentration of creatinine-adjusted Cotinine concentration is measured using spectrophotometric method [23],
followed by radioimmunoassay [24]. A cut-off value of > 450 ng/mg and 20–449 ng/mg are used to de�ne active and passive smokers, respectively [25].

Statistical Analysis

A child is categorized using his/her body mass index (BMI) as lean, overweight, or obese, using an age- and gender-strati�ed, BMI reference values for
European children [26]. Due to the low count, we combined the children who are either overweight or obese de�nition into a single overweight/obese (OV/OB)
category. The main outcome of interest is a combination of asthma diagnosis (yes/no) with OV/OB status (yes/no), in which lean controls are deemed as the
reference group. Speci�cally, the control children with OV/OB outcome alone (i.e. OV/OB control), lean asthmatics without OV/OB outcome (i.e. lean asthma),
and the children with both OV/OB and asthma (i.e. OV/OB asthma) are de�ned as three nominal outcome groups. In all analyses, the children are strati�ed
according to their atopy- and gender- status. The median and the interquartile range of the main exposure and other covariates are compared across the
outcome groups, using Jonkheere-Terpestra (JT) test with α = 0.05. Prevalence of the outcomes according to the categorical variables are compared using
Pearson χ2 test. All active (> 450 ng cotinine/mg creatinine) as well as the passive smokers (20–449 ng/mg) are removed, leaving only those with cotinine < 
20 ng/mg in the present analysis. Parsimonious multinomial logistic regression models per one (ln)-unit increase in B[a]P are built by forward-selecting
putative confounders, including cotinine (in model A); cotinine and lung function de�cit (in model B); cotinine, lung function de�cit, and 15-Ft2-isoprostane (15-
F2t-IsoP, model C), or by adjusting for cotinine, lung function de�cit, 15-F2t-IsoP as well as 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) in model D (Table 2).
Due to high correlation with plasma concentration of 15-F2t-IsoP, the plasma concentration of carbonyl is not considered as a covariate. All analyses are
performed with SPSS version 20.0.1 for Windows (SPSS Inc., Chicago, Illinois, USA).
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Table 2
Airborne B[a]P range in the four health outcome groups, strati�ed by the allergy- and gender-status of the children. Categorical variables are tested using Chi-s

test of linear-by-linear association.

        Non-atopic

children

    Atopic

children

        Lean

Control

  OV/OB

Control

  Lean

Asthma

  OV/OB

asthma

    Lean

Control

  OV/OB

Control

    Lean

Asthma

  OV

ast

        N (%)   N (%)   N (%)   N (%)     N (%)   N (%)     N (%)   N

  B[a]P (ng/m3)                          

Boys   < 2.3   19 (34)   3 (43)   0 (0)   2 (67)     1 (14)   0 (0)     15 (35)   2

    2.3–
4.2

  8 (14)   3 (43)   4 (24)   1 (33)     6 (86)   1 (100)     15 (35)   6

    4.3–
8.5

  25 (45)   1 (14)   0 (0)   0 (0)     0 (0)   0 (0)     5 (12)   1

    ≥ 
8.6

  4 (7)   0 (0)   13 (77)   0 (0)     0 (0)   0 (0)     8 (19)   3

  B[a]P (ng/m3)                          

Girls   < 2.3   10 (18)   1 (33)   1 (9)   0 (0)     3 (60)   0 (0)     12 (52)   2

    2.3–
4.2

  17 (31)   1 (33)   0 (0)   0 (0)     2 (40)   1 (100)     3 (13)   1

    4.3–
8.5

  22 (40)   1 (33)   0 (0)   0 (0)     0 (0)   0 (0)     1 (4)   1

    ≥ 
8.6

  6 (11)   0 (0)   10 (91)   6 (100)     0 (0)   0 (0)     7 (30)   7

Results

1.1. Exposure and clinical histories of the atopic and the non-atopic children
As shown in Fig. 1 and Table 1, the boys and girls with non-atopic asthma are associated with a highest median B[a]P value, compared to the non-atopic
controls. In particular, the non-atopic girls demonstrate step-wisely increasing median B[a]P concentration for the lean asthmatics (11.2 ng/m3; interquartile
range (IQR), 8.6–16.0 ng/m3) and the OV/OB asthmatics (18.0 ng/m3; IQR, 9.9–20.0 ng/m3), compared to the controls (4.3 ng/m3; IQR, 2.6-6.0 ng/m3; JT p-
value < 0.001; Table 1 and Fig. 1). In contrast, only the non-atopic boys with lean asthma are associated with signi�cantly higher median B[a]P (16.0 ng/m3;
IQR, 6.5–16.0 ng/m3), relative to the non-atopic male controls (4.3 ng/m3; JT p-value < 0.05).
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Table 1
Demographic and exposure traits of the four OV/OB-asthma outcome groups.

