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Zusammenfassung

Hintergrund: Die Exposition gegeniiber Luftschadstoffen einschlieBlich polyzyklischer aromatischer
Kohlenwasserstoffe (PAK) wurde mit akuten und chronischen Gesundheitsschidden in Verbindung
gebracht. Studien deuteten darauf hin, dass oxidativer Stress einer der wichtigsten potenziellen Pfade
ist. Umfassende Beweise sind jedoch noch begrenzt. Um diese Liicke zu schlieBen, haben wir robuste
und empfindliche Methoden der Fliissigchromatographie (-Massenspektrometrie) entwickelt, um
gemeinsam das Zusammenspiel zwischen PAKs, oxidativem Stress und Gesundheitsprofilen zu
untersuchen. Dariiber hinaus haben wir ein Konzept zur nicht-invasiven Nutzung von Reisenden
zwischen Orten mit unterschiedlichen Feinstaub-Konzentrationen als einfaches und kostengiinstiges
Modell vorgeschlagen, um akute gesundheitliche Auswirkungen der Exposition gegeniiber
Luftschadstoffen zu untersuchen.

Methoden: Wir entwickelten robuste, auf Hochleistungsfliissigkeitschromatographie und
Fliissigchromatographie-Massenspektrometrie basierende Analysemethoden zur Bestimmung von
Biomarkern fiir PAK-Exposition (hydroxylierte polyzyklische aromatische Kohlenwasserstoffe, OH-
PAKSs) und oxidativen Stress (Malondialdehyd, MDA; 8-Hydroxy-2'-desoxyguanosin, 8OHdG; und
Vertreter der Substanzklasse der Faq-isoprostanes) im Urin von Teilnehmern einer Querschnittsstudie
des zweiten Follow-up (2013/2014) der deutschen KORA Umfrage S4 und eine Pilot-Langsschnittstudie
zu internationalen Reisenden. Biomarker fiir Entziindungen (Hochsensitives C-reaktives Protein, hs-
CRP) im Serum der KORA-Kohorte wurden ebenfalls gemessen.

Ergebnisse: In beiden Kohorten waren PAK mit Biomarkern fiir oxidativen Stress assoziiert. In der
KORA-Kohorte, die sich in einem relativ niedrigen Expositions-Setup befand, variierten die
Konzentrationen von Biomarkern in verschiedenen Teilnehmergruppen nach Gesundheitsprofilen, z
Geschlecht, Alter, Rauchen oder chronische Krankheiten. Es wurden signifikante positive Assoziationen
zwischen allen PH-PAKSs und Biomarkern fiir oxidativen Stress gefunden. Dariiber hinaus wurden die
Assoziationen durch Entziindungen verdndert. Es wurden jedoch nur bescheidene positive
Assoziationen zwischen OH-PAKSs und hs-CRP gefunden. Unter den Biomarkern fiir oxidativen Stress
war nur SOHdG signifikant positiv mit hs-CRP assoziiert (ein Anstieg von 8OHAG (log-transformiert)
im Interquartilbereich war mit 13,7 % Anstieg des hs-CRP (log-transformiert) (95 %-KI: 2,2 %, 26,5 %)
assoziiert.). In der Reisekohorte als hochselektiver Kohorte wurden in Proben nach der Reise im hohere
mittlere Konzentrationen von Biomarkern fiir oxidativen Stress als in Proben vor der Ausreise aus
Deutschland bemerken. Biomarker fiir oxidativen Stress wurden positiv mit der Exposition assoziiert.
Zusitzlich wurde Oxysterol von Maiusen gemessen. Die Konzentration war bei Méusen, die
Zigarettenrauch ausgesetzt waren, signifikant hoher als jenen, die gefilterter Luft ausgesetzt waren, was
auf die mogliche Rolle von Oxysterol hinweist.

Schlussfolgerung: Die Ergebnisse dieser Studie legten den Zusammenhang zwischen der Exposition
gegeniiber PAKSs, oxidativem Stress und Entziindungen nahe. Wir schlagen vor, Gesundheitsprofile und
oxidativen Stress gemeinsam zu beriicksichtigen, wenn die Mechanismen der gesundheitlichen
Auswirkungen einer PAK-Exposition in der Zukunft untersucht werden. Dartiiber hinaus sind Reisende
ideale Modelle fiir Studien zu akuten gesundheitlichen Auswirkungen durch Luftverschmutzung.






Abstract

Background: Exposure to air pollutants including polycyclic aromatic hydrocarbons (PAHs) was linked
to acute and chronic health effects. Studies suggested oxidative stress as one of the key potential
pathways. However, comprehensive evidence is still limited. To fill this gap, we developed robust and
sensitive liquid chromatography (- mass spectrometry) methods to jointly investigate the interplay
between PAHs, oxidative stress, and health profiles. Moreover, we proposed a concept of non-invasively
using travelers between locations of different particulate matter (PM) concentrations as a simple and

cost-effective model to investigate acute health effects from exposure to air pollutants.

Methods: We developed liquid chromatographic and liquid chromatography-mass spectrometry based
analytical methods to determine biomarkers of PAH exposure (hydroxylated polycyclic aromatic
hydrocarbons, OH-PAHs) and oxidative stress (Malondialdehyde, MDA; 8-hydroxy-2’-
deoxyguanosine, 8OHdG; and representatives of the compound class of F24-isoprostanes) in the urine
of participants from a cross-sectional study of the second follow up (2013/2014) of the German KORA
survey S4 and a pilot longitudinal study of international travelers. Biomarker of inflammation (high

sensitivity C-reactive Protein, hs-CRP) in serum from the KORA cohort was also measured.

Results: Inboth cohorts, PAHs were associated with biomarkers of oxidative stress. In the KORA cohort,
which was in a relatively low exposure setup, concentrations of biomarkers varied in different
participant groups by health profiles e.g., gender, age, smoking, or chronic diseases. Significant positive
associations between all OH-PAHs and oxidative stress biomarkers were found. Moreover, the
associations were modified by inflammation. Yet only modest positive associations between OH-PAHs
and hs-CRP were found. Among the biomarkers of oxidative stress, only SOHdG was significantly
positively associated with hs-CRP (an interquartile range increase in 8OHdG (log-transformed) was
associated with a 13.7 % (95% CI: 2.2 %, 26.5 %) increase in hs-CRP (log-transformed)). In the traveler
cohort, as a highly selective cohort, higher median concentrations of oxidative stress biomarkers in
samples after travel were observed than in samples collected before leaving Germany. Oxidative stress
biomarkers were positively associated with exposure. In addition, oxysterol from mice was determined.
The concentration was significantly higher in the mice exposed to cigarette smoke than exposed to

filtered air, which indicated the potential role of oxysterol.

Conclusion: The results of this study suggested the relationships between exposure to PAHs, oxidative
stress, and inflammation. We suggest to consider health profiles and oxidative stress jointly when
investigating mechanisms of health effects of exposure to PAHs in the future. Furthermore, our study

indicated that travelers are ideal models for air pollution-induced acute health effects study.
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1 Introduction

Individuals' continuous and ubiquitous exposure to ambient air pollution has been recognized as a global
public health issue [3, 4]. According to the analysis from the Global Burden of Disease (GBD) project,
between 2007 — 2017, every year more than 4 million deaths are suggested to be a result of exposure to
outdoor air pollution worldwide[5], and more than 100 million disability-adjusted life-years
(DALYSs)[6]. In Europe, over half a million premature deaths were attributable to indoor and outdoor
air pollution in 2015 [7].

1.1 Common ambient air pollutants

A large portion of the air pollutants is contributed by human activities such as biomass burning,
industrial emission, transportation, construction and demolition, and agricultural activities.[8]
According to the WHO, air pollutants can be classified into four major types: particulate matter (PM),

nitrogen oxides (NOx), ozone (O3), and sulfur dioxide (SO2) (https://www.who.int/news-room/fact-

sheets/ detail/ambient-(outdoor)-air-quality-and-health).

Particulate matter is a mixture of solid particles and liquid
droplets in the air. According to the diameters, they can be
classified as PMio (aerodynamic diameter of 10 um or less),
PM s (aerodynamic diameter of 2.5 pum or less), and
ultrafine particles (UFP, aerodynamic diameter of 0.1 pm or
less). Due to their small size, they can be inhaled into the
lung and then cause health problems[4, 9]. It is believed that
particles of smaller size can cause even greater health effects
because the smaller particles are easier to deposit into the
lower level of the lung and penetrate the human

bloodstream. Riediker et al. reported the correlation between

- S—
location and particle characteristics such as size and 2 A S
. il B .
charge[9]. However, the toxicity of PM also depends on the T MW

source and the components[10].

Nitrogen oxide, mostly NO and NOg, are related to the

combustion process of powerplant or transportation such as

Figure I Haze in China. Photos were taken by Xiao

car, ship, and airplane[11, 12]. Low level nitrogen oxide can Wu in winter 2010
cause acute irritation to the eyes and respiratory system][ 13,
14]. Long-term exposure to NOx isreported to be associated with asthma[15], reduced lung function[16],

and chronic obstructive pulmonary disease (COPD)[17].

Sulfur dioxide formsin sulfur-containing biomass burning such as coal, diesel, or oil[ 11, 12, 18]. Similar
to NOy, SO; can also cause skin redness and acute irritation to the eyes and respiratory system[19].
Chronic exposure to SOz can cause asthma and COPD to children, and people with lung diseases or

cardiovascular diseases to older people[17, 20].


https://www.who.int/news-room/fact-sheets/
https://www.who.int/news-room/fact-sheets/

The ground-level ozone is often generated as a secondary pollutant from the interaction of such
chemicals with the surrounding environment and the effect of photochemical reactions in the
atmosphere[ 12]. As a powerful oxidant with three oxygen, it has strong health effects both in long-term
and short-term exposure[ 17, 21, 22].

Apart from these, secondary organic
aerosols (SOAs) draw great attention

because they can compose more than half of
Hv/OH/

the total organic matter [23]. After the NO,/0;

emission of primary volatile organic °

compounds (VOCs), reactions can be \sa‘“@\mf’“ g

initiated by light, O3, hydroxyl radicals RO/NONO,

(HO"), and nitrate radicals (NO3-)[24]. These RCi-/ o, RO»
radicals can insert into a C-C double-bound 0; 205 g -

or grab a hydrogen atom from organic
products. For the first type, the vapor "o @ @ @
pressure will be reduced while for the second
type volatility will not be impacted.
Consequently, more free radicals will be
formed, which will finally end up in a large
amount of SOAs through complicated

Figure 2 Simplified mechanism of the generation of SOAs through the
multi-step reactions. The formation oxidation of VOCs. In light condition, VOCs can break down to generate fiee
mechanisms can be concluded as daytime radicals and trigger the subsequent reactions [1, 2].
atmospheric chemistry (OH- initiated/ O3 initiated) and nighttime atmospheric chemistry (OH", and NOx
initiated). A second step is the reversible distribution process of semi-volatile secondary products in the
two phases of gas particles. SOA formation is also affected by other inorganic and organic components
in the aerosol and many conditions such as temperature, light, and humidity. The distribution of
secondary organics in the gas-particle phase determines the SOA yield. This process is controlled by the
activity coefficient of the product, vapor pressure, and ambient temperature. Only when the
concentration of organic matter exceeds its condensation occurs when the vapor pressure is saturated,
that is, SOA is formed through the homogeneous nucleation of molecules. Even if the gas phase
concentration of the substance is not saturated, it will enter the particle phase through adsorption,
dissolution, or absorption. At present, there are two theories of adsorption and absorption. The
adsorption theory believes that gaseous organic matter is adsorbed on the surface of particles, and the
amount of adsorption is related to the specific surface area of the particles. The absorption theory
believes that gaseous organic matter enters the particle phase through the process of absorption and
dissolution and is in the gas-particle phase. A dynamic absorption-desorption equilibrium is maintained
between the two phases, and the amount of absorption is proportional to the mass of the organic aerosol.
The absorption mechanism mainly dominates the distribution of weakly polar organics such as PAHs.

[25].



Most anthropogenic VOCs come from motor vehicle exhausts such as benzene, phenols, and diolefins.
Biologically derived VOCs are mainly terpenes. Monoterpene accounts for about 10%~15% of non-
methane hydrocarbons emitted by plants [26]. Went proposed that a large amount of plant emissions
terpenes react with ozone to form terpenoid particles which are removed [27]. Emissions of terpenes
from plants are closely related to environmental conditions. The emission factors of terpenes tend to
increase exponentially with increasing temperature. Light affects the emissions of certain substances
mainly by affecting the rate of photosynthesis in plants. In addition to terpenes, plants also release many
oxygen-containing organic compounds, including alcohols, ketones, organic acids, esters. Some plant

oxides even emit more than monoterpenes.

Volatile aromatics are the most important anthropogenic precursors of VOCs. 50% - 70% of VOCs in
the urban atmosphere come from benzene and its derivatives [28]. In North America and Europe,
aromatic hydrocarbons account for the majority of urban atmospheric hydrocarbon mixtures. In North
America and Europe, aromatics make up about45% of the urban atmospheric hydrocarbon mixture. Six
kinds of benzenes including toluene, (0-, m-, p-) xylene, 1,2,4-tritoluene and ethylbenzene account for
60% - 75% of aromatics. Goldan et al. research in rural areas shows that aromatics are only about 1.7%
of the total VOCs concentration[29]. Motor vehicle emissions are the main source of urban aromatics.
The emission characteristics vary greatly with different vehicle types, fuel, and operating conditions.
Sagebiel et al. [30] studied the non-methane hydrocarbons of light and heavy vehicles in two tunnels in
the United States. It is found that the proportion of aromatics in non-methane hydrocarbons is between
40% and 48% for both light-duty vehicles and heavy-duty vehicles. The 6 benzene derivatives accounted

for about 60% of the aromatics, while the heavy-duty vehicle was only about 27%.

1.2 Polycyclic aromatic hydrocarbons

Among the ambient air pollutants, polycyclic aromatic hydrocarbons (P AHs) are ubiquitous, hazardous
pollutants that are generated during all incomplete combustion processes of organic materials [31].
Previous studies suggested that traffic emission, domestic combustion, and industry were the main
contributor to PAHs in urban areas [32]. The major intake into the organism is via dermal, respiratory,
or ingestion routes [33, 34]. Eye and skin irritation, headache, nausea, and vomiting were suggested to
be the short-term health effects [35, 36] while COPD, diabetes, and cardiovascular diseases were
suggested to be the long-term health effects [37-39]. Previous in-vitro and in-vivo studies also suggested

that oxidative stress, genotoxicity, and carcinogenicity were related to PAH exposure [40-45].



The genotoxicity of PAHs strongly depends on the
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also suggests quinones can repeatedly generate reactive oxygen species that may independently damage
DNAT48].

Exposure to PAHs can cause oxidative stress [4]. The absorbed pollutants will initiate the formation of
reactive oxygen species (ROS) such as peroxides, superoxide, hydroxyl radical, and singlet oxygen [49,
50] to attack and modify adjacent macromolecules like proteins, deoxyribonucleic acid (DNA), and
lipidsin vivo [51]. To remove the ROS species and to maintain the oxidative stress balance, antioxidants
will be generated or specific enzymatic processes will be activated. However, this balance is subtle [52].
When this balance is disturbed, oxidative stress and the resulting attack on macromolecules will finally

lead to manifold acute and chronic diseases [53, 54].

It is impossible to comprehensively reflect the ways of metabolic transformation and excretion of all
PAHs after their absorption into the organism because individuals are always exposed to complex
mixtures of low molecular weight, medium molecular weight, and high molecular weight PAHs, and
with current analytical methods. In contrast to a comprehensive picture, the use of biomarkers allows
the assessment of the individual, internal PAHs burden. It turned out that the determination of
monohydroxylated PAHs (OH-PAHSs) in urine can be used for this purpose [55-57]. In our study, we
applied the determination of 1-OH-pyrene, the main urinary metabolite of pyrene, and five urinary
isomeric OH-phenanthrenes that originate from phenanthrene. Pyrene and phenanthrene are medium
molecular weight PAHs, both abundant in typical environmental PAH-mixtures and further,
significantly higher molecular weight PAHs. In contrast to those higher molecular weight PAHs, the
OH-PAH metabolites of pyrene and phenanthrene can be reliably determined in low volume urine
samples, and their concentrations — especially 1-hydroxyperene concentrations - can be used for

estimating the individual exposure to PAHs [55-57].

Benzo(a)pyrene 4,5-dihydrodiol



1.3 Biomarkers of reactive oxygen species and inflammation

Estimating the burden of ROS species directly is critical to achieve due to the high reactivity. To solve
this challenge, malondialdehyde (MDA), 8-hydroxy-2’-deoxyguanosine (80OHdG), and the compound
class of Faq-isoprostanes were proposed as biomarkers of oxidative stress because these by-products or
end-products will be excreted through feces or urine and can be well quantified. MDA, 8OHdG, and
F2q-isoprostanes reflect the amounts of damaged double bonds of polyunsaturated fatty acids (PUFA)
[58, 59], damaged DNA [60, 61], and damaged membrane phospholipids [62-64], respectively.

Double bonds of polyunsaturated fatty acids (PUFA) can be attacked by ROS species and result in
cellular damage [65]. As a toxic secondary product of lipid peroxidation [65], MDA was suggested to
be useful as a urinary biomarker for assessing the whole body burden of oxidative stress [58]. ROS
species can also attack the DNA and induce G T transversions. 8OHdG will be generated during the
DNA repairing process such as base excision repair, nucleotide excision repair, and/or mismatch repair
[66, 67]. After being transported outside the cells and excreted into urine[67], 8OHdG can be used as a
biomarker to evaluate oxidative stress[60, 61]. Similarly, arachidonic acid in membrane phospholipids
can be attacked by ROS species and produce a series of prostaglandin (PG)-like compounds[63, 68]. As
a mixture of isomers that are stable, robust, and exist in all human tissues and fluids[64], studies
suggested that F»-isoprostanes were associated with many diseases and disorders such as atherosclerosis,

diabetes, obesity, cigarette smoking, neurodegenerative diseases [62-64].

Such a combination greatly enhanced the reliability of the assessment of individual oxidative stress

levels.

In addition to oxidative stress,
inflammation has been suggested as
another factor for air pollution-initiated
health effects. Previous epidemiological
studies reported that long-term exposure
to ambient pollutants was associated with
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a and interleukin 8 [73]. Previous studies



positively associated with both, oxidative stress and inflammation [69, 74-76]. Few studies jointly

considered the interplay between PAHs, oxidative stress, and health profiles.

1.4 Travelers: anideal model

A key fact of most
epidemiological studies in this
field is that these studies are
performed on constant cohorts
to investigate air pollution-
initiated  health effects.
However, one  problem

researchers often encounter is

that the participants have
PM,  concentration < 50 pg/m? PM, 5 concentration > 1000 pg/m?

usually been exposed to the

same or similar conditions for a Figure 5 Photo of different air pollution levels. All photos were taken in China

long period. This can conceal or ¢eer 2009-2012by Xiao.

change characteristics related to acute injuries. Every year, millions of people perform long-distance
travel. Among the places of travel, some have relatively "clean" air while others are exposed to highly
polluted air (Figure 5). Here, we followed the idea that travelers can provide an ideal model to investigate
acute biological responses and health effects due to their exposure to differently polluted environments

during travel.

1.5 Oxysterolin the path way of cigarette smoke induced COPD

In addition to the detection of biomarkers from human samples, molecules such as oxysterol can be
detected in animal models to investigate the pathogenesis of the disease. COPD is one of the top reasons
for mortality and morbidity worldwide. Yet the mechanism is not totally clear. Long-term exposure to
air pollutants is supposed to be one of the key reasons, especially cigarette smoking. During chronic
inflammation or infection, a teritary lymphoid organ develops which is named inducible bronchus
associated lymphoid tissue [77, 78]. Emerging evidence suggests inducible bronchus associated
lymphoid tissue plays an important role in the development of COPD. A previous study suggested the
oxysterol metabolism of cholesterol, where 25-hydroxylase (CH25H) and 25-hydroxycholesterol 7-
alpha-hydroxylase (CYP7B1) synthesize cholesterol to 7a,25-dihydroxycholesterol (7a,25-OHC), are
potential pathways[79, 80]. because this oxysterol signals the migration of follicular B-cell and the

production of T-cell-dependent antibody.

Therefore, to fill the gaps and to test the concept, we (1) developed robust Liquid chromatography (LC)
and liquid chromatography-mass spectrometry (LC-MS) based analytical methods; (2) performed a
cross-sectional cohort study in Germany to investigate the relationships; (3) carried out a pilot study

among international travelers to test the novel model; (4) developed an LC-MS based analytical method



for the determination of the cholesterol to better understand the role of cholesterol in the development
of COPD.

2 Methods

2.1 Study population

As a cohort study, we included a subgroup of 400 subjects without prior cardiovascular disease who
participated in 2013/2014 in the second follow-up of the baseline KORA (Cooperative Health Research
inthe Region of Augsburg) S4 study (1999-2001, N=4,261). 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 taken. The study design, sampling method, and data collection have been described in detail by
Holle et al. [81]. All participants gave written informed consent to the study which was approved by the

ethics committee of the Bavarian Medical Association.

To test the traveler model, a pilot study was performed on a small traveler cohort who traveled to China
from Germany. The studied population consisted of nine non-smoking “healthy” (without doctor-
diagnosed chronic diseases such as cardiovascular diseases, chronic obstructive pulmonary disease, or
renal insufficiency) young male Chinese volunteers with a mean age of 29 (ranging from 26 to 34), who
studied in Munich, Germany for 18 to 24 months. The volunteers subsequently traveled for a holiday to
different cities of China in the time frame from December 2013 to February 2014 and returned to
Germany. Information on daily PM: 5 concentrations was collected from the official website of the China
National Environmental Monitoring Centre. The main features of the travel can be described as follows:
The mean travel time was 28 days (8 days— 42 days). During the whole travel time, no volunteer resided
near a highway (within 100 m). Four volunteers stayed in urban areas while the other five volunteers
lived in rural areas during the first week(s) of travel. During the last week of their travel, half moved to
and stayed in other cities for 3-7 days. Although only non-smoking students were selected as volunteers,
two were reported as severe passive smokers in the course of their trip or in Germany. The mean PMa
concentration of the first week(s) of travel was 101 pug/m? and the mean PM; 5 concentration of the last
week of travel was 118 ug/m3. For comparison, in Munich, during the period between December 2013
and February 2014, the mean PM: s concentration was 21 pg/m3. A sample collecting schedule was
carried out for the traveler cohort. Urine samples were collected immediately upon return to Munich.
Further collections were performed after one week, two weeks, and four weeks. The whole sampling
cycle can be divided into five different sampling periods: one day before leaving Munich (S0); first day
after return to Munich (S1); one week after return to Munich (S2); two weeks after return to Munich
(S3); and four weeks after return to Munich (S4). Urine was collected in glass tubes and stored in an

icebox immediately.

Anonymous self-administered questionnaires were used to collect health histories, including age, gender,
respiratory diseases, and cardiovascular diseases, as well as information on travel history including the

departure date, arrival date, and staying cities. Since this study is considered an observational study, no



treatment was applied (non-invasive sampling), and the signature of consent is the only risk to
participants’ privacy. Exception by the Ethics Committee was approved. The participants were fully

informed formally. The whole study follows the principles of the Declaration of Helsinki.
2.2 Urinary sample collection and sample preparation

Spot urine sample was taken and frozen until further processing. To avoid further reactions, we thawed

urine samples at 4°C and measured the samples on the same day as sample preparation.

The targeted analytes were mostly in low concentrations. Besides, samples in this study were mixtures
of complex constituents that can influence the performance of the detector. Thus, various types of
sample preparation were used to enrich the target analytes, remove the interfering compounds, or

enhance the signal.

Solid phase extraction (SPE) is a commonly used sample pre-treatment technique in chromatography
[82, 83]. By using C18, C6, or weak ion-exchange material, the cartridge can selectively enrich the
targets and remove the disturbance. The whole workflow normally includes “condition* which cleans
and equilibrates the cartridge with solvents and buffer, “loading which retains target analytes,
“washing* which cleans up the impurities with intermediate solvents and “eluting* which elutes out the
analytes with stronger eluents. The eluted analytes can further be enriched by evaporating the solvents

and re-suspending with even less volume of solvents.

Conditioning Loading Washing Eluting

¢ 4 4 &

b Detector
|
Waste
SPE- 7
Column [ Auto-
sampler

@ @ @ Waste Dual-Gradient
pump

A. SPE B. Online SPE

Analytical Column

Figure 6 typical workflow of solid phase extraction and online SPE

The advantage of SPE is that it can greatly enhance the performance of the chromatographic method
and reduce the matrix effects. The disadvantage of SPE is the high cost of time, manpower, and
consumables. Thus, as a variant, online SPE [84, 85] was developed and used based on valve switching
technique. The instrumentation of such automated solid phase extraction is normally two pumps and
one or two switching valves. Similar to common SPE or so-called “off-line SPE”, online SPE also
includes the four steps conditioning, loading, washing, and eluting. In the conditioning step, the system
equilibrates the SPE column with solvents and buffer. In the loading step, the sample will be collected
from the vial with an autosampler. With the eluents, the sample will be applied to the SPE column. Then

the gradient solvents will further go through the SPE column to wash it. At the last step, the value will
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switch and the SPE will be connected to the analytical column. With a different gradient, the analytes
will be flushed off from the SPE column and further separated with the analytical column. At last, the
value will switch back again and the SPE column will be flushed and wait for the new run. Compared
to the common SPE method, such an online SPE technique can greatly reduce the cost and time while

improving the reproducibility by automating the whole SPE process.

Liquid-liquid extraction (LLE) is a classic extraction technique which is also known as solvent
extraction[83]. [tisa process of separating and extracting componentsin a liquid mixture with a solvent.
A selected solvent that is immiscible (or slightly miscible) is added to the liquid mixture, and the
different solubility of its components in the solvent is used to achieve the purpose of separation or
extraction. For example, benzene is used as a solvent to separate phenol from coal tar, and isopropyl
ether is used as a solvent to recover acetic acid from the dilute acetic acid solution. LLE uses a separatory
funnel and other instruments in the laboratory. Industrially, it is carried out in packed towers, sieve tray
towers, centrifugal extractors, spray extractors, etc. Used in organic chemistry, petroleum, food,

pharmaceutical, rare elements, atomic energy, and other industries.

Extraction depends on the distribution of selected molecules from liquid bilayers or heterogeneous
mixtures[86]. Liquid bilayer membranes are formed by mixing two incompatible solvents. On the other
hand, a heterogeneous mixture consists of liquid and solid support materials. The target sample will
interact more strongly with one solvent or phase than another. Thus, when a mixture of different phases
is added, the sample will preferentially dissolve or bind to that solvent or phase. The individual phases
can be separated, allowing the compounds to be purified and concentrated. There are many different
variations of the extraction process. These factors vary based on factors such as selectivity, scalability,
and cost. Environmental concerns may also play a rolein the chosen extraction process, especially when

considering industrial-scale chemical processes[87].

Derivatization: for some urinary biomarkers, the detection is often limited due to the polarity and the
sensitivity. To solve such challenges, derivatizations can be used. For example, MDA is a very polar
and small urinary biomarker with low detection sensitivity. The separation and detection of MDA are
often difficult with LC or LC-MS). Thus 2,4-dinitrophenylhydrazine (DNPH) was used for

derivatization.
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Figure 7 Derivatization of MDA with DNPH



Summary of the urinary sample preparation

MDA: 250 pL of ImM DNPH containing 2% formic acid, 200 pL distilled water, 25 puL of 80 ng/mL
d>-MDA solution was used for the MDA-DNPH derivatization. 25 uL urine was added into the DNPH
solution and vortexed with a Vortex mixer D-6012 (NeoLab, Heidelberg, Germany) for 30 seconds.
Then we incubated the mixture for 70 min at 37 °C and 300 rpm in a Thermomixer comfort (Eppendorf,
Hamburg, Germany). LLE was carried out with700 pL n-hexane after derivatization and well mixed by
hands for 30 s. The mixture was centrifuged at 7000 rpm for 30 s in a Thermo Scientific Heraeus Pico
17 (Thermo Fisher Scientific, Darmstadt, Germany). The supernatant layer was collected. We repeated
the whole LLE process once. Both portions of the collected supernatants were mixed. With a Barkey
Vapotherm mobile S from Barkey GmbH (Leopoldshoehe, Germany) and a gentle nitrogen stream at
room temperature, the mixture was evaporated to dryness. Fifty uL of distilled water was added to

resuspend the residue for analyzing.

8OHJG: simple dilution was carried out for 8OHdAG. Twenty-five micro litter urine was vortexed for

30 s and then diluted in a 1:1 proportion with 25 pL 0.1% formic acid.

F2q-isoprostanes: one milliliter of the urine sample was diluted with 2ml BIS-TRIS-HCl buffer solution
(pH 6) and adjusted to pH 6 with phosphoric acid (5%) or potassium. The mixture was then applied on
a polymer-based weak anion-exchange cartridge (StrataX-AW from Phenomenex, Torrance, CA) which
was conditioned with MeOH/formic acid (0.1%) (98/2, v/v)

and 2ml distilled water. Then the cartridge was washed with 1ml water, 2ml MeOH/H20 (25/75, v/v),
and 1ml acetonitrile. After dried with nitrogen stream for half a minute, the analytes were eluted with
3ml methanol at a speed of 30 drops/min. Nitrogen stream was used to evaporate the extract into the

residue. Finally 100 pL methanol/0.1% formic acid, 50/50, v/v was used to dissolve the final residue.

OH-PAH: 5.0 mL of the urine sample was placed in a centrifuge tube. The sample was hydrolyzed with
ten micro litter B-glucuronidase and 5.0 mL sodium acetate buffer solution (pH 5) ovemight at 37 °C in
the dark. Then the hydrolyzed urine sample was centrifuged at 1500 r/min for 10 min, and the

supernatant was collected for measurement.

