Assessment of the association of exposure to polycyclic aromatic
hydrocarbons, oxidative stress, and inflammation: A cross-sectional study
in Augsburg, Germany
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are non-polar, semi-vola-
tile, organic pollutants composed of several aromatic rings (Keyte et al.,
2013). They are ubiquitous and hazardous pollutants which are gener-
ated during incomplete combustion of organic materials. Traffic emis-
sions, domestic combustion, and industry practices are suggested to be
the main anthropogenic sources of PAHs in urban areas (Kamal et al.,
2015).

A large proportion of anthropogenically and naturally generated
PAHs is occurring and transported in the air, and here — depending on
physico-chemical parameters — bound to particles or in the gas phase
(Kraus et al., 2011; Li et al., 2021; Liu et al., 2019). Worldwide, strong
efforts are performed to control and decrease the ambient
PAH-concentrations by creating limiting regulations and applying new
technologies for anthropogenic processes such as heating, industrial
processes and traffic. This is on the one hand reflected by relatively low
PAH concentrations in our study region as previously reported (Li et al.,
2018). On the other hand, depending on the current meteorological
conditions (season in general but also specific events), PAHs levels can
be significantly increased, either nationwide or only at specific sites
(Fuchte et al., 2022). Additionally, it is expected that climate change has
an impact on PAH-levels (Garrido et al., 2014) which is not yet fully
understood. PAHs are one of the major groups of ambient pollutants that
cause severe health effects and have been investigated for decades.
Lipophilic PAHs can be absorbed via dermal, respiratory, or ingestion
routes (Andersen et al., 2018; VanRooij et al., 1993). Short-term expo-
sure to PAHs can cause acute health effects such as eye and skin irrita-
tion, headache, nausea, and vomiting. They can also induce
inflammatory processes (Al-Delaimy et al., 2014). Long-term exposure
to PAHs can lead to chronic health issues, such as chronic obstructive
pulmonary disease, diabetes, and cardiovascular diseases (Alshaarawy
et al., 2016; Cao et al., 2020; Yang et al., 2017). PAHs were also related
to oxidative stress, genotoxicity, and carcinogenicity in both in vitro and
in vivo studies (Danielsen et al., 2011; Kumar et al., 2020; Lan et al.,
2004; Lu et al., 2016; McCarrick et al., 2019).

Individuals are always exposed to complex mixtures of low molec-
ular weight, medium molecular weight and high molecular weight
PAHSs, and with current analytical methods it is impossible to compre-
hensively reflect the ways of metabolic transformation and excretion of
all PAHs after their absorption in the organism. The use of biomarkers
allows the assessment of the individual, internal PAH burden, and the
determination of monohydroxylated PAHs (OH-PAHSs) in urine have
been previously used for this purpose (Aquilina et al., 2010; Ifegwu and
Anyakora, 2016; Mesquita et al., 2014; Urbancova et al., 2016). In this
study, we determined 1-OH-pyrene, the main urinary metabolite of
pyrene, and five urinary isomeric OH-phenanthrenes originating from
phenanthrene. Pyrene and phenanthrene are medium molecular weight
PAHs, which are both abundant in typical environmental PAH-mixtures
together with further, especially higher molecular weight PAHs. In
contrast to those higher molecular weight PAHs, the OH-PAH metabo-
lites of pyrene and phenanthrene can be reliably determined in low
volume urine samples, and their concentrations — especially 1-hydroxy-
pyrene concentrations - can be used for estimating the individual
exposure to PAHs.

Oxidative stress is an important pathway linking exposure to
ambient pollution and acute and chronic diseases (Peters et al., 2021).
The induction of a disease process begins with the generation of
oxidative stress in the organism. Once the pollutants are absorbed, the
formation of reactive oxygen species (ROS) such as peroxides, super-
oxides, hydroxyl radicals, and singlet oxygen can be initiated (Apel and
Hirt, 2004; Tao et al., 2003). These species can attack and modify
adjacent macromolecules such as proteins, DNA, and lipids in vivo
(Risom et al., 2005). Humans have protective mechanisms against ROS,
such as antioxidants, or the activation of specific enzymatic processes to
remove ROS species and maintain the oxidative stress balance. If this

subtle balance is disturbed (Droge, 2002), oxidative stress and the
resulting attack on macromolecules can lead to acute and chronic dis-
eases of the respiratory, cardiovascular, or immunological systems
(McCord, 1993; Michael et al., 2013; Miller, 2020; Taverne et al., 2013).

Due to the high reactivity of ROS species, direct quantification is
critical. Some by-products or end products of oxidative stress that are
excreted through faeces or urine can be quantified. We selected the
established biomarkers malondialdehyde (MDA), 8-hydroxy-2'-deoxy-
guanosine (8-OHdG), and the compound class of Fy,-isoprostanes. MDA,
8-OHdG, and Fy,-isoprostanes reflect the amount of damaged double
bonds of polyunsaturated fatty acids (PUFAs) (Ayala et al., 2014; Yoon
et al., 2012), damaged DNA (Evans et al., 2010; Valavanidis et al.,
2009), and damaged membrane phospholipids (Galano et al., 2017;
Milne et al., 2008; Morrow and Roberts, 1996), respectively. Using a
combination of oxidative stress biomarkers increases reliability when
assessing individual oxidative stress levels (Zhu et al., 2021).

Inflammation is another possible pathway for air pollution-initiated
health effects. Previous epidemiological studies have reported that long-
term exposure to ambient pollutants is associated with increased serum
levels of C-reactive protein (CRP), a well-known marker for inflamma-
tion (Everett et al., 2010; Hennig et al., 2014; Ostro et al., 2014; Pilz
et al, 2018). Toxicological studies have led to similar observa-
tions—exposure to air pollution induces inflammatory responses such as
increased CRP concentrations in human blood (Chuang et al., 2007).
Systemic inflammation is induced by ambient air pollution via the
production of cytokines such as tumor necrosis factor-o and
interleukin-8 (Pope et al., 2016). Previous studies also indicated that
PAH exposure is positively associated with oxidative stress and inflam-
mation (Clark et al., 2012; Everett et al., 2010; Farzan et al., 2016;
Ferguson et al., 2017; Gerlofs-Nijland et al., 2009; Lu et al., 2016; Vat-
tanasit et al., 2014).

Although many studies have investigated the associations between
OH-PAHs and oxidative stress or between OH-PAHs and inflammation
or OH-PAHSs and lifestyle factors and health characteristics, only two
epidemiological studies have jointly considered the interplay, however
both being limited by small and/or highly selected populations (Fer-
guson et al., 2017; Zhang et al., 2020). To fill this gap, we conducted this
cross-sectional study among the general adult population and examined
if (1) the concentration of OH-PAHSs, oxidative stress markers, and
high-sensitivity CRP (hs-CRP) varied among subgroups; (2) OH-PAHs
were associated with oxidative stress, including potential effect modi-
fication by underlying systemic inflammation because large amount of
ROS could be generated during the inflammatory process and disturb
the balance (Fialkow et al., 2007); (3) OH-PAHs were associated with
hs-CRP and (4) the selected oxidative stress markers were similarly
associated with hs-CRP.

2. Methods
2.1. Study population

We included a selected subgroup of 400 subjects at different stages of
impaired glucose metabolism without prior cardiovascular disease who
participated in 2013/2014 in the second follow-up (FF4) of the baseline
KORA (Cooperative Health Research in the region of Augsburg) S4 study
(1999-2001, N = 4261) (Bamberg et al., 2017). Participants were
invited to the study center in Augsburg, where they answered a
computer-assisted personal interview and completed a self-administered
questionnaire. All individuals were physically examined, and urine and
blood samples were collected. The general KORA study design, sampling
method, and data collection have been described in detail by Holle et al.
(2005). All participants provided written informed consent to partici-
pate in the study which was approved by the ethics committee of the
Bavarian Medical Association.



2.2. Urinary biomarker measurements

For each participant, a spot urine sample was collected. For further
processing, the samples were stored at —80 °C in a central storage unit.
All urinary biomarkers were analysed in our lab in 2015/16 using pre-
viously established liquid chromatography (LC)- based methods. OH-
PAHs (1-OH-Phe, 1-hydroxyphenanthrene; 2-OH-Phe, 2-hydroxyphe-
nanthrene; 3-OH-Phe, 3-hydroxyphenanthrene; 4-OH-Phe, 4-hydroxy-
phenanthrene; 9-OH-Phe, 9-hydroxyphenanthrene; 1-OH-Pyr, 1-
hydroxypyrene) were measured on an Ultimate 3000 HPLC system
with an RF 2000 fluorescence detector (Thermo Scientific, Dreieich,
Germany) (Lintelmann et al, 2018). MDA, 8-OHdG, and
Foq-isoprostanes (2,3-dinor-8-iso-PGFy, 8-is0-15(R)-PGFay, 8-is0-PGFy,,
and +5-iPFy,) were determined with LC-mass spectrometry, using a
triple quadrupole mass spectrometer API-4000 (AB Sciex, Darmstadt,
Germany) equipped with an electrospray ion source (ESI) (Wu et al.,
2017). The sum concentrations of OH-PAHs (1-OH-Phe, 2-OH-Phe, and
3-OH-Phe) (Hou et al., 2019; Lu et al., 2016) and the sum concentration
of Fqq -isoprostanes (Montuschi et al., 2004) were calculated. OH-PAHSs,
biomarkers of oxidative stress, and creatinine concentrations which
were below the limit of detection (LOD) were set to half of the con-
centration of the LOD (N1_oH-Phe = 8, N2_ou.phe = 19, N3_on.phe = 10,
N4-oH-phe = 152, Ng_on.phe = 260, N1_on.pyr = 14, Nypa = 0, Ng.ondc =
0, N2,3.dinor-8-is0-PGF2¢ = 2, Ng-iso-15(R)-PGF2a = 4> Ng-iso-PGF20¢ = 6, N5.iPF2a
= 1, N¢reatinine = 0). Since more than 20% of 4-OH-Phe concentrations
and 9-OH-Phe concentrations were below the LOD, we did not consider
4-OH-Phe and 9-OH-Phe in later data analysis. Creatinine was quantified
on an HP 1100 LC system with an ultraviolet detector (Agilent, St. Clara,
CA, USA) (Wu et al., 2017). The concentrations of urinary biomarkers
were normalised to creatinine concentrations.