      Lean

Control

    OV/OB

Control

    Lean

Asthma

  OV/OB

Asthma

 

      N

Median

(IQR)

    N

Median

(IQR)

    N

Median

(IQR)

  N

Median

(IQR)

 

Ambient B[a]P

concentration

(ng/m3)

Non-atopic Boys   n = 56

4.3

(1.8, 5.4)

    n = 7

2.6

(0.5, 2.7)

    n = 17

16.0

(6.5, 16.0)

† n = 3

1.8

(1.5, --)

 

Non-atopic Girls   n = 55

4.3

(2.6, 6.0)

    n = 3

3.3

(1.8, --)

    n = 11

11.2

(8.6, 16.0)

  n = 6

18.0

(9.9, 20.0)

**

Atopic Boys   n = 7

2.6

(2.6, 3.2)

    n = 1

2.6

(2.6, 2.6)

    n = 43

2.6

(1.8, 6.3)

  n = 12

2.9

(2.6, 9.4)

 

Atopic Girls   n = 5

1.8

(1.7, 3.3)

    n = 1

2.6

(2.6, 2.6)

    n = 23

2.3

(1.8, 8.6)

  n = 11

9.5

(2.7, 20.0)

†

History of

corticosteroid

therapy

(months)

Non-atopic Boys   n = 56

0

(0, 0)

    n = 7

0

(0, 0)

    n = 17

4

(0, 43)

** n = 3

2

(0, --)

 

Non-atopic Girls   n = 55

0

(0, 0)

    n = 3

0

(0, 0)

    n = 11

39

(16, 52)

** n = 6

20

(0, 61)

 

Atopic Boys   n = 7

0

(0, 0)

    n = 1

0

(0, 0)

    n = 43

29

(2, 60)

† n = 12

27

(0, 49)

 

Atopic Girls   n = 5

6

(0, 37)

    n = 1

0

(0, 0)

    n = 23

38

(12, 81)

  n = 11

53

(26, 65)

†

Child’s urinary

Cotinine level

(µg/g Creatinine)

Non-atopic Boys   n = 56

6.7

(4.9, 11.7)

    n = 7

9.3

(8.0, 10.3)

    n = 17

8.2

(4.7, 11.4)

  n = 3

9.0

(7.7, --)

 

Non-atopic Girls   n = 55

7.1

(4.8, 12.0)

    n = 3

9.9

(7.8, --)

    n = 11

5.2

(3.0, 10.0)

  n = 6

7.3

(5.1, 9.6)

 

Atopic Boys   n = 7

8.7

(3.6, 11.5)

    n = 1

11.2

(11.2, 11.2)

    n = 43

6.9

(4.7, 9.4)

  n = 12

7.6

(3.8, 10.3)

 

Atopic Girls   n = 5

3.8

(2.6, 7.7)

    n = 1

16.3

(16.3, 16.3)

†   n = 23

4.9

(4.4, 7.0)

  n = 11

9.1

(6.1, 10.6)

 

Categorical variables are tested using Chi-square test of linear-by-linear association, and the continuous variables are tested using Jonkheere-Terpestra
test. The symbols ** and † denote P-values < 0.001 and 0.05, respectively.
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      Lean

Control

    OV/OB

Control

    Lean

Asthma

  OV/OB

Asthma

 

Child’s

15-F2t-isoP in

plasma

(pg/ml plasma)

Non-atopic Boys   n = 56

154

(131, 175)

    n = 7

150

(122, 162)

    n = 17

151

(116, 171)

  n = 3

269

(167, --)

 

Non-atopic Girls   n = 55

147

(122, 168)

    n = 3

243

(140, --)

    n = 11

141

(115, 187)

  n = 6

112

(95, 129)

 

Atopic Boys   n = 7

135

(110, 164)

    n = 1

166

(166, 166)

    n = 43

148

(135, 166)

  n = 12

162

(142, 173)

 

Atopic Girls   n = 5

137

(113, 162)

    n = 1

152

(152, 152)

    n = 23

151

(134, 172)

  n = 11

148

(133, 161)

 

Child’s age

at �rst clinical

diagnosis

(Months)