2.3 Instrumentation
Liquid chromatography

As one of the most important analytical techniques, LC has been widely used for more than half a century
in industry and research. The liquid solvents that carry the sample mixture are pumped at high pressure
through an analytical column. Different interactions between the components in the mixture and the
column absorbent material can cause different retention and thus be separated when going through the
columns. Such interactions are physical including hydrophobic, dipole-dipole, and ionic. As an
analytical separation method, it utilizes the slight difference in the adsorption or distribution coefficients

of substances in the two phases to achieve the purpose of separation. When the two phases move
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relatively to each other, the measured substance is distributed between the two phases many times, so
that the slight distribution difference can be greatly enhanced, and the effect of separation is achieved.
The moving liquid solvents are called the “mobile phase* and the adsorbent particles in the analytical
column are called the “stationary phase“. [88] In the present thesis, the following types of
chromatography were tested: normal phase chromatography, reverse-phase chromatography, and

hydrophilic Interaction Chromatography.

Normal phase chromatography separates analytes by the affinity to the polar stationary particles [88].
A common particle material is silica. Different components engage in polar interactions with the silica
surface differently. With a non-polar, non-aqueous mobile phase, components soluble in non-polar

solvents can be separated. The higher polarity of the analyte, the stronger the adsorption capability is.

Partition chromatography was one of the earliest types of liquid chromatography. It separates analytes
based on the polarity of analytes[89]. Hydrophilic interaction chromatography is one of such techniques.
As a variant of normal phase chromatography, hydrophilic interaction chromatography uses hydrophilic
stationary phases with less polar eluents such as acetonitrile while the column materials are often polar
such as silica. According to the surface, it can be grouped into simple unbonded silica silanol or diol
bonded phases, amino or anionic bonded phases, amide bonded phases, cationic bonded phases, and

zwitterionic bonded phases.

Reverse phase (RP) chromatography is contrary to normal phase chromatography. The analytes are
transported aqueous, relatively polar mobile phase [88, 90]. Then they are separated by the non-polar
stationary phase. Silica particles are also common stationary phase material for reverse phase
chromatography, yet a modification with C8 or C18 straight chain alkyl chain groups to the particle
surface is necessary to give different retention times for polar and less polar analytes. Reverse phase

chromatography is a very important analytical technique in life.

Mass spectrometry

Mass spectrometry is an analytical method for measuring ion mass-to-charge ratio. Similar to
chromatography, mass spectrometry is also a very widely used analytical technique in many areas such
as chemistry, environment, medicine, and life science. It can identify the analytes and provide the
structure information. A mass spectrometer is generally composed of a sample input system, an ion
source, a mass analyzer, a detector, and a data processing system. It can be connected with liquid
chromatography, gas chromatography, and thin layer chromatography which can offer further
possibilities.

The main mechanism of mass spectrometry is: (1) the components in the sample are ionized in the ion
source to generate charged ions with different charge-to-mass ratios, (2) accelerate in the accelerating
electric field and form an ion beam, (3) enter the mass detector. The electric and magnetic fields are

used to cause opposite velocity dispersion, and they are respectively focused to obtain a mass spectrum,

thereby determining their mass.
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Quadrupole mass spectrometer is a mass spectrometer equipped with a quadrupole mass analyzer[91].
In the quadrupole, the four electrode rods are divided into two groups, respectively, on which a radio
frequency inverse alternating voltage isapplied. In such an electric field, the ions will oscillate according
to the electric field. Only ions with a specific charge-to-mass ratio can pass through the electric field
stably. When the voltage on the quadrupole is specified, (1) the ions with too small mass will be greatly
affected by the voltage, so that they will oscillate very violently, causing the contact pole to lose its
charge and be pumped out by the vacuum system; (2) the ions with too high mass cannot be pulled
enough by the electric field, which eventually leads to hitting the pole or flying out of the electric field
and failing to pass the mass analyzer. The ions located in this potential field, after the selected part is

stabilized, can reach the detector, or enter the subsequent space for subsequent analysis.

Due to the relatively simple structure and good robustness, it is widely used especially connected with
other analyzers. For example, a triple quadrupole mass spectrometer (TQMS) is a tandem mass
spectrometer consisting of two quadrupole mass analyzers with a (non-mass-resolved) radio frequency
-only quadrupole between them, acting as collision-induced dissociation collision cell, fragmenting
selected precursor/precursor ions and producing fragment/product ions[91]. The triple quadrupole mass
spectrometer is designed to work in 4 modes: precursor ion scan, neutral loss scan, product ion scan,
and multiple reaction monitoring / selective reaction monitoring. Although TQMS is not excellent in
terms of mass resolution and mass range, triple quadrupoles offer the advantages of low cost, high
efficiency, and ease of operation. At the same time, MS/MS technology allows mass analysis in a
spatially tandem manner. Not only can TQMS be used to explore molecular structures in fragmentation
mode, but it also has excellent detection sensitivity and quantitative capabilities in selective reaction
monitoring mode, especially when analyzing small molecules. triple quadrupole mass spectrometer has
a wide range of applications in food and environmental analysis for additive, trace/contaminant
scanning, including antibiotics and pesticides; clinical research for preclinical, endocrine, and
biomarkers; toxicology for impurities, drug molecular structure elucidation, and biofluid analysis; drug
discovery and development for lead compound optimization, “absorption, distribution, metabolism, and

excretion”, pharmacokinetic/pharmacodynamic modeling and drug metabolite determination.
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Figure 8 Quadrupole and triple Quadrupole mass spectrometer
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The mass analyzer of time-of-flight mass spectrometer (TOF-MS) is an ion flight path[92, 93]. The
ions generated by the ion source are accelerated into the fieldless flight path and fly towards the ion
receiver at a constant speed. The higher the ion mass, the longer it takes to reach the receiver, the lower
the ion mass, the shorter the time it takes to reach the receiver. According to this principle, ions of
different masses can be separated according to the mass-to-charge ratio. The flight time of the ions is
measured by fast electronics. Mass determinations are possible with an accuracy of approximately 2
ppm. Furthermore, a fairly high mass resolution can also be achieved. Time-of-flight mass spectrometry
has inherent performance advantages over quadrupole mass spectrometers. It collects instantaneous full-
spectrum information, greatly improving the analysis speed and sensitivity of the instrument, ensuring
that any important information is not lost and allowing retrospective analysis. This makes it easier to

identify unknown analytes and interpret measurement results.

High resolution time-of-flight mass spectrometer (HR-TOF-MS): The time-of-flight mass

Spectrometer can detect a large molecular Gridless Mirror lon Source Detector Gridless Mirror

‘|

weight range. It has a fast-scanning speed

and a simple instrument structure. The

main disadvantage of the early types of

time-of-flight mass spectrometer is the

low resolution because the initial energy

of the ions when they leave the ion source

is different, so the time of ions with the

same mass-to-charge ratio reaching the —
detector has a certain distribution, lon Lenses

resulting in a decrease in the resolving /79ure?Highresolutiontime-offlight massspectrometer

power. One of the improved methods is to

add a set of electrostatic field mirrors in front of the linear detector to push back the ions in free flight.
The ions with high initial energy have a long distance into the electrostatic field mirror and a long
distance of return due to their fast initial velocity. The return distance of the ions with small initial energy
is short so that they will be focused at a certain position on the return distance, thereby improving the
resolving power of the instrument. Such time-of-flight mass spectrometers with electrostatic field
mirrors are called reflectron time-of-flight mass spectrometers[94]. Moreover, the distance of the flight
path can be further prolonged with the multi-reflecting techniques such as Folded Flight Path in high
resolution time-of-flight mass spectrometer. In such a technique, a set of planar gridless mirrors and a
set of single focusing electrostatic lenses are equipped to guide the ions through multiple lenses and
reflectors [95]. The total ion path can be 20 m yet folded in a small vacuum chamber. The lens of the
flight path can be doubled by reflecting the ions to send them back reversely through the path again to
reach an ultra high resolution mode for FFP level resolution over 50,000. When working with a low
mass resolution, isobaric compounds cannot be distinguished because isobaric compounds have the
same nominal mass which only differ in elemental composition. Isobaric compounds will have different

time profiles in the sample, and being able to measure and quantify them separately is important for the

13



accuracy of the analytical results. Moreover, the accurate mass information provided by the mass
resolution is used to determine the composition of ion peaks. This is critical for compound identification,

which cannot be achieved with low resolution instruments.

Quadrupole  time-of-flight  mass
spectrometer (QTOF-MS) combines

time-of-flight and quadrupole into one

Pusher

: Detector
1
1
1

instrument [96]. It uses a quadrupole, a lonsource a1 a2 a3

collision cell, and the time-of-flight Ms1 (Quadrupole)

together thus has the advantage both of

quadrupole and time-of-flight such as

accurate mass measurements, high - :
e . . . Reflectron — —_—

sensitivity in “full-scan”, comprehensive

to compound types and amount and MS2 (TOF MS)

structure information by generating

prOdUCt ion from the collision. Figure 10 Quadrupole time-of-flight mass spectrometer

TIon Source

The ion source is a device that creates atomic and molecular ions. There are many different types
including electron ionization, chemical ionization, photoionization, desorption ionization, spray
ionization, and thermal ionization. For liquid chromatography tandem mass spectrometer, electrospray
ionization, atmospheric pressure chemical ionization, atmospheric pressure photo ionization, matrix
assisted laser desorption ionization, and inductively coupled plasma ionization are commonly used ion

Sources.

The electron ionization isused in mass spectrometry as akind of "hard ionization"[97, 98]. The electron
ionization source is mainly composed of an ionization chamber, a filament, an ion focusing lens, and a
pair of magnetic poles. The main working principle is that the filament emits electrons with an energy
of 70eV, which are focused and pass through the ionization chamber under a magnetic field to the
collector. The sample molecules entering the ionization chamber are ionized with electrons at a certain
energy, and ions with larger internal energy can spontaneously dissociate to generate more fragment
ions when they collide with neutral molecules (such as He). All ions are focused, accelerated, and

focused into an ion beam that enters the mass spectrometer.

Unlike traditional chemical ionization interfaces, atmospheric pressure chemical ionization
technology does not use reactive gases such as methane but uses corona discharge to initiate a series of
gas-phase reactions to complete the ionization process[99]. In terms of'its principle, it can also be called
discharge ionization or plasma ionization. The sample solution flowing out of the liquid chromatography
enters a capillary tube with a nebulizing gas sleeve and is nebulized by a stream of nitrogen gas and
vaporized as it passes through the heating tube. Corona discharge is carried out at the end of the heating
tube. The solvent molecules are ionized as reaction gas and collide with the gaseous sample molecules.

After a complex reaction process, the sample molecules generate quasi-molecular ions. They are mainly
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used in compounds with strong electron affinity. Quasi-molecular ions of sample molecules pass through

the screening slit and enter the mass spectrometer.

Different from chemical ionization, atmospheric pressure photoionization ionization is a soft
ionization for MS, especially for LC-MS[100]. The vacuum ultraviolet light source ionizes molecules
at atmospheric pressure. Two ways can happen in the ionization: by direct absorption followed by
electron ejection or dopant, molecules can be ionized and then ionize the target analytes in a chemical

ionization way.

It can analyze compounds, especially weakly polar and non-polar compounds. It can ionize polar and
non-polar small molecules at the same time, which allows users to analyze more compounds at a time.
Meanwhile, it greatly reduces matrix effects and related ion suppression during the assay, simplifies the
sample purification process, saves sample pre-treatment time, achieves higher analyte recovery, and
ensures the quality of analytical data. However, it is not as sensitive as atmospheric pressure chemical

ionization. Furthermore, it is not suitable for compounds with poor thermal stability.

Electrospray ionization is currently the most commonly used interface for mass spectrometry[101]. It
is a soft ionization method and can be used to study unstable and polar compounds. Electrospray
ionization uses an electron field to generate charged droplets and finally generates analyte ions through
aprocess of desolvation, which enters into mass spectrometry for analysis. This whole process includes
three stages, charged droplet formation, droplet shrinkage, and generation of gas-phase ions.
Electrospray ion sources can be used to study biological macromolecules such as proteins. However,
the electrospray ion source requires that the sample to be tested should be able to form ions in the
solution. The type and concentration of buffer in the mobile phase have a significant impact on the
sensitivity. So, the selection of the mobile phase is very important. The matrix inhibition is relatively

significant.

Spray needle
_(-B@
Solution © OO ¥
00T H®

_®®

® MS

Figure 11 Electrospray ionization

Matrix-assisted laser desorption ionization is as well a soft ionization technique for mass
spectrometry. It can obtain mass information of some macromolecules that are easily dissociated by
conventional ionization methods to obtain molecular fragments, such as DNA, biopolymers, proteins,
polypeptides, sugars as well as other large molecular weight organic molecules, such as polymers,
dendrimers, and other macromolecules. The principle of this technology is the laser provides high-
intensity pulsed energy to the substance to be analyzed in a tiny area and a very short time interval, so
that can complete desorption and ionization instantly while does not produce thermal decomposition. It

is an ionization method that directly vaporizes and ionizes non-volatile samples. Yet its ionization
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mechanism is still unclear. There are two possibilities: the ions are formed in the solid state, and they
are simply released when the laser is irradiated, or the molecules are ionized by laser-induced ion-
molecular reactions. The desorption ionization process depends on the type of matrix, the wavelength
of excitation light, and the intensity of laser irradiation. It is similar in this respect to the other soft

ionization method. However, it is more likely to obtain singly charged ion peaks.

Summary of the instrumentation

MDA: 10 pL derivatized solution was injected into an LC-MS system equipped with a Kinetex RP18
endcapped column (100mm x 3mm I.D., 2.6 um, Phenomenex, Torrance, CA) at column temperature
20 °C and a triple quadrupole mass spectrometer with electrospray ionization source. An isocratic
gradient with 80% methanol and 20% H>O (both containing 0.1% formic acid) and a flow rate of 0.2
ml/min were used in combination with a peak-cutting technique based on valve switching between 1.5

min and 2.5 min.

8OHdG: 10 pL diluted sample was injected into an LC-MS system equipped with a Gemini RP18
endcapped column (250mm x 2 mm, 5 um, Phenomenex, Torrance, CA, protected with guard column)
and a triple quadrupole mass spectrometer with electrospray ionization source. A gradient with solvent
A (0.1% formic acid in water), solvent B (0.1% formic acid in methanol) and solvent C (acetonitrile)

was used (Table 1). the valve switched between 3 min to 5 min to protect the detector.

F2q-isoprostanes: 20 uL extracted sample was injected into a LC-MS system equipped with a Hydro
RP18 endcapped column (250mm x 2mm [.D, 4 pm, Phenomenex, Torrance, CA) and a triple
quadrupole mass spectrometer with electrospray ionization source. A gradient with solvent A (0.1%
formic acid in water), solvent B (0.1% formic acid in methanol) was used (Table 1). The valve switched

between 3 min to 5 min to protect the detector.

Table 1 Gradient of the LC-separation of §OHdG and F 2.-isoprostanes.

80HdG Fay-isoprostanes

Time (min) A% B% C% Time (min) A% B%
0 80 10 10 10 50 50
5 0 100 0 20 0 100
5.5 10 90 0 30 0 100
12 10 90 0 32 50 50
13 80 10 10
23 80 10 10

Column temperature 20 °C, flow rate 0.2 ml/min. Solvent A is 0.1% formic acid in water, solvent B is 0.1% formic acid in meth anol, solvent

C is acetonitrile.

OH-PAHs: The hydrolysed sample was injected into a LC system with a fluorescence detector. A
laboratory-made online SPE column (copper phthalocyaninemodified silica, Smm x 2. 1mm [.D, 45 pum

— 60 um) and a Kinetex PF analytical column (100 x 3mm I.D., 2.6 um, Phenomenex, Aschaffenburg,
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Germany) were used. The wavelength of the fluorescence detector was set at 249 nm/364nm (Ex./Em.)

for OH-Phenanthrenes and 1-hydroxypyrene for 343 nm/385nm (Ex./Em.).

2.4 Individual characteristics and clinical parameters

In the KORA cohort study, fasting venous blood samples were collected during the study participants’

visits. Then the samples were stored at 4 °C until further processing.

We analyzed serum Hs-CRP concentrations by latex-enhanced immunonephelometry on a BN I
platform (Siemens Healthcare Diagnostics Product GmbH, Marburg, Germany) with an intra-assay
coefficient of variation of 2.13 % [71]. Body Mass Index (BMI) was calculated as weight divided by
height (squared). The following health status was defined: type 2 diabetes, validated by oral glucose
tolerance test; pre-diabetes, impaired fasting glucose and/or impaired glucose tolerance; hypertension,
either blood pressure above 140/90 mmHg or treatment of known hypertension (WHO, 1999). To
evaluate the status of the kidney, the estimated glomerular filtration rate (¢GFR) (mL/min per 1.73 m?)
was calculated using the 2009 CKD-EPI creatinine equation [102].

2.5 PMassindex

For the pilot traveler study, we collected the daily PM> s concentration data from the official website of
the China National Environmental Monitoring Center. As described on the website, the monitoring
activities were carried out according to the official technical regulation of China (HJ 663—2013, HJ
633—2012, HJ/T193-2005, and HJ 655-2013).

2.6 Mouse COPD models and mouse sample preparation

To investigate the role of CH25H induced inducible bronchus associated lymphoid tissue formation in
vivo, B6.129S6-Ch25htm1Rus/J (Ch25h-/-) mice (Jackson Laboratory), age-matched female C57BL/6]
mice (Charles River Laboratories) were used. Eight to twelve week old mice were exposed to 100%
mainstream cigarette smoke (CS), which was generated from 3R4F research cigarettes (Filter removed,
Tobacco Research Institute, University of Kentucky) at a particle concentration of 500 mg/m3. The
exposure frequency was set for 50min twice/day, 5 days/week for 4 or 6 months. As control group, mice
were exposed to filtered air. The Lungs were lavaged with 3x500ul aliquots of sterile PBS (Gibco, Life
Technologies) supplemented with Complete Protease Inhibitor Cocktail tablets (Roche Diagnostics).
The bronchoalveolar lavage fluid was retained for mass spectrometry analysis. All animal experiments
were performed according to strict governmental and international guidelines and were approved by the

local government for the administrative region of Upper Bavaria, Germany.

To analyze the 25-Hydroxycholesterol. The sample is thawed and vortexed (neolab, Munich, Germany).
The whole sample is then transferred to a 2 ml Eppendorf tube and 10 pl of a 2mmol methanolic BHT
solution as well as 20 pl of the diluted solution of the internal standard are added. Samples and standards
are mixed with 200 pl of a KOH solution (1 M in water) and saponified at 37°C for 1 hour in an
Eppendorf thermomixer comfort 5355 (Hamburg, Germany). After saponification 1 ml hexane is added
and the solutions are shaken thoroughly for 5 min on a vortex. If possible, 800 pl of the hexane layer is
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transferred to a 2 ml Eppendorf tube. For serum and protein samples this amount sometimes was
significantly lower. Hexane is evaporated under a gentle stream of nitrogen at 45°C on a vapotherm
evaporation unit from Barkey (Leopoldshohe, Germany). As described above (see “Derivatization
solution”) 250 pl of the derivatization solution is added. The mixture is vortexed and incubated at 80°C
for 60 min. After the derivatization step, 1 ml hexane is added, and the layers are mixed thoroughly (5
min) and centrifuged (ca. 3500 rpm, 5 min). As much hexane as possible is removed with an exact
syringe and filled into an autosampler vial. Hexane is carefully evaporated with nitrogen at 45° C on the
vapotherm evaporation unit. The residue is solved in 50 pl acetonitrile. After short sonication in an
ultrasonic bath (Bandelin, Berlin, Germany) the solution is filled into an autosampler vial and analyzed
via LC-HRTOF-MS.

2.7 Statistical Analysis - chemometrics and multivariate data analysis

Chemometrics, also known as chemical statistics, is a methodology that combines mathematics,
statistics, and computer science with chemistry to solve scientific questions[103]. It includes (1)
evaluating and interpreting chemical or analytical data; (2) optimizing and designing chemical or
analytical processes and experiments; (3) extracting maximum chemical and analytical information from

experimental data.

In chemometrics, multivariate data analysis methods are usually used including correlation analysis,
regression analysis (simple regression analysis/multi linear regression analysis), analysis on variance,
principal component analysis, partial least square regression, hierarchical clustering analysis, and

support vector machine.

Correlation analysis refers to the analysis of two or more variable elements with correlation, to measure
the degree of correlation between two variable factors| 104]. There should be a certain relationship or
probability between the elements of the correlation before the correlation analysis can be carried out.

However, it should be clarified that correlation does not equal to causation.

The Pearson correlation coefficient or also named as Pearson product-moment correlation coefficient is
used to measure the correlation (linear correlation) between two variables X and Y. And an important
mathematical property of correlation coefficient similarity is that changes in the position and scale of

two sets of variables do not cause changes in the coefficients

i cov(xy) _ cov(x,y) _ 2 (i — 0 (v — ¥)
*y SxSy Jeov (x,x) cov(y,y) V2 (g —%)2 27 (v — 9)?

The value of the Pearson correlation coefficient is between -1 and 1. When 0<r<1, indicating a positive
correlation; when r=0, indicating no correlation or no linear association; when

-1<r<0, indicating a negative correlation.

The Spearman's rank correlation coefficient which was named after Charles Edward Spearman, is also
known as the Spearman correlation coefficient. It is a nonparametric measure of the dependence of two

variables. It uses a monotonic equation to evaluate the correlation of two statistical variables. If there

18



are no duplicate values in the data, and when the two variables are perfectly monotonically correlated,

the Spearman correlation coefficient is either +1 or —1.

The Spearman correlation coefficient is defined as the Pearson correlation coefficient between the rank
variables. For a sample with a sample size of n, the raw data are converted into ranking data, and the

correlation coefficient p is

b= X (i —0)(yi— )
VA G —%)2 Xy — ¥)?

Similar to the Pearson correlation coefficient, the value of the Spearman correlation coefficient is
between -1 and 1. When 0<r<1, indicating a positive correlation; when r=0, indicating no correlation or

no linear association; when -1<r<0, indicating a negative correlation.
T-test, analysis of variance, and Kruskal-Wallis test

The t-test which is also known as Student's t-test refers to the statistical hypothesis test of Student's t-
distribution in any test statistic under the null hypothesis [ 105]. It is a test method in statistical inference
that is used when the statistic follows a normal distribution but the variance is unknown. The premise
of the t-test is that the samples follow a normal distribution or an approximately normal distribution.
Otherwise, some transformations (logarithm, root, reciprocal, etc.) can be used to try to convert it into
data that follows a normal distribution. To satisfy the normal distribution, only nonparametric test

methods can be used.

The four most common uses of the t-test are (1) one-sample t-test, which is used to test whether the
mean of a single sample is equal to the mean of a known population with unknown population variance,
normally distributed data, or approximately normally distributed. (2) Independent two-sample t-test,
which is used to test whether the mean values of two sets of independent normally distributed data or
approximately normally distributed samples are equal. Here, it can be classified and discussed according
to whether the population variance is equal or not. (3) Dependent t-test for paired samples, which is used
to test whether the difference between the means of a pair of paired samples is equal to a certain value.
(4) T-test for regression coefficient significance, to test whether the explanatory variables used to test

the regression model have a significant effect on the explained variables.

Analysis of variance was invented by Ronald Fisher and is used to test the significance of the difference
between the means of two or more samples. The core idea of variance analysis is to decompose the total
variation of sample observations into two parts, random error and factor influence, and make statistical

inferences with the help of F distribution.

The Kruskal-Wallis test[ 106] is a nonparametric method to test whether two or more samples come
from the same probability distribution. The samples tested must be independent or uncorrelated. When
considering a parametric test, this test is similar to the one-way ANOVA. However, the Kruskal-Wallis
test does not assume that the samples come from a normal distribution. Its null hypothesis is that the

probability distributions obeyed by each sample have the same median, and the rejection of the null
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hypothesis is that the median of the probability distribution of at least one sample is different from the
other samples. The test does not identify between which samples the differences occurred and the

magnitude of the differences. The test statistic is calculated by:

YIn; (77.—7)?
H=(N-1) L —
?:1 Zjl:1(rij - f)z

where:

N is the total number of observations across all groups, g is the number of groups, n; is the number of

observations in group i, r;; is the rank (among all observations) of observation j from group i, 7;. =
g

j=1Tij . . . . = (N+1)
is the average rank of all observations in group i, ¥ =

is the average of all the ;.

n;

Regression analysis refers to a statistical analysis method to determine the interdependent quantitative
relationship between two or more variables [107]. Regression analysis can be divided into simple
regression analysis and multiple regression analysis according to the number of variables involved;
according to the number of dependent variables, it can be divided into simple regression analysis and
multiple regression analysis; according to the type of relationship between independent variables and
dependent variables, it can be divided into Linear regression analysis and nonlinear regression analysis.
Multi linear regression analysis is a predictive modeling technique that studies the relationship between
a dependent variable and an independent variable[ 108]. This technique is commonly used in predictive
analytics, time series modeling, and discovering causal relationships between variables. The formula of

multiple linear regression is:
Vi = Po +Pixun + Boxizt o+ Bpxipt€

Where for i = nobservations: y; is the dependent variable, x; are explanatory variables, 5, is y-

intercept, B, is slope coefficients for each variable, € is the model error (residuals).

In this study, Spearman correlation coefficients were calculated to explore the relationships between

urinary biomarkers, individual characteristics, and clinical parameters.

Kruskal-Wallis Tests were carried out to investigate the impacts of health profiles. Potential underlying
inflammation was defined as hs-CRP concentration > 3 mg/L and potential renal impairment was
defined as eGFR <90 mL/min/1.73 m? [109].

We used multiple linear regression models to investigate the associations between i) OH-PAHs and hs-
CRP, ii) OH-PAHSs and oxidative stress, as well as iii) oxidative stress and hs-CRP. Log transformations
were performed on the normalized concentrations of urinary biomarkers and hs-CRP to approximate
normal distributions of the residuals. Based on a previous study, we created base models including age,
sex, smoking, and season (spring: March to May; summer: June to August; autumn: September to
November; winter: December to February) as potential confounders [110]. Also, we forced time trends
into the models and optimized the smoothing parameters by optimizing the generalized cross-validation

(GCV) criteria [111]. We then included respective interaction terms to investigate potential effect
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modification by inflammation. Sensitivity analyses were also performed by removing season from the

models to evaluate the robustness.

For the statistical analyses of the KORA study, all statistical analyses were performed with R Statistical

Software (version 3.5.1, R Foundation for Statistical Computing, Vienna, Austria). All effect estimates

with 95% confidence intervals are given for an interquartile range increase of the exposure concentration.
For the statistical analyses of the pilot traveler study, MatLab ver. 7.11 R2010b (The MathWorks Inc.,

Natick, MA) was used. We considered a two-sided P value < 0.05 to be statistically significant.

3 Results

3.1 Validation of the analytical methods

Linearity, sensitivity: We set the concentration ranges between 0.2 ng/mL and 200 ng/mL linear to

establish calibration curves. Linearities were good and the r? was higher than 0.996.

limit of quantification: Limits of quantification (LOQ) were calculated automatically for every run,

using ANALYST according to the following equation.

10 x Calculated Concentration

Limits of quantification = ; ,
Analyte Signal To Noise

Instrument maintenance: Both the positive mode and negative mode of the mass spectrometer were

regularly tuned and calibrated according to the handbook.

Repeatability and reproducibility: Pooled urine sample was created with six urine samples from
different volunteers. Then we spiked the pooled sample to 80 ng/mL MDA, 20 ng/mL 8OHdG, or 10
ng/mL Faq-isoprostane standards and processed by the methods described previously. To investigate
instrument repeatability, we injected an aliquot of the same sample 6 times. The peak areas were
obtained and the coefficients of variation ranged between 1.7% and 11.6%. On 10 different days, spiked
deionized water and spiked pooled urine samples were processed according to the sample preparation
procedures and analyzed by LC-MS/MS as described in the previous chapter to investigate the
reproducibility of the methods. To overcome instrumental fluctuation issues during the overall period
of analysis, we calculated reproducibility based on concentration rather than peak area based on standard
curves generated in each sequence. The coefficients of variation ranged between 6.6% and 18.3% which

were good.

Recovery and matrix effects: Pooled urine samples and deionized water were spiked with standards in

different levels of concentration, prepared, and analyzed according to the method described previously.

The recoveries were calculated based on the equation shown below. The recoveries ranged between
44%-120%. By back-calculations against the internal standard, the recoveries ranged between 89% and
127%.

(mean peak area of spiked urine samples—mean peak area of pure urine samples) x 100

Recovery=
Y mean peak area of methanolic standards
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3.2 Study Population of the KORA cohort

The total number of participants in the selected cohort was 400. After removing the subjects with
missing values in the key outcomes, we had a final number of 392 (OH-PAHs: N = 7; MDA: N = §;
80HdAG: N =9; Fae-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. 57 % of the participants were male.
Only 37% of participants were neither smokers nor previous smokers. The mean concentration of hs-
CRP was 2.4 mg/L. 21% of participants indicated potential underlying inflammation and 45% of

participants were free from diagnosed diabetes or pre-diabetes (41 %).

The mean sum OH-PAHSs concentration and the concentrations of 1-OH-Phe, 2-OH-Phe, 3-OH-Phe,
and 1-OH-Pyr in the study participants were 0.34, 0.16, 0.08, 0.10, and 0.30 ng/mg creatinine,
respectively. The mean sum F», -isoprostanes concentration and the concentration of 2,3-dinor-8-iso-
PGF2q, 8-150-15(R)-PG F2q, 8-i50-PGF2,, and +£5-iPF2, in the study participants were 4.11, 2.08, 0.52,
0.27, and 1.24 ng/mg creatinine, respectively. In the Spearman correlation test between all pairwise
combinations of biomarkers and clinical parameters, we observed strong correlations within the F,-
isoprostane group (0.54 — 0.88) and the OH-PAHs group (0.55 — 0.78). Thus we limited parts of the
subsequent analyses to the sum of OH-PAHs concentrations and the sum of Fa4-isoprostanes
concentrations as indicators to reduce the number of tests and to keep the results brief. The mean
concentration of MDA, 8OHdG, and creatinine in the study participants were 41.76 ng/mg creatinine,

3.35 ng/mg creatinine, and 1.34 mg/mL respectively.

Table 2 Descriptive statistics ofthe study population (N=400)

Characteristics Mean or Total N SD or (%) Missing

Personal Characteristics

Age (years) 56 9.2 0
<55 173 45% 0
>55,<65 126 33% 0
>65 83 22% 0

Sex (male) 220 57% 0

Socio-economic & lifestyle characteristics

BMI (kg/m?) 28.1 4.8 0
Obese (BMI > 30 kg/m?) 116 30% 0

Smoking Status
Non-smoker 141 37% 0
Ex-smoker 163 43% 0
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Smoker
Clinical Characteristics
hs-CRP (mg/L) (N=382)

Potential underlying inflammation (hs-CRP > 3

mg/L)
eGFR (mL/min/1.73 m?)

