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Summary 

Endocrine-disrupting chemicals (EDCs) are compounds that interfere with the 
normal functioning of the hormonal system by mimicking or antagonizing natu-
rally occurring hormones and/or by modulating hormonal responses. In this way, 
endocrine disruptors can lead to adverse health effects in humans and animals. 
Chemicals capable of disrupting the action of gonadal steroids such as estrogens 
have received most attention. Estrogens are major determinants of development 
and function of the reproductive, nervous, and immune system. Hence, estrogens 
and their target cells/tissues are important for research on EDCs. The molecular 
mechanisms of interferences with estrogen actions, for example, by estrogen re-
ceptor (ER) or aryl hydrocarbon receptor (AhR) interactions, are thought to rep-
resent a possible link between exposure to certain EDCs and observed adverse 
health effects. Besides dietary uptake of EDCs through contaminated water and 
food, inhalation and swallowing of airborne EDCs might be important exposure 
pathways. 

Two different in vitro reporter gene assays, based either on T47D human breast 
cancer cells (ER-CALUX) or H4IIE rat hepatoma cells (DR-CALUX), were ap-
plied to detect and quantify ER and AhR ligands (i.e., estrogenic and direct-
/indirect-acting antiestrogenic compounds) in diesel exhaust and ambient par-
ticulate matter. Gas chromatography/high resolution mass spectrometry 
(GC/HRMS) was used to analyze compounds that potentially contribute to the 
observed assay activity of a sample. Exhaust was generated by a heavy-duty die-
sel engine and was studied as unfiltered exhaust or was either treated with an 
iron-catalyzed or a copper/iron-catalyzed diesel particulate filter (DPF). Col-
lected samples included particle-bound and semivolatile compounds. The final 
extraction step was conducted in a Soxhlet apparatus for 24 h, using toluene as 
solvent. Atmospheric particulate matter with an aerodynamic diameter of less 
than 1 μm (PM1) was collected at an urban (Bern) and a rural site (Payerne) in 
Switzerland during a period of high air pollution in winter 2006 (sampling cam-
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paign 15 days). PM1 filters were extracted with dichloromethane for 24 h in a 
Soxhlet apparatus. Prior to assay analysis, all extracts were transferred to di-
methylsulfoxide (DMSO). 

The collected diesel exhaust samples contained compounds that were able to ac-
tivate ER- and AhR-mediated gene expression in human breast cancer and rat 
hepatoma cells, respectively. Estrogenic activity prevailed over ER-mediated an-
tiestrogenic activity. An overall ER-mediated activity of 1.63 ± 0.31 ng 17β-
estradiol-CALUX equivalents (E2-CEQ) per cubic meter of unfiltered diesel ex-
haust was found, after a cell exposure time of 24 h. In filtered exhaust, 0.74 ± 
0.07 (iron-catalyzed DPF) and 0.55 ± 0.09 ng E2-CEQ m-3 (copper/iron-
catalyzed DPF) were measured. This corresponded to a decrease in estrogenic 
activity by 55 and 66%. Unfiltered exhaust exhibited AhR-mediated activity of 
60 ± 14 ng 2,3,7,8-tetrachlorodibenzodioxin-CALUX equivalents (TCDD-CEQ) 
m-3, applying a cell exposure time of 24 h. AhR agonist emissions were lowered 
by 88% (6.9 ± 2.1 ng TCDD-CEQ m-3) and 89% (6.4 ± 0.5 ng TCDD-CEQ m-3) 
when the diesel engine was operated in combination with the iron- and cop-
per/iron-based DPF system, respectively. The sum of nine polycyclic aromatic 
hydrocarbons (PAHs; fluoranthene, pyrene, chrysene, benz[a]anthracene, benzo-
[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
benzo[ghi]perylene) and the 2,3,7,8-polychlorinated dibenzodioxins/furans 
(2,3,7,8-PCDD/Fs, 17 congeners), which all are known AhR agonists, contrib-
uted only marginally (0.6–1.6%) to the overall AhR-mediated activity. This indi-
cates that either very potent or considerable amounts of other aryl hydrocarbons 
must be present in diesel exhaust. AhR-mediated activity decreased over time 
(cell exposure 8–96 h) and reached a plateau of 1–2 ng TCDD-CEQ m-3 after 72 
h, as observed with both an unfiltered and a filtered exhaust sample. Probably, 
this was due to inactivation of AhR agonists by biotransformation. After 72 h, 
the activity of the filtrated sample corresponded to the activity calculated for the 
sum of the 2,3,7,8-PCDD/Fs (persistent compounds) determined in this sample. 
Interestingly, ER-mediated activity was nearly constant from 12 to 72 h of expo-
sure. In summary, the presented in vitro studies demonstrated that catalytic DPFs 
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are a promising technology to lower the ER- and AhR-mediated endocrine-
disrupting potential of diesel exhaust. 