Non-atopic Boys   n = 2

48

(4, --)

    n = 0     n = 17

26

(3, 47)

  n = 3

42

(4, --)

 

Non-atopic Girls   n = 2

164

(163, --)

    n = 0     n = 11

8

(4, 63)

  n = 6

6

(2, 62)

 

Atopic Boys   n = 6

68

(13, 115)

    n = 1

61

(61, 61)

    n = 43

34

(6, 66)

  n = 12

17

(3, 115)

 

Atopic Girls   n = 5

104

(9, 126)

    n = 1

36

(36, 36)

    n = 23

42

(9, 74)

  n = 11

11

(4, 52)

 

      N %       N %       N %     N %    

Child’s lung

function de�cit

test result

(Positive)

Non-atopic Boys   0 (0)       0 (0)       2 (12) †   0 (0)    

Non-atopic Girls   0 (0)       0 (0)       2 (18)     3 (50) **  

Atopic Boys   0 (0)       0 (0)       8 (19)     3 (25)    

Atopic Girls   0 (0)       0 (0)       7 (30)     3 (27)    

Child’s history of

allergic rhinitis

at ≤ 3 years

(Yes)

Non-atopic Boys   1 (2)       0 (0)       2 (12)     1 (33) †  

Non-atopic Girls   1 (2)       0 (0)       0 (0)     0 (0)    

Atopic Boys   3 (43)       0 (0)       21 (49)     5 (42)    

Atopic Girls   4 (80)       0 (0)       11 (48)     8 (73)    

Child’s history of

upper respiratory

infection at ≤ 3

years (Yes)

Non-atopic Boys   0 (0)       0 (0)       1 (6)     1 (33) †  

Non-atopic Girls   0 (0)       0 (0)       0 (0)     0 (0)    

Atopic Boys   1 (14)       0 (0)       8 (19)     1 (8)    

Atopic Girls   1 (20)       1 (100)       2 (9)     2 (18)    

Categorical variables are tested using Chi-square test of linear-by-linear association, and the continuous variables are tested using Jonkheere-Terpestra
test. The symbols ** and † denote P-values < 0.001 and 0.05, respectively.
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      Lean

Control

    OV/OB

Control

    Lean

Asthma

  OV/OB

Asthma

 

Child’s history of

atopic dermatitis

at ≤ 3 years (Yes)

Non-atopic Boys   1 (2)       0 (0)       7 (41) **   1 (33)    

Non-atopic Girls   2 (4)       0 (0)       8 (73) **   4 (67)    

Atopic Boys   2 (29)       0 (0)       15 (35)     3 (25)    

Atopic Girls   3 (60)       0 (0)       7 (30)     7 (64)    

Child’s �rst

wheezing

at ≤ 3 years

(Yes)

Non-atopic Boys   0 (0)       0 (0)       17 (100) **   3 (100) **  

Non-atopic Girls   0 (0)       0 (0)       11 (100) **   6 (100) **  

Atopic Boys   0 (0)       0 (0)       43 (100) **   12 (100) **  

Atopic Girls   0 (0)       0 (0)       23 (100) **   11 (100) **  

Father smokes

(yes)

Non-atopic Boys   14 (25)       3 (43)       5 (29)     2 (67)    

Non-atopic Girls   20 (36)       0 (0)       2 (18)     0 (0)    

Atopic Boys   3 (43)       0 (0)       14 (33)     4 (33)    

Atopic Girls   1 (20)       0 (0)       5 (22)     3 (27)    

Mother smokes

(yes)

Non-atopic Boys   5 (9)       3 (43)       2 (12)     2 (67)    

Non-atopic Girls   6 (11)       0 (0)       0 (0)     0 (0)    

Atopic Boys   2 (29)       0 (0)       6 (14)     3 (25)    

Atopic Girls   1 (20)       1 (100)       3 (13)     1 (9)    

Categorical variables are tested using Chi-square test of linear-by-linear association, and the continuous variables are tested using Jonkheere-Terpestra
test. The symbols ** and † denote P-values < 0.001 and 0.05, respectively.