Potential renal impairment (¢GFR < 90 mL/min/1.73

m?)
Diabetes Status
No Diabetes
Pre-diabetes
Diabetes
Hypertension Status
Hypertension
Characteristics of the day of examination
Season
Spring (Mar-May)
Summer (Jun-Aug)
Autumn (Sep-Nov)
Winter (Dec-Feb)

Urinary biomarkers (ng/mg Creatinine)

OH-PAHSs
1-OH-Phe
2-OH-Phe
3-OH-Phe
1-OH-Pyr

MDA

8OHdG

Fae-isoprostanes
2,3-dinor-8-is0-PGF2q
8-is0-15(R)-PGF2q
8-is0-PGF2q
+5-iPF2q

Creatinine (mg/mL)

78

80

89.9

179

173

156

53

130

129

98

71

84

0.34

0.16

0.08

0.10

0.30

41.76

2.08

0.52

0.27

1.24

20%

3.36

21%

9.3

47%

45%

41%

14%

34%

34%

26%

18%

22%

0.39

0.18

0.12

0.14

0.39

38.69

1.93

2.92

1.63

0.1

0.23

0.99

0.81
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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; 8OHdG, 8-hydroxy-2’-deoxyguanosine; Foq-isoprostanes,sum Fag-isoprostanes
concentration; BMI, Body Mass Index; hs-CRP, high sensitivity C-Reactive Protein; eGFR, Estimated

Glomerular Filtration Rate from Serum Creatinine and Cystatin C.

3.3 Outcomes from Kruskal-Wallis Test in KORA subcohort

We observed clearly higher MDA concentrations in participants higher than 55 years old, potential

underlying inflammation, or CKD. 8OHdG concentrations were also significantly increased in

participants higher than 55. Concentrations of Fa4-isoprostanes were significantly higher in female

participants. Participants who visited the study center in winter were detected with the highest
concentrations of OH-PAHs, MDA, 8OHdG, and F2.-isoprostanes.
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Figure 12 Kruskal-Wallis Test of OH-PAHSs, oxidative stress biomarkers for different subsets of participants. (* P < 0.05)
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3.4 Association between OH-PAHs, biomarkers of oxidative stress, and

biomarkers of inflammation in KORA subcohort

3.4.1 Association between OH-PAHs and biomarkers of oxidative stress

R All OH-PAHs were significantly positively
OF-PAHSs - associated with oxidative stress biomarkers
DA e onphe  (Figure 13). For participants with a potential
HeH sonphe Underlying state of inflammation (hs-CRP >
— vonrne  ME/L), we observed stronger associations
between OH-PAHs and 8OHdG/Fa-
: e 1-OH-PYr .
R isoprostanes whereas no differences were seen
1 PoHEH OH-PAHs .
: for MDA (figure 13).
: HeH 1-OH-Phe
SOHAG : DR
=y somrne  3.4.2 Association between OH-PAHs
e soure and hs-CRP
8 orpyr  We did not observe an association between the
PR onrans  sum OH-PAHs or single OH-PAHs and hs-
b o CRP (details not listed).
F,,-Isoprostanes i B 2-OH-Phe
= 3-OH-Phe
A 1-OH-Pyr
Figure 13 Percent change in biomarkers of oxidative stress (95%
CI) in association with interquartile range increase of internal
exposure biomarkers for the models adjusted for age, sex,
smoking, trend, and season.
Percent Change in log(hs-CRP) per IQR increase
E 08 4 o 2 9B g 3.4.3 Association between biomarkers of
: _— oxidative stress and hs-CRP
: The three types of markers of oxidative stress
hs-CRP - C—s— SOHAG . . o .
: showed quite different associations with hs-CRP.
s b tsomosanes VIDA Was not associated at all, while 80OHdG was
: significantly positively associated, and Fae

isoprostanes indicated only a slight positive
Figure 14 Percent changein hs-CRP (95% CI) in association with

an interquartile range increase of oxidative stress biomarkers —association.
adjusted for age, sex, smoking, trend, and season.
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3.5 Results of the pilot traveler study

Altogether nine volunteers who traveled to China for vacation were investigated. Samples were collected
before and after the trip (S0, S1, S2, S3, and S4). Based on the outcome of the KORA cohort study, we
consider PM» s exposure, cigarette smoking, age, gender, and health status to be the most important
factors affecting the acute oxidative stress response. Thus, all these volunteers were young, relatively
“healthy”, non-smoking males. For PMa s, the mean values of the concentrations 7 days before each
sample collection were used. In most cases, A PMa s between S0/S1 and A PM> s between S1/S2 were
mostly higher than 50 pg/m3, which indicates that most of the volunteers were exposed to much worse
air conditions during the trip. An exception was volunteer A09, for whom the difference during the trip
was relatively low. Furthermore, it was recognized that volunteers AO1 and A06 were exposed to severe
passive cigarette smoking during the trips. In former studies, significant smoking and passive smoking
were related to increased levels of MDA, 80HAG, and F».-isoprostane, as reported by Solak et al. [112],
Yao etal. [113], and Ahmadzadehfar et al. [ 114]. Finally, the travel duration of volunteer A08 was much
shorter than the other volunteers. Thus, the cohort for the final analysis was further refined to volunteers
who 1) traveled more than 3 weeks and 2) had A PMa s higher than 50 pg/m3 during the last 7 days of
their journey, and 3) were not exposed to cigarette smoke for further investigation (A02, A03, A04,
A05, and A07).

The time trends of median values of the target substances observed from this refined cohort are shown
in Figure 15Error! Reference source not found.. The concentration of PM> s shows nearly constant
and low values in the measurements after returning from their trip. The highest median concentrations
of the oxidative stress biomarkers MDA (Figure 15 B), the oxidative DNA damage biomarker SOHdG
(Figure 15 C), and the polycyclic aromatic hydrocarbon exposure biomarker OH-PAHs (Figure 15 E)
are found directly after returning from China (S3 samples). In contrast, for the Fa.-isoprostanes
(arachidonic acid oxidation biomarkers, Figure 15 D), no direct correlation is observed. This indicates
that there are time-lags for F2.-isoprostanes formation or excretion, as the maximum concentrations are

observed in S1, S2, or even S3.
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B) Concentration of malondialdehyde, a biomarker of lipid peroxidation (oxidative stress);

C) Concentration of 8-Hydroxy-2"-deoxyguanosine, a biomarker of oxidative DNA damage (oxidative stress);

D) Concentration of F 2e-isoprostanes, biomarkers of arachidonic acid oxidations (oxidative stress);

E) Concentration of hydroxylated PAHs, biomarkers of polycyclic aromatic hydrocarbon exposure in the urine of the
travelers (valid cases A02, A03, A04, A05, A07) starting with before travel (S0), directly after travel (S1) and the 4 weeks

after return (S2, S3, S4).
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4 Discussion

Matrix effects from the constituents of the urine can strongly influence sample processing and the
electrospray ionization in the way of precision, accuracy, and recovery of the method [115, 116]. The
addition of isotopically labeled internal standards is necessary to overcome matrix effects and to increase
reliability [117]. Individual detection methods and sample processing methods had to be developed for
each compound or compound class due to the very low concentrations of the biomarkers and their
different challenges. For the determination of MDA, chemical derivatization with DNPH was applied,
followed by a liquid-liquid extraction to remove excessive DNPH [118]. For 8OHdG, strong matrix
effects due to interfering components were observed. However, strategies such as SPE could neither

improve recovery nor significantly reduce components from the interfering matrix. We thus direct
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injected the diluted urine sample, in combination with the peak cutting technique. For Faq-isoprostanes,
we employed an SPE technique for selective enrichment and clean-up of the substances. Method
development and optimization led to three analytical methods allowing practicable, sensitive, and
reliable quantification of the selected markers of oxidative stress in sample volumes below or equal to
1 mL. For serum and plasma, the challenges are even greater. The detection limits that could be reached
by applying derivatization and LC-HRTOF-MS analysis were in a range between 0.05 ng and 0.2 ng on
the column. Especially the concentrations levels of bronchoalveolar lavage fluid samples often were
found in this range, rendering reliable quantification difficult. Although the concentrations in serum and
plasma samples are higher, their sample processing revealed other problems. The protein content led to
an additional, disturbing layer between hexane and the aqueous part after the saponification step.
Therefore sometimes only a small part of the hexane could be used. More and over the chromatographic
system as well as the electrospray source of the LC-HRTOF-MS showed fast contamination indicated
by increased pressure and decreased sensitivity. Three strategies were followed to degrade the problems:
Time and temperature of the saponification and denaturation steps were increased, the volume of KOH-
solution was increased from 200 pl to 400 pl per sample, and the extraction volume (hexane) was
increased three- and six-fold. None of these actions solved the problem meaning that the results for the

protein samples must be considered carefully.

Different instrumentations were selected for the detection of the targeted analytes: for OH-PAHs, due
to the structure of the rings, OH-PAHs have very characteristic UV absorbance spectra The absorbance
bands are unique for each ring structure. For example, a set of isomers can present different UV
absorbance spectrums. With such characteristic UV absorbance spectra, the detection can be easily done
with a UV detector. Meanwhile, a large amount of OH-PAHs is also fluorescent. When they are excited,
they can emit light with characteristic wavelengths. Thus, the detection of OH-PAHs is mostly done
with a UV or fluorescence detector. For the detection of oxidative stress biomarkers, because the size of
the cohort can be large including hundreds or even thousands of participants. Moreover, the
concentrations of the targeted analytes are normally at a very low level even after sample enrichment.
Therefore, very robust instrumentations are highly demanded. The triple quadrupole mass spectrometer
has arelatively simple structure and is very robust. With the collision of parent ion and selection of the
fragmented production ion, the TQMS is thus robust, sensitive, and high specificity. So, we used TQMS
for the analysis of low concentrated oxidative stress biomarkers in a high sample number. The detection
of cholesterols requires both high sensitivity and high resolution. For example, 25-Hydroxycholesterol
and its internal standard 25-hydroxycholesterol-ds are large molecules showing slightly different
retention times of ca. 740 s and 730 s, respectively. The high resolution of the TOF-MS allows for highly
reliable identification of the target substance in real samples. However, with increasing mass resolution

the application of signal - to-noise ratios for the calculation of instrument detection limits loses its

validity. The insufficient sensitivity of the high resolution TOF -MS also encountered many difficulties
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due to the low concentration levels of targeted analytes. The detection limits that could be reached by
applying derivatization and LC-HRTOF-MS analysis were in a range between 0.05 ng and 0.2 ng on
column. Especially the concentrations levels of bronchoalveolar lavage fluid samples often were found
in this range, rendering reliable quantification difficult. Although the concentrations in serum and
plasma samples are higher, their sample processing revealed other problems. The protein content led to
an additional, disturbing layer between hexane and the aqueous part after the saponification step.
Therefore sometimes only a small part of the hexane could be used. More and over the chromatographic
system as well as the electrospray source of the LC-HRTOF-MS showed fast contamination indicated
by increased pressure and decreased sensitivity. Three strategies were followed to degrade the problems:
Time and temperature of the saponification and denaturation steps were increased, the volume of KOH-
solution was increased from 200 pl to 400 ul per sample, and the extraction volume (hexane) was
increased three- and six-fold. None of these actions solved the problem meaning that the results for the

protein samples must be considered carefully.

In both cohorts, spot urine (KORA) samples or first void urine (traveler) samples were collected.
Because the excretion ratio of creatinine is relatively constant [119], the concentration of creatinine was
used in previous studies as an indicator of kidney filtration to normalize the concentration of other
urinary biomarkers [68, 120, 121]. However, it should be noted that Stiegel et al. investigated 280 urine
samples from 29 healthy adults and found that creatinine level is inversely related to urinary excretion
rate (r>=0.6858). But more than 30% of creatinine variance is from sources beyond dilution/hydration
[122]. In future studies, cautious consideration should be taken when using creatinine correction. A 24-
h complete urine collection will be a more accurate solution with more reliable information. In this
study, spot sample collection was nevertheless employed because it is less time-consuming and more

convenient for volunteers.

In the cross-sectional KORA cohort, biomarkers of PAHs exposure, oxidative stress, and inflammation
were determined to investigate the interplay in between. The concentrations of OH-PAHs were
comparatively low in our study. A study carried out among 300 participants from 7 Asian countries
reported the mean concentrations of 2-OH-Phe, 3-OH-Phe, and 1-OH-Pyr ranged between 0.07 — 0.58
ng/mL, 0.10 — 0.71 ng/mL, and 0.17 — 0.67 ng/mL respectively [123] while in our study, the mean

concentrations were 0.09, 0.11, and 0.35 ng/mL respectively (before normalized by urinary creatinine).

The concentrations of the biomarkers of oxidative stress and inflammation were higher in older
participants (MDA, 80HdG, and hs-CRP), obesity (hs-CRP), potential underlying inflammation
(MDA), potential renal impairment (MDA 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 autumn and winter (MDA and 8OHdG).
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4.1 Health profiles

Sex: We observed lower concentrations of Faq-isoprostanes in men than in women. Similarly, a study
from the U.S examining 65 participants (19 male, 46 female; 38.6 £ 11.1 years old) found higher
concentrations of Faq-isoprostanes in females [124]. Such different concentration levels in males and
females may be caused by the different content of lean body mass, and bone mineral content in male

and female participants [124].

Age: Many studies suggest that free radicals play an important role in aging [125-127]. In our study,
biomarkers of ROS damage were MDA and 8OHdG. Their concentrations were also higher in the older
groups (between 55 to 65 and older than 65 years). The reason could be that organism aging accumulates

oxidative damage generated by ROS.

Smoking: Huge amounts of PAHs are content in cigarette smoke [128]. After intake of such a high
abundance of PAHs, the group of smokers showed the highest level of PAHs metabolites in urine.
Similarly, a cohort study among 388 participants (288 non-smokers and 100 smokers) found highly
significant differences between these two groups of participants and dose-response relationships
concerning cigarettes smoked per day for 2-, 3- and 4-OH-Phe and 1-OH-Pyr [129]. Moreover,
researchers found significant correlations between urinary OH-PAH levels and cigarette smoking among

4092 participants in China [130].

Obesity and chronic diseases: Higher concentrations of hs-CRP were observed in participants with
obesity, CKD, diabetes, and hypertension indicating an underlying inflammatory state. Two studies
compared patients with different stages of CKD with control groups and found higher oxidative stress
levels and inflammation in CKD patients [131, 132]. Similarly, we observed higher concentrations of
MDA, 80HAG, and hs-CRP in participants with CKD as well as an indication for Fa.-isoprostanes. A
study across 80 participants reported that hypertension may increase the level of hs-CRP [133] which
matches our observation. Two studies among a cohort of North Indians and a cohort of African
Americans both found that higher concentrations of hs-CRP were associated with diabetes or, to a lesser

degree, insulin resistance [ 134, 135].

Season: Significantly higher OH-PAHs levels were observed in urine samples collected during the
heating seasons. Studies carried out in Europe and China in recent years monitored the atmospheric
PAHs and reported similar seasonal variations. Different source contributions between the heating
season and the non-heating season were suggested to be the main reason [136, 137]. Moreover, Li et al.
monitored the atmospheric PAHs in the Augsburg region (Germany) between 2014 — 2015 and
suggested that biomass burning for domestic heating during autumn and winter was the major
contributor [138]. This observation matched our results of the seasonal OH-PAHs changes 1) indicating
that ambient PAHs might be an important source of PAHs intake; 2) suggesting the levels of oxidative

stress markers (MDA and F2q-isoprostanes) were significantly higher in samples taken in the heating
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season, which may also be related to increased ambient PAHs pollution. Both short- and long-term
studies suggested higher concentrations of OH-PAHs, and increased oxidative stress biomarkers could

be detected after exposure to ambient pollutants [139-141].

4.2 Associations

Two studies from the USA and Japan investigated the association between selected oxidative stress
markers (MDA, 8OHdG, and F»4-isoprostanes) and OH-PAHs among two smaller cohorts [76, 141].
Ferguson et al. reported that some PAHs metabolites showed consistent positive associations with the
urinary oxidative stress markers (8OHdG and 8-isoprostane) after investigating urine samples from 200
pregnant women in the United States. Bortey-Sam et al. analyzed the urine samples collected from 202
residents in Kumasi, Japan, and found significant positive correlations between the sum OH-PAHs, 2-
OH-Nap, 2-3-OH-fluorenes, and MDA and a positive correlation between 4-OH-Phe and 8OHdG. These
findings matched our study, in which all examined oxidative stress markers showed positive associations

with OH-PAHSs.

In our study, more pronounced associations were found in participants with potential underlying
systematic inflammation between OH-PAHs and 80OHAG as well as Fa.-isoprostanes, whereas no
difference was seen for MDA. This finding indicates that oxidative stress is deteriorated, or is promoted
by systematic inflammation. Biswas et al. found that the inflammation process not only can produce
reactive species, but also exaggerate the generation of reactive species [ 142]. 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.

Positive associations between urinary OH-PAHs concentrations and hs-CRP were also observed in the
same study by Ferguson et al. [76]. A study carried out among 999 participants of the National Health
and Nutrition Examination Survey (NHANES) in 2003-2004 also found positive associations in groups
with medium (concentrations of 2-PH-Phe between low and high) and high levels of 2-OH-Phe and 9-
hydroxyfluorene. No association could be observed in the group with lower levels of 2-OH-Phe, and 9-
hydroxyfluorene [69]. In our study, we observed no or only slight indications for an association between
OH-PAHSs and hs-CRP. Compared to the study carried out in 7 Asian countries [ 123], the KORA cohort
was exposed to relatively low levels of PAHs exposure. Thus, we can conclude that acute low-level
PAHs exposure was associated with only limited increase in hs-CRP. For long-term exposure, however,
we observed significant positive associations between long-term exposure to ambient air pollution and

hs-CRP in our previous KORA FF4 study across the full sample of 2252 participants [71].

It has been shown that ROS plays an important role in the signaling of inflammatory responses [4]. In
our study with comparable low OH-PAHs concentrations, 8OHdG was still significantly positively
associated with hs-CRP while MDA and Fa.-isoprostanes showed no or only a slight positive

association. From non-enzymatic and free radical-mediated oxidations MDA[59] and F2.-isoprostanes
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[62, 63] are generated. Yet the generation of 8OHAG is enzymatical during DNA impairment and
repairing [60]. In the continuum of oxidative stress and antioxidation described by Peterset al. [4], MDA
and Fz.-isoprostanes could be generated through all phases, while SOHdG is mostly generated in the

later phases of e.g. inflammation and cell death when ROS exceeds antioxidation.

However, there were some limitations of this KORA cohort: First, it was a cross-sectional cohort study
and the samples were collected only at one single time point through 2013 — 2014; second, the cohort
was exposed to relatively low concentrations of air pollutants for a long period. Thus, we proposed a
concept that uses traveler models for longitudinal PM pollution-induced acute health effects study and
carried out the pilot study. In the pilot study, we observed decreasing trends of biomarkers and high
levels of associations. Similar to our observations from the KORA cohort, associations between
exposure (PM; s or PAHs), Fa.-isoprostanes, and MDA were found. It took 2-4 weeks for most of the
biomarkers to clear the decreasing trends while the downtrends of OH-PAHs lasted for only 1-2 weeks
till achieving pre-travel values. Similar trends of urinary OH-PAH concentrations were also observed
by Lin et al. after investigating 10 students who traveled between China and the USA [143] and by Thai
et al. after analyzing urine samples of a family which traveled between Vietnam and Australia [144].
This indicates, as reported [ 145], a faster removal pathway from the organism, for PAH. The differences
in the PM 5 concentrations between China and Germany match the overall increasing (S0 and S1) and
decreasing (S1 to S4) trends of oxidative stress biomarkers and PAH metabolites although the patterns
of F2.-isoprostanes and 8OHdG varied. Such findings match the outcome from the KORA cohort: The
pathways and excretions varied between the three types of biomarkers of oxidative. Allen et al. exposed
10 volunteers to air with a high PM; 5 concentration (205.346.2 pg/m?) for 2 hours, and no significant
variations of F».-isoprostanes or SOHdG concentrations were observed in the next 1.5h, 3 h, 6 h, 12 h,
and 22 h after exposure [146]. We suppose that there is a lag between the exposure and the yield of Fa,
-isoprostanes/ 8OHdG, which can be even one or two weeks long, due to the differences in pathways
while MDA was generated much faster after the exposure. This is also supported by the results of Lin
et al.: before and during the 2008 Beijing Olympic Games, associations between air pollutants and
80OHdG/ MDA were investigated. Their results showed the fast response of pollutants/ MDA while lags
were found between pollutants and SOHdG [147].

5 Conclusion

As one of the top reasons for worldwide mortality, ambient air pollution is an issue for global public
health. It is important to monitor the exposure and investigate the health effects. However, the great
diversity in combinations of source, composition, and metabolic pathways makes direct evaluation of

exposure burden very critical to achieve.

Therefore, the strategy biomarker monitoring was used: (1) OH-PAHs, biomarkers of PAHs, were

selected as indexes for the individual external exposure levels. (2) MDA, a by-product from the attack
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of the ROS species to PUFA. 80OHdG, a product during ROS caused DNA damage and repairing and
F2q-1soprostanes, a series of compounds produced when ROS attacking membrane phospholipids were
selected as urinary biomarkers for oxidative stress. (3) Hs-CRP was selected to monitor the potential
systematic inflammation. In addition, cholesterols were determined from biological samples in mice to

better understand the pathway of cigarette smoke induced COPD.

Different LC-MS instrumentations were established to analyze all these analytes. For example, due to
the very low concertation levels of oxidative stress biomarkers and the very high total number of
samples, a triple quadrupole mass spectrometer was used which benefits from the simple structure,
robustness, and high sensitivity. Dueto the low concentration and special features of isotopically labeled
standards of oxysterols, the ultra high resolution time of flight mass spectrometer was used for the
measurement of cholesterols because the flight path of the ions can be very long in such mass

spectrometer which provides the extremely high resolution for both large and small molecules.

A cohort in the Augsburg region was selected to investigate the health effects caused by exposing to
external air pollution. Associations between concentrations of OH-PAHs and oxidative stress were
observed. Higher concentrations of oxidative stress biomarkers were found in participants with health
profiles such as higher age, smoking habits, obesity, and chronic diseases. Also, we found the
concentration of hs-CRP was positively associated with the concentration of 8OHdG. The results of the
KORA cross-sectional cohort study suggested relationships between exposure to PAHs, oxidative stress,
and health profiles. To compensate for the setup of this cohort, we proposed to use travellers as models
to investigate the acute health effects which related to air pollution. The results from the pilot study

proved the concept that travellers are ideal for studying the acute exposure induced health effects.

In addition to human studies, animal models are important for investigating the pathological
development of air pollution exposure induced diseases and for understanding the pathways. The very
high resolution mass spectrometer is proven to be a very powerful tool for determining targeted large

metabolites for example the oxysterols in present work.

Overall, our study investigated the air pollution induced health effects in a comprehensive way which

provides both ideal tools and information for future studies.
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ABSTRACT

ARTICLE HISTORY

Objective: The influence of different exposures to PM, s (particulate matter with an aerodynamic diam-
eter below 2.5um) on the concentrations of biomarkers of exposure and oxidative stress should be
investigated. For this purpose, urine samples from individuals travelling from Germany to China were
collected and analysed.

Materials: Robust LC and LC-MS/MS methods were established for the determination of biomarkers
including 8-hydroxy-2’-deoxyguanosine, malondialdehyde, F,,-isoprostanes and hydroxylated polycyclic
aromatic hydrocarbons. As a pilot study, nine volunteers travelled from Germany (mean daily concen-
tration of PM,s: 21 ug/m’) to China (mean daily concentration of PM,s: 108 ug/m3). Urine samples
were collected before and after the trip.

Results: In samples collected after return to Germany, the median concentrations of oxidative stress
biomarkers were observed to be higher than in samples collected before leaving Germany. Decreasing
trends were observed in the sequences of samples collected after return in the following weeks.
Correlations were found between exposure and oxidative stress biomarkers.

Conclusion: Travellers are ideal models for PM pollution-induced acute health effects study. Exposure
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to PM pollution can cause oxidative stress and damage.

Introduction

Over the last few decades, China had notable success in
terms of economic growth, as well as booming transporta-
tion and industry. However, these changes are accompanied
by worse air quality, which is caused by fossil fuel and bio-
mass combustion (Boffetta et al. 1997, Bostrom et al. 2002,
Chan and Yao 2008). Particularly in winter, heavy hazes often
cover huge areas of north China, which has become a global
concern. One of the major components of haze is particulate
matter (PM) consisting of suspended solid or liquid particles.
They can be inhaled and accumulated in the bronchus and
pulmonary alveolar surfaces, inducing the formation of react-
ive oxygen species (ROS) such as peroxides, superoxide,
hydroxyl radical and singlet oxygen. These species disturb
the natural oxidative stress balance by attacking macromole-
cules, such as phospholipids, proteins and DNA. Furthermore,
they can induce cell apoptosis. Their reactivity can be
blocked by antioxidants or internal enzymatic processes of
the cell. Particles with diameter <2.5um (PM,s) have been

proven to be more harmful because they can be inhaled into
the deeper lung regions and can penetrate into cell mem-
branes. In China, the daily PM, s concentrations in some cities
even exceeded 1000 ug/m? in the winter of 2015, although
as described in the national ambient air quality regulations in
China (GB 3095-2012), the threshold for annual average PM, 5
mass concentration levels is 35 ug/m?. Exposure to such high
levels of PM,s is linked to short-term, as well as long-term
diseases, such as respiratory infections, asthma, airway irrita-
tion, reduced lung function, cardiovascular diseases and car-
diopulmonary diseases (Risom et al. 2005, de Kok et al. 2006,
Dumax-Vorzet et al. 2015, Jaligama et al. 2015, Kumarathasan
et al. 2015, Pardo et al. 2015, Sijan et al. 2015). It is of great
importance to investigate the health effects caused by expos-
ure to PM,s. During various phases of oxidative stress, bio-
molecules, including phospholipids, proteins and DNA, are
oxidatively attacked. These biochemical processes, on the
one hand, can induce further development of diseases such
as cancer. On the other hand, the formed oxidation products
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and metabolites can be used as indicators of air pollution
exposure and harm. One strategy is to determine the bio-
markers in urine samples, such as malondialdehyde (MDA)
(Czauderna et al. 2011), F,,-isoprostanes (Milne et al. 2008)
and 8-hydroxy-2'-deoxyguanosine (80OHdG) (Valavanidis et al.
2009). Due to the non-invasive character of urine sampling,
such methods are also appropriate for studies of large
populations.

DNA damage biomarker: 8-hydroxy-2'-deoxyguanosine

8-Hydroxy-2'-deoxyguanosine is generated during DNA repair
pathways and can be excreted into urine due to its water-
solubility (Klein et al. 1992, Dizdaroglu 2012). Oxidative stress
is suggested to be one of the reasons of DNA damage. Also,
80HdG is considered to be an ideal biomarker of oxidative
stress due to the following reasons: (1) 80HdG is not
involved in further reactions; (2) cell death and diet would
not increase the urinal 8OHdG levels (Evans et al. 2004, 2010,
Halliwell 2007, Valavanidis et al. 2009).

Lipid peroxidation biomarker: malondialdehyde

Malondialdehyde is an important secondary product of lipid
peroxidation, generated when oxidative species react with
double bonds of polyunsaturated fatty acids (PUFAs) (McCord
1993). Previous studies have shown the relation between
MDA and oxidative stress by analysing bio-matrices with
liquid chromatographic (LC) or gas chromatographic (GC)
methods (Giera et al. 2012). Due to its very high reactivity,
MDA can disturb many normal reactions. Thus, it is a highly
toxic molecule both inside and outside of cells. Furthermore,
MDA is a very important target biomarker to indicate the
level of oxidative stress (Czauderna et al. 2011).

Arachidonic acid oxidation biomarker: F,,-isoprostanes

F,,-isoprostanes are a series of prostaglandin (PG)-like
compounds that are generated by non-enzymatic, free radical-
mediated oxidation of arachidonic acid. Due to the non-
enzymatic reaction, numerous isomers are formed, some of
which are cytotoxic (Morrow et al. 1990, Milne et al. 2008).
However, they are also potential in vivo biomarkers of oxidative
stress. They are stable, robust, and exist in all human tissues
and fluids. Their occurrence may be related to a diverse array
of human disorders, such as atherosclerosis, diabetes, obesity,
cigarette smoking, neurodegenerative diseases and many
others (Milne et al. 2008). Previous studies were mostly based
on GC or GC-mass spectrometric (GC-MS) techniques (Mori
et al. 2000, Walter et al. 2000, Dreissigacker et al. 2010).

Polycyclic aromatic hydrocarbon exposure biomarker:
hydroxylated polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons belong to a class of sub-
stances containing fused aromatic rings. They are mostly
generated during the combustion of biomass and coal.
Traffic and industry are considered to be the main sources of

emissions in urban areas (Bressi et al. 2013). PAH has been
the subject of many studies due to its ubiquitous distribu-
tion, long-time persistence in environmental compartments,
and numerous health effects. Among these are chronic
effects, such as carcinogenicity, and acute effects, such as
the induction of inflammation processes. After entering the
human body through inhalation, ingestion or skin perme-
ation, the PAH are spread and located in specific lipid-rich
tissues or transported into the liver and kidney. Metabolic
degradation partly converts PAH into electrophilic metabo-
lites that can finally produce reactive oxidative reagents
(Franco et al. 2008). One important metabolic pathway in
mammalians requires the contribution of cytochrome P450
enzymes and microsomal epoxide hydrolase. This oxidative
metabolism results in the formation of dihydrodiols, tetrahy-
drotetrols, monohydroxy-PAH (OH-PAH) and DNA-adducts.
Products with five or more rings are mostly excreted into fae-
ces, while most of the lower-molecular-weight products
with two to four rings are excreted into urine, and the deter-
mination of OH-PAH in urine is a helpful tool to assess the
individual internal burden of PAH (Wu et al. 1998).