2.3. Individual characteristics and clinical parameters

Fasting venous blood samples were collected during the study par-
ticipants’ visits and stored at 4 °C until further processing. Hs-CRP
concentrations in serum samples were assayed by latex-enhanced
immunonephelometry on a BN II platform (Siemens Healthcare Di-
agnostics Product GmbH, Marburg, Germany) with an intra-assay co-
efficient variation of 2.13% (Pilz et al., 2018). Serum -creatinine
concentrations were determined using an automated Jaffé method
(Technicon, SMAC autoanalyzer; Tarrytown, New York, USA) (Aumann
etal., 2015). As a marker for kidney disease, we calculated the estimated
glomerular filtration rate (eGFR) (mL/min per 1.73 m?) using the 2009
CKD-EPI creatinine equation (Levey et al., 2009). Body mass index
(BMI) was calculated as the weight divided by height (squared). Type 2
diabetes was validated either by an oral glucose tolerance test, a pre-
vious diagnosis, or a current intake of glucose-lowering agents.
Pre-diabetes was defined as impaired fasting glucose and/or impaired
glucose tolerance. Hypertension was defined as blood pressure
>140/90 mmHg or treatment of known hypertension (WHO, 1999).

2.4. Ambient air pollution

Long-term ambient air pollution exposure was estimated using land
use regression models for all KORA participants’ residential addresses
(Wolfetal., 2017). Ambient concentrations of particulate matter smaller
than 2.5 pm in aerodynamic diameter (PMy5) and nitrogen dioxide
(NO3) were measured at 20 and 40 sites, respectively, between March
2014 and April 2015, and temporally adjusted for discontinuous site
measurements. The annual average concentrations were then modelled
using linear regression incorporating predictors such as traffic, land use,
population, and building density. Details of the estimation can be found
in our previous publication (Wolf et al., 2017).

2.5. Statistical analysis

Spearman correlation coefficients were calculated to explore the
relationships of urinary biomarkers, individual characteristics, and
clinical parameters.

We performed Kruskal-Wallis tests to compare biomarker concen-
trations across the subgroups. Obesity was defined as BMI >30 kg/m?,
potential underlying inflammation was defined by the hs-CRP concen-
tration >3 mg/L, and potential renal impairment as eGFR <90 mL/min/
1.73 m? (Inker et al., 2012). Seasons were defined as: spring: March to
May; summer: June to August; autumn: September to November; winter:
December to February.

We used multiple linear regression models to investigate the asso-
ciations between i) OH-PAHs and oxidative stress, ii) OH-PAHs and hs-
CRP, and iii) oxidative stress and hs-CRP. The normalised concentra-
tions of urinary biomarkers and the concentration of hs-CRP were log-
transformed to approximate normal distribution of the residuals and
to stabilise the variance. In the base model, we included age, sex,
smoking, and season as potential confounders, as suggested in a previous
study (Yang et al., 2015). The time trend was included to adjust for
potential fluctuations during the study period. The smoothing parameter
for the trend was chosen by optimising the generalised cross-validation
criteria (Wood, 2006). In an extended model, we additionally adjusted
for obesity, diabetes, and potential renal impairment. We further
included an interaction term to investigate the potential effect modifi-
cation by underlying systemic inflammation. To evaluate the robustness
of our results, we altered our base model adjustment by (1) removing
season or (2) additionally adjusting for annual mean concentrations of
ambient PM; 5 and NO exposure (Spearman correlation 0.71). All sta-
tistical analyses were performed using the R Statistical Software (version
3.5.1, R Foundation for Statistical Computing, Vienna, Austria). A
two-sided P value < 0.05 was considered to be statistically significant.
All effect estimates are presented as percent change of the geometric
mean of the biomarkers with corresponding 95% confidence intervals
for an interquartile range increase in exposure concentration.

3. Results
3.1. Study population

From the original group of 400 participants, 18 subjects were
excluded due to missing values in the main outcomes (OH-PAHs: N = 7;
MDA: N = 8; 8-OHdG: N = 9; Fo,-isoprostanes: N = 9; creatinine: N = 6;
extremely low creatinine concentration: N = 1; hs-CRP: N = 4). The
mean age of the participants was 56 years (Table 1). Overall, 220 (57%)
participants were male, 78 (20%) were smokers, and 163 (43%) re-
ported a smoking history. The geometric mean concentration of hs-CRP
was 1.31 mg/L. In total, 80 participants (21%) showed potential un-
derlying inflammation (hs-CRP > 3 mg/L). Overall, 53 participants were
diagnosed with diabetes (14%), and 156 participants were diagnosed
with pre-diabetes (41%).

The geometric means of the sum OH-PAHs concentration and the
concentrations of 1-OH-Phe, 2-OH-Phe, 3-OH-Phe, and 1-OH-Pyr were
0.24, 0.11, 0.05, 0.06, and 0.16 ng/mg creatinine, respectively. The
geometric means of the sum of Fy,-isoprostanes concentration and the
concentration of 2,3-dinor-8-is0-PGFy, 8-is0-15(R)-PGF4,, 8-is0-PGFo,
and +5-iPFy, were 3.56, 1.71, 0.44, 0.22, and 1.06 ng/mg creatinine,
respectively. The geometric mean concentrations of MDA, 8-OHdG, and
creatinine in the study participants were 33.77 ng/mg creatinine, 2.94
ng/mg creatinine and 1.08 mg/mL, respectively. The annual means of
individual ambient exposure of PM; 5 and NO, were 11.72 pg/m3 and
13.62 pg/m°, respectively. Supplemental Fig. 1 shows the Spearman
correlation coefficients between all pairwise combinations of bio-
markers and clinical parameters. Strong correlations were observed
within the Foy-isoprostane group (0.54-0.90) and the OH-PAH group
(0.78-0.93). Therefore, we limited parts of the subsequent analyses to



Table 1
Descriptive statistics of the study population (N = 400).
Characteristics Mean + SD or Total Missing
N (%) N

Personal Characteristics

Age (years) 56 +£9.2
<55 173 (45%)
>55, <65 126 (33%)
>65 83 (22%)

Sex (male) 220 (57%)

Socio-economic & lifestyle characteristics

BMI (kg/m?) 28.1 + 4.8
Obese (BMI >30 kg/m?) 116 (30.4%)

Smoking Status
Non-smoker 141 (37%)

Ex-smoker 163 (43%)
Smoker 78 (20%)

Clinical Characteristics

hs-CRP (mg/L) (N = 382) 2.39 + 3.36 4

Potential underlying inflammation (hs-CRP > 80 (21%) 4
3 mg/L)

eGFR (mL/min/1.73 m?) 89.9 £ 9.3 7

Potential renal impairment (eGFR <90 mL/ 179 (47%) 7
min/1.73 m?)

Diabetes Status
No Diabetes 173 (45%)

Pre-diabetes 156 (41%)
Diabetes 53 (14%)

Hypertension Status
Hypertension 130 (34%)

Characteristics of the day of examination

Season
Spring (Mar-May) 129 (34%)

Summer (Jun-Aug) 98 (26%)
Autumn (Sep-Nov) 71 (18%)
Winter (Dec—Feb) 84 (22%)

Urinary biomarkers (ng/mg Creatinine)

OH-PAHs 0.34 £ 0.39 7
1-OH-Phe 0.16 + 0.18 7
2-OH-Phe 0.08 + 0.12 7
3-OH-Phe 0.10 + 0.14 7
1-OH-Pyr 0.30 + 0.39 7

MDA 41.76 + 38.69 8

8-OHdG 3.35+1.93 9

Fyy-isoprostanes 4.11 + 2.92 9
2,3-dinor-8-is0-PGFy, 2.08 +£1.63 7
8-i50-15(R)-PGF2 0.52 + 0.1 7
8-i50-PGF3, 0.27 £ 0.23 9
+5-iPFyq 1.24 4+ 0.99 7

Creatinine (mg/mL) 1.34 + 0.81 6

Annual mean of individual ambient exposure (pg/m?)
PM, 5 11.72 £ 1.01
NO, 13.62 + 4.35

SD, standard deviation; OH-PAHs, sum OH-PAHs concentration; 1-OH-Phe, 1-
hydroxyphenanthrene; 2-OH-Phe, 2-hydroxyphenanthrene; 3-OH-Phe, 1-
hydroxyphenanthrene; 1-OH-Pyr, 1-hydroxypyrene; MDA, malondialdehyde; 8-
OHdG, 8-hydroxy-2'-deoxyguanosine; Fa,-isoprostanes, sum Fa,-isoprostanes
concentration; BMI, Body Mass Index; hs-CRP, high sensitivity C-Reactive Pro-
tein; eGFR, Estimated Glomerular Filtration Rate from Serum Creatinine and
Cystatin C; PM, s, particulate matter smaller than 2.5 pm in aerodynamic
diameter; NO,, nitrogen dioxide.

the sum of OH-PAH concentrations and the sum of Fy,-isoprostanes
concentrations as indicators to reduce the number of tests.