Among the atopic children, the median B[a]P and the IQR range are not different for the atopic boys with lean asthma (2.6 ng/m3; IQR, 1.8–6.3 ng/m3) or
OV/OB asthma (2.9 ng/m3; IQR, 2.6–9.4 ng/m3), compared to the atopic control boys (2.6 ng/m3; IQR, 2.6–3.2 ng/m3; P-values > 0.05; Table 1 and Fig. 1).
Similarly, the median B[a]P is not different for the girls with atopic asthma (2.3 ng/m3; IQR, 1.8–8.6 ng/m3), compared to the atopic controls girls (1.8 ng/m3;
IQR, 1.7–3.3 ng/m3; P-values > 0.05; Table 1 and Fig. 1). Only the atopic girls with OV/OB asthma are associated with signi�cantly higher median B[a]P
(9.5 ng/m3; IQR, 2.9–20.0 ng/m3; P-value < 0.05) compared to the atopic controls (Table 1 and Fig. 1).

As shown in Table 1, the non-atopic (N = 219) and the atopic (N = 142) children demonstrate overall disparate pattern of clinical diagnoses at ≤ 3 years in age.
The non-atopic girls with OV/OB asthma had their �rst clinical diagnosis around 6 months (IQR, 2–62 months; P-value > 0.05), while the non-atopic girls with
lean asthma had their �rst diagnosis around 8 months (IQR, 4–63 months; P-value > 0.05), compared to the non-atopic control girls. Furthermore, the
prevalence of lung function de�cit is highest among the non-atopic girls with OV/OB asthma (50%; JT P-value < 0.001), and second highest among the non-
atopic boys with lean asthma (12%; JT P-value < 0.05), compared to their respective gender-speci�c controls (Table 1). In contrast, neither the atopic boys with
OV/OB asthma, nor the atopic boys with lean asthma demonstrate a signi�cantly elevated prevalence of lung function de�cit (Table 1). Alternatively, the
history of allergic rhinitis or upper respiratory infection at ≤ 3 years are most prevalent among the atopic control children (all P-values > 0.05; Table 1).

1.2. B[a]P-asthma association in the atopic and the non-atopic children
As shown in Table 2, a highest proportion of the non-atopic boys with lean asthma (77%) are associated with a highest ambient B[a]P range (≥ 8.6 ng/m3),
compared to the non-atopic controls. Among the non-atopic girls (Table 2), a highest proportion of those with either lean (91%) or OV/OB asthma (100%) are
associated with a highest B[a]P range, compared to the non-atopic controls (11%; P-values < 0.001). In contrast, the atopic boys do not differ in the highest
B[a]P quartile range between the lean asthmatics (19%), compared to the atopic controls (0%). Among the atopic girls, only the OB/OV asthmatics (64%) are
signi�cantly associated with highest B[a]P range (≥ 8.6 ng/m3), compared to lean control girls (0%; P < 0.05; Table 2).

1.3. Role of lung function de�cit in B[a]P-asthma association for the atopic and the non-
atopic children
The non-atopic boys with a positive lung function de�cit diagnosis as well as lean asthma are associated with a highest median B[a]P (20.0 ng/m3; IQR, 16.0-
24.5 ng/m3, Fig. 2). A second highest median B[a]P is observed in the non-atopic boys with lean asthma, but without the similar de�cit (10.3 ng/m3; IQR, 2.7–
16.0 ng/m3), compared to that for the controls (4.3 ng/m3; IQR, 1.8–5.4 ng/m3, Fig. 2). Similarly, the non-atopic girls with lung function de�cit are associated
the highest median B[a]P whether they had lean asthma (20 ng/m3; IQR, 16.0–24.0 ng/m3) or OV/OB asthma (20 ng/m3; IQR, 16.0–20.0 ng/m3), compared to
that in the controls (4.3 ng/m3; IQR, 2.6–6.0 ng/m3; Fig. 2). In contrast, the non-atopic girls without the lung function de�cit demonstrate more modest
increase in the median B[a]P among the lean asthmatics (11.2 ng/m3; IQR, 8.6–11.2 ng/m3) and OV/OB asthmatics (10.3 ng/m3; IQR, 8.6–15.0 ng/m3),
compared to the non-atopic controls (Fig. 2).
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Among the atopic boys, comorbid presence of lung function de�cit plus the lean asthma (2.7 ng/m3; IQR, 1.9–9.3 ng/m3), or the lung function de�cit plus
OV/OB asthma (1.8 ng/m3; IQR, 1.5–9.3 ng/m3) are not associated with a different median B[a]P, compared to that in the atopic controls (2.6 ng/m3; IQR, 2.6–
3.2 ng/m3; Fig. 2). Among the atopic girls, only those with OV/OB asthma as well as the lung function de�cit are associated with a signi�cantly elevated
median B[a]P (16.0 ng/m3; IQR, 9.3–18.1 ng/m3), followed by those with OV/OB asthma without the de�cit (9.1 ng/m3; IQR, 4.5–18.2 ng/m3), compared to the
median in the atopic control girls (1.8 ng/m3; IQR, 1.7–3.3 ng/m3).