Concept of exposure assessment

In environmental health studies and epidemiological studies,
one problem researchers often encounter is that the subjects
under study have usually been exposed to the same or simi-
lar conditions for a long period. This can conceal or change
characteristics related to acute injuries. Every year, millions of
people perform long-distance travels. Among the places of
travel, some have relatively "clean" air while others are
exposed to highly polluted air. Here, we follow the idea that
travellers can provide an ideal model to investigate acute
biological responses and health effects due to their exposure
to differently polluted environments during travel. Similar
study designs were reported by Thai et al. (2015), Lin et al.
(2016) and Rossnerova et al. (2011). Thai and coworkers col-
lected urine samples from one family who travelled between
Australia and Vietnam and found that OH-PAH concentra-
tions in urine samples were higher during the stay in
Vietnam. Lin et al. (2016) investigated OH-PAH and MDA in
urine samples, which were collected from students who trav-
elled from Los Angeles to Beijing. The OH-PAH and MDA
concentrations showed significant changes related to the
respective location. Both studies are mainly focussed on
PAH-exposure-related biomarker levels in urine. Values for
external, ambient pollutants like PM,s or PAH were not
determined and considered. In a sub-study by Rossnerova
et al. (2011), air pollution-related effects were examined by
evaluating frequencies of micronuclei of four travellers
between Prague and the Ostrava region, Czech Republic.
Biomarkers of oxidative stress or OH-PAH were not deter-
mined. To the best of our knowledge, our study is the first
that considered and analysed biomarkers for lipid peroxida-
tion, arachidonic oxidation, DNA damage, PAH exposure and
ambient PM, 5 data as well.

Since 2012, our research group has been involved in joint
environmental health projects of the Helmholtz Zentrum
Munchen in which - among others - the relation between



exposure to PM,s, ultrafine particulate matter (PMg;) and
diseases are investigated in the framework of the
"Cooperative Health Research in the Augsburg Region -
KORA" and "Helmholtz Virtual Institute of Complex
Molecular Systems in Environmental Health - HICE". For
the project discussed in this study, LC- and LC-MS-based
methods for the determination of OH-PAH, MDA, 8OHdG
and F,-isoprostanes in urine were required. For the deter-
mination of OH-PAH we had recourse to an established
method. However, for the other analytes, we had to
develop a sensitive, robust, and low sample-consuming
method allowing reliable quantification in sample volumes
below one millilitre. For this purpose, LC mass spectromet-
ric (LC-MS) methods were optimized and validated. The
methods consisted of sample processing, chromatographic
separation and tandem mass spectrometric detection. The
applicability of the methods should be demonstrated by
conducting a smaller study in which a group of volunteers
undergoing periodic exposure to high levels of particulate
matter are investigated by collecting and analysing urine
samples at defined points of time.

Clinical significance

The clinical significance in the presented study is summarized
below:

e We proposed non-invasive, reliable and applicable LC-
based methods, which are suitable for routine analyses.
Valuable information can be obtained to monitor oxida-
tive stress and to investigate the health risks, which are
induced by air pollution exposure and other hazards.

e Short-term air pollution exposure induced acute effects
should get more attention. More investigations should
be performed especially for exposure to critical air
pollutions.

Methods
Study population

To investigate the applicability of the analytical method and
to examine the influence of ambient air on urinary concen-
trations of the biomarkers of interest, a pilot study was per-
formed by focussing specially on individuals travelling to
China from Germany. The studied population consisted of
nine non-smoking "healthy" (without doctor-diagnosed
chronic diseases such as cardiovascular diseases, chronic
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young male Chinese volunteers with a mean age of
29 (ranging 26-34), who studied in Munich, Germany for 18
to 24months. The volunteers subsequently travelled for a
holiday to different cities of China in the time frame from
December 2013 to February 2014 and returned to Germany.
Information on daily PM,s concentrations i was collected
from the official website of the China National
Environmental Monitoring Centre. The main features of the
travel can be described as follows: The mean travel time
was 28 days (8 days— 42 days). During the whole travel
time, no volunteer resided near a highway (within 100 m).
Four volunteers stayed in urban areas while the other five
volunteers lived in rural areas during the first week(s) of
travel. During the last week of their travel, half moved to
and stayed in other cities for 3-7 days. Although only non-
smoking students were selected as volunteers, two were
reported as severe passive smokers in the course of their
trip or in Germany. The mean PM,s concentration of the
first week(s) of travel was 101 pg/m*> and the mean PM,s
concentration of the last week of travel was 118 pg/m>. For
comparison, in Munich, during the period between
December, 2013 and February, 2014, the mean PM,s con-
centration was 21pg/m>. Anonymous self-administered
questionnaires were used to collect health histories, includ-
ing age, gender, respiratory diseases, cardiovascular dis-
eases, as well as information of travel history including the
departure date, arrival date and staying cities. Since this
study is considered as an observational study, no treatment
was applied (non-invasive sampling), and signature of con-
sent is the only risk for participants’ privacy. Exception by
the Ethics Committee was approved. The participants were
fully informed formally. The whole study follows the princi-
ples of the Declaration of Helsinki.

Sample collection and sampling schedule

First void urine samples were collected. Midstream specimens
of the first void urine were collected one day before depart-
ure. Then, urine samples were collected immediately upon
return to Munich. Further collections were performed after
one week, two weeks and four weeks. The whole sampling
cycle can be divided into five different sampling periods: one
day before leaving Munich (S0); first day after return to
Munich (S1); one week after return to Munich (S52); two
weeks after return to Munich (S3); and four weeks after
return to Munich (S4) (Figure 1). Urine was collected in glass
tubes and stored in an ice box immediately. The samples
were then stored at -20°C in the laboratory until sample
preparation.

obstructive pulmonary disease or renal insufficiency)
Urine collection 1 day i Urine collection 1% Urine collection 2 Urine collection 4
before departure (S0) iR e Tl U"':mu week afler retum (S2) week afier retum (S3) week afler retum (S4) H n
PM, ; 22 jgi? EM: 118 pghms oy = PM 527 pghm PM; 5 18 pgim® PM; 5 18 pgim® I J
Germany Germany |
—”._lln...l S
S2 S3 5S4

Figure 1. Schedule for urine sampling.

LC/ LC-MS
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Materials

LC/MS grade methanol, water, acetonitrile, dichloromethane
and sodium acetate were purchased from VWR International
(Darmstadt, Germany). LC-grade methanol, n-hexane and
acetonitrile were obtained from Merck (Darmstadt, Germany).
LC/MS-grade acetic acid and formic acid were from Fisher
Scientific (Geel, Belgium). To prepare LC-grade water, a Milli-
Q Ultra Plus Water System (Millipore, Schwabach, Germany)
was employed. B-Glucuronidase/Arylsulfatase (from Helix
pomatia) solution was from Roche Diagnostics (Mannheim,
Germany). SPE-cartridges Focus (60 mg/3 ml) and Strata X-AW
33u Polymeric weak Anion (60 mg/3ml) were from Agilent
Technologies (Santa Clara, CA) and Phenomenex (Torrance,
CA). Nitrogen was provided by a central gas supply by a
liquid nitrogen tank or from gas bottles (5.0 purity) (Linde,
Germany). 2,4-Dinitrophenylhydrazine was obtained from
Sigma-Aldrich (St. Louis, MO). Standard compounds were
purchased from different companies and institutes. 8-OHdG
and MDA were from Sigma-Aldrich (St. Louis, MO).
*Ns-80HdG and 1,1,3,3-tetraethoxypropane (d>-TEP) were
purchased from Cambridge Isotope Laboratories (Andover,
MA). 2,3-dinor-8-iso Prostaglandin F,, (2,3-dinor-8-isoPGF,,),
2,3-dinor-11B-Prostaglandin ~ F,, (2,3-dinor-11B-PGF,,), 8-
iso-15(R)-Prostaglandin ~ F,,  (8-iso-15(R)-PGF,,),  8-iso-
Prostaglandin F, (8-iso-PGF,,), *5-iso-Prostaglandin F,,-VI
(£5-iPF,,-VI), 15(R)-Prostaglandin F,, (15(R)-PGF,,) and +5-
iso-Prostaglandin F,,-VI-d11 (£5iPF2a-VI-d11) were obtained
from Cayman Chemical (Ann Arbor, MI). Creatinine was from
Acros Organics (Morris Plains, NJ). 1-Hydroxyphenanthrene
and 9-hydroxyphenanthrene were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). 2-Hydroxyphenanthrene,
3-hydroxyphenanthrene, 4-hydroxyphenanthrene and
1-hydroxypyrene were purchased from the PAH Research
Institute Dr. Schmidt (Greifenberg, Germany).

Standard and isotopically labelled standard

Isotopically labelled standards, including '>Ns-80HdG, d»-
MDA and +5iPF2a-VI-d11, were used as internal standards to
obtain the actual recovery of each sample and each target
compound. Back-calculation based on internal standards
was used to prevent deviations generated by matrix effects.
8-OHdG and ">Ns-80HdG standards were prepared by dilut-
ing 1mg of the standard in 1ml distilled water to obtain
stock solutions with a final concentration of 1mg/ml. The
MDA standard was obtained by diluting 1 mg standard into
100 ml acetonitrile to obtain a final concentration of 10 pg/mi
for the stock solution. D,-MDA was prepared hydrolysing
1 mg/ml d,-TEP at room temperature for 2h with 0.02N HCL
(Chen et al. 2011). The resulting solution of d,-MDA was
observed to be stable for at least 3 months at —20°C. This
solution was used for all experiments in this study. Stock sol-
utions of F,,-isoprostanes were prepared with methanol to
obtain the following final concentrations: 2,3-dinor-8-
isoPGF,, 100ng/ml, 2,3-dinor-113-PGF,, 100 ng/ml, iPF,-IV
100 ng/ml, 8-iso-15(R)-PGF,, 50 ng/ml, 8-iso-PGF,, 50 ng/ml, +
5-iPF2,-VI 100 ng/ml, 15(R)-PGF,, 100ng/ml. Stock solution
of £5iPF,,-VI-d11 was prepared with methanol to obtain a

final concentration of 10ng/ml. Stock solutions were
stored at —20°C. The stock solution of creatinine was pre-
pared by diluting 1.0mg creatinine in a 10-ml volumetric
flask, which was subsequently filled to the mark with
methanol and stored at —20°C. Standard solutions were
obtained by diluting the stock solutions into distilled water/
methanol (MDA, 8OHdG/OH-PAHs, F, -isoprostanes and
creatinine). The solutions were placed into the autosampler
directly after preparation and before the sequence was
started.

Sample preparation and instrumentation

Urine samples were thawed at 4 °C to avoid further reactions.
All prepared samples were measured on the same day as
sample preparation, except for the MDA-DNPH products
and extracts of solid-phase extraction, which were frozen at
-20°C before measurement.

Analyses of MDA, 80OHdG and F,,-isoprostanes

Analyses were carried out with a triple quadrupole mass
spectrometer, API-3000 (AB Sciex, Darmstadt, Germany)
equipped with an electrospray ion source (ESI), coupled to
an HPLC system HP1100 including a pump, degasser, auto-
sampler and column oven with a six-port switching valve
(Agilent Technologies, Waldbronn, Germany). Different analyt-
ical columns were applied for the respective LC-separations.
All analyses were performed in the multi-reaction monitoring
(MRM) mode. All of the target analytes were tuned by con-
tinuously infusing 1 pg/ml standard solutions into mass spec-
trometer with a syringe pump at a flow of 0.2ml/min.
Instrument control and data processing were performed with
Analyst software, version 1.6.2 (AB Sciex).

MDA: To prepare the MDA-DNPH derivatized solution,
250 pl of 1 mM DNPH containing 2% formic acid was mixed
with 200 pl distilled water and 25 pl of 80 ng/ml d,-MDA solu-
tion. After 30s vortex with a Vortex mixer D-6012 (Neolab,
Heidelberg, Germany), 25 pl urine was added into the DNPH
solution. The mixture was incubated for 70 min at 37°C and
300rpm in a Thermomixer comfort (Eppendorf, Hamburg,
Germany). After derivatization, 700 il n-hexane was added,
mixed well by hands for 30s, and centrifuged at 7000 rpm
for 30s in a Thermo Scientific Heraeus Pico 17 (Thermo
Fisher Scientific, Darmstadt, Germany). The hexane super-
natant was collected. This step was repeated once. Following
this, the collected supernatants were combined and evapo-
rated to dryness in a Barkey Vapotherm mobile S from
Barkey GmbH (Leopoldshohe, Germany) under a gentle
stream of nitrogen at room temperature. The residue was re-
suspended in 50l distilled water. The products were kept
away from light in order to avoid suspected light-induced
decomposition (Pilz et al. 2000). 10 pl of the solution contain-
ing the derivatization products was injected on a Kinetex®”
RP18 endcapped column (100mm x3mm 1D, 2.6um,
Phenomenex, Torrance, CA). An isocratic separation was car-
ried out with 80% methanol and 20% H,O (both containing
0.1% formic acid). A peak-cutting technique was adopted.
The valve was switched on at 1.5min and switched off at



2.5min to reduce the amount of residual DNPH entering the
mass spectrometer. The column temperature was 20°C and
the flow rate was 0.2 ml/min.

80HdG: For the measurement of 80HdG, 25 pl urine was
vortexed for 30s and then diluted in a 1:1 proportion with
25ul 0.1% formic acid. 10 ul of the diluted sample was dir-
ectly injected onto a Gemini® RP18 endcapped column
(250 mm x 2mm, 5um, Phenomenex, Torrance, CA) with a
guard column of the same material (Phenomenex, Torrance,
CA). The mobile phase consisted of solvent A (0.1% formic
acid in water), solvent B (0.1% formic acid in methanol) and
solvent C (acetonitrile). The gradient applied is shown in
Table 1. To protect the mass spectrometer, the peak-cutting
technique was also employed. During the elution of analytes
and internal standard, the switching valve connected the
mass spectrometer to the analytical column for 2min (from
3 min to 5min).

F,4-isoprostanes: For F,,-isoprostanes, a polymer-based
weak  anion-exchange  cartridge  (StrataX-AW  from
Phenomenex, Torrance, CA) was used for solid-phase extrac-
tion (SPE), following the extraction method described in the
literature (Medina et al. 2012). 1 ml of the urine sample was
diluted with 2ml BIS-TRIS-HCI buffer solution (pH 6) and
adjusted to pH 6 with phosphoric acid (5%) or potassium
hydroxide solution (10%). The optimised method involved
conditioning with 2ml MeOH/formic acid (0.1%) (98/2, v/v)
and 2ml distilled water. 3ml of the buffered sample was
applied on the SPE-column. The washing step was performed

Table 1. Gradient of the LC-separation of 80HdG and F,,-isoprostanes.

80HdG F,,-isoprostanes
Time (min) A (%) B (%) C (%) Time (min) A (%) B (%)
0 80 10 10 10 50 50
5 0 100 0 20 0 100
5.5 10 90 0 30 0 100
12 10 90 0 32 50 50
13 80 10 10 42 50 50
23 80 10 10

Column temperature 20 °C, flow rate 0.2 ml/min. Solvent A is 0.1% formic acid
in water, solvent B is 0.1% formic acid in methanol, solvent C is acetonitrile.

Table 2. Optimized LC-MS/MS conditions for all biomarkers.
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with 1 ml water, 2ml MeOH/H,0 (25/75, v/v), and 1 ml aceto-
nitrile. The column was dried under a gentle nitrogen stream
for 30s. 3 ml methanol was used for the elution step, with a
flow rate of ca. 30 drops per minute. The extracts were
evaporated at 30°C with nitrogen in the Barkey Vapotherm.
The residue was dissolved in 100 ul methanol/0.1% formic
acid, 50/50, v/v and filled in an autosampler vial. 20 ul of the
extract was applied on a Hydro® RP18 endcapped column
(250 mm x 2mm 1D, 4um, Phenomenex, Torrance, CA).
A gradient of solvent A (0.1% formic acid in water) and solv-
ent B (methanol) was applied for the separation of the iso-
meric F,,-isoprostanes (Taylor and Traber 2010). The
parameters of the mass spectrometer are listed in Table 2.
Six-point linear calibration curves were established separately
over ranges of 0.1-100ng/ml. The results were back-
calculated based on the internal standards.

OH-PAH

The LC method for measuring OH-PAH was modified basing
on a former work (Lintelmann et al. 1994). Briefly, the urine
samples were enzymatically treated with B-glucuronidase/
arylsulfatase to hydrolyse conjugates among the analytes,
glucuronic acid and sulphate. After centrifugation, the sample
was directly injected into an LC-system with integrated SPE
and fluorescence detection. The determination of OH-PAH
was carried out on an Ultimate 3000 HPLC system (Thermo
Scientific, Dreieich, Germany) consisting of a dual-gradient
pump DGP 3600 M, an autosampler WPS-3000 TSL and a col-
umn compartment TCC-3200 equipped with two 10-port
switching valves from Valco, a PDA 3000 photo diode array
detector and a RF 2000 fluorescence detector. A laboratory-
made solid-phase extraction column (copper phthalocyanine-
modified silica, 45pum - 60 pum, 5mm x 2.1 mm |.D) and an
analytical column from Phenomenex (Kinetex PFP, 2.6 um
100 x 3mm I.D., with SecurityGuardTM PFP, 2.1mm 1D,
Phenomenex, Aschaffenburg, Germany) were used for online
extraction and subsequent separation. Time-programmed
fluorescence detection was applied. OH-Phenanthrenes were
quantified at 249 nm/364nm (Ex./Em.) and 1-hydroxypyrene
was detected at 343 nm/385 nm (Ex./Em.).

2,3-dinor -8-iso-  2,3-dinor -11f8 8-iso -15(R)
Analytes 80HdG MDA PGF,,, -PGF,,, -PGF,,, 8-is0 -PGF,, +5-iPFy,, -VI 15(R) -PGF,,
Nebulizer gas* 6 6 12 12 12 12 12 12
Curtain gas™ 8 8 8 8 8 8 8 8
Collision gas* 6 6 8 8 8 8 8 8
lonSpray voltage 5000 5000 -4400 -4400 -4400 -4400 -4400 -4400
Temperature 500 500 500 500 500 500 500 500
Declustering 24 45 -28 -28 -58 -58 -52 -58
potential
Focusing 60 95 -70 -70 -128 -128 -115 -128
potential
Entrance 5 9 -7 -7 -7 -7 -7 -7
potential
Collision energy 44 23 -18 -23 -35 -35 -34 -35
Collision cell 10 10 -4 -6 -3 -3 -7 -3
potential
Transitions 284—168 235—159 353—237 353—145 353—193 353—193 353—115 353—193
Internal/reference 289—145 237—161 364.5—115
Std.

*Arbitrary units used in the instrument.
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Creatinine

Creatinine concentrations were used to normalize the con-
centrations of target compounds. A fast HPLC method was
developed for the determination of creatinine. On a
Phenomenex Luna NHy-column (3 um, 150 mm x 2mm I.D.),
creatinine was separated from the matrix components using
acetonitrile/water, 80/20, v/v at 0.55ml/min and 15°C.
Detection and quantification were carried out at 235nm. To
verify the identification, UV-spectra were regularly recorded
and compared with the standard spectrum. 10 ul of a diluted
and vortexed urine sample (1:20 with water, 0.5 min on a vor-
tex from Neolab, Heidelberg, Germany) were injected. The
analysis was carried out on an HP 1100 system from Agilent
(St. Clara, CA).

PM, s index

The daily PM, s concentration data were collected from the
official website of the China National Environmental
Monitoring Centre. All monitoring activities and methods
were carried out according to the official technical regulation
of China (HJ 663-2013, HJ 633-2012, HJ/T193-2005 and HJ
655-2013).

Statistical analysis

All statistical analyses were conducted with MatLab ver. 7.11
R2010b (The MathWorks Inc., Natick, MA).

Results
Validation of the analytical methods

Linearity, sensitivity and limit of quantification: Linear calibra-
tion curves were established in concentration range between
0.2ng/ml and 200 ng/ml. Linearities of calibration functions
were good, with r?>0.996. Limits of quantification (LOQ)
were calculated automatically for every run, using ANALYST
according to the following equation. The detailed results are
shown in Table 3.

10 x Calculated Concentration
Analyte Signal To Noise

Limits of quantification =

Instrument tuning and calibration: The mass spectrometer
was regularly tuned and calibrated in the positive and

negative modes with PPG tuning solutions (low/high concen-
tration polypropylene glycols, AB Sciex, Darmstadt, Germany),
according to the handbook.

Repeatability and reproducibility: Six urine samples from
different volunteers were pooled together and spiked with
80 ng/ml MDA, 20 ng/ml 80HdG, or 10 ng/ml F,,-isoprostane
standards and processed by the methods described in 2.4.
The instrument repeatability was investigated by injecting an
aliquot of the same sample six times. The peak areas were
obtained and the coefficients of variation were between 1.7
and 11.6%. To investigate the reproducibility of the methods,
on 10 different days, deionized water was spiked with 40 ng/
ml MDA or 10ng/ml 5-iPF,,-VI-d11, and pooled urine was
spiked with 5ng/ml 80HdG or 10ng/ml F,,-Isoprostanes
(except £5iPF2a-VI-d11). The spiked samples were processed
according to the sample preparation procedures described in
Section ‘Sample preparation and instrumentation’ and ana-
lysed by LC-MS/MS. During the overall period of analysis,
there was slight instrumental fluctuation. To overcome this
issue, the reproducibility was obtained based on the calcu-
lated concentration instead of the peak area. New standard
curves were generated in every sequence. The coefficients of
variation of the calculated concentrations were good, with
values between 6.6 and 18.3%. Results are shown in Table 4.

Recovery and matrix effects: Six urine samples from differ-
ent volunteers were pooled together. The urine mixture and
pure deionized water were spiked with different standard
concentrations. Then, the spiked urine, non-spiked urine and
spiked deionized water were analysed. For MDA and d,-MDA,
urine mixtures or deionized water were spiked with 25 pl of
40 ng/ml, 80 ng/ml, 120 ng/ml and 160 ng/ml MDA standards
each, and derivatized with DNPH according to the method
described previously. All the derivatization products were
analysed with LC-MS/MS. For 80HdG and '’Ns-80HdG, the
urine mixtures and deionized water were mixed with equal
amounts of 10ng/ml, 20ng/ml, 40ng/ml, 60ng/ml and
100ng/ml standards, or deionized water. The spiked and
non-spiked samples were injected directly into the LC-MS/
MS. For F,,-isoprostanes, the urine mixtures and deionized
water were spiked with standards and IPF,,-IV to obtain
10ng/ml spiked samples. The spiked samples and the pure
urine samples were processed with SPE and analysed with
the LC-MS/MS method described previously. The recoveries
were calculated based on the equation shown below. The
results are shown in Table 5. Recoveries between 44 and
120% were obtained. Recoveries based on back-calculations

Table 3. Linearity, sensitivity and limit of quantification for the target analytes.

Analytes 2,3-dinor -8- 2,3-dinor -1 8-iso -15(R)

(ng/ml) 80HdG >Ns- 80HdG MDA d, -MDA iso -PGF,,, -PGF,,, -PGF,, 8-iso -PGF,,  *5-iPF,, -Vl  15(R) -PGF,,,
Calibration Y=432 Y=716x+ Y=4.12 Y=173 Y=67.6x+ Y=48.7x Y=278x+ Y=586x+ VY=0462x+ Y=0.355x+
function e+ 003x 61.1 e+ 003x+ e + 004x 0.00243 —0.0628 0.00828 0.155 0.00112 0.00361

—162 1.63 e+ 004 —3.29 e +004
Range 0.1-40 0.1-40 5-200 5-200 1-50 1-50 0.5-25 0.5-25 1-50 1-50
Number of 8 6 7 7 5 5 5 5 5 5
calibration
levels
number
0.997 0.997 0.998 0.997 0.997 0.996 0.995 0.996 0.999 0.999
LOQ 0.58 2.73 2.00 1.22 0.03 0.08 0.08 0.03 0.04 0.05




against the internal standard resulted in values between
89 and 127%.

(mean peak area of spiked urine samples

100
— mean peak area of pure urine samples)
Recovery =

mean peak area of methanolic standards

Urine samples

Altogether nine volunteers who travelled to China for vac-
ation were investigated. Samples were collected before and
after the trip (SO, S1, S2, S3 and S4). Details can be found in
Section ‘Sample collection and sampling schedule’ and
Figure 1). Time trends of target substances of each volunteer
are shown in Supplementary Figure 1 in the course of time
before and after return to Munich (S0, S1, S2, S3 and S4).
Previous studies have reported the health-relevant effects of
PM, s, including chronic and acute damage to the respiratory
system, cardiovascular system and more (Kampa and
Castanas 2008). Additionally, researchers have noted the
harm and effect of both cigarette smoking and passive-smok-
ing on biomarker excretion (Yao et al. 2004, Ahmadzadehfar
et al. 2006). Thus, we consider PM, s and cigarette smoking
to be the most important factors affecting the acute oxida-
tive stress response when these volunteers were in China.
The overview of the main influencing factors is shown in
Table 6. For PM, 5, the mean values of the concentrations 7
days before each sample collection were used. In most cases,
large differences in the air pollution between Germany and
China were observed: APM,s between S0/S1 and APM,s
between S1/5S2 were mostly higher than 50ug/m? which
indicates that most of the volunteers were exposed to much
worse air conditions in China than in Germany. An exception
was volunteer A09, for whom the difference between air pol-
lution in China and Germany was relatively low. Furthermore,
it was recognized that volunteers AO1 and A06 were exposed
to severe passive cigarette smoking. In former studies, signifi-
cant smoking and passive smoking were related to increased
levels of MDA, 80HdG and F,,-isoprostane, as reported by
Solak et al. (2005), Yao et al. (2004) and Ahmadzadehfar et al.
(2006). Finally, the travel duration of volunteer A08 was
much shorter than the other volunteers. Thus, the cohort for

Table 4. Repeatability and reproducibility.
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the final analysis was further refined: volunteers who (1) trav-
elled more than 3weeks and (2) had APM,; higher than
50 ug/m?> during the last 7 days of their journey and (3) were
not exposed to cigarette smoke were selected for detailed
data analysis (A02, A03, A04, A05 and A07).

The course of the concentration of the target substances
observed from this refined cohort is depicted in a Boxplot
graph representation (shown in Supplementary Figure 2). The
time trends of median values from the Boxplot are shown in
Figure 2. The concentration of PM,s shows nearly constant
and low values in the measurements after returning from
China. The highest median concentrations of the oxidative
stress biomarkers MDA (Figure 2(B)), the oxidative DNA dam-
age biomarker 80HdG (Figure 2(C)), and the polycyclic aro-
matic hydrocarbon exposure biomarker OH-PAHs (Figure
2(E)) are found directly after returning from China (S1 sam-
ples). In contrast, for the F,,-isoprostanes (arachidonic acid
oxidation biomarkers, Figure 2(D)), no direct correlation is
observed. This indicates that there are time-lags for F,,-
isoprostanes formation or excretion, as the maximum con-
centrations are observed in S1, S2 or even S3. Basing on the
time trends of the medians, correlation coefficients were cal-
culated and are shown in a heatmap in Figure 3. During
exposure of PM,s, reactive oxygen species are generated
which can attack various targets, including fatty acids, arachi-
donic acids and DNA. As shown in Figure 3, strong correla-
tions were found between PM,s/MDA. In Figure 2, notably
broad and high concentration(s) were seen after travel (S1,
S2 or S3), implying a connection between PM,s and
F,-isoprostanes. These patterns varied from the pattern of
PM, s, and the correlation coefficient values were between
-0.2 and 0.7. Similar as F,,-isoprostanes, the highest median
concentrations of 80HdG were found in ST and S2, which
were two times higher than the others.

Discussion

Constituents of the urine matrix influence sample processing
and in particular, influence the signal intensity during electro-
spray ionization. This observation is well known and can sig-
nificantly impact the precision, accuracy and recovery of the
method (Wampler et al. 1993, Dams et al. 2003, Taylor 2005).
To overcome these problems, the addition of isotopically

BNs- 2,3-dinor 2,3-dinor 8-iso -15(R) 8-iso +5 15(R)
Analytes (%) 80HdG 80HdG MDA d-MDA -8-is0 -PGF,,, -11B -PGF,, -PGF,, -PGF,, -iPFy, -VI -PGF,,
Repeatability (n=6) 17 3.2 6.1 53 33 47 7.7 7.4 11.6 6.6
Reproducibility (n=10) 7.0 9.6 123 12.2 14.9 15.0 183 14.8 17.3 6.6
Table 5. Recovery of target analytes.
Analytes (%) N,- 2,3-dinor -8- 2,3-dinor 8-i50-15(R) 8-is0 15(R) 5P FyVI-
(n =12) 80HdG 80HdG* MDA  d-MDA* iSOPGF,y -11B-PGF5, -PGF,, -PGFy,  #5-iPFu-VI  -PGF,, di1*
Recovery 44 47 86 97 63 120 79 72 68 75 64
Recovery 94 89 97 99 127 119 103 94
based on
ISTD

*Internal standard.
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labelled internal standards was necessary and led to
increased reliabilities of all methods (Hsu et al. 2003). For
each compound or compound class investigated, characteris-
tic problems emerged during method development. Due to
these obstacles, individual methods and sample processing
methods had to be developed. For the determination of
MDA, chemical derivatization with DNPH was applied, fol-
lowed by a liquid-liquid extraction to remove excessive
DNPH (Czauderna et al. 2011). For 80HdG, strong matrix
effects due to interfering components were observed.
Strategies such as SPE could neither improve recovery nor
significantly reduce components from the interfering matrix.
Direct injection of the diluted urine sample, in combination
with peak cutting showed the best results. For Fy,-

Table 6. Overview of main influencing factors of travel period.

isoprostanes, an SPE step was needed for selective enrich-
ment and clean-up of the substances. Method development
and optimization led to three analytical methods allowing
practicable, sensitive and reliable quantification of the
selected markers of oxidative stress in sample volumes below
or equal to Tml.

In this study, first void urine samples were collected.
Results before and after creatinine correction are summarized
and shown in Supplemental Table 1. Because the excretion
ratio of creatinine is relatively constant (Bowers and Wong
1980), the concentration of creatinine was used in previous
studies as an indicator of kidney filtration to normalize the
concentration of other urinary biomarkers (Morrow et al.
1990, Renner et al. 2000, Waikar et al. 2010, Lam et al. 2012).