The collected PM1 samples also induced ER- and AhR-mediated activity. Ob-
served estrogenic activities corresponded to E2-CEQ concentrations ranging 
from 2–23 ng E2-CEQ per gram of PM1 and from 0.07–1.25 pg E2-CEQ per cu-
bic meter of sampled air. There was a strong correlation between the temporal 
trends of PM1 estrogenicity at the urban and rural site (r2 = 0.8). Five hydroxy-
lated PAHs (hydroxy-PAHs), which show structural similarities to E2, were as-
sessed for their estrogenic activity, using the ER-CALUX assay. The following 
order of estrogenic potency was found: 2-hydroxychrysene > 2-hydroxyphen-
anthrene > 1-hydroxypyrene > 2-hydroxynaphthalene > 1-hydroxynaphthalene. 
Three of these hydroxy-PAHs (2-hydroxyphenanthrene, 2-hydroxynaphthalene, 
and 1-hydroxynaphthalene) were detected in all PM1 extracts. These three com-
pounds contributed little to the overall estrogenic activity (i.e., maximally 0.2%). 
Comparisons of PM1 estrogenicity with concentrations of several gaseous air 
pollutants and with meteorological data did not permit to elucidate specific emis-
sion sources and formation processes of atmospheric xenoestrogens. Activities 
measured with the DR-CALUX assay corresponded to TCDD-CEQ concentra-
tions of 0.5–2 μg g-1 and 10–87 pg m-3. No significant difference in AhR-
mediated activity was observed between the urban and the rural site. In contrast 
to ER-mediated activity, the temporal trends of AhR-mediated activity did not 
correlate between sites. Nine 4- to 6-ring PAHs (fluoranthene, pyrene, chrysene, 
benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene) were analyzed in the PM1 ex-
tracts by GC/HRMS. The sum of their concentrations was highly correlated with 
the overall AhR-mediated activity at both sites (urban site r2 = 0.9, rural site r2 = 
0.7). Furthermore, the summed activity of the nine PAHs explained 9–20% and 
2–16% of the overall AhR-mediated activity at the urban and rural site, respec-
tively. Thus, the investigated PAHs are a relevant factor for the AhR-mediated 
activity of PM1. At both sites, the most important contributor was benzo[k]-
fluoranthene, causing ~60% of the total PAH activity. It was not found that traf-
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fic emissions lead to elevated AhR-mediated activity at the urban site compared 
to the rural site. In summary, the presented studies showed that ambient particu-
late matter contains compounds that are able to interact with ERs and AhRs in 
vitro and thus bear the risk to interfere with hormonal pathways in vivo and/or to 
induce AhR-mediated toxicity. 
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Zusammenfassung 