1.4. Role of oxidative stress biomarkers in B[a]P-asthma association for the atopic and the
non-atopic children
As shown in Fig. 3, an opposite trend in 15-F2t-IsoP and 8-oxodG levels, respectively, in relation to B[a]P-asthma association is observed for the non-atopic
versus the atopic children. Among the non-atopic children, those with highest median B[a]P and the asthma outcomes are observed among those with lower
than the median 15-F2t-IsoP (< 150.07 pg/ml). For example, the non-atopic boys, a highest median B[a]P (16.0 ng/m3; IQR, 10.3–24.0 ng/m3) and lean asthma

outcome are observed among those with a lower than the median 15-F2t-IsoP, compared to B[a]P in the non-atopic control boys (median, 3.8 ng/m3; IQR, 1.7–

6.0 ng/m3). Similarly, not only the non-atopic girls with a highest B[a]P value (median, 20.0 ng/m3; IQR, 13.0–20.0 ng/m3) and OV/OB asthma outcome, but
also those with a second highest median B[a]P (11.2 ng/m3; IQR, 8.2–17.0 ng/m3) and lean asthma are both associated with lower than the median 15-F2t-

IsoP (< 150.07 pg/ml), compared to the median B[a]P in the non-atopic control girls (median, 4.4 ng/m3; IQR, 2.6–6.0 ng/m3).

However, an opposite trend is seen among the atopic children. Namely, the highest median B[a]P and the asthma outcome are observed among those with
higher than the median 15-F2t-IsoP. For example, the atopic girls with an elevated median B[a]P and lean asthma (5.8 ng/m3; IQR, 1.8–11.2 ng/m3) or an

OV/OB asthma (median, 16.0 ng/m3 IQR, 5.6–28.0 ng/m3) are observed among those with a higher than the median 15-F2t-IsoP value (≥ 150.07 pg/ml),

compared to the B[a]P in the atopic control girls (median, 1.5 ng/m3 IQR, 1.5–1.5 ng/m3, Fig. 3). The scatterplots (Fig. 4) of 15-F2t-IsoP against B[a]P shows
such contrasting association. Whereas the non-atopic OV/OB girls demonstrate an inverse association between 15-F2t-IsoP and B[a]P (Spearman’s rho =
-0.797; p-value = 0.010), the association is weakly positive or null among the atopic lean or OV/OB girls (Fig. 4).

When we alternatively stratify the same children, according to their overall median 8-oxodG (5.68 nmol/mmol Creatinine; Fig. 5), overall similar trend as those
in 15-F2t-IsoP are observed. Speci�cally, the non-atopic girls with a highest median B[a]P (20.0 ng/m3 IQR, 10.3-. ng/m3) and OV/OB asthma, or the second

highest median B[a]P (11.2 ng/m3 IQR, 8.6–18.0 ng/m3) and the lean asthma are observed among those children with lower than the median 8-oxodG,
compared to the non-atopic controls (median, 3.3 ng/m3 IQR, 2.6–5.3 ng/m3). In contrast, the atopic girls with a highest median B[a]P (18.3 ng/m3 IQR, 6.7–
28.0 ng/m3) as well as an OV/OB asthma, or the atopic girls with a second highest median B[a]P (5.8 ng/m3 IQR, 1.6–12.4 ng/m3) and the lean asthma are
observed among those with a higher than the median 8-oxodG, compared to the atopic control girls (median, 1.8 ng/m3 IQR, 1.8–1.8 ng/m3; Fig. 5).