3.2. Distribution of biomarker levels across different subgroups

Table 2 shows the median concentrations of biomarkers in the
selected subgroups. MDA concentrations were significantly higher in
participants with higher age (>55 years), potential underlying inflam-
mation, potential renal impairment, or in participants who had their
examinations in spring/winter. 8-OHdG concentrations were signifi-
cantly higher in older participants (age >55 years). Concentrations of
Foq-isoprostanes were significantly higher in female participants or

participants who visited the study center in autumn/winter. Hs-CRP
concentrations were significantly higher in older participants (>65
years), potential renal impairment, diabetes, obesity, or hypertension.

3.3. Association between OH-PAHs and biomarkers of oxidative stress

All OH-PAHs were significantly positively associated with oxidative
stress biomarkers (Fig. 1). For participants with a potential underlying
state of inflammation (hs-CRP > 3 mg/L), we observed stronger asso-
ciations between OH-PAHs and Fy,-isoprostanes and between OH-PAHs
and 8-OHdG, whereas no differences were observed for MDA (Fig. 2).
Additional adjustment for obesity, diabetes, and potential renal
impairment did not considerably change the estimates.

3.4. Association between OH-PAHs and hs-CRP

We did not observe an association between the sum of OH-PAHSs or
single OH-PAHs and hs-CRP for both model adjustment sets, although
the estimates tended to be slightly higher in the extended covariate
model (Fig. 3).

3.5. Association between biomarkers of oxidative stress and hs-CRP

The effect estimates of the three biomarkers of oxidative stress
indicated different patterns of association with hs-CRP (Fig. 4). In the
base covariate model, MDA was not associated with hs-CRP, Fg-iso-
prostanes indicated a positive association, and 8-OHdG was significantly
positively associated. When additionally adjusting for obesity, diabetes,
and potential renal impairment, the positive association between Foq-
isoprostanes and hs-CRP turned significant.

3.6. Robustness of multiple linear regression models

All effect estimates remained robust when excluding season from the
regression models (Supplemental Tables 1-3) or when additionally
adjusting for annual mean concentrations of ambient PMj 5 and NO».

4. Discussion
4.1. Summary

In this cross-sectional study of 400 residents of the Augsburg region
(Germany) conducted in 2013/2014, we determined biomarkers of PAH
exposure, oxidative stress, and inflammation to investigate the interplay
between these three groups of biomarkers. (1) The concentrations of
OH-PAHSs were comparably lower in our study than in other studies. For
example, a study carried out among 300 participants from 7 Asian
countries reported that the mean concentrations of 2-OH-Phe, 3-OH-
Phe, and 1-OH-Pyr ranged between 0.072-0.58 ng/mL, 0.101-0.714 ng/
mL, and 0.167-0.667 ng/mL, respectively (Guo et al., 2013) while in our
study, the mean concentrations were 0.09, 0.11, and 0.35 ng/ml,
respectively (before normalisation by urinary creatinine). The concen-
trations of the biomarkers of oxidative stress and inflammation were
significantly higher in older (MDA, 8-OHdG, and hs-CRP) and obese (hs-
CRP) participants, participants with potential underlying inflammation
(MDA) and potential renal impairment (MDA, 8-OHdG and hs-CRP), as
well as in participants with diagnosed diseases like type 2 diabetes (hs-
CRP) or hypertension (hs-CRP), or for participants who had their clinical
visit in spring/winter (MDA) or autumn/winter (Fy,-isoprostanes )
compared to their respective counterparts. (2) Positive associations were
found between OH-PAHs and biomarkers of oxidative stress, and were
more pronounced in participants with potential underlying inflamma-
tion. (3) However, no association was observed between OH-PAH and
hs-CRP concentrations. (4) Among the three oxidative stress markers,
only 8-OHdG was significantly positively associated with hs-CRP,
whereas Foq-isoprostanes only indicated a positive association, and



Table 2

Kruskal-Wallis Test of OH-PAHs, oxidative stress, and inflammation biomarkers for different subsets of participants.

N OH-PAHs (ng/mg MDA (ng/mg 8-OHdG (ng/mg Faq-isoprostanes (ng/mg hs-CRP (mg/L)
Creatinine) Creatinine) Creatinine) Creatinine)
Median p Median p Median p Median p Median p
Age
Age <55 173 0.20 0.11 26.57 <0.01 2.66 <0.01 3.68 0.64 1.13 0.04
Age >55, <65 126 0.22 32.77 2.98 3.41 1.12
Age >65 83 0.27 37.26 3.49 3.60 1.48
Sex
Female 162 0.21 0.16 29.47 0.19 3.20 0.17 3.77 0.01 1.37 0.08
Male 220 0.24 31.95 291 3.39 1.12
Obesity
No (BMI <30 kg/m?) 266 0.24 0.01 30.80 0.69 3.10 0.12 3.61 0.57 0.97 <0.01
Yes (BMI >30 kg/rnz) 116 0.20 29.40 2.81 3.62 2.27
Smoking Status
Non-smoker 141 0.20 <0.01 32.85 0.20 3.25 0.50 3.77 0.08 1.13 0.50
Ex-smoker 163 0.21 29.38 2.96 3.41 1.15
Smoker 78 0.30 29.54 2.79 3.64 1.51
Potential underlying systemic inflammation
No (hs-CRP < 3 mg/L) 302 0.21 0.04 29.74 0.03 2.96 0.08 3.58 0.55 - -
Yes (hs-CRP > 3 mg/L) 80 0.26 33.42 3.21 3.67 -
Potential renal impairment
No (eGFR >90 mL/min/1.73 m?) 199 0.22 0.72 28.45 0.01 2.90 0.04 3.74 0.08 1.10 0.02
Yes (eGFR <90 mL/min/1.73 m?) 179 0.23 33.32 3.18 3.45 1.38
Type 2 Diabetes
No 173 0.21 0.46 28.86 0.09 2.92 0.19 3.63 0.58 0.93 <0.01
Pre 156 0.22 31.24 3.06 3.51 1.62
Yes 53 0.26 34.81 3.18 3.74 1.15
Hypertension
No 253  0.21 0.97 29.55 0.30 2.94 0.08 3.68 0.29 1.11 <0.01
Yes 139  0.23 32.18 3.18 3.41 1.41
Season
Spring (Mar-May) 129  0.20 <0.01 34.77 <0.01 3.09 0.24 3.68 <0.01 1.11 0.77
Summer (Jun-Aug) 98 0.19 24.35 2.79 2.73 1.15
Autumn (Sep-Nov) 71 0.21 29.48 3.09 4.03 1.30
Winter (Dec—Feb) 84 0.33 32.88 3.23 4.01 1.17

hs-CRP, high sensitivity C-Reactive Protein; eGFR, Estimated Glomerular Filtration Rate from Serum Creatinine and Cystatin C, OH-PAHs, sum OH-PAHs concen-
tration; 1-OH-Phe, 1-hydroxyphenanthrene; 2-OH-Phe, 2-hydroxyphenanthrene; 3-OH-Phe, 1-hydroxyphenanthrene; 1-OH-Pyr, 1-hydroxypyrene; MDA, malondial-
dehyde; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; Fo,-isoprostanes, sum Fo,-isoprostanes concentration; BMI, Body Mass Index; potential renal impairment, chronic

kidney disease.

Fig. 1. Percent change in biomarkers of oxidative stress (95% CI) in association with an interquartile range increase in internal exposure biomarkers adjusted for age,
sex, smoking, trend, and season (A Base model) and additionally adjusted for obesity, diabetes and potential renal impairment (B Extended model).

MDA was not associated at all. When additionally adjusting for obesity,
diabetes, and potential renal impairment, the positive association be-
tween Fo,-isoprostanes and hs-CRP turned significant.

4.2. Biomarkers varied across different subgroups

Sex: We observed higher concentrations of Fy,-isoprostanes in
women than in men. A similar study from the U.S. examining 65 par-
ticipants (19 male, 46 female; 38.6 + 11.1 years old) also found higher
concentration of Fy,-isoprostanes in females (Ma et al., 2017). Such

different concentration levels in males and females may be caused by a
decrease in oestrogen levels, which reduces the antioxidative capability
in the postmenopausal period (Zaja-Milatovic et al., 2009), or due to the
different ratios in content of lean body mass and bone mineral in male
and female participants (Ma et al., 2017).