7 days mean concentration of PM, 5 levels before measurement (ug/m>)

Severe Taken for

S0* S1 S2 S3 S4 APM, 5 APM, 5 Passive- Travel dur- further con-
Volunteer  (Munich)  (China)  (Munich)  Munich)  (Munich) (S0, S1) (S1, S2) Smoking ation (days) siderations Remark
AO01 24 83 29 12 16 58 53 Yes 24 No AF*
A02 24 83 31 10 16 58 52 No 24 Yes
A03 28 172 18 15 20 144 154 No 29 Yes
A04 28 105 37 19 20 77 68 No 40 Yes
AO5 16 179 18 15 20 163 161 No 26 Yes
A06 13 86 32 23 20 73 54 Yes 38 No A
A07 32 208 18 15 20 176 190 No 27 Yes
A08 19 113 28 27 16 94 85 No 8 No B
A09 13 31 30 24 15 18 1 No 26 No

*S0, S1, S2, S3 and S4 Sampling cycle: SO, one day before leaving Munich; S1, first day after return to

weeks after return to Munich; S4, four weeks after return to Munich.
**A: Severe passive smoking; B: Short travel duration.

Munich; S2, one week after return to Munich; S3, two
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Figure 2. Time trend curves for the median values of: (A) PM, s-concentration; (B) Concentration of malondialdehyde, a biomarker of lipid peroxidation (oxidative
stress); (C) Concentration of 8-Hydroxy-2'-deoxyguanosine, a biomarker of oxidative DNA damage (oxidative stress); (D) Concentration of isoprostanes, biomarkers of
arachidonic acid oxidations (oxidative stress); (E) Concentration of hydroxylated PAHs, biomarkers of polycyclic aromatic hydrocarbon exposure in the urine of the
travellers (valid cases A02, A03, A04, A05, A07) starting with before travel (S0), directly after travel (S1) and the 4 weeks after return (S2, S3, S4).
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Figure 3. Heatmap of the correlation coefficient for median values of the PM, s-concentrations, the concentration of malondialdehyde (MDA), the concentration of
8-Hydroxy-2'-deoxyguanosine (80HdG), the concentration of isoprostanes, and the concentration of hydroxylated PAHs. It can be seen that very high correlations
are observed between PM, s exposure MDA (lipid peroxidation) and the PAH exposure biomarker. The isoprostanes are less well correlated, probably due to a lon-

ger excretion time constant.

However, it should be noted that Stiegel et al. (2015) investi-
gated 280 urine samples from 29 healthy adults and found
that creatinine level is inversely related to urinary excretion
rate (r*=0.6858). But more than 30% of creatinine variance is
from sources beyond dilution/hydration (Stiegel et al. 2015).
In future studies, cautious consideration should be taken
when using creatinine correction. Besides, a 24-h complete
urine collection is more accurate with more reliable informa-
tion. In this study, spot sample collection was nevertheless
employed because it is less time consuming and more con-
venient for volunteers.

In the refined cohort, decreasing trends of biomarkers and
high correlation coefficients were found. Syslova et al. (2009)
also reported the associations between oxidative stress, F,,-
isoprostanes and MDA. Pope et al. (2002) investigated a
cohort consisting of 1.2 million citizens and found associa-
tions between daily air pollution and increased risk of various
health effects. The decreasing trends lasted for 2-4 weeks for
most of the biomarkers while the downtrends of OH-PAHs
lasted for only 1-2 weeks till pre-travel values were achieved.
Similar trends of urinary OH-PAH concentrations were also
observed by Lin et al. (2016) after investigating 10 students
who travelled between China and the USA and by Thai et al.
(2015) after analysing urine samples of a family which trav-
elled between Vietnam and Australia. This indicates, in
accordance with the literature (Wu et al. 1998), a faster
removal pathway from the organism, for PAH. The differences
in the PM,s concentrations between China and Germany
match the overall increasing (SO and S1) and decreasing (S1
to S4) trends of oxidative stress biomarkers and PAH metabo-
lites although the patterns of F,,-isoprostanes and 80HdG

varied. Allen et al. (2009) exposed 10 volunteers to air with a
high PM, 5 concentration (205.3+6.2 ug/m3) for 2h, and no
significant variations of F,,-isoprostanes or 80HdG concentra-
tions were observed in the next 90min, 3h, 6h, 12h and
22 h after exposure. We suppose that there is a lag between
the exposure and the yield of F,,-isoprostanes/80HdG, which
can be even one or two weeks long, due to the differences
in pathways while MDA was generated much faster after the
exposure. This is also supported by the results of Lin et al.
(2015): before and during the 2008 Beijing Olympic Games,
associations between air pollutants and 80HdG/MDA were
investigated. Their results showed fast response of pollu-
tants/MDA while lags were found between pollutants and
80HdG. Associations were also observed within the group of
OH-PAHs, and between OH-PAHs/MDA and OH-PAHs/PM,s.
As one of the most important PM, 5 pollutants, recent studies
underline the associations between OH-PAHs and oxidative
stress biomarkers of exposure to PAH (Grimmer et al. 1997,
Strickland and Kang 1999, Motorykin et al. 2015). Long-term
effects were studied: Wang et al. (2015) and Guo et al. (2014)
reported the increase of 80HdG and 8-iso-PGF,, upon occu-
pational exposure to coke ovens. Noh et al. (2015) reported a
positive correlation between MDA, 8-OHdG and OH-PAH in
long-term participants in clean-up work after the Hebei Spirit
oil spill. Yang et al. (2015), who investigated a rural popula-
tion in the North China Plain, found a correlation between
PAH exposure and MDA, while no statistically significant
association was found between PAH exposure and 80HdG.
This may also be due to the lag between exposure and
80HdG production. Overall, our study matches these previ-
ous studies, and the hypothesis that travellers who were
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exposed to worse air conditions during travel showed rapid
health responses was supported. It seems that different oxi-
dative stress biomarkers are generated through different
pathways at different rates, which should be considered in
further studies of acute effects related to air pollution.

Conclusions

The results of the present study are as follows:

e The optimized methods show high practicability and reli-
ability. Thus, they can be used for routine analyses in
future studies.

e The investigated volunteers who were exposed to high
levels of PM,s conditions showed increased concentra-
tions of biomarkers for PAH exposure.

e High oxidative stress and oxidative DNA damages evolved
fast and significantly.

e The concept of using air-travellers as model is feasible
and worth to be further explored within a larger cohort.

To the best of our knowledge, this study is the first of using
travellers to study rapid health responses taking into consider-
ation biomarkers of exposure, biomarkers of oxidative stress
and environmental PM, s exposure as well. We propose the
concept of non-invasive urine sampling and biomarker ana-
lysis before and after travel between locations with different
PM, s concentrations as a simple and cost-effective method
for further studies on the biological and health effects of
human exposure to air pollution, including fundamental and
applied public health and epidemiological studies.

Since this cohort is a pilot study with a limited number of
volunteers, we are not able to prove if the flight period is
another key impactor of oxidative stress. However, former
studies on occupational exposure of cabin crew members
and pilots indicate that flights which forbid in-cabin smoking
are not likely to induce air pollution-caused oxidative stress
due to the high air exchange rate and efficient air filtration
(Lindgren and Norback 2002).

We believe that further studies based on the concept of
biomarker monitoring in air travellers using larger number of
volunteers and different travel routes and time can provide
valuable information on the health risks of air pollution. In
particular, the recruitment of organized travel groups, where
large number of people undergo similar exposure histories,
could be advantageous. Additionally, adjunct exposure moni-
toring, e.g. by a mini-aethalometer for measuring black car-
bon (soot) concentrations and collecting filters for analysis of
the polycyclic aromatic hydrocarbons, might be applied
(Schnelle-Kreis et al. 2011).
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ARTICLE INFO ABSTRACT
Keywords: Background: Exposure to polycyclic aromatic hydrocarbons (PAHs) has been linked to acute and chronic health
PAH effects through the suggested pathways of oxidative stress and inflammation. However, evidence is still limited.

Oxidative stress
Inflammation
Biomarker

Air pollution

We aimed to investigate jointly the relationship of PAHs, oxidative stress, and inflammation.

Methods: We measured 13 biomarkers of PAH exposure (n = 6: hydroxylated polycyclic aromatic hydrocarbons,
[OH-PAHs]), oxidative stress (n = 6: malondialdehyde (MDA); 8-hydroxy-2'-deoxyguanosine (8-OHdG); and 4
representatives of the compound class of Fo,-isoprostanes) in urine, and inflammation (n = 1: high-sensitivity C-
reactive protein, [hs-CRP]) in serum from 400 participants at the second follow-up (2013/2014) of the German
KORA survey S4. Multiple linear regression models were applied to investigate the interplay between
biomarkers.

Results: Concentrations of biomarkers varied according to sex, age, smoking status, season, and a history of
obesity, diabetes, or chronic kidney disease. All OH-PAHs were significantly and positively associated with
oxidative stress biomarkers. An interquartile range (IQR) increase in sum OH-PAHs was associated with a 13.3%
(95% CI: 9.9%, 16.9%) increase in MDA, a 6.5% (95% CI: 3.5%, 9.6%) increase in 8-OHdG, and an 8.4% (95% CI:
6.6%, 11.3%) increase in sum Fy,-isoprostanes. Associations were more pronounced between OH-PAHs and Fo,-
isoprostanes but also between OH-PAHs and 8-OHdG for participants with potential underlying systemic
inflammation (hs-CRP > 3 mg/L). We observed no association between OH-PAHs and hs-CRP levels. While 8-
OHdG was significantly positively associated with hs-CRP (13.7% [95% CI: 2.2%, 26.5%] per IQR increase in
8-OHdG), Fyy-isoprostanes and MDA indicated only a positive or null association, respectively.

Conclusion: The results of this cross-sectional study suggest, at a population level, that exposure to PAHs is
associated with oxidative stress even in a low exposure setting. Oxidative stress markers, but not PAHs, were
associated with inflammation. Individual risk factors were important contributors to these processes and should
be considered in future studies. Further longitudinal studies are necessary to investigate the causal chain of the
associations.
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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
PAHs, 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-PAHs) 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
PAHSs, 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
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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.
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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
Foy-isoprostanes (2,3-dinor-8-iso-PGFqy, 8-i50-15(R)-PGFyy, 8-i50-PGF2q,
and +5-iPFy,) were determined with LC-mass spectrometry, using a
triple quadrupole mass spectrometer API-4000 (AB Sciex, Darmstadlt,
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 Fo -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, Nt5.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).
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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-iso-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 NOy 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
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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-iPFq 1.24 £+ 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
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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-PAHs 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
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Table 2
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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/mz) 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.
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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
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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).
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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.

304

201

104 C A Base model
A B Lxtended model

geometric mean of biomarker per IQR increase

104

% change of the

N
»

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
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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-PAHSs. 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 Foq-
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
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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,
Fog-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
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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.
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1 | INTRODUCTION

| Xiao Wu? | Evelyn Kuhn! | Sebastian Ritter! | Claudia Schmidt? |

Abstract

A high-performance liquid chromatographic (HPLC) method with integrated solid-phase extrac-
tion for the determination of 1-hydroxypyrene and 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene in
urine was developed and validated. After enzymatic treatment and centrifugation of 500 uL urine,
100 pL of the sample was directly injected into the HPLC system. Integrated solid-phase extrac-
tion was performed on a selective, copper phthalocyanine modified packing material. Subsequent
chromatographic separation was achieved on a pentafluorophenyl core-shell column using a
methanol gradient. For quantification, time-programmed fluorescence detection was used.
Matrix-dependent recoveries were between 94.8 and 102.4%, repeatability and reproducibility
ranged from 2.2 to 17.9% and detection limits lay between 2.6 and 13.6 ng/L urine. A set of 16
samples from normally exposed adults was analyzed using this HPLC-fluorescence detection
method. Results were comparable with those reported in other studies. The chromatographic
separation of the method was transferred to an ultra-high-performance liquid chromatography
pentafluorophenyl core-shell column and coupled to a high-resolution time-of-flight mass spec-
trometer (HR-TOF-MS). The resulting method was used to demonstrate the applicability of LC-
HR-TOF-MS for simultaneous target and suspect screening of monohydroxylated polycyclic aro-

matic hydrocarbons in extracts of urine and particulate matter.

KEYWORDS
HPLC-integrated SPE, LC-HR-TOF-MS, OH-PAH, PM, 5, urine

urine as glucuronide- or sulfate conjugates of monohydroxylated
PAH (OH-PAH; Jacob & Seidel, 2002).

Polycyclic aromatic hydrocarbons (PAH), ubiquitous hazardous pollut-
ants, enter the body mainly through inhalation and ingestion. Part of
these hydrophobic substances is oxidized and finally excreted in the

Abbreviations: 1-OH-Phe, 1-hydroxyphenanthrene; 1-OH-Pyr, 1-hydroxypyrene;
2-OH-Phe, 2-hydroxyphenanthrene; 3-OH-Phe, 3-hydroxyphenanthrene; 4-OH-
Phe, 4-hydroxyphenanthrene; 9-OH-Phe, 9-hydroxyphenanthrene; FLD,
fluorescence detection; HR-TOF-MS, high-resolution time-of-flight mass
spectrometry; OH-PAH, monohydroxylated PAH; PAH, polycyclic aromatic
hydrocarbons; PFP, pentafluorophenyl; SPE, solid-phase extraction.

The renal excretion of monohydroxylated-PAH makes them suit-
able for the use as biomarkers of exposure. In the 1980s, the first
methods for the determination of 1-hydroxypyrene, a highly accepted
biomarker of exposure to PAH, were introduced (Grimmer, Dettbarn, &
Jacob, 1993; Jongeneelen, Anzion, & Henderson, 1987). Since then the
number of studies covering occupational and environmental exposure
has risen immensely (e.g. Li et al., 2008; Li et al., 2012; Lin et al., 2016;
Motorykin, Santiago-Delgado et al., 2015; Nilsson et al, 2013;
Polanska et al., 2014). Simultaneously, the number of quantifiable
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OH-PAH has increased, and it differs depending on the analytical

method applied and the study performed (Lankova, Urbancova, Sram,
Hajslova, & Pulkrabova, 2016; Li et al., 2006; Polanska et al., 2014;
Urbancova et al., 2017). Monohydroxylated PAH are not only formed
in mammalian organisms but can also be generated by combustion of
organic materials and during transformation processes of PAH in ambi-
ent air (Avagyan, Nystrém, Lindgren, Boman, & Westerholm, 2016;
Keyte, Harrison, & Lammel, 2013; Lin et al., 2015; Ma et al., 2016). In
contrast to the determination of PAH in aerosols, the quantification
of OH-PAH is not yet common. Their concentrations on particulate
matter are approximately a factor of 2-30 lower than the concentra-
tions of the respective parent PAH (Barrado, Garcia, Barrado, & Pérez,
2012; Barrado, Garcia, Castrillejo, & Barrado, 2013; Hayakawa, Tang, &
Toriba, 2016). Compared with PAH, OH-PAH show significantly lower
ozone-related stabilities. This can be an important issue for the sam-
pling of particulate matter because degradation of OH-PAH and arti-
fact formation have to be considered (Miet, Le Menach, Flaud,
Budzinski, & Villenave, 2009). Nevertheless, the determination of
OH-PAH can provide important information regarding the health
effects and risk assessment of exposure to particulate matter
(Hayakawa et al., 2016).

For a reliable determination of low concentrations of OH-PAH in
complex matrices, sample processing, chromatographic separation and
detection must be optimally matched. Conventional sample processing
procedures for urine start with the enzymatic hydrolysis of sulfate and
glucuronide conjugates of the OH-PAH. Subsequent extraction, enrich-
ment and clean-up of the OH-PAH are performed by liquid-liquid
extraction with nonpolar solvents (Lankova et al, 2016; Li et al,
2006; Seidel et al., 2008) or solid-phase extraction on different mate-
rials (Chauhan et al., 2015; Chetiyanukornkul, Toriba, Kameda, Tang,
& Hayakawa, 2006; Fan, Wang, Ramage, & She, 2012; Liu, Luo, Bi, Li,
& Lin, 2015; Motorykin, Scherlau et al., 2015; Onyemauwa et al.,
2009; Ramsauer et al., 2011; Romanoff et al., 2006; Zhou, Hu, & Li,
2016). Typical sample volumes needed for sample processing are in
the range of 2-10 mL urine before enzymatic hydrolysis.

Extraction of OH-PAH in particulate matter is achieved with ultra-
sonic extraction, Soxhlet extraction or pressurized solvent extraction
using solvents like dichloromethane and methanol. The resulting
extracts are evaporated and the residue is dissolved in suitable sol-
vents and either pre-fractionated by SPE or directly analyzed
(Avagyan, Nystrom, Boman, & Westerholm, 2015; Barrado et al,,
2012, 2013; Hayakawa et al., 2016; Miet et al., 2009).

Mainly two chromatographic methods and two detection methods
are used for separation and quantification of OH-PAH: gas chromatog-
raphy-mass spectrometry (GC-MS) and high-performance liquid chro-
matography coupled to mass spectrometry or fluorescence detection
(LC-MS, HPLC-FLD; e.g. Avagyan et al., 2015; Barrado et al., 2012;
Fan et al, 2012; Lankova et al., 2016; Li et al., 2006; Motorykin,
Scherlay, et al., 2015; Onyemauwa et al., 2009; Seidel et al., 2008).
GC-methods are advantageous owing to their high resolution power
allowing the separation of isomeric OH-PAH. However, a clear demerit
of GC-methods is the derivatization procedure which is necessary for
OH-PAH prior to analysis. Thus, the number of time-consuming sam-
ple processing steps increases, involving the risk of a decrease in prac-

ticability and reliability. In contrast, HPLC-based methods work well

for the analysis of polar compounds but conventional HPLC systems
do not allow the separation of isomeric hydroxyphenanthrenes. At
least two of the five compounds are co-eluting. In 2016 Lankova and
co-workers demonstrated the ultra high-performance LC separation
of the five isomeric hydroxyphenanthrenes on a PFP column with
1.7 um particles. Even if a baseline separation was not achieved for
all isomers, a reliable integration and quantification was possible
(Lankova et al., 2016).

An HPLC set-up offers the possibility to integrate the SPE of enzy-
matically hydrolyzed urine into the system, leading to increased practi-
cability and thus to higher throughput and reliability of the analyses
(Bourgogne, Grivet, Varesio, & Hopfgartner, 2015). In spite of the obvi-
ous benefits, this principle is rarely applied. Recent examples were pre-
sented by Leroyer et al. (2010), You et al. (2014) and Wang et al. (2017).
Constraints of the methods presented so far are the selection of target
OH-PAH (Leroyer et al., 2010) or the need for expensive state-of-the-
art technology (Wang et al., 2017). None of the methods enables the
chromatographic separation and thus the quantification of all isomeric
hydroxyphenanthrenes. An early HPLC-FLD method with system-inte-
grated sample processing for the determination of 1-hydroxypyrene
and three hydroxyphenanthrenes in urine was described by Boos and
his group (Boos, Lintelmann, & Kettrup, 1992; Lintelmann, Hellemann,
& Kettrup, 1994). SPE was performed on a laboratory-made material
consisting of silica particles that were chemically modified with a cop-
per phthalocyanine derivate. The method allowed a fast, selective and
highly reliable determination of OH-PAH in small sample volumes of
urine after enzymatic hydrolysis. It was optimized, validated and pub-
lished as a recommended method of the German Research Foundation
(Lintelmann & Angerer, 1999). However, the separation of the isomeric
compounds 2-, and 3-hydroxyphenanthrene was not possible by apply-
ing this set-up.

The detection methods coupled to HPLC are usually fluorescence
and tandem mass spectrometry (MS/MS). Fluorescence detection is
sensitive, selective, robust and cost-efficient but tandem mass spec-
trometry is more selective owing to the detection of specific mass
losses (transitions). MS/MS methods do not enable a post hoc evalua-
tion of mass spectra or isotopic patterns originating from further,
nontargeted analytes. For post hoc analysis and for substance identifi-
cation, high-resolution mass spectrometric methods like Orbitrap mass
spectrometry or time-of-flight mass spectrometry can be applied.
Recently, Avagyan and Westerholm (2017) described a strategy for
target and suspect screening of OH-PAH in air particulates using liquid
chromatography-Orbitrap high-resolution mass spectrometry. The
coupling between highly efficient chromatographic separation and
high-resolution mass spectrometry can be an important tool for the
investigation of matrices containing OH-PAH.

With the aim of utilizing the advantages of HPLC-integrated SPE
and high-resolution mass spectrometric detection, LC-based methods
for the determination or detection of 1-hydroxypyrene and 1-, 2-, 3-,
4- and 9-hydroxyphenanthrene were developed in this study. An
HPLC-FLD method with integrated SPE on a copper phthalocyanine
solid-phase material allows the direct injection of enzymatically hydro-
lyzed urine and the subsequent chromatographic separation of all iso-
mers of hydroxyphenanthrenes on a core-shell analytical column

within a conventional HPLC system. The amount of urine needed for
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quantification is <0.5 mL, and the sensitivity of the method allows the
reliable determination of low and high OH-PAH concentrations in
urine of individuals exposed to normal, ambient PAH-concentrations.
The HPLC-FLD method was validated and successfully applied for
the analysis of 16 urine samples from adults.

The chromatographic separation of the HPLC-FLD method was
transferred to an UHPLC-system and coupled to a high-resolution
time-of-flight mass spectrometer (HR-TOF-MS) with folded flight path
technology. The LC-HR-TOF-MS method was used to demonstrate
the feasibility of target and suspect screening of selected OH-PAH in

extracts of urine and particulate matter.

2 | EXPERIMENTAL

21 |

Acetic acid Optima® LC/MS was from Fisher Scientific (Geel, Belgium).
Methanol gradient-grade, dichloromethane emsure® and sodium ace-

Chemicals and reagents

tate emsure® were obtained from VWR International (Darmstadt, Ger-
many). Water for HPLC was generated by a Milli-Q Ultra Plus Water
System, Millipore GmbH (Schwabach, Germany). Acetonitrile for HPLC,
LC-MS-grade water and LC-MS-grade methanol were purchased from
Th. Geyer (Renningen, Germany). 3-Glucuronidase/arylsulfatase solu-
tion (from Helix pomatia) was from Roche Diagnostics (Mannheim,
Germany) and SPE-cartridges Bond Elut Focus (60 mg, 3 mL) were from
Agilent Technologies (Santa Clara, USA). The colorimetric assay kit used
for method comparison of creatinine determination was purchased
from Cayman (Ann Arbor, MI, USA). The ESI Tuning Mix G2421-
60001 was a product of Agilent Technologies (Santa Clara, CA, USA).
Nitrogen for the mass spectrometer and for sample processing was
taken from a central gas supply which is provided by a liquid nitrogen
tank or from gas bottles (5.0 purity; Linde, Germany).

2.2 | Standard substances

1-Hydroxyphenanthrene (1-OH-Phe) and 9-hydroxyphenanthrene (9-
OH-Phe) came from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). 2-Hydroxyphenanthrene (2-OH-Phe), 3-hydroxyphenanthrene
(3-OH-Phe), (4-OH-Phe) and 1-
hydroxypyrene (1-OH-Pyr) were from the PAH Research Institute Dr

4-hydroxyphenanthrene

Schmidt (Greifenberg, Germany). Creatinine was purchased from Acros
Organics (Morris Plains, NJ, USA). The purity of all standards was >98%.

Stock solutions of the substances were prepared in methanol at a
concentration of ~100 pg/mL and stored at -20°C. From these stock
solutions single standard solutions were obtained by dilution with
methanol. For HPLC-FLD these single standard solutions were com-
bined and further diluted with distilled water or enzymatically treated
urine, and sonicated for 30s. The solutions were put into the
autosampler directly before start of the sequence. For LC-MS analyses
only methanolic standards were used.

2.3 | Urine samples

A set of urine samples was obtained from excess material of the urine

preparation (midstream urine was immediately centrifuged at 2450
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gmax for 10 min, aliquoted and stored at —-80°C) within the KORA FF4
study (Kowall et al., 2017). The investigations were carried out in
accordance with the Declaration of Helsinki, including written
informed consent of all participants. The KORA FF4 study was
approved by the ethics committee of the Bavarian Chamber of Physi-
cians, Munich (EC no. 06068). The samples provided were used for
the method set-up and comparison of creatinine determination, the
validation of the HPLC-FLD method, the LC-HR-TOF-MS analyses
and the exemplary HPLC-FLD analysis of real samples.

2.4 | Particulate matter

Samples of particulate matter (PM, s5) were collected during a monitor-
ing campaign which was performed between 2006 and 2012 in
Munich. Filter samples were obtained using a high-volume sampler
HVS (Anderson, USA), that was operated for 24 h at a flow rate of ca.
800 L/min every 3 days. After sampling the filters were wrapped in alu-

minum foil and stored in a desiccator at 4°C until sample processing.

2.5 | Sample processing

251 |

Urine samples (0.5 or 3 mL) were filled into glass vials and mixed with

Urine

the same volume of sodium acetate buffer (1 M, pH 5.5). For enzymatic
hydrolysis of the conjugates 5 uL (for 0.5 mL sample) or 20uL (for 3mL
sample) of B-glucuronidase/arylsulfatase solution was added and the
mixture was incubated for 3h at 37°C in an incubator INNOVA 44R
from Eppendorf (Hamburg, Germany).

Further steps after enzymatic hydrolysis depended on the analysis
method used: for HPLC-FLD with system-integrated sample process-
ing the samples were centrifuged for 10 min at 4000 rpm in a Hettich
EBA 20 centrifuge (Hettich, Bach, Switzerland), and the supernatant
was transferred to an autosampler vial. For all sample processing steps
glass vessels were used to avoid loss of analytes owing to irreversible
adsorption to hydrophobic surfaces of plastic materials.

For the LC-HR-TOF-MS detection of OH-PAH in urine an SPE on
Focus cartridges (polymeric sorbent) was performed according to a
modified procedure described by Romanoff et al. (2006). Cartridges
were preconditioned with methanol and water (1 mL in each case, ca.
10 mL/min). A 4 mL aliquot of the enzymatically hydrolyzed urine sam-
ples was added to the SPE cartridge (ca. 1 mL/min) and rinsed with
1 mL water and 3 mL methanol/water, 3:7, v/v (ca. 10 mL/min). The
sorbent was dried by drawing a constant flow of nitrogen for 3 min
through the column bead. Finally the analytes were eluted with 4 mL
dichloromethane (ca. 0.5 mL/min). SPE was carried out on a Visiprep™
24 vacuum manifold equipped with a KNF Laboport vacuum pump
(both from Sigma, St Louis, MO, USA). The extract was carefully evap-
orated to dryness in a Barkey vapotherm mobil S from Barkey GmbH
(Leopoldshche, Germany) under a gentle stream of nitrogen at 40°C.
The residue was dissolved in 50 uL methanol and filled into an

autosampler vial.

252 |

For the quantification of creatinine, which is necessary to control

Creatinine determination

highly variable urine dilutions in real samples, a fast HPLC method



LINTELMANN ET AL.

40f 11
—I—WI LEY_Chromatogl‘aPhY

was developed. On a Phenomenex Luna NH,-column (3 um, 150 x
2mm id. with SecurityGuard™ NH,, 2mm id.; Phenomenex,
Aschaffenburg, Germany) creatinine was separated from matrix com-
ponents using acetonitrile-water, 80:20, v/v at 0.55mL/min and
15°C. Detection and quantification were carried out at 235 nm. To ver-
ify identification, UV spectra were recorded and compared with the
standard spectrum regularly. A 10 uL aliquot of a diluted and vortexed
urine sample (1:20 with water, 0.5 min on a vortex from Neolab; Hei-
delberg, Germany) was injected. Analysis was carried out on an HP
1100 system from Agilent (St Clara, CA, USA).

To investigate the performance of this method, a set of 12 urine
samples was analyzed applying the HPLC method described above as
well as the colorimetric assay kit for creatinine. For the determination
using the assay, samples were treated and photometrically investi-
gated as described in the product manual. A short statistic evaluation
resulted in a Spearman's Rank correlation > 0.92. A Wilcoxon Rank test
showed no significant differences between the two datasets.

2.5.3 | Particulate matter

Samples of particulate matter (PM, 5) were extracted according to a
protocol described in detail in a previous publication (Lintelmann,
Heil-Franca, Hiibner, & Matuschek, 2010). In brief, filter samples were
extracted by accelerated solvent extraction with dichloromethane/
methanol (50:50, v/v), and the extract was evaporated. The residue

was dissolved in acetonitrile, filtered and used for analyses.

2.6 | Instrumentation

2.6.1 | HPLC-FLD
The HPLC-FLD system used for the determination of OH-PAH with

system-integrated sample processing was an Ultimate 3000 (Thermo
Fisher Scientific, Dreieich, Germany) instrument, consisting of a dual
gradient pump (DGP 3600 M), an autosampler (WPS-3000 TSL analyt-
ical), a column compartment (TCC-3200) equipped with two 10-port
switching valves from Valco, a photodiode array detector (PDA 3000)
and a fluorescence detector (RF 2000). For HPLC-integrated SPE a
guard cartridge (5 x 2.1 mm) from MZ Analysentechnik (Mainz, Ger-

many) was depleted, cleaned and filled with solid-phase material

(copper phthalocyanine modified silica, 25-40 um). The material was
a gift from Professor Boos (until 2014, Research group BioSeparation,
Institute of Clinical Chemistry, LMU Munich, Germany) and can now
be obtained from Recipe (Clin Tox® Human Biomonitoring, 1-
Hydroxyppyren im Urin; Recipe®, Munich, Germany). The column
was put into a cartridge holder (MZ-Analysentechnik, Mainz, Germany)
and integrated into the HPLC system via a 10-port switching valve. A
Kinetex PFP column (2.6 um, 100 x 3 mm i.d., with SecurityGuard™
PFP, 2.1 mm i.d.; Phenomenex, Aschaffenburg, Germany) was used
for the separation of OH-PAH. An in-line filter with 0.2 um porosity
(IDEX Health & Science, Oak Harbour, WA, USA) was installed in front
of the analytical column to avoid irreversible blockages of the analyti-
cal column. Time programmed fluorescence detection was applied.
Hydroxyphenanthrenes were measured at 249/364 nm (excitation/
emission) and 1-hydroxypyrene was detected at 343/385 nm (excita-
tion/emission). The instrumental set-up is shown in Figure 1.