1.5. B[a]P-asthma associations differs between the atopic and non-atopic children,
following the adjustments for biomarkers
Table 3 summarizes the multinomial logistic regression model-based estimation of odds of the three respective outcomes per unit increase in ambient B[a]P
concentration. A (ln)-unit increase B[a]P predicts approximately 10-times greater odds of asthma for the non-atopic boys with lean asthma (Table 3), after
controlling for cotinine (aOR: 10.3; 95% CI: 3.2 ‒ 33.1; P < 0.001; Model A). When we account for additional covariates in models B, C, and D, such adjustments
are not associated with a marked change in an estimated odds of lean asthma per unit exposure to B[a]P (Table 3). Among the non-atopic girls, the same unit
exposure to B[a]P is associated with a dramatic reduction in asthma effect sizes, following a stepwise adjustment for cotinine, lung function de�cit, 15-F2t-
IsoP, and 8-oxodG (models A to D; Table 3). Similar stepwise adjustments for the same set of covariates are associated with even more dramatic downward
trend in aOR for the non-atopic girls with OV/OB asthma (Table 3). Speci�cally, among the non-atopic girls with OV/OB asthma, the aOR changes from 301.2
(95% CI: 11.0 ‒ 8231.9; P = 0.001) adjusting for cotinine (Model A); to 139.7 (95% CI: 3.2–6120.7; P = 0.010) adjusting for cotinine and the lung function de�cit
(Model B); to 71.2 (95% CI: 2.0 ‒ 2563.5; P = 0.020) adjusting for cotinine, the lung function de�cit, and 15-F2t-IsoP (Model C); and to 46.1 (95% CI: 2.0 ‒
2563.5; P = 0.020) adjusting for cotinine, the lung function de�cit, 15-F2t-IsoP, and 8-oxodG (model D, Table 3).
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On the other hand, the lean atopic children are not associated with an elevated odds of asthma per unit change in B[a]P (Table 3). However, only exception to
such trend is observed among the atopic girls with OV/OB asthma, in whom a unit increase in B[a]P is associated with 5.9-times greater odds, following an
adjustment for lung function de�cit and cotinine (95% CI: 1.1 ‒ 31.3; P = 0.038); 7.6-times greater odds, following cotinine, the lung function de�cit, as well as
15-F2t-IsoP (95% CI: 1.2 ‒ 49.1; P = 0.034; Model C); and 17.1-times greater odds, following an adjustment for cotinine, the lung function de�cit, 15-F2t-IsoP,
and 8-oxodG (95% CI: 1.8 ‒ 165.6; P = 0.014; Model D, Table 3).

Discussion
Even though the need to identify asthma endotypes has grown within the last decade, speci�c environmental toxicants, except for secondhand cigarette
smoke, have not been directly examined as their causal contributors to date. Here, we characterize children with either non-atopic or atopic asthma, in terms of
main exposure of interest, B[a]P, and multiple indicators of pathophysiology, including clinical history, lung function de�cit diagnosis, and two biomarkers, 15-
Ft2-isoP and 8-oxodG. To the best of our knowledge, our analysis demonstrates for the �rst time that not only the childhood exposure level to B[a]P but also
the roles of two systemic oxidant markers, 15-Ft2-isoP and 8-oxodG, are markedly divergent between the non-atopic asthmatic versus atopic asthmatic
children. Our postulate of endotypes is further supported by overall dissimilar pattern of co-morbid events during the children’s �rst three years of life,
preceding the present diagnosis. Namely, the so-called atopic march (e.g. allergic rhinitis, upper respiratory infection) is absent among the non-atopic
asthmatic children. On the other hand, the atopic control children are associated with highest prevalence of the atopic march diagnoses. Furthermore, contrary
to current body of evidence supporting adulthood onset of the non-atopic asthma [27], our data suggest for the �rst time that the lung function de�cit during
early childhood as critical sentinel event preceding non-atopic asthma. Collectively, following lines of evidence suggest that childhood exposures to B[a]P
contributes toward non-atopic asthma, while the atopic one arises through B[a]P-independent mechanisms among the lean children.

First, among the lean children, B[a]P is not associated with elevated odds of atopic asthma, while it is associated with robust increase in the odds of non-
atopic asthma. For example, a unit B[a]P exposure is not associated with asthma among the lean atopic boys, while the same exposure predicts 10-times
greater odds of asthma in the lean non-atopic boys. The non-atopic asthmatic boys with highest exposure to B[a]P (median, 20 ng/m3) were also positively
diagnosis with lung function de�cit, compared to the non-atopic controls (median, 4.3 ng/m3). In contrast, in the lean atopic boys, median B[a]P was uniformly
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low in those with or without the de�cit and with or without asthma. Such trends suggest that childhood exposure to elevated B[a]P level contributes toward a
development of non-atopic asthma, while the atopic asthma occurs through B[a]P-independent mechanisms in lean children.