Age: Many studies have reported an association between aging and
ROS, suggesting that free radicals play an important role in aging (Finkel
and Holbrook, 2000; Guyton et al., 1998; Harman, 1956). In the present
study, the biomarkers of ROS damage, MDA and 8-OHdG, showed
higher concentrations in the older groups (between 55 and 65 years and



Fig. 2. Effect modification by potential underlying systemic inflammation (hs-CRP > 3 mg/L vs. hs-CRP < 3 mg/L) of the association between OH-PAHs and
oxidative stress biomarkers adjusted for age, sex, smoking, trend, and season (Base model). (* p-value of interaction <0.05, (*) p-value of interaction <0.1).

Fig. 3. Percent change in hs-CRP (95% CI) in association with an interquartile
range increase in OH-PAHs adjusted for age, sex, smoking, trend, and season (A
Base model) and additionally adjusted for obesity, diabetes and potential renal
impairment (B Extended model).

older than 65 years) which is consistent with the theory that organisms
age because they accumulate oxidative damage generated by ROS.

Smoking: Cigarette smoke contains large amounts of PAHs (Vu et al.,
2015), and the group of smokers showed the highest level of PAH me-
tabolites in urine. Similarly, a cohort study among 288 non-smokers and
100 smokers found highly significant differences and dose-response re-
lationships with regard to cigarettes smoked per day for 2- OH-Phe, 3-
OH-Phe, 4-OH-Phe, and 1-OH-Pyr (Heudorf and Angerer, 2001). In
addition, a cross-sectional study among 4092 participants in China
found significant correlations between urinary OH-PAH levels and
cigarette smoking (Cao et al., 2020a).

Obesity and chronic diseases: Participants with obesity, potential
renal impairment, diabetes, and hypertension showed higher concen-
trations of hs-CRP, indicating an underlying inflammatory state in these
participants. Two studies compared patients at different stages of
chronic kidney disease (CKD) with a control group and found higher
oxidative stress levels and inflammation in patients with CKD (Kar-
amouzis et al., 2008; Oberg et al., 2004). Accordingly, we observed
higher concentrations of MDA, 8-OHdG, and hs-CRP in participants with
potential renal impairment, as well as an indication for Fy,-isoprostanes.
Two studies among a cohort of North Indians and a cohort of African
Americans found that higher concentrations of hs-CRP were associated
with diabetes or, to a lesser degree, insulin resistance (Effoe et al., 2015;
Mahajan et al., 2009). A study from Egypt, including 80 participants,
reported that hypertension may increase the level of hs-CRP (Abd El Aziz
et al., 2019), which matches our observations.

Fig. 4. Percent change in hs-CRP (95% CI) in association with an interquartile
range increase in oxidative stress biomarkers adjusted for age, sex, smoking,
trend, and season (A Base model) and additionally adjusted for obesity, diabetes
and potential renal impairment (B Extended model).

Season: We found significantly higher OH-PAH levels in urine sam-
ples collected during winter. We assume that a large part of the internal
PAH burden is caused by exposure to PAH-polluted ambient air. Several
studies have monitored atmospheric PAHs in Europe and China in recent
years and reported similar seasonal variations due to different source
contributions between autumn-winter and spring-summer (Albu-
querque et al., 2016; Dvorska et al., 2011; Liu et al., 2014; Schnelle-Kreis
et al., 2007). Moreover, Li et al. suggested that biomass burning for
domestic heating during the heating season (October to March) was the
major contributor to atmospheric PAHs in the Augsburg region (Ger-
many) between 2014 and 2015 (Li et al., 2018). This observation was
consistent with our results of seasonal variations in OH-PAHs, indicating
that ambient PAHs might be an important source of PAH intake. In
addition, the levels of oxidative stress markers (MDA and
Fog-isoprostanes) were significantly higher in samples taken in
spring/winter or autumn/winter, which may also be related to increased
ambient PAHs pollution. Both short- and long-term studies suggest that
higher concentrations of OH-PAHs and increased levels of oxidative



stress biomarkers can be detected after exposure to ambient pollutants
(Bortey-Sam et al., 2017; Li et al., 2012; Lu et al., 2016; Moller and Loft,
2010; Motorykin et al., 2015; Suzuki et al., 1995).

4.3. Associations between OH-PAHs and oxidative stress and the role of
inflammation

Two smaller cohort studies investigated the association between
selected oxidative stress markers (MDA, 8-OHdG, and Fy,-isoprostanes)
and OH-PAHs in Japan and the United States (Bortey-Sam et al., 2017;
Ferguson et al., 2017). Bortey-Sam et al. found significantly positive
correlations between the sum of OH-PAHs, 2-OH-naphthalene,
2-3-OH-fluorenes, and MDA, and a positive correlation between
4-OH-Phe and 8-OHdG in urine samples collected from 202 residents of
Kumasi, Japan. Ferguson et al. investigated urine samples of 200 preg-
nant women in the United States and reported that some PAH metabo-
lites were consistently positively associated with urinary oxidative stress
markers (8-OHdG and 8-isoprostane) (Ferguson et al., 2017). These
findings were confirmed by our study, in which all examined oxidative
stress markers showed positive associations with OH-PAHs. It should be
mentioned that Ferguson et al. used specific gravity-corrected urinary
concentrations in their study. Recent investigations showed that both,
creatinine and specific gravity can be used as tools for normalisation or
correction and no significant differences considering the results are ex-
pected in generally healthy individuals (Sallsten and Barregard, 2021).
Although Kuiper et al. recently recommended the specific gravity
method (Kuiper et al., 2021), at the time our samples were analysed
(2015/16), most other studies were also based on creatinine normalised
values.

In our study, the associations between OH-PAHs, 8-OHdG and Fy,-
isoprostanes were more pronounced in participants with potential un-
derlying systemic inflammation, whereas no difference was observed for
MDA. This finding indicates that oxidative stress is deteriorated, or is
promoted by systemic inflammation. In a review article, Biswas et al.
pointed out that inflammation processes can produce reactive species,
and an inflammatory status may exaggerate the generation of reactive
species (Biswas, 2016). Similarly, other underlying long-term risk factor
profiles associated with obesity, diabetes, or CKD, may be responsible
for increased levels of oxidative stress, as suggested by our data.

4.4. Associations between OH-PAHs and hs-CRP

A cohort study by Clark et al. using data of 3219 participants aged 20
years and older from the U.S National Health and Nutrition Examination
Survey (NHANES) 2001-2004 investigated the relationship between
OH-PAHSs and inflammatory markers (homocysteine, fibrinogen, white
blood cell count), but found no significant differences between high and
low levels (75th vs. 25th percentiles) of all PAH metabolites in non-
smoking participants (Clark et al., 2012). The study by Ferguson et al.
observed positive associations between urinary OH-PAH concentrations
and hs-CRP, but not with inflammatory cytokines (IL-1p, IL-6, IL-10, and
TNF-a). In this analysis, we observed only slight indications for a posi-
tive association between OH-PAHSs and hs-CRP levels. Clark et al. did not
specify whether they used spot urine or 24 h urine, thus the compara-
bility is limited.

In our previous KORA FF4 study across the full sample of 2252
participants, we observed significant positive associations between long-
term exposure to ambient air pollution and hs-CRP (Pilz et al., 2018). In
summary, our findings in this relatively low-exposure setting point to
only weak associations between OH-PAHs and inflammation.

4.5. Association between oxidative stress and hs-CRP varied for different
biomarkers

It has been shown that ROS play an important role in the signalling of
inflammatory responses (Peters et al., 2021). In this analysis, 8-OHdG

was significantly positively associated with hs-CRP, while MDA
showed no association. When additionally adjusting for obesity, dia-
betes and potential renal impairment, the positive association between
Fog-isoprostanes and hs-CRP turned significant. Although MDA,
Foq-isoprostanes, and 8-OHdG are all indicators of ROS levels, they are
generated from different pathways. While MDA (Ayala et al., 2014; Chen
etal., 2011) and Fy4-isoprostanes (Galano et al., 2017; Milne et al., 2008;
Morrow and Roberts, 1996) are generated from non-enzymatic and free
radical-mediated oxidation, 8-OHdG is formed enzymatically during
DNA impairment and repair (Evans et al., 2010; Valavanidis et al.,
2009). Different phases of oxidative stress from tolerance, adaptation,
inflammation, and cell death were described by Peters et al. as a con-
tinuum (Peters et al., 2021). Therefore, MDA and Fy4-isoprostanes can
be generated through all phases of the continuum, while 8-OHdG is only
generated in the later phases, for example, inflammation and cell death
when ROS exceed antioxidation (Asanka Sanjeewa et al., 2021; Janovits
et al., 2021; Luan et al., 2022; Trettin et al., 2014). Moreover, MDA is
highly reactive and very polar. It is generated in the early phase of the
exposure but gets cleared very fast (Siu and Draper, 1982; Traverso
et al., 2004) whereas Fo,-isoprostanes are relatively stable (Milne et al.,
2008). This might be one explanation why we observed no association
between hs-CRP and MDA but an indication for Fy,-isoprostanes.