Hormonaktive Chemikalien (engl. endocrine-disrupting chemicals, EDCs) sind 
Verbindungen, die das normale Funktionieren des Hormonsystems stören, indem 
sie natürlich vorkommende Hormone nachahmen oder blockieren und/oder in 
hormoninduzierte Abläufe eingreifen. Auf diese Weise können hormonaktive 
Stoffe die Gesundheit von Mensch und Tier nachteilig beeinflussen. Am meisten 
Aufmerksamkeit haben bisher hormonaktive Verbindungen erhalten, welche die 
Wirkung von Sexualhormonen wie zum Beispiel von Östrogenen beeinträchti-
gen. Östrogene sind entscheidend für die Entwicklung und Funktion des 
Fortpflanzungs-, Nerven- und Immunsystems. Daher sind Östrogene und ihre 
Zielzellen/-gewebe wichtig für die Erforschung von EDCs. Man geht davon aus, 
dass die molekularen Mechanismen, auf denen Störungen östrogener Wirkungen 
basieren, einen möglichen Zusammenhang herstellen können zwischen Belas-
tung durch bestimmte EDCs und beobachteten negativen Auswirkungen auf die 
Gesundheit. Solche Mechanismen sind beispielsweise Interaktionen mit Östro-
genrezeptoren (engl. estrogen receptor, ER) oder «Dioxin-Rezeptoren» (präzise 
engl. Bezeichnung: aryl hydrocarbon receptor, AhR). Neben der Aufnahme von 
EDCs über kontaminiertes Wasser und Nahrung stellen das Einatmen und Ver-
schlucken von hormonaktiven Stoffen aus der Luft möglicherweise weitere 
wichtige Belastungspfade dar. 

Zwei verschiedene in vitro Reportergen-Assays, die auf menschlichen T47D 
Brustkrebszellen (ER-CALUX) bzw. H4IIE Leberkrebszellen von Ratten (DR-
CALUX) basieren, wurden verwendet, um ER- und AhR-Liganden (östrogene 
sowie direkt/indirekt wirkende antiöstrogene Verbindungen) in Dieselabgas- und 
Feinstaubproben zu detektieren und quantifizieren. Gaschromatographie und 
hochauflösende Massenspektrometrie (engl. gas chromatography/high resolution 
mass spectrometry, GC/HRMS) wurden eingesetzt, um Verbindungen zu analy-
sieren, die möglicherweise zur beobachteten Assay-Aktivität einer Probe beitra-
gen. Dieselabgas wurde mit einem Schwerkraftfahrzeugmotor generiert und als 
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unfiltriertes oder filtriertes Abgas untersucht. Das filtrierte Abgas war mit einem 
Eisen- oder Kupfer/Eisen-katalysierten Partikelfilter (engl. diesel particulate fil-
ter, DPF) behandelt worden. Die gesammelten Abgasproben enthielten sowohl 
partikelgebundene als auch semivolatile Verbindungen. Der letzte Extraktions-
schritt (24 h) wurde in einem Soxhlet-Apparat mit Toluol als Lösungsmittel aus-
geführt. Aussenluftpartikel mit einem aerodynamischen Durchmesser von ≤1 μm 
(PM1) wurden in der Schweiz an einem städtischen (Bern) und einem ländlichen 
Standort (Payerne) während einer Phase mit hoher Luftverschmutzung im Winter 
2006 gesammelt (15-tägige Sammelkampagne). Die PM1-Filter wurden mit 
Dichlormethan während 24 h extrahiert (Soxhlet). Alle Extrakte wurden in Di-
methylsulfoxid (DMSO) überführt, bevor sie mit den Bioassays getestet wurden. 