26.2 | LC-HR-TOF-MS

The MS-HR-TOF (Citius™ HRT, Leco Corporation, St Joseph, MI, USA,
with folded flight path technology) was equipped with an electrospray
interface and coupled to an Agilent 1290 Infinity Binary UHPLC-sys-
tem (G1316C column oven, G4226A autosampler with thermostat
G1330B, and a G4220A binary pump, Agilent Technologies;
Waldbronn, Germany). As analytical column a Kinetex PFP (1.7 um,
100 x 2.1 mm i.d. with SecurityGuard™ PFP, 2.1.mm i.d.; Phenomenex,
Aschaffenburg, Germany) was used. Instrument control, data acquisi-
tion and analysis were performed with ChromalOF software Version
1.74 (Leco Corporation, St Joseph, MI, USA). Optimized MS conditions
in negative ion mode were as follows: nitrogen desolvation flow, 7.0 L/
min; nitrogen nebulizer pressure, 45 psi; desolvation temperature,
700°C; nozzle temperature, 120°C; spray voltage, -2800V; nozzle
potential, =70 V; mass range, 100-1700 mu at 0.75 spectra/s.

Mass calibration was achieved by periodic co-infusion of the ESI-L
low concentration tuning mix at 5 pL/min at the end of each chromato-
graphic run. Mass accuracies of tuning compounds were in the range of
0.01-0.34ppm and mass resolutions were between 30,000 and
60,000 (mass/full-width at half peak height).

Analytical Column ss+ss Flow during SPE and separation

e Flow during transfer

FL-Detector

SPE-
Column

8,9: Blind

Dual-Gradient

NS Waste

R{ Rz

pump

FIGURE 1 Instrumental set-up of the HPLC-
FLD system with integrated solid-phase
extraction
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2.7 | Chromatographic conditions

Different LC-separation programs for HPLC-FLD and LC-HR-TOF-MS
analyses were applied to meet the individual instrumental conditions.
The programs are listed in Tables 1 and 2.

3 | RESULTS AND DISCUSSION

31 |
3.1.1 |

The application of a core-shell material with 2.6 um allows the separa-

HPLC-FLD

Analysis cycle

tion of the isomeric hydroxyphenanthrenes using a conventional
HPLC, which still is more widespread in analytical laboratories than
state-of-the-art UHPLC systems. In addition, lower operating pressure
and higher tolerable extra-column volumes of core-shell columns com-
pared with UHPLC columns facilitate the integration of SPE columns
into the HPLC system. For HPLC-integrated SPE, copper phthalocya-
nine modified silica was used. This material selectively adsorbs planar,
polyaromatic compounds (ring number > 3) from aqueous solutions.
The interactions are reversible and can be interrupted by organic sol-
vents (Boos et al., 1992). The specific mechanism and its integration
into the HPLC system allow a fast, selective and highly reliable deter-
mination of OH-PAH in urine. The direct injection of variable volumes
of enzymatically treated urine enable the analysis of very low sample
volumes (<0.5) of urine. An analysis cycle for the determination of
OH-PAH in urine consists of three steps: (1) clean-up and enrichment
of the target analytes on the HPLC-integrated SPE-column and

TABLE1 Time programs for the HPLC-separation of
hydroxyphenanthrenes and 1-hydroxypyrene

HPLC Method I HPLC Method I1** HPLC Method II°

Time Time Time
(min) A B (min) A B (min) A B
0 55 45 0 55 45 0 10 90
12 62 38 8 55 45 10 10 90
19 62 38 8.1 100 0 12 10 90
23 69.5 305 100 100 0 12.1 100 0
34 90 10 10.1 60 40 17 100 0
36 100 0 14.0 60 40 19 10 90
41 100 0 21.7 62 62 62 10 90
42 55 45 28.7 62 62
52 55 45 32.7 69.5 305

43.7 90 10

450 100

500 100

51.0 55 45
62.0 55 45

A, Methanol; B, water. ?Gradient for analytical column; flow, 300uL/min;
temperature, 20°C. At program time 10min the switching valve is
switched connecting the SPE column to the analytical column and
allowing transfer of the analytes to the analytical column. At program
time 12min the switching valve is moved back. Injection volume: 5uL
for HPLC analysis without integrated SPE, 100uL for HPLC analysis with
integrated SPE. “Gradient for integrated SPE-column, flow: 400uL/min,
temperature: 20°C.

Wi LEY_Chromatography
TABLE 2 Time programs for the UHPLC-separation of
hydroxyphenanthrenes and 1-hydroxypyrene

UHPLC? Method IlI UHPLCP Method IV

Time (min) A B Time (min) A B
0 55 45 0 55 45
12 62 38 12 62 38
19 62 38 13 62 38
24 90 10 14 90 10
30 90 10 16 90 10
32 100 0 17 100
34 55 45 18 100 0
40 55 45 19 55 45
22 55 45

A, Methanol; B, 0.1% acetic acid. *Flow 150uL/min; ®Flow 300uL/min.
Injection volume: 2.5uL.

simultaneous equilibration of the analytical column; and (2) on-line
connection of SPE-column and analytical column by valve-switching
- the OH-PAH are transferred from the SPE column to the analytical
column; and (3) disconnection of the columns by an additional valve
switching followed by chromatographic separation and detection of
the analytes. At the same time, the SPE column is cleaned and re-equil-
ibrated for the next analysis cycle.

The robustness of the extraction cartridge allowed the injection of
>600 samples without any loss of extraction or clean-up capacities
until now.

3.1.2 | Validation
The validation of the HPLC-FLD method for the determination of five

hydroxyphenanthrenes and 1-hydroxypyrene was carried out by
investigating and calculating matrix-independent recoveries, matrix-
dependent recoveries, repeatability, reproducibility, calibration func-
tions, limit of detection (LOD) and limit of quantification (LOQ) for
the biological matrix urine.

Recoveries

For matrix-independent recoveries, 5 UL of methanol standards (0.45-
12.06 pg/pL) was analyzed twice by HPLC-FLD without system-inte-
grated SPE (Table 1, HPLC-method I). Subsequently these standards
were diluted 1:20 with ultrapure water. Aliquots of 100 uL of these
aqueous standards were analyzed twice by HPLC-FLD with system-
integrated SPE (Table 1, HPLC-method Il). Peak areas of the respective
signals were compared. Acceptable recoveries with good coefficients
of variation were obtained (cf. Table 3).

For the matrix-dependent recovery 10 urine samples from adult
individuals were pooled, enzymatically hydrolyzed and analyzed
five times. Aliquots of this urine pool as well as ultrapure water
were spiked with different concentrations of the metabolites and
analyzed twice in the SPE-integrated mode (Table 1, HPLC-method
Il, concentration range 23-603ng/L in water and enzymatically
hydrolyzed urine; for detailed information see Table S1 in the
Supporting Information). Peak areas were compared taking into
account the mean of the nonspiked urine. The results presented in

Table 3 indicate that recoveries were very good with low



LINTELMANN ET AL.

60f 11
—I—WI LEY—chromatographv

TABLE 3 Matrix-independent and matrix-dependent recoveries for
the HPLC-FLD determination of monohydroxylated polycyclic aro-
matic hydrocarbons (OH-PAH) in urine

Recovery A cv Recovery B (%)

Compound (%) (n = 6) (%) (n = 6) CV (%)
2-OH-Phe 92.4 4.9 97.8 3.3
3-OH-Phe 103.6 6.1 102.4 8.1
1-OH-Phe 113.0 4.1 103.0 10.5
9-OH-Phe 123.3 7.6 99.0 15.1
4-OH-Phe 101.6 8.6 94.9 6.9
1-OH-Pyr 63.8 6.0 102.2 4.2

A, Recoveries of aqueous standards analyzed with integrated SPE (HPLC-
method Il) compared with methanol standards analyzed after direct injec-
tion, without integrated SPE (HPLC-method ). B, Recoveries of spiked
urine samples compared with aqueous standards. Analyses were performed
with integrated SPE (HPLC-method IlI). OH-PAH concentrations of the
pooled, nonspiked sample were between 26.4 and 169.2ng/L.

coefficients of variation. Only 9-OH-Phe has a coefficient of varia-
tion >10%. Li and co-workers found that 9-OH-Phe shows fluctu-
ating stabilities especially during enzymatic hydrolysis (Li et al,
2006). Therefore we tried to keep all steps of sample storage, sam-
ple processing and analysis highly reproducible to minimize degra-
dation effects. Nevertheless the results for this analyte have to
be considered with respect to its assumed instability.

All further HPLC-FLD analyses during the validation process and
the investigation of real samples were carried out applying HPLC with
integrated SPE, HPLC-method II.

Repeatability and reproducibility

For the examination of method repeatability, the pooled urine
sample described above was injected and analyzed five times
within one sequence. Additionally, two further urine samples were
enzymatically treated and analyzed within one sequence for nine
and five times, respectively. The reproducibility was investigated
combining three urine samples and dividing this pool into five
parts. The subsamples were enzymatically hydrolyzed and ana-
lyzed on five different days. Coefficients of variation for repeat-
ability and reproducibility are good with values between 1.0 and
17.9%. (Table 4). As expected, 9-OH-Phe shows the highest
variation.

Linearity, limit of detection and limit of

quantification

sensitivity,

A six-point calibration was performed by analyzing the aqueous
standards twice in every sequence. The standards were freshly pre-
pared for every sequence. Representative calibration results are
shown in Table 5. The correlation coefficients generally meet the
requirements with values >0.995. The only exception is again 9-
hydroxyphenanthrene. The broad linear working ranges in combina-
tion with the low limits of detection and quantification (LOD = Xpjank
+ 3 X Splank, LOQ = Xpjank + 10 X Spank, With s = standard deviation
of blind values and xp,nx = concentration of blanks) allow the reli-
able quantification of low and high metabolite concentrations in
urine without additional dilution or enrichment steps. Figure 2
shows a representative chromatogram of a urine sample containing

details of a typical analysis cycle.

3.1.3 | Real samples

The HPLC-FLD method with integrated SPE for the determination of
OH-PAH was developed with the goal of being able to analyze small
volumes (<0.5 mL, respectively) of 400 urine samples originating from
a selected cohort exposed to normal, ambient PAH-levels. Before its
routine use, the applicability of the method was demonstrated by ana-
lyzing a set of 16 urine samples. The donors were male and female
adults living in the Augsburg area in Bavaria, Germany. Exceptional
exposure to PAH (e.g. occupational exposure) was not expected. The
set should represent a random sampling of adults living in a semi-urban
environment.

Creatinine was determined as described in Section 2.5.2 and the
concentrations were used to calculate the ratio ug OH-PAH/g creati-
nine. This step was performed to preserve comparability with pub-
lished data, and all comparisons were conducted on basis of ug OH-
PAH/g creatinine.

Graphical investigations (boxplot, histogram, Q-Q-plot) as well as a
Shapiro-Wilks test showed that a normal distribution was not given
for ug/g creatinine but can be achieved for log(ug/g creatinine). There-
fore Spearman's rank correlations for pg/g creatinine and Pearson cor-
relations for log(ug/g creatinine) were calculated. As shown in Tables
S2 and S3, the coefficients are very similar. Highest correlations are
observed for the hydroxyphenanthrenes among themselves. In con-
trast to the other hydroxyphenanthrenes, Pearson correlation coeffi-

cients for 9-OH-Phe are <0.82, probably owing to its instability

TABLE 4 Repeatability, reproducibility, limits of detection and limits of quantification for the HPLC-FLD determination of OH-PAH in urine

Repeatability, CV (%)

Reproducibility, CV (%)

OH-PAH n=9 n=5 n=5 n=5 LOD (ng/L urine) LOQ (ng/L urine)
2-OH-Phe 2.9 4.2 4.0 2.2 3.8 9.9
3-OH-Phe 1.0 3.4 15 5.2 2.6 6.7
1-OH-Phe 2.1 2.0 2.4 5.3 4.8 12.3
9-OH-Phe 8.8 n.d. 7.2 17.9 13.6 34.6
4-OH-Phe 2.9 3.9 2.4 5.9 5.1 12.9
1-OH-Pyr 15.6 83 2.1 12.4 &3 8.7

HPLC-method Il was applied. n.d., Not detected in this sample. Concentrations of OH-PAH in the urine samples were between 26.4 and 413.5ng/L.
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TABLE 5 Calibration curves and linear ranges for the determination of OH-PAH in urine using HPLC-FLD

OH-PAH Calibration function Correlation coefficient Linear range (ng/L urine)
2-OH-Phe y=791.2x - 2.27 0.998 10-637

3-OH-Phe y =1235.1x - 12.21 0.995 7-360

1-OH-Phe y = 558.0x - 8.84 0.998 12-816

9-OH-Phe y = 179.4x - 5.05 0.985 35-990

4-OH-Phe y = 588.4x - 2.95 0.998 13-536

1-OH-Pyr y=161.9x - 7.71 0.998 19-1200

HPLC-method Il was applied.

mV x 102
)| /M%
6 Methanol: 55 % 60 % =
4 1 2 3
s 6
24 0 %, 4

104 Ex./JEm.: 249/385 nm Ex./Em.: 343/385 nm

4 3
2 §2 5 6
0 ,
T T T T T T T T 1
Time (min) 5 10 15 20 5 30 3 40 45

FIGURE 2 HPLC-FLD-chromatogram of a standard solution of OH-
PAH (on top) and an enzymatically treated urine sample (at the
bottom). 1, 2-OH-Phe; 2, 3-OH-Phe; 3, 1-OH-Phe; 4, 9-OH-Phe; 5, 4-
OH-Phe; 6, 1-OH-Pyr. Concentrations of the OH-PAH determined
were between 50 urine and 170ng/L urine. HPLC-method Il was
applied

during enzymatic cleavage. This demonstrates yet again that values for
9-OH-Phe should be considered carefully. High correlations for
hydroxyphenanthrenes were also observed by Polanska et al. (2014),
who analyzed the urine of nonsmoking Polish pregnant women. We
also found significant correlations between 1-hydroxypyrene and the
hydroxyphenanthrenes, with Pearson correlation coefficients between
0.62 and 0.76. Polanska et al. found lower correlations with coeffi-
cients in the range from 0.35 to 0.59. These slightly different findings
underline the necessity of studies investigating the validity of 1-OH-
Pyr as a biomarker of internal PAH burden.

To set benchmarks for future epidemiological and biomonitoring
studies the Centers for Disease Control and Prevention's National
Health and Nutrition Examination Survey measured OH-PAH in urine
specimen from almost 3000 participants (Li et al., 2008). The geomet-
ric mean calculated for adults (>20 years) ranged from 0.034 ug/g cre-
atinine for 9-OH-Phe to 0.137 pg/g creatinine for 1-OH-Phe. The
geometric means measured in our study are in a similar range
[0.033 pg/g creatinine (4-OH-Phen) to 0.214 ug/g creatinine (1-OH-
Pyr)] with a tendency to higher values (see Table 6). Li et al. published
a table in which concentrations of 1-OH-Pyr in urine collected in var-
jous countries were compared. It appears that German adults
excreted higher amounts than adults in USA or Korea, which supports

our findings. In contrast, Polanska et al. (2014) found mean values

TABLE 6 Descriptive statistics of OH-PAH in urine of 16 individuals
(Mg/g creatinine)

Mean +SD Geometric mean 95t percentile
2-OH-Phe 0.162 0.177 0.085 0.464
3-OH-Phe 0.293 0288 0.173 0.767
1-OH-Phe 0.304 0266 0.191 0.744
9-OH-Phe 0.090 0.112 0.053 0.275
4-OH-Phe 0.066  0.089  0.033 0.249
1-OH-Pyr 0.289 0242 0214 0.714
>-OH-Phe  0.908 0.817 0574 2.173

between 0.17 ug/g creatinine for 4-OH-Phe and 1.50 ug/g creatinine
for 1-OH-Phe in urine of Polish pregnant women. The mean values in
our study are lower, ranging from 0.066 ug/g creatinine for 4-OH-Phe
to 0.304 pg/g creatinine for 1-OH-Phe. The group of Urbancova et al.
(2017) recently analyzed 531 urine samples of newborns and their
mothers in the Czech Republic. They documented mean values
between 0.098 ug/g creatinine for 3-OH-Phe and 0.540 pug/g creati-
nine for 1-OH-Phen. These concentrations are also in the same range
as discussed before. The different findings for population groups in
different countries are probably caused by influencing factors like
ambient PAH concentrations and nutrition habits.

All studies mentioned above distinguish between the isomeric
hydroxyphenanthrenes, allowing a consideration of their concentra-
tion patterns in urine. Considering the concentration patterns of the
hydroxyphenanthrenes, the highest (geometric) mean concentrations
are found for 1-OH-Phe in all studies. Lowest values are found for 9-
OH-Phe or 4-OH-Phe in the studies of Li and Polanska as well as in
the presented study (Li et al., 2008; Polanska et al., 2014). The values
of 2-OH-Phe and 3-OH-Phe are in between them. Urbancova docu-
mented another order with 3-OH-PAH having the lowest mean,
followed by 2-OH-Phe, 4-OH-Phe, 9-OH-Phe and 1-OH-Phe
(Urbancova et al., 2017). The (geometric) mean for 1-OH-Pyr is mostly
in the range of the values for 2- or 3-OH-Phe for all studies. It is impor-
tant to note that Urbancova et al. investigated adults and newborns.
Differences of exposure and metabolism probably influence concen-
trations and patterns of OH-PAH.

In all it can be concluded that the concentration levels of the OH-
PAH determined in our study are consistent with the concentration
levels reported in other studies for European and international
populations. Concentration patterns of the target analytes are also

very similar. Therefore the results underline the applicability of the
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HPLC-FLD method with integrated SPE extraction for the reliable
determination of 1-hydroxypyrene and 1- 2- 3- 4-, and 9-

hydroxyphenanthrene in urine of normally exposed individuals.

3.2 | LC-HR-TOF-MS

In addition to the HPLC-FLD method, an LC-HR-TOF-MS (Citius™ HR-
TOF, Leco Corporation, St Joseph, MI, USA) method was developed
and investigated. To the best of our knowledge the hyphenation
between UHPLC and HR-TOF-MS for the analysis of OH-PAH has
not previously been described, and we expect that this method can

essentially contribute to the following issues:

e identification of the target OH-PAH in the matrices urine and par-
ticulate matter; and

o feasibility of simultaneous target and suspect screening of OH-

PAH in extracts of urine and PM, s.

The mass spectrometer was equipped with a UHPLC-instrument,
and an appropriate PFP-column with 1.7 um particles was used. Differ-
ences between the HPLC-FLD system and the LC-HR-TOF-MS system
required adjustments of the UHPLC gradient considering column
dimensions and different extra-column conditions (capillary connec-
tions, ion source parameters). The mobile phase was added with
0.1% acetic acid to increase ionization and thus sensitivity for the
analytes. All measurements were done in negative ionization mode.
Owing to the high-pressure conditions of UHPLC, a stable and reliable
integration of the SPE-column into the LC-HR-TOF-MS-system could
not be achieved. The selective copper phthalocyanine material cannot
be used for an SPE procedure using cartridges. Thus, we decided to use
an SPE method for sample processing of urine, as described by Roma-
noff et al. (2006; see Section 2.5.1.).

It rapidly became clear that the LC-HR-TOF-MS method was not
sensitive enough to quantify OH-PAH in low volumes of urine samples
or in extracts of PM, s with low concentrations of OH-PAH. Therefore,
this method was not validated, but some key parameters were deter-
mined to allow an assessment of its performance concerning the anal-
ysis of OH-PAH.

3.2.1 | Linearity, sensitivity and instrument detection limit

For the calculation of calibration curves, standards at four concentra-
tion levels from 5 to 500 pg/pL of the OH-phenanthrenes and 1-OH-
pyrene were analyzed twice. Linearity was good with correlation coef-
ficients >0.998. With increasing mass resolution the application of sig-
nal-to-noise ratios for the calculation of instrument detection limits
loses its validity. The approach using the standard deviation of signals
obtained after repeated injections of one standard concentration is
more reliable (Vergeynst, Langenhove, Joos, & Demeestere, 2013).
For this purpose one standard with a concentration of 5ng/mL was
injected four times. Instrument detection limits between 2.2 and
13.3 pg (on column) were calculated. With these detection limits the
investigation of real samples (urine volume > 3 mL, highly concentrated
PM, 5 extracts) should be possible. Calibration functions were deter-
mined applying UHPLC methods Ill and IV; the instrument detection
limit was only determined for UHPLC method Ill. More information
can be found in Table S4.

322 |

Three extracts of pooled urine samples were injected and analyzed by

Real samples

LC-HR-TOF-MS. Hydroxyphenanthrenes and 1-hydroxypyrene were
successfully identified by matching retention times, isotopic patterns
and accurate masses (mass accuracy threshold < 3 ppm) of standards
and detected targets (cf. Tables 7 and 8). Concentrations of OH-PAH

TABLE 7 Parameters of target and suspect analytes detected in an extract of PM, 5

Chemical formula Exact mass, m/z, Accurate mass, m/z Mass delta

[M-H]” (Da) [M - HI” (Da) [M - HI” m/z (ppm) RT (min) (Suggested) compound identity
C10H,0 143.05024 143.05027 -0.21 3.92 Hydroxynaphthalene
C10H;0 143.05024 143.05033 -0.63 4.54 Hydroxynaphthalene
C13H;0, 195.04515 195.04528 -0.67 5.78 Hydroxyfluorenone
C13H;0, 195.04515 195.04511 0.21 6.31 Hydroxyfluorenone
Cq3H70, 195.04515 195.04523 -041 8.86 Hydroxyfluorenone
C13Hs0 181.06589 181.06562 1.49 7.11 Hydroxyfluorene
Cy3Hs0 181.06589 181.06564 1.38 7.58 Hydroxyfluorene
Cy3H50 181.06589 181.06572 0.94 8.40 Hydroxyfluorene
C14Hs0 193.06589 193.06600 -0.57 9.39 2-Hydroxyphenanthrene®
C14Hs0 193.06589 193.06583 0.31 9.72 3-Hydroxyphenanthrene®
Cy14Hs0 193.06589 193.06576 0.67 10.56 1-Hydroxyphenanthrene®
Cy4H50 193.06589 193.06588 0.05 12.35 4-Hydroxyphenanthrene®
C16H90 217.06589 217.06570 0.88 13.24 Hydroxyfluoranthene
C16Hs0 217.06589 217.06608 -0.88 14.24 Hydroxyfluoranthene
C16Hs0O 217.06589 217.06582 0.32 14.69 Hydroxyfluoranthene
C16Hs0O 217.06589 217.06578 0.51 15.01 1-Hydroxypyrene®
CyoH110 267.08154 267.08112 1.57 15.77 Hydroxybenzo[a]pyrene

“Target analytes, identified by comparing with standard substances. UHPLC-method IV was applied.
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TABLE 8 Parameters of target and suspect analytes detected in an extract of urine

Chemical formula Exact mass, m/z Accurate mass, m/z

Mass delta m/z

[M-HI" (Da) [M - H]” (Da) [M - H]™ (ppm) RT (min) (Suggested) compound identity
C10H;0 143.05024 143.05000 1.68 7.88 Hydroxynaphthalene

C14Hs0 193.06589 193.06537 2.70 15.47 2-Hydroxyphenanthrene®
C14Hs0 193.06589 193.06566 1.19 16.00 3-Hydroxyphenanthrene®
Cq4Ho0O 193.06589 193.06570 0.98 17.40 1-Hydroxyphenanthrene®
C14Hs0 193.06589 193.06573 0.83 18.27 9-Hydroxyphenanthrene?
Cy4H50 193.06589 193.06593 -0.21 20.87 4-Hydroxyphenanthrene®
C46Hs0 217.06589 217.06574 0.69 24.82 1-Hydroxypyrene®

“Target analytes, identified by comparing with standard substances.
UHPLC-method Il was applied.

were calculated based on the calibration curves of the LC-HR-TOF-
MS method. For urine samples, concentrations were between ~80
and ~850ng/L, the OH-PAH concentrations in PM, s ranged from
~5 to ~147 pg/m>. It is to be noted that the values were obtained
applying a nonvalidated method, therefore the results have to be
considered as semi-quantitative. However, it can be seen that the
values are of a similar magnitude to those found in other studies
(Barrado et al., 2012; Lankova et al., 2016). Representative mass
traces are shown in Figure 3.

To investigate the feasibility of simultaneous target and suspect
screening using the LC-HR-TOF-MS method, we followed a shortened
strategy compared with that published by Avagyan and Westerholm
(2017). In this publication the detection and (suspect) identification of
different OH-PAH in particulate matter of wood smoke and ambient
air is described. The OH-PAH listed in in this work and in Avagyan
et al. (2015), Avagyan, Aberg, & Westerholm, 2016) were used as a
starting point to perform a post hoc evaluation of the chromatographic
and especially the mass spectrometric data obtained during LC-HR-
TOF-MS-analyses of extracts of PM, 5 and urine. Exact masses for the
molecular formulae suggested by Avagyan et al. were calculated and
used for suspect screening. Elemental composition assignments (mass
tolerance 5 ppm), isotopic pattern calculations and mass calculations
were done using the Chromal OF software (version 1.74, Leco Corpora-
tion, St Joseph, MI, USA). Furthermore a manual comparison of isotopic
patterns with theoretical isotopic patterns was performed. The PM, s-
samples analyzed were collected in February 2012 in the inner city of
Munich, Germany. In winter, the site is dominated by emissions of traf-
fic and heating. Preceding measurements of the PM, s extract showed

high concentrations of azaarenes (9.6-624.0 pg/m?, unpublished, own

Intensity (cps) x 103

5.0 1
FIGURE 3  Extracted ion chromatograms of
exact masses of hydroxyphenanthrenes (XIC, 4.0 1
193.0659 + 0.0005) and 1-
hydroxypyrene (XIC, 217 + 0.0005) in extracts 301
of urine (a) and PM, 5 (b). Identified OH-PAH: 204
1, 2-OH-Phe; 2, 3-OH-Phe; 3, 1-OH-Phe; 4, 4-
OH-Phe; 5, 1-OH-Pyr. Urine extract was 1.0 4
analyzed using UHPLC-method IIl; PM, 5
extract was measured applying UHPLC- L]
method IV Time (min) 4.2 12,5

results) therefore detectable OH-PAH concentrations were expected.
Table 7 gives an overview of suspect analytes detected, and related
chromatographic and mass spectrometric data. It can be seen that, in
addition to the target analytes mentioned above, the existence of fur-
ther OH-PAH, namely hydroxynaphthalenes, hydroxyfluorenone,
hydroxyfluorene, hydroxyfluoranthene and hydroxybenzo[a]pyrene -
or isomers of these compounds - can be assumed. Compared with
the findings of Avagyan and Westerholm (2017), we did not find exact
masses or respective isotopic patterns for hydroxyacenaphthylene,
dihydroxyanthraquinone, hydroxybenzo[ghi]fluoranthene and
hydroxydibenzo[ah]fluorene. For most exact masses two or more peaks
with retention times within 1-3 min were detected, indicating the exis-
tence of isomeric compounds (see also Figure S1).

The search parameters used for the PM, 5 extract were also
applied for a post hoc evaluation of the data acquired during LC-HR-
TOF-MS analysis of urine extracts. Compared with the results for
PM, s, significantly less exact masses of OH-PAH were detected. As
well as the target analytes, only the m/z and isotopic pattern character-
istic for hydroxynaphthalenes were found. Hydroxyfluorenes were not
detected (see Table 8, Figure S2). Explanations for these results could
be the low concentrations in combination with an insufficient sensitiv-
ity of the HR-TOF-MS. Alternatively, the SPE-procedure was not opti-
mized and validated, and losses of low-molecular-weight, low-
hydrophobic analytes were possible. A thorough implementation of
the strategy proposed by Avagyan et al. (mass-selected collision-
induced fragmentation, verification with standards) lies far beyond
the scope of our work. Nevertheless the results obtained for extracts
of urine and PM, s demonstrate the feasibility of simultaneous target
and suspect screening of OH-PAH in different matrices using LC-HR-

Intensity (cps) x 103
1 5

21 29.2 37.5 3.3 6.6 10 13.3 166 20
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TOF-MS. Moreover they support the existence of various OH-PAH in

urban particulate matter, and the approach is very interesting for tar-

get analytical applications in complex environmental matrices.

4 | CONCLUSIONS

An HPLC-FLD method for the

hydroxyphenanthrenes and 1-hydroxypyprene in small volumes

determination of

(<0.5mL) of urine samples was developed and validated. The method
describes for the first time the chromatographic separation of five iso-
meric hydroxyphenanthrenes coupled to HPLC-system-integrated
sample processing. Using a selective material for system-integrated
SPE, detection limits between 2.6 and 13.6 ng/L urine were achieved.
To demonstrate and check the applicability of the method, a set of
16 urine samples was analyzed. Concentration levels and patterns of
OH-PAH were similar to those reported in national and international
studies. These findings underline the validity of the HPLC-FLD method
for the reliable, routine determination of 1-hydroxypyrene and 1-, 2-,
3-, 4-, and 9-hydroxyphenanthrene in urine samples of individuals
exposed to low and increased PAH-levels. The performance character-
istics and the ability to use conventional instrumentation make the
method attractive for applications analyzing high sample numbers
using a simple, conventional HPLC-FLD system.