4.6. Strengths and limitations

One strength of this study is the selection of various biomarkers of
oxidative stress, which were measured in our laboratory using estab-
lished high-performance analytical methods. Each marker or each group
of markers reflects characteristic damage to cellular macromolecules,
namely the double bonds of PUFA, DNA, and membrane phospholipids.
This allows the investigation of their interplay with respect to the in-
ternal PAH burden, which was also determined in our lab, along with the
inflammation marker hs-CRP. Another strength of our study is the high
number and diversity of individual participants’ data available for the
sub-cohort of the KORA study. The combination of lab-generated data
with comprehensive information of the participants allowed us to
perform more comprehensive investigations and better control of con-
founders than in previous studies.

There were several limitations to this study. First, our study was a
cross-sectional study, and each participant was sampled only at a single
time point from 2013 to 2014. Second, as a selected subset of partici-
pants was included in this analysis, our findings might not be repre-
sentative for the general population. Third, OH-PAHs and biomarkers of
oxidative stress were analysed from urine samples, while hs-CRP was
analysed from serum samples. Metabolites in urine are considered as end
products (Ayala et al., 2014; Evans et al., 2010; Morrow and Roberts,
1996) whereas metabolites in serum can function and participate in
metabolic processes (Gewurz et al., 1982). However, this could also be
considered an opportunity to observe and interpret the data within a
larger frame. Fourth, the half-lives of the biomarkers might differ which
could be one of the reasons why we did not observe an association be-
tween OH-PAHs and hs-CRP (Li et al., 2012; Pepys and Hirschfield,
2003). Finally, only spot urine samples were collected and analysed.
However, we applied creatinine normalisation, an effective normal-
isation method to minimise the differences between the concentrations
of OH-PAHs in spot, first-morning, and 24-h urine samples (Li et al.,
2010).

5. Conclusion

In this cross-sectional study, we observed associations between
exposure to PAHs, oxidative stress, and inflammation, even in a low
exposure setting. We found positive associations between OH-PAHs and
oxidative stress that were more pronounced in participants with an
underlying inflammatory state. Additionally, hs-CRP was positively
associated with increased markers of oxidative stress but not directly



with PAHs. Individual risk factors were important contributors to these
processes and should be considered as potential confounders in future
studies. Further longitudinal studies are necessary to investigate the
causal chain of the associations.

Declaration of interest

All authors declare that no conflict of interest exists.

Acknowledgement

The KORA study was initiated and financed by the Helmholtz Zen-
trum Miinchen — German Research Center for Environmental Health,
which is funded by the German Federal Ministry of Education and
Research (BMBF) and by the State of Bavaria. Furthermore, KORA
research was supported within the Munich Center of Health Sciences
(MC-Health), Ludwig- Maximilians-Universitat, as part of
LMUinnovativ.

Mr. Xiao Wu holds a China Scholarship Council Studentship with the
University of Rostock and Helmholtz Zentrum Miinchen.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ijheh.2022.113993.

References

Abd El Aziz, W., Abou Elnour, E., Mena, M., El-brol, R., 2019. A comparative analysis of
the level of high-sensitivity C-reactive protein in individuals with and without
hypertension. Menoufia Medical Journal 32, 187-193.

Al-Delaimy, W.K., Larsen, C.W., Pezzoli, K., 2014. Differences in health symptoms among
residents living near illegal dump sites in Los Laureles Canyon, Tijuana, Mexico: a
cross sectional survey. Int. J. Environ. Res. Publ. Health 11, 9532-9552.

Albuquerque, M., Coutinho, M., Borrego, C., 2016. Long-term monitoring and seasonal
analysis of polycyclic aromatic hydrocarbons (PAHs) measured over a decade in the
ambient air of Porto. Portugal. Sci Total Environ 543, 439-448.

Alshaarawy, O., Elbaz, H.A., Andrew, M.E., 2016. The association of urinary polycyclic
aromatic hydrocarbon biomarkers and cardiovascular disease in the US population.
Environ. Int. 89-90, 174-178.

Andersen, M.H.G., Saber, A.T., Pedersen, J.E., Pedersen, P.B., Clausen, P.A., Lohr, M.,
Kermanizadeh, A., Loft, S., Ebbehoj, N.E., Hansen, A.M., Kalevi Koponen, I.,
Norskov, E.C., Vogel, U., Moller, P., 2018. Assessment of polycyclic aromatic
hydrocarbon exposure, lung function, systemic inflammation, and genotoxicity in
peripheral blood mononuclear cells from firefighters before and after a work shift.
Environ. Mol. Mutagen. 59, 539-548.

Apel, K., Hirt, H., 2004. Reactive oxygen species: metabolism, oxidative stress, and signal
transduction. Annu. Rev. Plant Biol. 55, 373-399.

Aquilina, N.J., Delgado-Saborit, J.M., Meddings, C., Baker, S., Harrison, R.M.,

Jacob 3rd, P., Wilson, M., Yu, L., Duan, M., Benowitz, N.L., 2010. Environmental and
biological monitoring of exposures to PAHs and ETS in the general population.
Environ. Int. 36, 763-771.

Asanka Sanjeewa, K.K., Herath, K.H.I.LN.M., Yang, H.W., Choi, C.S., Jeon, Y.J., 2021.
Anti-inflammatory mechanisms of fucoidans to treat inflammatory diseases: a
review. Mar. Drugs 19.

Aumann, N., Baumeister, S.E., Rettig, R., Lieb, W., Werner, A., Doring, A., Peters, A.,
Koenig, W., Hannemann, A., Wallaschofski, H., Nauck, M., Stracke, S., Volzke, H.,
Meisinger, C., 2015. Regional Variation of Chronic Kidney Disease in Germany:
Results from Two Population-Based Surveys, vol. 40. Kidney Blood Press Res,
pp. 231-243.

Ayala, A., Munoz, M.F., Arguelles, S., 2014. Lipid peroxidation: production, metabolism,
and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxid.
Med. Cell. Longev. 2014, 360438.

Bamberg, F., Hetterich, H., Rospleszcz, S., Lorbeer, R., Auweter, S.D., Schlett, C.L.,
Schafnitzel, A., Bayerl, C., Schindler, A., Saam, T., Miiller-Peltzer, K., Sommer, W.,
Zitzelsberger, T., Machann, J., Ingrisch, M., Selder, S., Rathmann, W., Heier, M.,
Linkohr, B., Meisinger, C., Weber, C., Ertl-Wagner, B., Massberg, S., Reiser, M.F.,
Peters, A., 2017. Subclinical disease burden as assessed by whole-body MRI in
subjects with prediabetes, subjects with diabetes, and normal control subjects from
the general population: the KORA-MRI study. Diabetes 66, 158-169.

Biswas, S.K., 2016. Does the interdependence between oxidative stress and inflammation
explain the antioxidant paradox? Oxid. Med. Cell. Longev. 2016, 5698931.

Bortey-Sam, N., Ikenaka, Y., Akoto, O., Nakayama, S.M.M., Asante, K.A., Baidoo, E.,
Obirikorang, C., Saengtienchai, A., Isoda, N., Nimako, C., Mizukawa, H.,

Ishizuka, M., 2017. Oxidative stress and respiratory symptoms due to human
exposure to polycyclic aromatic hydrocarbons (PAHs) in Kumasi, Ghana. Environ.
Pollut. 228, 311-320.

Cao, L., Wang, D., Zhu, C., Wang, B., Cen, X., Chen, A., Zhou, H., Ye, Z., Tan, Q., Nie, X.,
Feng, X., Xie, Y., Yuan, J., Chen, W., 2020. Polycyclic aromatic hydrocarbon
exposure and atherosclerotic cardiovascular disease risk in urban adults: the
mediating role of oxidatively damaged DNA. Environ. Pollut. 265, 114860.

Chen, J.L., Huang, Y.J., Pan, C.H., Hu, C.W., Chao, M.R., 2011. Determination of urinary
malondialdehyde by isotope dilution LC-MS/MS with automated solid-phase
extraction: a cautionary note on derivatization optimization. Free Radic. Biol. Med.
51, 1823-1829.

Chuang, K.J., Chan, C.C., Su, T.C., Lee, C.T., Tang, C.S., 2007. The effect of urban air
pollution on inflammation, oxidative stress, coagulation, and autonomic dysfunction
in young adults. Am. J. Respir. Crit. Care Med. 176, 370-376.

Clark 3rd, J.D., Serdar, B., Lee, D.J., Arheart, K., Wilkinson, J.D., Fleming, L.E., 2012.
Exposure to polycyclic aromatic hydrocarbons and serum inflammatory markers of
cardiovascular disease. Environ. Res. 117, 132-137.

Danielsen, P.H., Moller, P., Jensen, K.A., Sharma, A.K., Wallin, H., Bossi, R., Autrup, H.,
Molhave, L., Ravanat, J.L., Briede, J.J., de Kok, T.M., Loft, S., 2011. Oxidative stress,
DNA damage, and inflammation induced by ambient air and wood smoke particulate
matter in human A549 and THP-1 cell lines. Chem. Res. Toxicol. 24, 168-184.