Die gesammelten Dieselabgasproben enthielten Verbindungen, die in der Lage 
waren ER- und AhR-vermittelte Genexpression in menschlichen und murinen 
Krebszellen zu aktivieren. Östrogene Aktivität überwog ER-vermittelte antiös-
trogene Aktivität. Nach einer Zellexpositionszeit von 24 h wurde eine östrogene 
Gesamtaktivität von 1.63 ± 0.31 ng 17β-Östradiol-CALUX Equivalenten (E2-
CEQ) pro Kubikmeter unfiltriertem Abgas nachgewiesen. In filtriertem Abgas 
wurden 0.74 ± 0.07 (Eisen-katalysierter Partikelfilter) und 0.55 ± 0.09 ng E2-
CEQ m-3 (Kupfer/Eisen-katalysierter Partikelfilter) gemessen. Dies entsprach ei-
ner Abnahme der östrogenen Aktivität um 55 bzw. 66%. Unfiltriertes Abgas 
zeigte eine AhR-vermittelte Aktivität von 60 ± 14 ng 2,3,7,8-Tetrachlorodi-
benzodioxin-CEQ m-3 (Expositionszeit 24 h). Die Emission von AhR-Agonisten 
wurde um 88% (6.9 ± 2.1 ng TCDD-CEQ m-3) und 89% (6.4 ± 0.5 ng TCDD-
CEQ m-3) gesenkt, wenn der Dieselmotor in Kombination mit dem Eisen- bzw. 
Kupfer/Eisen-basierten Filtersystem betrieben wurde. Die Summe von bekannten 
AhR-Agonisten, nämlich von neun polyzyklischen aromatischen Kohlenwasser-
stoffen (engl. polycyclic aromatic hydrocarbons, PAHs; Fluoranthen, Pyren, 
Chrysen, Benz[a]anthracen, Benzo[b]fluoranthen, Benzo[k]fluoranthen, Ben-
zo[a]pyren, Indeno[1,2,3-cd]pyren, Benzo[ghi]perylen) und den 2,3,7,8-poly-
chlorierten Dioxinen und Furanen (engl. 2,3,7,8-polychlorinated dibenzodio-
xins/furans, 2,3,7,8-PCDD/Fs; 17 Kongenere), trug nur geringfügig (0.6–1.6%) 
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zur AhR-vermittelten Gesamtaktivität bei. Dies lässt vermuten, dass besonders 
potente oder beachtliche Mengen weiterer Arylkohlenwasserstoffe im Dieselab-
gas vorhanden sein müssen. Die Aktivität sowohl einer unfiltrierten wie auch ei-
ner filtrierten Abgasprobe nahm mit der Länge der Expositionszeit ab (8–96 h) 
und erreichte nach 72 h ein Plateau von 1–2 ng TCDD-CEQ m-3. Der Grund da-
für war vermutlich die Umwandlung von AhR-Agonisten zu inaktiven Verbin-
dungen. Die Aktivität der getesteten filtrierten Probe entsprach nach 72 h genau 
der für die Summe der 2,3,7,8-PCDD/Fs (persistente Verbindungen) berechneten 
Aktivität. Interessanterweise blieb die östrogene Aktivität während den geteste-
ten Expositionszeiten (12–72 h) annähernd konstant. Die durchgeführten in vitro 
Studien zeigten, dass mit katalytischen Partikelfiltersystemen eine viel verspre-
chende Technologie zur Verfügung steht, welche die Emission von hormonakti-
ven/toxischen Stoffen deutlich vermindert. 