The successful transfer of the chromatographic separation to a
UHPLC system and its coupling to HR-TOF-MS showed that LC-HR-
TOF-MS is a valuable tool for target and suspect screening of different
matrices containing OH-PAH. The LC-based methods described in this
work cover diverse analytical aspects of OH-PAH ranging from low-
level quantification in urine over suspect screening to tentative or reli-

able identification in urine and aerosol samples.
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Abstract

The development of chronic obstructive pulmonary disease (COPD)
pathogenesis remains unclear, but emerging evidence supports a
crucial role for inducible bronchus-associated lymphoid tissue
(iBALT) in disease progression. Mechanisms underlying iBALT
generation, particularly during chronic CS exposure, remain to be
defined. Oxysterol metabolism of cholesterol is crucial to immune
cell localization in secondary lymphoid tissue. Here, we demon-
strate that oxysterols also critically regulate iBALT generation and
the immune pathogenesis of COPD. In both COPD patients and
cigarette smoke (CS)-exposed mice, we identified significantly
upregulated CH25H and CYP7B1 expression in airway epithelial
cells, regulating CS-induced B-cell migration and iBALT formation.
Mice deficient in CH25H or the oxysterol receptor EBI2 exhibited
decreased iBALT and subsequent CS-induced emphysema. Further,
inhibition of the oxysterol pathway using clotrimazole resolved
iBALT formation and attenuated CS-induced emphysema in vivo
therapeutically. Collectively, our studies are the first to mechanis-
tically interrogate oxysterol-dependent iBALT formation in the
pathogenesis of COPD, and identify a novel therapeutic target for
the treatment of COPD and potentially other diseases driven by
the generation of tertiary lymphoid organs.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a leading cause
of chronic mortality and morbidity worldwide with limited thera-
peutic options, characterized by progressive and largely irreversible
airflow limitation resulting from long-term exposure to toxic gases
and particles, in particular cigarette smoke (CS; Berndt et al, 2012;
Vogelmeier et al, 2017). This induces chronic bronchitis, small
airway remodeling, and emphysema (loss of septal tissue; Tuder &
Petrache, 2012). Growing evidence supports a crucial role for indu-
cible bronchus-associated lymphoid tissue (iBALT) in the develop-
ment of COPD (Hogg et al, 2004; Gosman et al, 2006; van der
Strate et al, 2006; Polverino et al, 2015; Faner et al, 2016). Further-
more, we and others have recently shown that an absence of
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iBALT, either through the use of B cell-deficient mice or
administration of anti-CXCL13 antibody or BAFF-receptor fusion
protein, prevented CS-induced emphysema in animal models of
COPD (Bracke et al, 2013; John-Schuster et al, 2014; Seys et al,
2015).

Inducible bronchus-associated lymphoid tissue is a tertiary
lymphoid organ that develops in the lungs during infection,
autoimmunity, or chronic inflammation (Rangel-Moreno et al,
2011; Hwang et al, 2016). Interestingly, iBALT is located
predominantly alongside the bronchial epithelium (Gregson et al,
1979). It is organized into regions of B-cell follicles surrounded
by T-cell zones reminiscent of conventional secondary lymphoid
organs (Randall, 2010). Follicular dendritic cells and high
endothelial venules are located in the B- and T-cell zones,
respectively (Moyron-Quiroz et al, 2004; Rangel-Moreno et al,
2007). A protective role for iBALT has been described due to
their ability to fight viral infection (Moyron-Quiroz et al, 2004;
Chiu & Openshaw, 2015), and however, they can have a
detrimental impact on the outcome of chronic inflammatory
conditions such as COPD (Hwang et al, 2016). Their causative
role against COPD development and the mechanism underlying
iBALT positioning upon the bronchus, however, remains to be
defined.

The oxysterol metabolism of cholesterol has recently emerged
as a central pathway that regulates the structure and function of
secondary lymphoid tissue (Hannedouche et al, 2011; Liu et al,
2011; Gatto et al, 2013; Li et al, 2016). The sequential action of
two enzymes cholesterol 25-hydroxylase (CH25H) and 25-hydroxy-
cholesterol 7-alpha-hydroxylase (CYP7B1) synthesizes 7a,25-dihy-
droxycholesterol (72,25-OHC) from cholesterol, the main ligand of
Epstein-Barr virus-induced gene 2 (EBI2; also known as GPR183;
Hannedouche et al, 2011; Liu et al, 2011). EBI2 is a G protein-
coupled receptor expressed on lymphocytes and dendritic cells
(DCs), which plays a key role in their positioning within secondary
lymphoid tissue. EBI2 on B cells (Gatto et al, 2009; Pereira et al,
2009) and 70,25-OHC generated by lymphoid stromal cells (Yi
et al, 2012) guides activated B-cell movement during humoral
responses.

In this study, we hypothesize that oxysterols are critically
involved in the immune pathogenesis of COPD by guiding B-cell
positioning within iBALT structures. We demonstrate, in both
COPD patients and CS-exposed mice, upregulated CH25H and
CYP7B1 expression in airway epithelial cells. Moreover, mice defi-
cient in CH25H or EBI2 exhibited decreased iBALT formation and
subsequent CS-induced emphysema. Further, activated B cells
through BCR cross-linking failed to migrate toward CS-stimulated
airways ex vivo following genetic or pharmacological inhibition of
the oxysterol pathway, establishing a role for oxysterol metabolism
in guiding iBALT generation to the airways during COPD
immunopathogenesis. Finally, inhibition of the oxysterol pathway,
using the CYP7B1 inhibitor clotrimazole, resolved B cell-driven
iBALT formation and attenuated CS-induced emphysema in vivo in
a therapeutic approach. Collectively, our studies are the first to
mechanistically interrogate oxysterol-dependent iBALT formation
in the pathogenesis of COPD, and identify a novel therapeutic
target for the treatment of COPD in particular, as well as other
chronic diseases driven by the generation of tertiary lymphoid
organs.
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Results

Oxysterol metabolism increases in airway epithelial cells of COPD
patients and mouse

Airway epithelial cells secrete a plethora of immune mediators
(Benam et al, 2016), yet immunological factors that orchestrate
iBALT positioning remain to be defined. We analyzed transcrip-
tomics data from publically available datasets of small airway
epithelial cells from COPD patients (Tilley et al, 2011) combined
with our data derived from chronic CS-exposed mice lungs (John-
Schuster et al, 2014), revealing a conserved interspecies signature
for the expression of key genes related to the Gene Ontology terms
(Wang et al, 2013) of “Inflammatory Response”, “Macrophage Acti-
vation”, and “Leukocyte Migration” (Fig EV1A). Gene expression
patterns were also similar within the Gene Ontology term “Meta-
bolic Process”, and in particular, CH25H and CYP7BI1 were upregu-
lated following both CS exposure in mice and in COPD patients
(Fig 1A). Similarly, RNAseq analysis of lung homogenates from an
independent COPD patient cohort confirmed higher CH25H expres-
sion in the lungs of COPD patients compared to non-smoking
control individuals (Fig 1B), supporting a previous study (Sugiura
et al, 2012). To demonstrate an association with emphysema, lung
core samples from a third independent cohort composed of emphy-
sematous and non-emphysematous tissue from the same COPD
patients were analyzed (Fig 1C). mRNA expression of CH25H and
the pro-inflammatory chemokine CXCL8 were significantly upregu-
lated in emphysematous regions rather than non-emphysematous
regions of COPD patient lungs, while in contrast to recent findings
(Faner et al, 2016), CXCL13 expression did not differ (Fig 1D).
Staining of airway sections revealed that CH25H was localized to
the airway epithelial cells in both human and mice (Fig 1E),
suggesting that the initiating lesion in both patients and mice follow-
ing chronic CS exposure emanates from the airways. CH25H mRNA
expression was elevated in isolated airway epithelial cells from
COPD patients compared to healthy smoking controls (fourth inde-
pendent cohort; Fig 1F), as well as in isolated mouse airways after
CS exposure, and remained elevated for at least 16 weeks (Fig 1G).
Bronchoalveolar lavage fluid obtained from mice exposed to
6 months chronic CS revealed a higher concentration of 25-hydroxy-
cholesterol as assessed by liquid chromatography-high-resolution
mass spectrometry (Fig 1H).

To address the mechanism underlying the regional upregulation
of CH25H predominantly localized to the airways in COPD patients
and in particular that associated with emphysematous tissue, we
first undertook gene set enrichment analysis (GSEA; Mootha et al,
2003; Subramanian et al, 2005) on the publically available tran-
scriptomics dataset of small airway epithelial cells from COPD
patients described above (Tilley et al, 2011). CH25H upregulation is
driven by TLR4 Myd88-independent signaling (Diczfalusy et al,
2009), and indeed, GSEA revealed a strong enrichment of both total
TLR- and TLR4-dependent signaling in small airway epithelial cells
taken from the lungs of COPD patients compared to smoking
controls (Fig EV1B). Supporting a recent observation that TLR4
expression is increased in the airways of COPD patients (Haw et al,
2017). Furthermore, staining of airway sections revealed a strong
increase in TLR4 expression localized to the airways of emphysema-
tous COPD patients rather than non-emphysematous or healthy

© 2018 The Authors
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Figure 1. Increased expression of the oxysterol metabolizing enzyme CH25H in airway epithelial cells of COPD patients.

A Box and whisker plots of mouse lung and human small airway epithelial cell microarray data of the relative expression of the genes from NCBI GEO data series. The
box extends from the 25™ to 75" percentiles with the central line indicating the median and the whiskers the minimum and maximum values. Each dot represents
an individual. FA, filtered air; CS, cigarette smoke. *P = 0.0119, **P = 0.0022 (Ch25h, Cyp7b1, and Cyp1bl) and ****P < 0.0001.

B RNAseq data of CH25H expression in an independent COPD cohort, three patients per group. *P = 0.0136.
Representative H&E-stained lung cores from non-emphysematous and emphysematous regions of the same COPD patient lung (fourteen patients). Scale bar,
500 pm.

D CH25H, CXCL8, and CXCL13 mRNA abundance from lung core samples described in (C). Individual patients shown. *P = 0.0261 (CH25H) and 0.0482 (CXCLS8).

E Representative immunofluorescence analysis of airway from lungs of human non-smokers or COPD patients and from mice exposed to filtered air (FA) or cigarette
smoke (CS) for 6 months, stained to detect CH25H (red) and DAPI (blue). Four to eight patients per group, and eight mice per group. Scale bar, 50 pum.

F CH25H mRNA abundance in isolated airway epithelial cells from smokers (n = 10) and COPD patients (n = 11). *P = 0.0236.

G Ch25h mRNA abundance in isolated airways from C57BL/6 mice exposed to cigarette smoke (CS) for the duration indicated, shown relative to filtered air (FA), one
experiment with five mice per group. *P = 0.0377, ***P = 0.0002, and ****P < 0.0001.

H Levels of 25-hydroxycholesterol in the bronchoalveolar lavage fluid of C57BL/6 mice exposed to FA or CS for 6 months as determined by liquid chromatography—high-
resolution TOF mass spectrometry, one experiment with four mice per group. ****p < 0.0001.

Data information: Data are mean + SD (F, G, H). Mann-Whitney test (A, F), two-tailed unpaired t-test (B, H), two-tailed paired t-test (D) or one-way ANOVA, and
uncorrected Fisher’s LSD (G).

control airways (Fig EV1C). Additionally, treating human bronchial E). Interestingly, the pro-inflammatory cytokine TNF-o alone was
epithelial cell lines with the TLR4 agonist LPS induced expression of also able to induce enhanced CH25H expression in airway epithelial
CH2SH similar to that observed with cigarette smoke (Fig EV1D and cells, suggesting that the pro-inflammatory environment in addition

© 2018 The Authors EMBO Molecular Medicine 10: e8349 | 2018 30f17
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to direct effects of CS exposure upon the airway epithelial cells is
capable of enhancing CH25H expression. These translational results
lead us to hypothesize that CS-activated CH25H signaling in the
airway epithelium may confer iBALT formation.

Diminished oxysterol pathways impaired iBALT formation and
attenuated cigarette smoke-induced COPD

To determine the role of CH25H in iBALT formation in vivo, we
exposed CH25H-deficient mice to CS for 4 and 6 months to induce
emphysema development (John-Schuster et al, 2014; Cloonan et al,
2016; Baarsma et al, 2017). Importantly, the lungs of these mice
showed no general metabolic differences, even after CS exposure,
compared to the wild-type animals (Fig EV2A). Wild-type mice
developed clear evidence of emphysema accompanied by iBALT
formation from 4 months onwards (Fig 2A-C), that specifically
associated with the airways further with vessels and septal tissue
(Fig 2D), whereas in Ch25h™/~ mice formation of iBALT and the
hallmarks of emphysema failed to develop (Fig 2A-D). Flow cyto-
metric analysis of whole lung cells showed that both T and B cells
were activated after CS exposure similarly in both Ch25h~/~ and
wild-type mice (Fig 2E), suggesting that CH25H is important for
cellular positioning within the iBALT and not recruitment and
activation of T and B cells to the lung. In support, cellular recruit-
ment into the BAL as well as mRNA expression of Cxcl13, Cxcl9,
Ccl19, Ccl21, Cxcll, and Mcpl was equivalently increased in both
wild-type and Ch25h~/~ mice following CS exposure (Fig EV2B
and C).

We have previously shown that B cell-deficient mice do not
generate iBALT and that this prevented CS-induced emphysema by
impairing the activation of macrophages and MMP12 upregulation
(John-Schuster et al, 2014). To address the mechanisms underlying
the protection against emphysema in Ch25h™/~ mice, flow cytomet-
ric analysis was undertaken on the lavaged lungs to address the
recruitment of macrophages into the lung tissue following CS expo-
sure. In contrast to the BAL, total F4/80" macrophages and CD11c¢’
CD11b" recruited macrophages were significantly reduced in the
lungs of Ch25h™/~ mice compared to wild-type animals following
chronic CS exposure (Fig EV2D-F). In support, immunohistochemi-
cally stained galectin-3-positive macrophages (Fig EV2G), mRNA
expression of Adgrel the gene for F4/80 (Fig EV2H), and the
Mmpl2:Timpl ratio (Fig EV2I) were significantly reduced in the
lungs of Ch25h™/~ mice compared to wild type, following exposure

Oxysterols regulate COPD  Jie Jia et al

to CS. Furthermore, flow cytometric analysis revealed reduced
Ly6g-positive neutrophils in the lungs of Ch25h /" mice
compared to wild-type animals following chronic CS exposure
(Fig EV2J-K).

To confirm the importance of local oxysterol production in
iBALT generation and COPD pathogenesis, we next exposed mice
lacking EBI2, the receptor for 7a,25-OHC, to chronic cigarette smoke
for 4 months. Similar to Ch25h~/~ mice, these Ebi2~/~ animals also
failed to generate iBALT or any features of emphysema (Fig 3A-C).
Leukocyte recruitment to the bronchoalveolar lavage fluid following
CS exposure was similar in both wild-type and Ebi2~/~ mice
(Fig EV3A), with cytokine and chemokine expression profiles simi-
lar to that observed for Ch25h~/~ and wild-type mice (Fig EV3B).
Flow cytometric analysis of whole lung cells revealed that both T
and B cells were recruited to the lungs of Ebi2~/~ mice in similar
numbers to wild-type animals following CS exposure (Fig 3D and
E), but interestingly less B cells were activated in the Ebi2~/~ mice
(Fig 3D), suggesting a further role for EBI2 beyond B-cell position-
ing (Benned-Jensen et al, 2011). To address this, splenic B cells
were isolated from Ebi2~/~ and wild-type mice and activated ex vivo
by IgM cross-linking. Similar to the in vivo situation flow cytometric
analysis revealed reduced activation of Ebi2~/~ B cells as demon-
strated by less upregulation of the surface activation marker CD69
(Fig EV3C), which was accompanied by reduced MHC II expression
(Fig EV3D). CD69 expression in B cells is regulated by Egrl
(Richards et al, 2001; Vazquez et al, 2009), a primary response gene
rapidly induced in B cells following BCR cross-linking (Seyfert et al,
1989; McMahon & Monroe, 1995). Interestingly, Ebi2~/" Becells 6 h
post-BCR cross-linking upregulated Egrl less than wild-type B cells
(Fig EV3E), proposing that the impaired activation of Ebi2~/~ B
cells may stem from an inability to fully induce expression of the
early response gene Egrl. Future work should determine further the
role of Ebi2 in Egrl transcriptional regulation.

To exclude a role for 25-hydroxycholesterol in emphysema devel-
opment beyond iBALT formation, we examined B cell-deficient mice
(uMT) that are resistant to CS-induced iBALT formation and emphy-
sema (John-Schuster et al, 2014). Consistent with wild type, these
animals demonstrated increased expression of Ch25h and Cyp7bl
(Fig EV4A and B) in their lungs with CH25H expression localizing
to the airway epithelial cells (Fig EV4C) following acute and chronic
CS exposure. Collectively, these data demonstrated that oxysterol-
induced signaling pathways guide iBALT generation during CS-
induced COPD.

Figure 2. Impaired iBALT formation and attenuated cigarette smoke-induced COPD in CH25H-deficient mice.

A Representative H&E-stained lung from wild-type (WT) and CH25H-deficient (Ch25h~/~) mice exposed to filtered air (FA) or cigarette smoke (CS) for 4 and 6 months.

Scale bar, 200 um.

B,C Mean chord length (MCL) and iBALT quantification of lung sections from the mice described in (A), following 4 months (B) or 6 months (C) of CS exposure. (B)
**P = 0.0002 and ****P < 0.0001 (emphysema quantification) and **P = 0.0095 (iBALT quantification). (C) **P = 0.0022 (emphysema quantification), *P = 0.0207
(FA vs. CS, WT mice, iBALT quantification), and *P = 0.0373 (CS WT vs. CS Ch25h™'~ mice, iBALT quantification).

D Left: Representative immunofluorescence images of the three regions quantified, stained to detect CD45R (B cells, red), CD3 (T cells, green), and DAPI (blue). A,
airway; V, vessel. Scale bar, 50 um. Right: Quantification of iBALT localized on the airway, vessels, and septal area from the mice described in (A). Airway:
***p = 0,0007 (FAvs. 6 m CS, WT mice) and ***P = 0.0008 (6 m CS WT vs. 6 m CS Ch25h™/~ mice). Vessel: *P = 0.0446 (FA vs. 6 m CS, WT mice) and *P = 0.0356
(6 m CSWT vs.6 m CS Ch25h~/~ mice). Septum: *P = 0.0194 (FA vs. 6 m CS, WT mice).

E Flow cytometric analysis of whole lung single-cell suspensions from mice in (A), to detect CD69-positive CD19 and CD3 cells. Left: Example dot plots of FA- and CS-
exposed mice. Right: Frequency of CD69-positive cells. CD69" CD19* cells: **P = 0.0062 and ****P < 0.0001. CD69* CD3* cells: *P = 0.0230 and ****P < 0.0001.

Data information: Data are mean + SD. P-values determined by one-way ANOVA and Tukey’s multiple comparisons test. Data are representative of two independent
experiments (A-D) or one experiment (E) with four mice per FA group or six mice per CS group.
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CH25H deficiency does not protect against
iBALT-independent emphysema

Previous data demonstrate that professional APCs can express
CH25H under inflammatory conditions (Park & Scott, 2010; Liu
et al, 2013). These findings led us to interrogate whether differential
cytokine secretion by resident alveolar or bone marrow-recruited
macrophages (BMDM) deficient in CH25H were involved in emphy-
sema development. Isolated alveolar macrophages significantly
increased expression of Ch25h under both polarizing conditions
(Fig EV5A), while BMDM from wild-type mice significantly
increased expression of Ch25h only under M1-polarizing conditions

Oxysterols regulate COPD  Jie Jia et al

(Fig EV5B). Importantly, both alveolar and bone marrow macro-
phages from wild-type and Ch25h~/~ mice induced strong expres-
sion of Tnfa and Il1b under M1-polarizing conditions as well as Irf4
and Fizzl as key transcription factors regulating M2 polarization
(Satoh et al, 2010) after culturing with IL-4 (Fig EV5A and B). To
extend these findings, we cultured bone marrow-derived DCs
isolated from wild-type and Ch25h/~ mice with LPS and found
similarly increased expression of Il12a, Tnfa, and Nos2 from both
mice (Fig EV5C). In combination, this suggests that impaired cyto-
kine secretion by professional APCs is not a contributing factor in
CH25H-deficient mice. Furthermore, recent evidence revealed that
depletion of alveolar macrophages ameliorated elastase-induced
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Figure 3. EBI2-deficient mice are protected against iBALT formation and cigarette smoke-induced COPD.

A Representative H&E-stained lung from wild-type (WT) and EBI2-deficient (EbiZ’/’) mice exposed to filtered air (FA) or cigarette smoke (CS) for 4 months. Scale bar,
100 pm.
B Mean chord length (MCL) quantification of lung sections from the mice described in (A). *P = 0.0155 and **P = 0.0064.

Quantification of total lung iBALT from the mice in (A). ****P < 0.0001.
Flow cytometric analysis of whole lung single-cell suspensions from mice in (A), to detect CD19* and CD69" CD19* cells (D) and CD3* and CD69* CD3* cells (E).

CD19" cells: **P = 0.0027 (FA vs. CS, WT mice) and **P = 0.0028 (FA vs. CS, Ebi2~/~ mice). CD69* CD19* cells: *P = 0.0232, ***P = 0.0003, and ****P < 0,0001. CD3*
cells: *P = 0.0319 (FA vs. CS, WT mice) and *P = 0.0368 (FA vs. CS, Ebi2~'~ mice). CD69* CD3* cells: ****P < 0.0001.

Data information: Data are mean + SD. P-values determined by one-way ANOVA and Tukey’s multiple comparisons test. Data are from one experiment six mice per
group (Ebi2 b CS), seven mice per group (WT CS or Ebi2 4 FA), or eight mice per group (WT FA).
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Figure 4. CH25H deficiency or attenuation of CYP7B1 activity with clotrimazole impairs B-cell migration toward CSE-treated airways ex vivo.
A Ch25h, Cyp7b1, and Cxcl13 mRNA abundance from CSE-treated airways dissected from wild-type (WT) or CH25H-deficient (Ch25h~/~) mice. *P = 0.0400 and

**p < 0.0001.

B Schematic representation of ex vivo B-cell migration assay.
Ebi2 and Cxcr5 mRNA abundance from IgM cross-linked B cells isolated from the spleen of C57BL/6 mice.

D Frequency of IgM cross-linked splenic B cells migrating toward medium from CSE-treated airways dissected from WT or Ch25h™'~ mice. **P = 0.0012 (Ctrl vs. CSE,
WT airways) and **P = 0.0035 (CSE WT vs. CSE Ch25h™/~ airways).

E Schematic representation of the metabolism of 7,25-OHC from cholesterol.

F  Ch25h and Cyp7b1 mRNA abundance from CSE-treated airways, in the absence or presence of 1 uM clotrimazole, dissected from C57BL/6 mice. Ch25h: *P = 0.0297
(Ctrl vs. CSE, untreated airways) and *P = 0.0112 (Ctrl vs. CSE, clotrimazole treated airways). Cyp7b1: **P = 0.0056 and ***P = 0.0008.

G Frequency of IgM cross-linked splenic B cells migrating toward medium from CSE-treated airways, in the absence or presence of 1 uM clotrimazole, dissected from

C57BL/6 mice. ****P < 0.0001.

Data information: Data are mean + SD. P-values determined by one-way ANOVA and Tukey’s multiple comparisons test. All experiments repeated twice with three mice

per group.

© 2018 The Authors

EMBO Molecular Medicine  10: e8349 | 2018 7 of 17



EMBO Molecular Medicine

emphysema (Ueno et al, 2015), an iBALT-independent emphysema
mouse model (Dau et al, 2015; Sarker et al, 2015). Therefore, we
utilized this model to demonstrate that loss of CH25H in macro-
phages did not impact upon emphysema development. Both wild-
type and Ch25h™~/~ mice developed a severe emphysema following
elastase treatment, with no evidence of iBALT formation in either
mice (Fig EV5D-H). These data further demonstrate that CH25H-
deficient macrophages are not protective against elastase-induced
emphysema, implying the role of CH25H in iBALT-mediated COPD
pathogenesis.

Oxysterols guide B-cell migration to the airways

70,25-OHC guides B-cell positioning in secondary lymphoid tissue
(Yi et al, 2012). To address the role of airway-specific CH25H in
guiding B cells, we used microdissected airway trees (Yildirim et al,
2008) stimulated with cigarette smoke extract (CSE) ex vivo, which
demonstrated increased expression of Ch25h and Cyp7bl in airways
from wild-type mice, whereas Ch25h~/~ mice did not express Ch25h
and failed to increase the expression of Cyp7bl (Fig 4A). Isolated
airways from both mice showed no differences in Cxcl13 expression
(Fig 4A). To further corroborate these findings, we utilized a novel
ex vivo assay in which IgM cross-linked activated splenic B cells
were tested for their ability to migrate toward the CSE-stimulated
airway trees (Fig 4B). mRNA analysis of IgM cross-linked B cells
revealed no change in the expression levels of the 7a,25-OHC recep-
tor Ebi2 (Hannedouche et al, 2011; Liu et al, 2011) and the CXCL13
receptor CxcrS (Gunn et al, 1998; Legler et al, 1998; Fig 4C). Consis-
tent with increased Ch25h and Cyp7bl, we observed a strong
increase in the number of activated B cells migrating toward wild-
type CSE-activated airways (Fig 4D).

To demonstrate that increased expression of CH25H- and
CYP7B1-mediated oxysterol 7a,25-OHC guided B-cell migration, we
cultured dissected wild-type airways in the presence of clotrimazole,
a CYP7BI1 inhibitor (Liu et al, 2011; Fig 4E). As expected, this treat-
ment did not affect Ch25h levels, but was sufficient to reduce
Cyp7?bl mRNA expression (Fig 4F) and significantly impaired the
ability of activated B cells to migrate toward CSE-treated airways
(Fig 4G). These data suggested that 70,25-OHC is guiding B-cell
movement toward the airways. These results strongly indicate that

Oxysterols regulate COPD  Jie Jia et al

the CS-induced airway epithelial oxysterols are capable of driving B-
cell migration, which contribute to iBALT generation on the airways
in experimental COPD.

Oxysterol inhibitor as a novel therapeutic target for COPD

As there are currently no clinical regimes to reverse the progression of
emphysema (Vogelmeier et al, 2017), we evaluated whether inhibit-
ing the generation of 72,25-OHC could alleviate established experi-
mental COPD when clotrimazole was administrated as a therapeutic
dosing strategy (Fig 5A). Wild-type mice with pulmonary inflamma-
tion following two months chronic CS exposure (comparable with
human COPD GOLD stages 0-1) were treated with clotrimazole
during months two to four, leading to significantly reduced iBALT
formation (Fig 5B and D) and lack of emphysema development
(Fig 5C). At the cellular level, we observed reduced macrophage and
lymphocyte cell numbers in BAL fluid of these clotrimazole-treated
CS-exposed mice (Fig 5E). Importantly, wild-type mice exposed to CS
for 4 months (comparable with human COPD GOLD stages 1-2),
presenting clear signs of iBALT formation and COPD (Fig 2A-D and
5B-D), then treated with clotrimazole, showed attenuated iBALT and
emphysema (Fig SF-H). There was also reduced macrophage cell
numbers in the BAL fluid of late clotrimazole-treated CS-exposed mice
(Fig SI). Taken together, these data suggest that inhibiting the genera-
tion of 7¢,25-OHC with clotrimazole not only prevents iBALT forma-
tion, but is able to disrupt established iBALT and attenuate
experimental CS-induced COPD.

Discussion

This study reveals a role for oxysterol metabolism in guiding iBALT
generation to the airways during COPD pathogenesis. Mice deficient
in CH25H, an enzyme crucial for the metabolism of cholesterol
toward the oxysterol 7a,25-OHC, or EBI2, the main receptor of
72,25-OHC, did not generate iBALT in their lungs following expo-
sure to chronic CS and were protected against the development of
COPD. We also demonstrated that COPD patients and CS-exposed
mice significantly upregulated CH25H and CYP7B1 expression in
airway epithelial cells, and this was sufficient to promote B-cell

Figure 5. Clotrimazole protects against and reverses cigarette smoke-induced COPD.

A Schematic representation of clotrimazole therapeutic strategies.

B Representative H&E-stained lung from C57BL/6 mice exposed to filtered air (FA) or cigarette smoke (CS) for 4 months and treated with clotrimazole (i.p. 80 mg/kg
3 times per week) from months 2 to 4 or oil controls (Early therapeutic group). Scale bar, 200 pm.

C Mean chord length (MCL) quantification of lung sections from mice in (B). *P = 0.0242 and ****P < 0.0001.

D Quantification of iBALT localized on the airway, vessels, and septal area from mice described in (B). *P = 0.0249 (FA vs. CS, oil-treated mice) and *P = 0.0116 (CS oil

vs. CS clotrimazole-treated mice).

E Bronchoalveolar lavage fluid (BALF) total and differential cell counts from mice in (B). Total cells: ***P = 0.0003 and ****P < 0.0001. Macrophages: **P = 0.0033,
***P = 0.0009 and ****P < 0.0001. Neutrophils: ****p < 0.0001. Lymphocytes: **P = 0.0011 and ****P < 0.0001.

F  Representative H&E-stained lung from C57BL/6 mice exposed to filtered air (FA) or cigarette smoke (CS) for 6 months and treated with clotrimazole (i.p. 80 mg/kg
3 times per week) from months 4 to 6 or oil controls (Late therapeutic group). Scale bar, 200 pm.

G Mean chord length (MCL) quantification of lung sections from mice in (F). **P = 0.0039.

H Quantification of iBALT localized on the airway, vessels, and septal area from mice described in (F). Airway: *P = 0.0101. Vessel: *P = 0.0236. Septal: *P = 0.0238.

| BALF total and differential cell counts from mice in (F). Total cells: **P = 0.0011 and ***P = 0.0007. Macrophages: **P = 0.0047. Neutrophils: **P = 0.0012 and

***P = 0.0004.

Data information: Data are mean + SD. P-values determined by one-way ANOVA and Tukey’s multiple comparisons test. Data are representative of two independent
experiments with four mice per FA group, six mice per CS group (B—E), or five mice per CS group (F-I).
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migration. Furthermore, activated B cells failed to migrate ex vivo
toward CS-stimulated airways from Ch25h /" or wild-type mice
where oxysterol synthesis had been blocked. Finally, inhibition of

EMBO Molecular Medicine

the oxysterol pathway, using the CYP7BI1 inhibitor clotrimazole,
resolved iBALT formation and attenuated CS-induced emphysema
in vivo in a therapeutic approach.
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Our data suggest that B cells are organized into iBALT structures
upon the bronchus because of local secretion of 7¢,25-OHC by the
airway epithelial cells, akin to 70,25-OHC generated by lymphoid stro-
mal cells guiding activated B-cell movement during humoral responses
(Yi et al, 2012). We do not exclude the possibility that T-cell migration
is also disrupted, especially since EBI2 is expressed by CD4 T cells and
activated T-cell positioning in the outer T zone of lymphoid follicles is
directed by 72,25-OHC (Li et al, 2016). However, we recently demon-
strated that B cell-deficient mice were protected from CS-induced
COPD despite normal function of CD4 T cells (John-Schuster et al,
2014). Notably, lymphocytes are recruited to the lung equivalently in
wild-type mice and in mice where the oxysterol axis had been
disturbed (Ch25h™/~ and Ebi2~/~ mice). Levels of Cxcll3, Cxcl9,
Ccl19, and Ccl21 were increased in these mice following CS exposure
equivalent to their wild-type counterparts, supporting our hypothesis.