Droge, W., 2002. Free radicals in the physiological control of cell function. Physiol. Rev.
82, 47-95.

Dvorska, A., Lammel, G., Klanov4, J., 2011. Use of diagnostic ratios for studying source
apportionment and reactivity of ambient polycyclic aromatic hydrocarbons over
Central Europe. Atmos. Environ. 45, 420-427.

Effoe, V.S., Correa, A., Chen, H., Lacy, M.E., Bertoni, A.G., 2015. High-sensitivity C-
reactive protein is associated with incident type 2 diabetes among African
Americans: the Jackson heart study. Diabetes Care 38, 1694-1700.

Evans, M.D., Saparbaev, M., Cooke, M.S., 2010. DNA repair and the origins of urinary
oxidized 2’-deoxyribonucleosides. Mutagenesis 25, 433-442.

Everett, C.J., King, D.E., Player, M.S., Matheson, E.M., Post, R.E., Mainous 3rd, A.G.,
2010. Association of urinary polycyclic aromatic hydrocarbons and serum C-reactive
protein. Environ. Res. 110, 79-82.

Farzan, S.F., Chen, Y., Trachtman, H., Trasande, L., 2016. Urinary polycyclic aromatic
hydrocarbons and measures of oxidative stress, inflammation and renal function in
adolescents: NHANES 2003-2008. Environ. Res. 144, 149-157.

Ferguson, K.K., McElrath, T.F., Pace, G.G., Weller, D., Zeng, L., Pennathur, S.,
Cantonwine, D.E., Meeker, J.D., 2017. Urinary polycyclic aromatic hydrocarbon
metabolite associations with biomarkers of inflammation, angiogenesis, and
oxidative stress in pregnant women. Environ. Sci. Technol. 51, 4652-4660.

Fialkow, L., Wang, Y., Downey, G.P., 2007. Reactive oxygen and nitrogen species as
signaling molecules regulating neutrophil function. Free Radic. Biol. Med. 42,
153-164.

Finkel, T., Holbrook, N.J., 2000. Oxidants, oxidative stress and the biology of ageing.
Nature 408, 239-247.

Fuchte, H.E., Paas, B., Auer, F., Bayer, V.J., Achten, C., Schiffer, A., Smith, K.E.C., 2022.
Identification of sites with elevated PM levels along an urban cycle path using a
mobile platform and the analysis of 48 particle bound PAH. Atmos. Environ. 271,
118912.

Galano, J.M., Lee, Y.Y., Oger, C., Vigor, C., Vercauteren, J., Durand, T., Giera, M., Lee, J.
C., 2017. Isoprostanes, neuroprostanes and phytoprostanes: an overview of 25years
of research in chemistry and biology. Prog. Lipid Res. 68, 83-108.

Garrido, A., Jiménez-Guerrero, P., Ratola, N., 2014. Levels, trends and health concerns of
atmospheric PAHs in Europe. Atmos. Environ. 99, 474-484.

Gerlofs-Nijland, M.E., Rummelhard, M., Boere, A.J., Leseman, D.L., Duffin, R., Schins, R.
P., Borm, P.J., Sillanpaa, M., Salonen, R.O., Cassee, F.R., 2009. Particle induced
toxicity in relation to transition metal and polycyclic aromatic hydrocarbon
contents. Environ. Sci. Technol. 43, 4729-4736.

Guyton, K.Z., Gorospe, M., Wang, X., Mock, Y.D., Kokkonen, G.C., Liu, Y., Roth, G.S.,
Holbrook, N.J., 1998. Age-related changes in activation of mitogen-activated protein
kinase cascades by oxidative stress. J. Invest. Dermatol. Symp. Proc. 3, 23-27.

Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry.

J. Gerontol. 11, 298-300.

Hennig, F., Fuks, K., Moebus, S., Weinmayr, G., Memmesheimer, M., Jakobs, H., Brocker-
Preuss, M., Fuhrer-Sakel, D., Mohlenkamp, S., Erbel, R., Jockel, K.H., Hoffmann, B.,
Heinz Nixdorf Recall Study Investigative, G, 2014. Association between source-
specific particulate matter air pollution and hs-CRP: local traffic and industrial
emissions. Environ. Health Perspect. 122, 703-710.

Holle, R., Happich, M., Lowel, H., Wichmann, H.E., Group, M.K.S., 2005. KORA-a
research platform for population based health research. Gesundheitswesen 67
(Suppl. 1), S19-S25.

Hou, J., Yin, W,, Li, P., Huang, Y., Wan, Y., Hu, C., Xu, T., Cheng, J., Wang, L., Yu, Z.,
Yuan, J., 2019. Effect of exposure to phthalates on association of polycyclic aromatic
hydrocarbons with 8-hydroxy-2’-deoxyguanosine. Sci. Total Environ. 691, 378-392.

Ifegwu, O.C., Anyakora, C., 2016. Chapter six - polycyclic aromatic hydrocarbons: Part II,
urine markers. In: Makowski, G.S. (Ed.), Advances in Clinical Chemistry. Elsevier,
pp. 159-183.

Inker, L.A., Schmid, C.H., Tighiouart, H., Eckfeldt, J.H., Feldman, H.I., Greene, T.,
Kusek, J.W., Manzi, J., Van Lente, F., Zhang, Y.L., Coresh, J., Levey, A.S.,
Investigators, C.-E., 2012. Estimating glomerular filtration rate from serum
creatinine and cystatin C. N. Engl. J. Med. 367, 20-29.

Janovits, P.M., Leiguez, E., Portas, V., Teixeira, C., 2021. A metalloproteinase induces an
inflammatory response in preadipocytes with the activation of cox signalling
pathways and participation of endogenous phospholipases a2. Biomolecules 11.

Kamal, A., Qamar, K., Gulfraz, M., Anwar, M.A., Malik, R.N., 2015. PAH exposure and
oxidative stress indicators of human cohorts exposed to traffic pollution in Lahore
city (Pakistan). Chemosphere 120, 59-67.


https://doi.org/10.1016/j.ijheh.2022.113993
https://doi.org/10.1016/j.ijheh.2022.113993
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref1
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref1
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref1
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref2
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref2
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref2
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref3
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref3
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref3
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref4
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref4
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref4
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref5
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref5
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref5
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref5
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref5
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref5
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref6
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref6
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref7
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref7
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref7
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref7
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref8
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref8
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref8
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref9
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref9
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref9
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref9
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref9
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref10
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref10
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref10
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref11
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref12
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref12
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref13
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref13
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref13
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref13
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref13
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref14
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref14
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref14
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref14
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref15
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref15
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref15
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref15
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref16
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref16
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref16
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref17
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref17
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref17
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref18
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref18
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref18
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref18
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref19
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref19
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref20
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref20
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref20
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref21
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref21
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref21
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref22
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref22
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref23
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref23
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref23
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref24
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref24
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref24
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref25
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref25
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref25
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref25
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref26
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref26
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref26
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref27
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref27
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref28
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref28
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref28
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref28
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref29
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref29
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref29
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref30
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref30
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref31
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref31
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref31
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref31
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref32
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref32
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref32
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref33
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref33
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref34
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref34
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref34
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref34
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref34
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref35
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref35
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref35
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref36
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref36
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref36
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref37
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref37
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref37
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref38
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref38
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref38
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref38
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref39
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref39
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref39
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref40
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref40
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref40

Karamouzis, 1., Sarafidis, P.A., Karamouzis, M., Iliadis, S., Haidich, A.B., Sioulis, A.,
Triantos, A., Vavatsi-Christaki, N., Grekas, D.M., 2008. Increase in oxidative stress
but not in antioxidant capacity with advancing stages of chronic kidney disease. Am.
J. Nephrol. 28, 397-404.

Keyte, 1.J., Harrison, R.M., Lammel, G., 2013. Chemical reactivity and long-range
transport potential of polycyclic aromatic hydrocarbons-a review. Chem. Soc. Rev.
42, 9333-9391.

Kraus, U., Breitner, S., Schnelle-Kreis, J., Cyrys, J., Lanki, T., Riickerl, R., Schneider, A.,
Briiske, 1., Gu, J., Devlin, R., Wichmann, H.E., Zimmermann, R., Peters, A., 2011.
Particle-associated organic compounds and symptoms in myocardial infarction
survivors. Inhal. Toxicol. 23, 431-447.

Kuiper, J.R., O’Brien, K.M., Ferguson, K.K., Buckley, J.P., 2021. Urinary specific gravity
measures in the U.S. population: implications for the adjustment of non-persistent
chemical urinary biomarker data. Environ. Int. 156, 106656.

Kumar, A., Sankar, T.K., Sethi, S.S., Ambade, B., 2020. Characteristics, toxicity, source
identification and seasonal variation of atmospheric polycyclic aromatic
hydrocarbons over East India. Environ. Sci. Pollut. Res. Int. 27, 678-690.