Second, B[a]P is associated with plasma 15-F2t-IsoP and urinary 8-oxodG, respectively, in an opposite fashion between the non-atopic and the atopic children.
While B[a]P and F2t-isoP are inversely associated among the non-atopic OV/OB girls, the same association is null among the atopic OV/OB girls (Fig. 4).
Among the non-atopic lean girls, the same association is also weakly positive. Such non-linear dose-response suggests the ambient B[a]P concentration might
pose pro-in�ammatory risk at low concentration, which subsequently switches to anti-in�ammatory mechanism activation beyond a certain threshold B[a]P
level [28]. Earlier investigations support hierarchical oxidative stress phases, posed by multiple oxidants within air pollution exposures [29]. At low exposure
concentration, the ambient B[a]P pose pro-in�ammatory risk, which subsequently switches to anti-in�ammatory mechanism activation beyond a certain
threshold [28]. Moreover, the adjustment for F2t-isoP and 8-oxodG, respectively, in the regression models are associated with large decrements in B[a]P-asthma
effect sizes for the non-atopic girls (Table 3). Conversely, the atopic girls are associated with an increased B[a]P-asthma associations, following the same
adjustments. Such divergent trends suggest that B[a]P might initiate and/or exacerbate distinct mechanisms for the non-atopic versus atopic asthma. Our
earlier analyses have shown robust activation of anti-in�ammatory mechanisms in children with high B[a]P exposure as well as a severe outcome [11]. Thus,
while F2t-isoP and 8-oxodG concentrations seem suppressed among those who develop non-atopic asthma, the same oxidants appears to pose mildly pro-
in�ammatory role among the atopic girls and corresponding increased odds of atopic OV/OB asthma (Table 3, Figs. 3 and 4).

Third, question whether OV/OB asthma represents a unique endotype or phenotypic consequence remains unanswered [4, 30]. While multiple endotype might
exist within so-called OV/OB asthma, a unit B[a]P exposure is associated with vastly different estimated between non-atopic and the atopic girls within our
case-control children. Among the non-atopic girls, a unit B[a]P exposure is associated with a modest increase in the odds of lean asthma (aOR, 27.4; 95% CI:
3.2 to 237.1) and OV/OB asthma (aOR, 46.1; 95% CI: 1.7 to 1271.4), respectively. In contrast, the same unit exposure is associated with markedly lower odds
of OV/OB asthma (aOR, 17.1; 95% CI: 1.8 to 165.6) among the atopic girls. Overall, the B[a]P effect sizes differ more dramatically between the non-atopic and
atopic children, than between the lean and OV/OB children within either the non-atopic or atopic group. Our data suggest OV/OB asthma as a severe outcome,
nested within the non-atopic asthma endotype, rather than constituting a unique endotype.

Fourth, the lung function de�cit, which only appear among those with highest median value of B[a]P, appears to be a particularly important predictor of non-
atopic asthma only. Overall, non-atopic boys with a highest median B[a]P exposure are associated with lung function de�cit, as well as elevated odds of lean
asthma. In contrast, the lean atopic boys and girls with low median B[a]P exposure are neither associated with the lung function de�cit diagnosis, nor asthma.
Such trend suggests that processes underlying non-atopic asthma might be distinct from those for the atopic asthma among the boys. That is, lung function
impairment appears to be a ‘meet-in-the-middle’ biomarker of B[a]P and asthma association. Above a certain threshold for exposure, B[a]P are associated with
asthma, regardless of the atopy status.

In our investigation, we could not directly examine whether non-atopic asthma represents T-helper 2 or type 2 low asthma, while atopic asthma captures T-
helper 2 or type 2 high asthma, two known endotypes [3, 30]. This is because we did not measure typical cells and cytokines associated with T-helper 2 or type
2 low vs. T-helper 2 or type 2 high endotypes. Thus, more comprehensive characterization of the two asthmas, in terms of the repertoire of cytokines, cells, and
clinicals traits of the children are warranted.

Strengths and limitations of the present study has been discussed [10–13]. Brie�y, B[a]P is used as a representative PAH compound here, while a more
realistic exposure scenario involves exposure to complex mixture of air pollutants. At the same time, robust body of evidence, including our own, have
demonstrated B[a]P as a etiologically pertinent and representative PAH compound [9, 10, 13, 19, 31–36]. Both the laboratory and epidemiologic evidence have
shown that PAHs could induce or enhance allergic sensitization, exacerbate pre-existing asthma, and enhance the risk of de novo asthma development [33, 37,
38]. In particular, B[a]P has been shown to directly target hematopoietic stem cells by binding to aryl hydrocarbon receptors, and subsequently impart a wide
array of adverse effects, including mitochondrial functional de�cit [39]. Furthermore, B[a]P represents an e�cient indicator of child’s exposure to ambient
pollutant mixture, due to its extremely high correlation with other tra�c-related air pollutants [40–43]. At the same time, other constituents of complex
mixtures could increase multiple types of oxidative injury, respiratory system in�ammation, and alteration in lung structure and function [44]. Thus, other
unmeasured, yet correlated air pollutants (e.g. metals), may pose a threat of residual confounding.