Die gesammelten PM1-Proben induzierten ebenfalls ER- und AhR-vermittelte 
Aktivität. Die gemessenen östrogenen Aktivitäten entsprachen 2–23 ng E2-CEQ 
pro Gramm PM1 bzw. 0.07–1.25 pg E2-CEQ pro Kubikmeter Luft. Zwischen 
dem zeitlichen Verlauf der östrogenen PM1-Aktivität des urbanen und ländli-
chen Standorts wurde eine starke Korrelation festgestellt (r2 = 0.8). Fünf hydro-
xylierte PAHs, die strukturelle Ähnlichkeiten zu E2 aufweisen, wurden mit dem 
ER-CALUX Assay auf ihre östrogene Aktivität getestet. Folgende Reihenfolge 
östrogener Stärke wurde festgestellt: 2-Hydroxychrysen > 2-Hydroxyphen-
anthren > 1-Hydroxypyren > 2-Hydroxynaphthalen > 1-Hydroxynaphthalen. 
Drei dieser hydroxylierten PAHs (2-Hydroxyphenanthren, 2-Hydroxynaph-
thalen, 1-Hydroxynaphthalen) wurden in allen PM1-Extrakten nachgewiesen. 
Diese drei Verbindungen trugen wenig zur östrogenen Gesamtaktivität bei (ma-
ximal 0.2%). Durch den Vergleich der östrogenen Aktivität von PM1 mit Kon-
zentrationen von verschiedenen gasförmigen Luftschadstoffen und mit meteoro-
logischen Daten konnten keine spezifischen Emissionsquellen und Bildungspro-
zesse in der Atmosphäre ausfindig gemacht werden. Mit dem DR-CALUX As-
say wurden TCDD-CEQ Konzentrationen im Bereich von 0.5 bis 2 μg g-1 bzw. 
10 bis 87 pg m-3 gemessen. Zwischen dem städtischen und ländlichen Standort 
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konnte kein signifikanter Unterschied bezüglich der AhR-vermittelten Aktivität 
gefunden werden. Im Gegensatz zur östrogenen Aktivität korrelierte der zeitliche 
Verlauf der AhR-basierten Aktivität nicht zwischen den beiden Standorten. Neun 
4- bis 6-Ring PAHs (Fluoranthen, Pyren, Chrysen, Benz[a]anthracen, Ben-
zo[b]fluoranthen, Benzo[k]fluoranthen, Benzo[a]pyren, Indeno[1,2,3-cd]pyren, 
Dibenzo[a,h]anthracen) wurden mit GC/HRMS in den PM1 Extrakten analysiert. 
Die Konzentrationen dieser Verbindungen korrelierten an beiden Standorten 
stark mit der Gesamtaktivität (städtisch, r2 = 0.9; ländlich, r2 = 0.7). Die Sum-
menaktivität der neun PAHs erklärte 9–20% bzw. 2–16% der Gesamtaktivität am 
städtischen bzw. ländlichen Standort. Dies zeigt, dass der Beitrag der untersuch-
ten PAHs relevant ist. An beiden Standorten war Benzo[k]fluoranthene am wich-
tigsten und machte ~60% der gesamten PAH-Aktivität aus. Es konnte nicht ge-
zeigt werden, dass Verkehrsemissionen zu erhöhter AhR-basierter Aktivität am 
städtischen Standort führten. Zusammenfassend zeigten diese Studien, dass Par-
tikel in der Luft Verbindungen enthalten, die in vitro mit Östrogenrezeptoren 
(ERs) und «Dioxin-Rezeptoren» (AhRs) interagieren können und daher mögli-
cherweise auch hormonregulierte Prozesse in vivo stören und/oder AhR-
vermittelte Toxizität induzieren können. 