Lan, Q., Mumford, J.L., Shen, M., Demarini, D.M., Bonner, M.R., He, X., Yeager, M.,
Welch, R., Chanock, S., Tian, L., Chapman, R.S., Zheng, T., Keohavong, P.,
Caporaso, N., Rothman, N., 2004. Oxidative damage-related genes AKR1C3 and
OGG1 modulate risks for lung cancer due to exposure to PAH-rich coal combustion
emissions. Carcinogenesis 25, 2177-2181.

Levey, A.S., Stevens, L.A., Schmid, C.H., Zhang, Y.L., Castro 3rd, A.F., Feldman, H.I.,
Kusek, J.W., Eggers, P., Van Lente, F., Greene, T., Coresh, J., Ckd, E.P.I., 2009. A new
equation to estimate glomerular filtration rate. Ann. Intern. Med. 150, 604-612.

Li, F., Gu, J., Xin, J., Schnelle-Kreis, J., Wang, Y., Liu, Z., Shen, R., Michalke, B.,
Abbaszade, G., Zimmermann, R., 2021. Characteristics of chemical profile, sources
and PAH toxicity of PM(2.5) in beijing in autumn-winter transit season with regard
to domestic heating, pollution control measures and meteorology. Chemosphere
276, 130143.

Li, Z., Romanoff, L.C., Lewin, M.D., Porter, E.N., Trinidad, D.A., Needham, L.L.,
Patterson Jr., D.G., Sjodin, A., 2010. Variability of urinary concentrations of
polycyclic aromatichydrocarbon metabolite in general population and comparison of
spot, first-morning, and24-h void sampling. J. Expo Sci. Environ. Epidemiol. 20,
526-535.

Li, F., Schnelle-Kreis, J., Cyrys, J., Wolf, K., Karg, E., Gu, J., Orasche, J., Abbaszade, G.,
Peters, A., Zimmermann, R., 2018. Spatial and temporal variation of sources
contributing to quasi-ultrafine particulate matter PM0.36 in Augsburg, Germany.
Sci. Total Environ. 631-632, 191-200.

Li, Z., Romanoff, L., Bartell, S., Pittman, E.N., Trinidad, D.A., McClean, M., Webster, T.F.,
Sjodin, A., 2012. Excretion profiles and half-lives of ten urinary polycyclic aromatic
hydrocarbon metabolites after dietary exposure. Chem. Res. Toxicol. 25, 1452-1461.

Lintelmann, J., Wu, X., Kuhn, E., Ritter, S., Schmidt, C., Zimmermann, R., 2018.
Detection of monohydroxylated polycyclic aromatic hydrocarbons in urine and
particulate matter using LC separations coupled with integrated SPE and
fluorescence detection or coupled with high-resolution time-of-flight mass
spectrometry. Biomed. Chromatogr. : BMC (Biomed. Chromatogr.) 32, e4183.

Liu, D., Xu, Y., Chaemfa, C., Tian, C., Li, J., Luo, C., Zhang, G., 2014. Concentrations,
seasonal variations, and outflow of atmospheric polycyclic aromatic hydrocarbons
(PAHs) at Ningbo site, Eastern China. Atmos. Pollut. Res. 5, 203-209.

Liu, X., Schnelle-Kreis, J., Schloter-Hai, B., Ma, L., Tai, P., Cao, X., Yu, C., Adam, T.,
Zimmermann, R., 2019. Analysis of PAHs associated with PM10 and PM2.5 from
different districts in Nanjing. Aerosol Air Qual. Res. 19, 2294-2307.

Ly, S.Y., Li, Y.X., Zhang, J.Q., Zhang, T., Liu, G.H., Huang, M.Z., Li, X., Ruan, J.J.,
Kannan, K., Qiu, R.L., 2016. Associations between polycyclic aromatic hydrocarbon
(PAH) exposure and oxidative stress in people living near e-waste recycling facilities
in China. Environ. Int. 94, 161-169.

Luan, M., Wang, H., Wang, J., Zhang, X., Zhao, F., Liu, Z., Meng, Q., 2022. Advances in
anti-inflammatory activity, mechanism and therapeutic application of ursolic acid.
Mini-Rev. Med. Chem. 22, 422-436.

Mahajan, A., Tabassum, R., Chavali, S., Dwivedi, O.P., Bharadwaj, M., Tandon, N.,
Bharadwaj, D., 2009. High-sensitivity C-reactive protein levels and type 2 diabetes in
urban North Indians. J. Clin. Endocrinol. Metab. 94, 2123-2127.

McCarrick, S., Cunha, V., Zapletal, O., Vondracek, J., Dreij, K., 2019. In vitro and in vivo
genotoxicity of oxygenated polycyclic aromatic hydrocarbons. Environ. Pollut. 246,
678-687.

MecCord, J.M., 1993. Human disease, free radicals, and the oxidant/antioxidant balance.
Clin. Biochem. 26, 351-357.

Mesquita, S.R., van Drooge, B.L., Reche, C., Guimaraes, L., Grimalt, J.O., Barata, C.,
Pina, B., 2014. Toxic assessment of urban atmospheric particle-bound PAHs:
relevance of composition and particle size in Barcelona (Spain). Environ. Pollut. 184,
555-562.

Michael, S., Montag, M., Dott, W., 2013. Pro-inflammatory effects and oxidative stress in
lung macrophages and epithelial cells induced by ambient particulate matter.
Environ. Pollut. 183, 19-29.

Miller, M.R., 2020. Oxidative stress and the cardiovascular effects of air pollution. Free
Radic. Biol. Med. 151, 69-87.

Milne, G.L., Yin, H., Morrow, J.D., 2008. Human biochemistry of the isoprostane
pathway. J. Biol. Chem. 283, 15533-15537.

Moller, P., Loft, S., 2010. Oxidative damage to DNA and lipids as biomarkers of exposure
to air pollution. Environ. Health Perspect. 118, 1126-1136.

Montuschi, P., Barnes, P.J., Roberts 2nd, L.J., 2004. Isoprostanes: markers and mediators
of oxidative stress. FASEB J 18, 1791-1800.

Morrow, J.D., Roberts 2nd, L.J., 1996. The isoprostanes. Current knowledge and
directions for future research. Biochem. Pharmacol. 51, 1-9.

Motorykin, O., Santiago-Delgado, L., Rohlman, D., Schrlau, J.E., Harper, B., Harris, S.,
Harding, A., Kile, M.L., Massey Simonich, S.L., 2015. Metabolism and excretion rates
of parent and hydroxy-PAHs in urine collected after consumption of traditionally
smoked salmon for Native American volunteers. Sci. Total Environ. 514, 170-177.

Oberg, B.P., McMenamin, E., Lucas, F.L., McMonagle, E., Morrow, J., Ikizler, T.A.,
Himmelfarb, J., 2004. Increased prevalence of oxidant stress and inflammation in
patients with moderate to severe chronic kidney disease. Kidney Int. 65, 1009-1016.

Ostro, B., Malig, B., Broadwin, R., Basu, R., Gold, E.B., Bromberger, J.T., Derby, C.,
Feinstein, S., Greendale, G.A., Jackson, E.A., Kravitz, H.M., Matthews, K.A.,
Sternfeld, B., Tomey, K., Green, R.R., Green, R., 2014. Chronic PM2.5 exposure and
inflammation: determining sensitive subgroups in mid-life women. Environ. Res.
132, 168-175.

Pepys, M.B., Hirschfield, G.M., 2003. C-reactive protein: a critical update. J. Clin. Invest.
111, 1805-1812.

Peters, A., Nawrot, T.S., Baccarelli, A.A., 2021. Hallmarks of environmental insults. Cell
184, 1455-1468.

Pilz, V., Wolf, K., Breitner, S., Ruckerl, R., Koenig, W., Rathmann, W., Cyrys, J.,
Peters, A., Schneider, A., group, K.O.-S., 2018. C-reactive protein (CRP) and long-
term air pollution with a focus on ultrafine particles. Int. J. Hyg Environ. Health 221,
510-518.

Pope 3rd, C.A., Bhatnagar, A., McCracken, J.P., Abplanalp, W., Conklin, D.J.,

O’Toole, T., 2016. Exposure to fine particulate air pollution is associated with
endothelial injury and systemic inflammation. Circ. Res. 119, 1204-1214.

Risom, L., Moller, P., Loft, S., 2005. Oxidative stress-induced DNA damage by particulate
air pollution. Mutat. Res. 592, 119-137.

Sallsten, G., Barregard, L., 2021. Variability of urinary creatinine in healthy individuals.
Int. J. Environ. Res. Publ. Health 18, 3166.

Schnelle-Kreis, J., Sklorz, M., Orasche, J., Stolzel, M., Peters, A., Zimmermann, R., 2007.
Semi volatile organic compounds in ambient PM2.5. Seasonal trends and daily
resolved source contributions. Environ. Sci. Technol. 41, 3821-3828.

Siu, G.M., Draper, H.H., 1982. Metabolism of malonaldehyde in vivo and in vitro. Lipids
17, 349.