The pro-inflammatory oxysterol 27-hydroxycholesterol (27-OHC)
has also been demonstrated in the airways of COPD patients (Kikuchi
et al, 2012) and recently described to be involved in splenic DC posi-
tioning and homeostasis (Lu et al, 2017). 27-OHC is synthesized by
CYP7B1-driven metabolism of 27-hydroxycholesterol (Lu et al, 2017),
and its synthesis will therefore be blocked by clotrimazole treatment.
27-OHC is, however, a poor chemokine for B cells (Liu et al, 2011),
and as iBALT failed to form in Ch25h™/~ mice following chronic CS
exposure, this would suggest that 70,25-OHC is the major EBI2 ligand
for iBALT generation. It has also been reported that 27-OHC is able to
accelerate senescence of both fibroblasts and airway epithelial cells
(Hashimoto et al, 2016) and that 25-hydroxycholesterol may promote
fibroblast-mediated tissue remodeling through NF-xB signaling (Ichi-
kawa et al, 2013), suggesting that impairing oxysterol metabolism
may have additional direct effects on lung tissue regeneration.
However, we show here that Ch25h~/~ mice are not protected against
iBALT-independent emphysema development and that B cell-deficient
mice upregulate oxysterol synthesizing enzymes after chronic CS
exposure similar to their wild-type counterparts, yet are still protected
against COPD development (John-Schuster et al, 2014).

Inducible bronchus-associated lymphoid tissue size and number
correlates with the severity of COPD in patients (Hogg et al, 2004;
Polverino et al, 2015), suggesting a therapeutic opportunity, especially
considering current therapeutic regimes against COPD do not reverse
the progression of emphysema (Tanaka et al, 2013; Vogelmeier et al,
2017). We clearly show that mice treated with the CYP7B1 inhibitor
clotrimazole, resolved iBALT formation, and attenuated CS-induced
emphysema in vivo. Based on our findings, we speculate that disrup-
tion of iBALT generation through the targeting of oxysterols, rather
than complete B-cell depletion, particularly as a recent rituximab trial
in COPD patients failed because of increased risk of infectious compli-
cations (Brusselle et al, 2009), opens new therapeutic strategies on a
broader perspective for other diseases associated with tertiary
lymphoid organs beyond COPD, such as pulmonary hypertension,
cancer, transplant rejection, and autoimmunity (Pitzalis et al, 2014).

Materials and Methods
Transcriptomic data analysis

Microarray data were obtained from data series held at the NCBI
Gene Expression Omnibus (GEO) database (Barrett et al, 2013).
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Mouse whole lung data of filtered air versus chronic CS-exposed
animals were obtained from accession GSE52509 (John-Schuster
et al, 2014), and human data comparing gene expression in the
small airway epithelial cells of COPD patients with healthy non-
smoking controls from accession GSE11784 (Tilley et al, 2011). Data
were analyzed using the GEO web tool GEO2R (Barrett et al, 2013)
with default settings, whose back end uses Bioconductor (Gentle-
man et al, 2004) R packages to transform and analyze the data, to
generate the log, transformed expression values for each gene rela-
tive to filtered air or healthy controls. Gene Ontology pathway anal-
ysis was undertaken on GEO2R gene expression data with a
P < 0.05 using the web-based gene set analysis toolkit WebGestalt
(Wang et al, 2013). A heat map of selected genes (log, transformed
expression values, with a P < 0.05, as calculated by GEO2R) taken
from the Gene Ontology pathway analysis was generated by Genesis
software (Sturn et al, 2002; Release 1.7.7, Institute for Genomics
and Bioinformatics, Graz University of Technology).

Gene set enrichment analysis (GSEA) software from the Broad
Institute  (http://www.gsea-msigdb.org/gsea/index.jsp; Mootha
et al, 2003; Subramanian et al, 2005) was used to determine the
enrichment of Reactome gene lists obtained from the GSEA-Mole-
cular Signatures Database for total TLR- and TLR4-specific signaling.
Data from the series matrix file comparing gene expression in the
small airway epithelial cells of COPD patients with healthy smoking
controls (accession GSE11784) were downloaded from the NCBI
GEO database.

Human lung tissue

Lung core samples of emphysematous and healthy regions from the
same explanted lungs of COPD patients undergoing lung transplan-
tation were provided by Dr. Stijn Verleden (University of Leuven,
Belgium) following ethical approval of the University of Leuven
Institutional Review Board (ML6385). All participants provided writ-
ten consent and experiments conformed to the principles set out in
the Declaration of Helsinki. Patient demographics are highlighted in
Table 1. Immediately following transplant, lungs were air-inflated at

Table 1. Demographics and clinical characteristics of COPD
transplant patients (mean + SEM). Lung core samples were
histologically separated into non-emphysematous and
emphysematous tissue.

COPD

Subjects (n) 16

Mean age years 57.06 &+ 1.23
Sex

Male 7
Female 9
Height (m) 1.65 + 0.02
Weight (kg) 59.44 + 318
Smoking (packs/year) 39.00 + 7.55
FEV1 (%) 3438 + 555
FVC (%) 8273 + 584
FEV1/FVC (%) 31.01 + 5.07

FEV1, Forced expiratory volume in the first second; FVC, Forced vital capacity.
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10 cm H,O pressure and fixed using constant pressure in the fumes
of liquid nitrogen. Afterward lungs were sliced using a band saw
and sampled using a core bore. Upon receipt, lung cores were
portioned for fixation in 4% paraformaldehyde followed by paraffin
embedding and total RNA isolation (peqGOLD Total RNA Kit,
Peqlab).

Primary bronchial epithelial cell culture

Primary bronchial epithelial cell cultures were obtained from
smokers with and without COPD, who had lobectomy or pneu-
monectomy for lung cancer or other reasons at Gaziantep Univer-
sity Hospital (Turkey), using an explant cell culture technique
(Devalia et al, 1990; Bayram et al, 1998). The demographic charac-
teristics of patients are given in Table 2. The study was approved
by The Ethics Committee of Gaziantep University, informed writ-
ten consents were taken from study volunteers, and experiments
conformed to the principles set out in the Declaration of Helsinki.
Total cellular RNA was isolated using commercially available kits
(QIAcube, Qiagen).

RNAseq analysis

Total RNA of human lung derived from COPD explants or healthy
donor controls was sequenced using the Illumina system (HiSeq
2000) by the company GATC Biotech.AG (Konstanz, Germany).
Raw data analysis was performed by Genomatix Software GmbH.
Expression values were calculated as RPKM (Reads per kilobase
million per mapped reads) for all loci available from reads uniquely
aligned to the human genome. In this study, we only present the
expression of CH25H.

Mice

B6.12956-Ch25h™ R4S /3 (Ch25h™/~) mice were obtained from The
Jackson Laboratory and B6N(Cg)-Gpr183imi-1KOMPIVies 3 (Epia=/)
from the KOMP Repository, University of California Davis. Age-
matched female C57BL/6J mice and B cell-deficient B6.129S2-Igh-
6™ (IMT) mice were obtained from Charles River Laboratories.
Mice were housed under specific pathogen-free conditions at a
constant temperature and humidity with a 12-hour light cycle and
allowed food and water ad libitum. All animal experiments were

Table 2. Demographics and clinical characteristics of study subjects
for the primary bronchial epithelial cell cultures (mean + SEM).

Smokers COPD
Subjects (n) 10 11
Mean age years 61.10 + 12.75 65.82 4+ 8.49
Smoking (packs/year) 32.00 + 11.83 4955 + 26.12**
FEV1 (%) 92.80 £ 850 75.64 + 15.58*
FVC (%) 9830 + 12.07 9291 + 14.41
FEV1/FVC (%) 76.00 + 3.68 6336 + 6.32**
GOLD (mean, min-max) NA 173 (1,3)

FEV1: Forced expiratory volume in the first second; FVC: Forced vital capacity.
*P < 0.01, **P < 0.001 COPD versus smokers (Mann—-Whitney test).
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performed according to strict governmental and international guide-
lines and were approved by the local government for the administra-
tive region of Upper Bavaria, Germany.

Mouse COPD models and treatment

Eight- to 12-week-old female mice were used in all experiments.
For the CS-induced COPD model, mice were exposed to 100%
mainstream CS (John et al, 2014) at a particle concentration of
500 mg/m®, generated from 3R4F research cigarettes (Filter
removed, Tobacco Research Institute, University of Kentucky),
for 50 min twice/day, 5 days/week for 4 or 6 months. Mice
exposed to filtered air were used as controls. For the elastase-
induced iBALT-independent COPD model, mice were instilled
oropharyngeally with a single application of 80 U/kg body weight
porcine pancreatic elastase (PPE; Sigma-Aldrich) in 80 ul PBS.
Mice treated with 80 pul PBS were included as controls. For
CYP7B1 inhibition, clotrimazole (Sigma-Aldrich) 10 mM in DMSO
was further diluted in corn oil (Mazola, Unilever) and applied
i.p. at a dose of 80 mg/kg body weight 3 times/week for
2 months. Mice were treated after 2 or 4 months of CS exposure
and smoked for a further 2 months in parallel with the clotrima-
zole treatment.

Lung function analysis

Mice were anaesthetized with ketamine—xylazine, tracheostomized,
cannulated, and the diffusing capacity for carbon monoxide (DFCO)
calculated (Fallica et al, 2011). Briefly, 0.8 ml mixed gas (0.5% Ne,
21% 0O,, 0.5% CO and 78% N,) was instilled into the mice lungs
and withdrawn 2 s later for analysis on a 3000 Micro GC Gas
Analyzer (Infinicon). DFCO was calculated as 1-(CO,/COy)/(Ne;/
Neg) where 0 and 1 refer to the gas concentration before and after
instillation, respectively. Respiratory function was analyzed using a
forced pulmonary maneuver system (Vanoirbeek et al, 2010; Buxco
Research Company, Data Sciences International) running FinePointe
Software (version 6, Data Sciences International) and the quasistatic
PV maneuver protocol.

Bronchoalveolar lavage

After lung function analysis, lungs were lavaged with 3 x 500 pl
aliquots of sterile PBS (Gibco, Life Technologies) supplemented with
Complete Protease Inhibitor Cocktail tablets (Roche Diagnostics).
Cells were pelleted at 400 g for 20 min and resuspended in 500 pl
RPMI-1640 medium (Gibco, Life Technologies) for the total cell
count using a Neubauer Chamber. Cytospins of the cell suspension
were then prepared and stained using May-Griinwald-Giemsa for
differential cell counting (200 cells/sample) using morphological
criteria. Bronchoalveolar lavage fluid was retained for mass spec-
trometry analysis.

Mouse lung processing

The two right lower lung lobes were snap-frozen in liquid nitrogen,
homogenized and total RNA isolated (peqGOLD Total RNA Kit,
Peqlab). The right upper two lobes were dissociated into single-cell
suspensions in PBS supplemented with 0.1% FCS and 2 mM EDTA
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using the lung dissociation kit and gentleMACS Dissociator from
Miltenyi Biotec for flow cytometry analysis. The left lung was infla-
tion fixed with 6% paraformaldehyde under a constant pressure of
20 cm and then embedded into paraffin.

Quantitative real-time RT-PCR

1 ng RNA was reverse transcribed using Random Hexamers and
MuLV Reverse Transcriptase (Applied Biosystems) or by the Preci-
sion Reverse Transcription Kit (Qiagen). Gene expression was
analyzed using SensiFAST SYBR Hi-ROX Kit (Bioline) on a StepO-
nePlus 96-well Real-Time PCR System (Applied Biosystems) or a

Table 3. Primer sequences used for the quantitative real-time RT-PCR.

Oxysterols regulate COPD  Jie Jia et al

RG-600 model RT-PCR machine (Corbett Research). Primer
sequences can be found in Table 3. Expression of each gene was

calculated relative to the housekeeping gene HPRTI or Hprtl as
274G,

Immunofluorescence staining

3-um sections from mouse left lung or human core samples were
stained as described (John-Schuster et al, 2016). Briefly, sections
were deparaffinized, rehydrated, and heat-induced epitope retrieval
undertaken using HIER Citrate Buffer (pH 6.0, Zytomed Systems).
Sections were blocked using 5% BSA in PBS and then incubated

Gene Forward primer Reverse Primer

CH25H CTC TAC CAG CAT GTG ATG TTT GT CAT GTC GAA GAG TAG CAG GCA
CXCL8 GGC TCT CTT GGC AGC CTT C GGT TTG GAG TAT GTC TTT ATG CAC
CXCL13 CAA GTC AAT TGT GTG TGT GGA GGG AAT CTT TCT CTT AAA CAC TGG
HPRT1 AGG AAA GCA AAG TCT GCATTG TT GGT GCA CAT GAT CTC TCAACT TTAA
TLR4 AGA CCT GTC CCT GAA CCC TAT CGA TGG ACT TCT AAACCAGCCA
Adgrel CTC TGT GGT CCC ACC TTC AT GAT GGC CAA GCA TCT GAA AA
Argl GGA ACC CAG AGA GAG CAT GA TTT TTC CAG CAG ACCAGC TT
Ccl19 TGG GAA CAT CGT GAAAGC CT GTG GTG AAC ACA ACA GCA GG
Ccl21 CGG CTG TCC ATC TCA CCT AC AGG GAATTT TCT TCT GGC TGT
Ch25h GAC CTT CTT CGA CGT GCT GA CCA CCG ACA GCC AGATGT TA
Cxcl1 CCG AAG TCA TAG CCA CAC GTG CCA TCA GAG CAG TCT

Cxcl13 TCT CTC CAG GCCACG GTATTCT ACC ATT TGG CAC CAG GATTCA C
Cxcl9 CGA GGC ACG ATC CAC TAC AA AGG CAG GTT TGATCT CCG TT
Cxcr5 TGG ATG ACC TGT ACA AGG AAC TG CGG TGC CTC TCC AGG ATT AC
Cyp27al GGA GGG CAA GTA CCC AAT AA TTC AGC AGC CTC TGT TTC AA
Cyp7b1 GGA GCC ACG ACCCTAGATG GCC ATG CCA AGA TAA GGA AGC
Ebi2 ATG GCT AAC AAT TTC ACT ACC CC ACC AGC CCA ATG ATG AAG ACC
Fizz1 TGC CAATCC AGC TAACTATCCC ACG AGT AAG CAC AGG CAG TT
Gmcsf ATG CCT GTC ACG TTG AAT GA CCG TAG ACC CTG CTC GAATA
Hprtl AGC TAC TGT AAT GAT CAG TCA ACG AGA GGT CCT TTT CAC CAG CA
Hsd3b7 AGCT GGT GGG GCC TAA CAT CA CTG CTC AGC AAG GGC TTT AC
112p35 ACT AGA GAG ACT TCT TCC ACA ACA ACA G GCA CAG GGT CAT CAT CAAACA C
Il1a AGC GCT CAA GGA GAA GAC CTG TCA TAG AGG GCA GTC C

11b CAA CCA ACA AGT GAT ATT CTC CAT G GAT CCA CAC TCT CCA GCT GCA

16 GTT CTC TGG GAA ATC GTG GA TGT ACT CCA GGT AGC TAT GG

Irf4 AAA GGC AAG TTC CGA GAA GGG CTC GAC CAATTC CTC AAAGTCA
Lta TCC ACT CCC TCA GAAGCACT ACA GAA GCC ATG TCG GAG AA

Ltb TAC ACC AGA TCC AGG GGT TC ACT CAT CCA AGC GCC TAT CA

Ltbr AAG CCG AGG TCA CAG ATG AAA CCA GGG GAC GAAGTG TTC TG
Mcpl CTT CTG GGC CTG CTG TTCA CCA GCC TACTCATTG GGATCA
Mmp12 TGT ACC CCA CCT ACA GAT ACC TTA CCA TAG AGG GAC TGA ATG TTA CGT
Nos2 CGG CAA ACA TGA CTT CAG GC GCA CAT CAA AGC GGC CAT AG
Timp1 CAC TGA TAG CTT CCA GTA AGG CC CTT ATG ACC AGG TCC GAG TTG C
Tnfa CAC CAC GCT CTT CTG TCT GGC TAC AGG CTT GTC ACT C
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overnight at 4°C with primary antibody, followed by 1 h with
secondary antibody and counterstained with DAPI (1:4,000, Sigma-
Aldrich), mounted in fluorescent mounting medium (Dako), and
imaged with a fluorescent Olympus BX51 microscope running cell-
Sens software (Version 1.14, Build 14116, Olympus). Primary anti-
bodies: rat IgG2a anti-mouse CD45r (1:50, clone: RA3-6B2, BD
Biosciences), rabbit IgG1 anti-mouse CD3 (1:300, Cat. No. C7930,
Sigma-Aldrich), mouse IgG2b anti-human/mouse CH25H (1:500,
Cat. No. ab76478, Abcam). Secondary antibodies: Alexa Fluor 488
conjugated goat anti-mouse IgG antibody (1:300, Cat. No. A11001,
ThermoFisher Scientific), Alexa Fluor 488 conjugated goat anti-
rabbit IgG antibody (1:300, Cat. No. A11008, ThermoFisher Scien-
tific), Alexa Fluor 568 conjugated goat anti-rat IgG antibody (1:300,
Cat. No. A11077, ThermoFisher Scientific).

Immunohistochemical staining

3-um sections from human core samples or mouse lung were
deparaffinized, rehydrated, and then treated with 1.8% (v/v)
H,O, solution (Sigma-Aldrich) to block endogenous peroxidase.
Heat-induced epitope retrieval was performed in HIER citrate
buffer (pH 6.0, Zytomed Systems) in a decloaking chamber (Bio-
care Medical). To inhibit non-specific binding of antibodies,
sections were treated with a blocking antibody (Biocare Medical).
Human sections were incubated at 4°C overnight with a rabbit
anti-TLR4 primary antibody (1:50, Cat. No. ab13556, Abcam),
followed by 1 h with an anti-rabbit HRP-conjugated secondary
antibody (Biocare Medical). Signals were amplified by adding
chromogen substrate 3,3’-diaminobenzidine (DAB; Biocare Medi-
cal). Mouse sections were incubated at 4°C overnight with a rabbit
anti-galectin-3 primary antibody (1:100, Cat. No. sc-20157, Santa
Cruz Biotechnology), followed by 1 h with a Rabbit-on-Rodent
AP-Polymer (Biocare Medical). Signals were amplified by adding
chromogen substrate Vulcan fast red (Biocare Medical). All
sections were counterstained with hematoxylin (Sigma-Aldrich),
dehydrated, and mounted.

Quantitative morphometry

H&E-stained tissue sections were analyzed by design-based stereol-
ogy using an Olympus BX51 light microscope equipped with the
new Computer Assisted Stereological Toolbox (newCAST, Visio-
pharm) as described (John-Schuster et al, 2014), by readers
blinded to the study groups. Briefly, for mean chord length (MCL)
measurements, 20 frames were selected randomly across multiple
sections by the software, using the x20 objective, and superim-
posed by a line grid and points. The intercepts of lines on alveolar
wall (Isepia) and points localized on air space (P,;;) were counted
and calculated as MCL = Y P.i; x L(p)/2lsepia ¥ 0.5, where L(p) is
the line length per point. The volume of inflammation (V) was
quantified in 50 frames, using the x40 objective, by counting
points hitting inflammatory cell zones (Piyfam). For calculation,
the Pinam Were referenced to intercepts of lines with both airways
and vessels V= ):Pinflam X L(p)/zlairway/vesseb
Further, airway-, vessel-, or septum-associated inflammation quan-
tification was classified by the location of the inflammation and
was calculated referring to intercept of lines with airway, vessel,
or both, respectively.

(Iairway/vessel):

© 2018 The Authors

EMBO Molecular Medicine

Flow cytometry

10° cells from filtered single-cell lung suspensions were blocked
with purified anti-mouse CD16/CD32 (Clone: 93, eBioscience)
before incubating for 30 min on ice with antibody cocktails. After
washing and re-suspending in MACS bulffer, cells were analyzed on
a BD FACSCanto II flow cytometer (BD Biosciences) and BD FACS-
Diva software. B-cell and T-cell staining was performed with:
APC-conjugated anti-CD19 (clone: 6DS5, Miltenyi Biotec), APC-
Vio770-conjugated anti-CD3e (clone: 17A2, Miltenyi Biotec),
PE-Vio770-conjugated anti-CD22 (clone: Cy34.1, Miltenyi Biotec),
PE-conjugated anti-CD80 (clone: 16-10A1, Miltenyi Biotec), PerCP-
Vio700-conjugated anti-MHCII (clone: M5/114.15.2, Miltenyi Biotec),
VioGreen-conjugated anti-CD69 (clone: H1.2F3, Miltenyi Biotec),
FITC-conjugated anti-IgG (Biolegend), VioBlue-conjugated anti-GL7
(Biolegend). For the macrophage profile: VioGreen-conjugated anti-
CD45 (clone: 30F11, Miltenyi Biotec), APC-Vio770-conjugated
anti-Ly6C (clone: 1G7.G10, Miltenyi Biotec), VioBlue-conjugated anti-
Ly6G (clone: 1A8, Miltenyi Biotec), FITC-conjugated anti-MHCII
(clone: M5/114.15.2, Miltenyi Biotec), PerCP-Vio700-conjugated anti-
F4/80 (clone: REA126, Miltenyi Biotec), PE-conjugated anti-CD11b
(clone: M1/70.15.11.5, Miltenyi Biotec), APC-conjugated anti-CD11c
(clone: N418, Miltenyi Biotec), PE-Vio770-conjugated anti-CD64
(clone: REA286, Miltenyi Biotec).

Microdissection of airways

Middle and distal airways from C57BL/6J and Ch25h™/~ mice were
isolated and incubated ex vivo as described (Yildirim et al, 2008).
Briefly, after sacrifice by a ketamine—xylazine over dose, the trachea
was cannulated, the lungs removed from the thorax and infused
with 1% low-melting agarose dissolved in 1:1 Ham‘s F12 nutrient
medium (Sigma-Aldrich) and distilled water (Gibco, Life Technolo-
gies). Airways were dissected under a microscope (Zeiss) from the
left lung after the agarose had solidified on ice for 30 min. The
isolated airways were washed and cultured in airway epithelial cell
medium (PromocCell) at 37°C, 5% CO,.

B-cell isolation and migration assay

B cells were purified from the spleens of C57BL/6J mice by negative
selection (B cell Isolation Kit, mouse, Miltenyi Biotec). For the
migration assay, primary mouse airways were isolated 1 day prior
and treated with 10% CSE in airway epithelial cell culture medium
(PromoCell) or culture medium alone for 24 h. To inhibit CYP7BI,
clotrimazole in DMSO was diluted with culture medium or
combined with 10% CSE to a final concentration of 1 pM. The
supernatants were transferred as conditioned medium to the lower
well of 24-well transwell plates (Permeable Polycarbonate
Membrane Inserts, Corning, Fisher Scientific), for inducing B-cell
migration, while the airway samples were snap-frozen in liquid
nitrogen for RNA isolation. Freshly isolated B cells at 2.5 x 10°/ml
in 100 pl were activated by unconjugated AffiniPure F(ab’), Frag-
ment Goat anti-mouse IgM, pchain-specific antibody (1.3 pg/ml,
115-006-020, Jackson Immunoresearch Laboratories) for 1 h at 37°C
in 5.0 pm pore-sized transwell inserts (Permeable Polycarbonate
Membrane Inserts, Corning, Fisher Scientific). Transwell inserts
were then placed into the wells of conditioned medium and
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incubated for 3 h at 37°C. Migrated B cells were collected and
counted by Neubauer Chamber and reported as percentage of input.

Cigarette smoke extract preparation

Cigarette smoke extract was generated by bubbling smoke from
three research cigarettes (3R4F, Tobacco Research Institute, Univer-
sity of Kentucky) through 30 ml of airway epithelial cell culture
medium (PromoCell) at a puffing speed equating to one cigarette
every 5 min, in a closed environment with limited air flow. This
solution was taken as 100% CSE.

Isolation and stimulation of professional APCs

Primary alveolar macrophages were isolated from the lungs of
C57BL/6J and Ch25h~/~ mice by BAL with 10 washes of 1 ml PBS
(Gibco, Life Technologies). Cells were pelleted at 400 g for 20 min
and resuspended in complete RPMI-1640 medium supplemented
with 10% fetal bovine serum, 50 pM [B-mercaptoethanol, and
100 U/ml penicillin and streptomycin (all from Gibco, Life Tech-
nologies). 5 x 10* cells in 1 ml were seeded in 24-well plates and
allowed to adhere for 1 h. Non-adherent cells were removed by
washing twice with PBS. To generate bone marrow-derived macro-
phages (BMDM) and DCs (BMDC), bone marrow was flushed from
femurs and tibias of C57BL/6J and Ch25h™/~ mice with RPMI-1640
medium. Cells were disaggregated by passing through a 40-um mesh
and cultured in complete RPMI-1640 medium supplemented with
5% fetal bovine serum, 50 uM B-mercaptoethanol, and 100 U/ml
penicillin and streptomycin at a concentration of 1 x 10° cells/ml in
24-well plates. For BMDMs, the medium was supplemented with
20 ng/ml murine recombinant M-CSF (ImmunoTools), and for
BMDCs, the medium was supplemented with 20 ng/ml murine
recombinant GM-CSF (ImmunoTools) and cultured at 37°C, 5%
CO,. Cells were maintained by replacing the medium with fresh
medium on alternate days ensuring removal of non-adherent cells.
On day 6, adherent BMDMs were collected. For BMDCs, on day 7-8
adherent cells were harvested and resuspended at 1 x 10° cells/ml
in 10 ml complete RPMI-1640 medium in 100-mm petri dishes and
cultured for a further 24-48 h. The non-adherent, non-proliferating,
maturing DCs were collected as they were released. Primary alveo-
lar macrophages and BMDMs were polarized toward M1 by cultur-
ing with complete RPMI-1640 medium containing 1 pg/ml LPS
(from Escherichia coli 0111:B4, Sigma-Aldrich) and 20 ng/ml recom-
binant murine IFNy (ImmunoTools) for 24 h or an M2 phenotype
with 20 ng/ml recombinant murine IL-4 (ImmunoTools) for 24 h.
BMDCs were stimulated with 1 pg/ml LPS for 24 h.

Bronchial epithelial cell lines

The human bronchial epithelial cell lines BEAS-2B (ATCC CRL-
9609) and 16-HBE (Cozens et al, 1994) were maintained in airway
epithelial cell medium (PromoCell) supplemented with 10% fetal
bovine serum and 100 U/ml penicillin and streptomycin (all from
Gibco, Life Technologies) at 37°C, 5% CO,. Cells were seeded and
grown to confluence over 48 h in 24-well plates before stimulation
with LPS (from E. coli 0111:B4, Sigma-Aldrich), CSE or recombinant
human TNF-a (PeproTech), at the concentrations described in the
figure legends.
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The paper explained

Problem

Long-term environmental exposure to toxic gases and particles, in
particular cigarette smoke, can result in chronic obstructive
pulmonary disease (COPD), currently the third leading cause of death
worldwide. It manifests as chronic bronchitis, small airway remodel-
ing, and emphysema, resulting in progressive and largely irreversible
airflow limitation and impaired gaseous exchange. Currently, the only
available therapies aim at symptom management and do not reverse
disease progression. There is strong evidence that advanced stages of
COPD are driven by the generation of inducible bronchus-associated
lymphoid tissue (iBALT). Yet, we do not know how iBALT gets orga-
nized upon the bronchi and if its disruption can reverse COPD
progression.

Results

We have demonstrated that oxysterols, metabolites of cholesterol, are
critically involved in iBALT generation and the immune pathogenesis
of COPD. In both, COPD patients and mouse models of the disease,
we identified upregulated oxysterol enzymes in airway epithelial cells.
Furthermore, mice genetically or pharmacologically deficient in the
oxysterol pathway were protected from cigarette smoke-induced
emphysema and iBALT formation.

Impact

This study provides valuable new insights into the mechanism of
iBALT-driven COPD pathogenesis and highlights the oxysterol pathway
as a potential therapeutic approach for COPD disease progression,
and conceivably, the many other chronic diseases associated with
tertiary lymphoid organ development.

Analysis of 25-hydroxycholesterol

Determination of 25-hydroxycholesterol in cell culture supernatant
and BALF was performed based on mass spectrometric methods
previously described for different instrumentation (Honda et al,
2009; Huang et al, 2014). 25-hydroxycholesterol was derivatized,
and the product was analyzed using ultra-high pressure liquid chro-
matography (UHPLC) coupled with high-resolution time-of-flight
mass spectrometry (LC-HRTOF-MS). UHPLC separation was
performed on a 1290 Infinity Binary LC-System using an Eclipse
C-18, 1.8 um, 50 x 2.1 mm LD. analytical column (both from
Agilent Technologies). Mass spectrometric detection was accom-
plished on a Citius™ High Resolution multi-reflection time-of-flight
mass spectrometer (LC-HRT, Leco).

Metabolomics analysis

The targeted metabolomics approach was based on LC-ESI-MS/MS
and FIA-ESI-MS/MS measurements by AbsoluteIDQ™ p180 Kit
(BIOCRATES Life Sciences AG) which has been described in detail
(Zukunft et al, 2013). Frozen lung tissue was homogenized and
extracted as described previously (Conlon et al, 2016; Zukunft et al,
2018). Mass spectrometric analyses were done on an API 4000 triple
quadrupole system (Sciex Deutschland GmbH) equipped with a
1200 Series HPLC (Agilent Technologies) and a HTC PAL auto
sampler (CTC Analytics) controlled by the software Analyst 1.5.1.
Data evaluation for quantification of metabolite concentrations and
quality assessment was performed with the MetIDQ™ software
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package, which is an integral part of the AbsoluteIDQ™ Kit. Individ-
ual metabolite concentrations for each sample can be found in
Dataset EV1, with a more detailed description of the methods found
in Appendix Supplementary Methods.

Statistical analysis

No statistical methods were used to predetermine sample size.
GraphPad Prism (Version 6, GraphPad Software) was used for all
statistical analysis. Data are presented as mean + SD with sample
size and number of repeats indicated in the figure legends. For
comparison between two groups, statistical significance was
analyzed with Student’s t-test. For multiple comparisons, one-way
ANOVA and Tukey’s multiple comparisons test were used. P < 0.05
were considered significant.

Expanded View for this article is available online.
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