Our earlier investigation has shown the ambient monitored PAH concentrations as apt marker of chronic exposure. For example, the interquartile range of
ambient B[a]P levels during our exposure window of interest (i.e. November, 2008) is representative of the ambient concentrations from the earlier years [12].
At the same time, using ambient monitoring as primary marker of chronic exposure might underestimate exposure from other routes (e.g. oral and dermal).
Our earlier sensitivity analysis has shown that while both the dietary intake and the inhalation exposure to PAHs contribute to human body burden, inhalation
represents predominant route of exposure during the heating season [45].

As our goal was to estimate a proof-of-principle dose-response function of asthma associations under extreme variations in ambient B[a]P concentrations, our
case-control children are not representative of general Czech population.

Conclusion
Within our case-control study, the nonatopic and the atopic asthma are associated with distinct pathophysiologic processes, in which the non-atopic asthma
is B[a]P-dependent, while the atopic one is B[a]P-independent. An elevated exposure to B[a]P is associated with depressed systemic oxidant levels, and
correspondingly elevated odds of non-atopic asthma. On the other hand, low ambient exposure to B[a]P, and weakly pro-in�ammatory effect of oxidative
stress of such exposure, is not associated with atopic asthma.
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Abbreviations:
PAH, Polyaromatic hydrocarbon; OV/OB, overweight/obese; B[a]P, benzo[a]pyrene; 15-F2t-IsoP, 15-Ft2-isoprostane; 8-oxodG, 8-oxo-7,8-dihydro-2’-
deoxyguanosine; JT, Jonkheere-Terpestra; IQR, interquartile range.
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Figures

Figure 1

The box (i.e. interquartile range and median) and whiskers (i.e. 5th and 95th percentile values) of ambient B[a]P concentrations for the boys (i.e. yellow bar)
and the girls (i.e. green bar), according to the outcome categories (i.e. lean control, OV/OB control, lean asthma, and OV/OB asthma), and grouped according
to gender and allergy status (non-atopic vs. atopic). The symbols, O and * represent values >1.5– and >3–fold, respectively, of the 75th percentile value.



Page 14/15

Figure 2

The box (i.e. interquartile range and median) and whiskers (i.e. 5th and 95th percentile values) of ambient B[a]P concentrations for the health outcome groups
(i.e. lean control, OV/OB control, lean asthma, and OV/OB asthma), in which each outcome is further strati�ed by a history of lung function de�cit. The
outcomes are presented according to gender (boys vs. girls) and atopy status (atopic vs. non-atopic). The symbols, O and * represent concentrations >1.5–
and >3–fold of the 75th percentile value.

Figure 3

The box (i.e. interquartile range and median) and whiskers (i.e. 5th and 95th percentile values) of ambient B[a]P concentrations for the health outcome groups
(i.e. lean control, OV/OB control, lean asthma, and OV/OB asthma), in which each of the four outcomes is further strati�ed according to a median 15-F2t-IsoP
value (150.07 pg/ml). Each panel represents combined group, according to the atopy status (atopic vs. non-atopic) and gender (boys vs. girls) and. The
symbols,  and * represent concentrations >1.5– and >3–fold of the 75th percentile value.
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Figure 4

Scatter plot of natural log (ln)-transformed ambient B[a]P (ng/m3) and children’s natural log (ln)-transformed plasma 15-F2t-IsoP concentration. Each panel
represents subgroups of children, who are strati�ed according to their atopy-, gender-, and OV/OB status. The open, blue circle represents the correlation point
value for each child. The lines represent children’s plasma (ln) 15-F2t-IsoP as a linear function of (ln) B[a]P.

Figure 5

The box (i.e. interquartile range and median) and whiskers (i.e. 5th and 95th percentile values) of ambient B[a]P concentrations for the health outcome groups
(i.e. lean control, OV/OB control, lean asthma, and OV/OB asthma), in which each of the four outcomes is further strati�ed according to a median 8-oxo-dG
value (5.68 nmol/mmol Creatinine). Each panel represents a combined group, according to the atopy status (atopic vs. non-atopic) and gender (boys vs. girls)
and. The symbols, O and * represent concentrations >1.5– and >3–fold of the 75th percentile value.