Suzuki, J., Inoue, Y., Suzuki, S., 1995. Changes in the urinary excretion level of 8-
hydroxyguanine by exposure to reactive oxygen-generating substances. Free Radic.
Biol. Med. 18, 431-436.

Tao, F., Gonzalez-Flecha, B., Kobzik, L., 2003. Reactive oxygen species in pulmonary
inflammation by ambient particulates. Free Radic. Biol. Med. 35, 327-340.

Taverne, Y.J., Bogers, A.J., Duncker, D.J., Merkus, D., 2013. Reactive oxygen species and
the cardiovascular system. Oxid. Med. Cell. Longev. 2013, 862423.

Traverso, N., Menini, S., Maineri, E.P., Patriarca, S., Odetti, P., Cottalasso, D.,
Marinari, U.M., Pronzato, M.A., 2004. Malondialdehyde, a lipoperoxidation-derived
aldehyde, can bring about secondary oxidative damage to proteins. J. Gerontol. A
Biol. Sci. Med. Sci. 59, B890-B895.

Trettin, A., Bohmer, A., Suchy, M.T., Probst, I., Staerk, U., Stichtenoth, D.O., Frolich, J.C.,
Tsikas, D., 2014. Effects of paracetamol on NOS, COX, and CYP activity and on
oxidative stress in healthy male subjects, rat hepatocytes, and recombinant NOS.
Oxid. Med. Cell. Longev. 2014.

Urbancova, K., Lankova, D., Rossner, P., Rossnerova, A., Svecova, V., Tomaniova, M.,
Veleminsky Jr., M., Sram, R.J., Hajslova, J., Pulkrabova, J., 2016. Evaluation of 11
polycyclic aromatic hydrocarbon metabolites in urine of Czech mothers and
newborns. Sci. Total Environ. 577, 212-219.

Valavanidis, A., Vlachogianni, T., Fiotakis, C., 2009. 8-hydroxy-2’ -deoxyguanosine (8-
OHAG): a critical biomarker of oxidative stress and carcinogenesis. J. Environ. Sci.
Health C Environ. Carcinog. Ecotoxicol. Rev. 27, 120-139.

VanRooij, J.G., De Roos, J.H., Bodelier-Bade, M.M., Jongeneelen, F.J., 1993. Absorption
of polycyclic aromatic hydrocarbons through human skin: differences between
anatomical sites and individuals. J. Toxicol. Environ. Health 38, 355-368.

Vattanasit, U., Navasumrit, P., Khadka, M.B., Kanitwithayanun, J., Promvijit, J.,
Autrup, H., Ruchirawat, M., 2014. Oxidative DNA damage and inflammatory
responses in cultured human cells and in humans exposed to traffic-related particles.
Int. J. Hyg Environ. Health 217, 23-33.

Wolf, K., Cyrys, J., Harcinikova, T., Gu, J., Kusch, T., Hampel, R., Schneider, A.,
Peters, A., 2017. Land use regression modeling of ultrafine particles, ozone, nitrogen
oxides and markers of particulate matter pollution in Augsburg, Germany. Sci. Total
Environ. 579, 1531-1540.

Wood, S.N., 2006. Low-rank scale-invariant tensor product smooths for generalized
additive mixed models. Biometrics 62, 1025-1036.

Wu, X., Lintelmann, J., Klingbeil, S., Li, J., Wang, H., Kuhn, E., Ritter, S.,
Zimmermann, R., 2017. Determination of air pollution-related biomarkers of
exposure in urine of travellers between Germany and China using liquid
chromatographic and liquid chromatographic-mass spectrometric methods: a pilot
study. Biomarkers 22, 525-536.

Yang, L., Wang, W.C., Lung, S.C., Sun, Z., Chen, C., Chen, J.K., Zou, Q., Lin, Y.H., Lin, C.
H., 2017. Polycyclic aromatic hydrocarbons are associated with increased risk of


http://refhub.elsevier.com/S1438-4639(22)00076-1/sref41
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref41
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref41
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref41
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref42
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref42
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref42
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref43
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref43
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref43
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref43
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref44
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref44
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref44
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref45
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref45
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref45
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref46
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref46
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref46
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref46
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref46
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref47
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref47
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref47
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref48
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref48
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref48
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref48
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref48
http://refhub.elsevier.com/S1438-4639(22)00076-1/optTwVUaP2vfs
http://refhub.elsevier.com/S1438-4639(22)00076-1/optTwVUaP2vfs
http://refhub.elsevier.com/S1438-4639(22)00076-1/optTwVUaP2vfs
http://refhub.elsevier.com/S1438-4639(22)00076-1/optTwVUaP2vfs
http://refhub.elsevier.com/S1438-4639(22)00076-1/optTwVUaP2vfs
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref49
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref49
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref49
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref49
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref50
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref50
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref50
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref51
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref51
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref51
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref51
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref51
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref52
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref52
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref52
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref53
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref53
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref53
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref54
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref54
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref54
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref54
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref55
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref55
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref55
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref56
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref56
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref56
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref57
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref57
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref57
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref58
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref58
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref59
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref59
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref59
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref59
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref60
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref60
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref60
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref61
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref61
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref62
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref62
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref63
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref63
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref64
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref64
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref65
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref65
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref66
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref66
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref66
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref66
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref67
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref67
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref67
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref68
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref68
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref68
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref68
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref68
http://refhub.elsevier.com/S1438-4639(22)00076-1/optUeIxLMCdQL
http://refhub.elsevier.com/S1438-4639(22)00076-1/optUeIxLMCdQL
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref69
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref69
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref70
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref70
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref70
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref70
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref71
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref71
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref71
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref72
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref72
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref73
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref73
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref74
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref74
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref74
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref75
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref75
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref76
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref76
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref76
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref77
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref77
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref78
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref78
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref79
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref79
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref79
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref79
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref80
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref80
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref80
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref80
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref81
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref81
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref81
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref81
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref82
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref82
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref82
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref83
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref83
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref83
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref84
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref84
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref84
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref84
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref85
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref85
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref85
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref85
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref86
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref86
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref87
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref87
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref87
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref87
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref87
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref88
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref88

chronic obstructive pulmonary disease during haze events in China. Sci. Total
Environ. 574, 1649-1658.

Yang, Q., Qiu, X., Li, R., Ma, J., Li, K., Li, G., 2015. Polycyclic aromatic hydrocarbon
(PAH) exposure and oxidative stress for a rural population from the North China
Plain. Environ. Sci. Pollut. Res. Int. 22, 1760-1769.

Yoon, H.-S., Lee, K.-M., Lee, K.-H., Kim, S., Choi, K., Kang, D., 2012. Polycyclic aromatic
hydrocarbon (1-OHPG and 2-naphthol) and oxidative stress (malondialdehyde)
biomarkers in urine among Korean adults and children. Int. J. Hyg Environ. Health
215, 458-464.

10

Zhang, H., Han, Y., Qiu, X., Wang, Y., Li, W., Liu, J., Chen, X., Li, R., Xu, F., Chen, W.,
Yang, Q., Fang, Y., Fan, Y., Wang, J., Zhang, H., Zhu, T., 2020. Association of
internal exposure to polycyclic aromatic hydrocarbons with inflammation and
oxidative stress in prediabetic and healthy individuals. Chemosphere 253, 126748.

Zhu, H., Martinez-Moral, M.P., Kannan, K., 2021. Variability in urinary biomarkers of
human exposure to polycyclic aromatic hydrocarbons and its association with
oxidative stress. Environ. Int. 156, 106720.


http://refhub.elsevier.com/S1438-4639(22)00076-1/sref88
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref88
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref89
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref89
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref89
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref90
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref90
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref90
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref90
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref91
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref91
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref91
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref91
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref92
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref92
http://refhub.elsevier.com/S1438-4639(22)00076-1/sref92

	Assessment of the association of exposure to polycyclic aromatic hydrocarbons, oxidative stress, and inflammation: A cross- ...
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Urinary biomarker measurements
	2.3 Individual characteristics and clinical parameters
	2.4 Ambient air pollution
	2.5 Statistical analysis

	3 Results
	3.1 Study population
	3.2 Distribution of biomarker levels across different subgroups
	3.3 Association between OH-PAHs and biomarkers of oxidative stress
	3.4 Association between OH-PAHs and hs-CRP
	3.5 Association between biomarkers of oxidative stress and hs-CRP
	3.6 Robustness of multiple linear regression models

	4 Discussion
	4.1 Summary
	4.2 Biomarkers varied across different subgroups
	4.3 Associations between OH-PAHs and oxidative stress and the role of inflammation
	4.4 Associations between OH-PAHs and hs-CRP
	4.5 Association between oxidative stress and hs-CRP varied for different biomarkers
	4.6 Strengths and limitations

	5 Conclusion
	Declaration of interest
	Acknowledgement
	Appendix A Supplementary data
	References