CHAPTER 1 

General Introduction 
 



Introduction 2 

1.1 Endocrine-Disrupting Chemicals 

1.1.1 Tracing the Risks of Man-Made Chemicals 

The public’s first collective recognition of direct links between the industrialized 
world and the natural environment was largely catalyzed by the publication of 
the book Silent Spring in 1962 [1]. In this publication, the biologist Rachel Car-
son showed that the extended use of pesticides, particularly of dichlorodiphenyl 
trichloroethane (DDT), lead to adverse effects in humans and animals [2]. This 
started a worldwide debate on benefits and risks of DDT use and resulted in a 
ban of this pesticide in the 1970s in the United States, in Switzerland, and in 
most other industrial countries. Silent Spring demonstrated, nearly half a century 
ago, that man-made chemicals have the potential to harm the environment. Nev-
ertheless, the hypothesis that some environmental pollutants, pharmaceuticals, 
agricultural and industrial chemicals, and natural products could be causative 
agents of health problems associated with the human or animal hormonal system 
is relatively recent; that is, since the early 1990s. With the 1996 publication of 
Our Stolen Future, a mass-marketed book written by Theo Colborn, Dianne 
Dumanoski, and John Peterson Myers [3], the public became aware that certain 
chemicals may interfere with the normal functioning of the endocrine system in 
humans and animals. In this context, a very diverse group of substances is in-
volved and has been named endocrine-disrupting chemicals (EDCs) or endocrine 
disruptors. Nowadays, EDCs are experiencing the same type of discourse as with 
prior basic debates among believers and sceptics regarding the influence of in-
dustrial chemicals on the environment [1]. At one extreme, the believers main-
tain that EDCs entail the end of human reproduction. At the other, the sceptics 
state that naturally occurring bioactive compounds in our diet are of more con-
cern than anthropogenic chemicals. However, the potential contribution of endo-
crine disruptors to the increased incidences of a number of diseases and devel-
opmental disorders observed in humans and wildlife is alarming (reviewed in 
[4]). Further scientific investigations are needed to establish clear dose–response 

 

http://en.wikipedia.org/wiki/Rachel_Carson
http://en.wikipedia.org/wiki/Rachel_Carson
http://en.wikipedia.org/wiki/Theo_Colborn
http://en.wikipedia.org/w/index.php?title=Dianne_Dumanoski&action=edit
http://en.wikipedia.org/w/index.php?title=Dianne_Dumanoski&action=edit
http://en.wikipedia.org/w/index.php?title=John_Peterson_Myers&action=edit


Introduction 3

relationships. EDCs have emerged as a major environmental science and policy 
issue in many countries. In Switzerland, the Federal Council implemented in 
2001 a research program entitled “Endocrine Disruptors – Relevance to Humans, 
Animals and Ecosystems” (National Research Program 50, NRP50). The scien-
tific work within the NRP50 was accomplished in 2007. 

1.1.2 The Endocrine System 

Endocrine systems, also named hormone systems, are found in all mammals, 
birds, fish, and many other types of living organisms. 
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Fig. 1.1 Glands of the endocrine system in humans (modified from [5]). 

The endocrine system is responsible for the regulation of metabolism, growth, 
development, reproduction, and tissue function, and also plays a part in 
behaviour [6]. It is an integrated system of organs (Fig. 1.1) that involve the 
formation and release of extra cellular signaling molecules, known as hormones. 
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Hormones transfer information from the releasing organs to the target organs via 
the bloodstream. The term “endocrine” relates to the inner secretion of chemical 
messengers and to the role of hormones to mediate distant effects. The endocrine 
system is controlled by the brain (hypothalamus) and is connected to the nervous 
and immune systems [7]. 

Hormones are synthesized from precursors in specialized cells (adenocytes), 
which often are organized as endocrine glands [8]. From these cells, hormones 
are released into the bloodstream, where they are transported to the target organs 
(Fig. 1.2). In many cases (e.g., steroid hormones), specialized proteins in the 
blood plasma, called hormone carriers, are involved in the transport (e.g., sex 
hormone binding globulin). At the target cells, hormones are recognized by spe-
cific receptors, which are located either at the surface of the cells or within the 
cells. Upon hormone binding, the receptors transfer the hormonal signal to the 
cell. This leads to a specific cellular response via the up- and down-regulation of 
certain genes or via the alteration of proteins. Normally, only cells in the target 
organs are capable of recognizing hormones [7]. In some cases, also non-target 
cells respond to hormones, which can lead to pathological alterations (e.g., en-
dometriosis). After a short time, hormones are inactivated by enzymatically cata-
lyzed transformations (e.g., reduction, hydroxylation, and conjugation) carried 
out, for example, in the liver or the bloodstream [8]. Without inactivation, the 
concentration of hormones would increase and they would not be able to exert 
their regulatory functions. Hormones and their metabolites are excreted mostly 
via the kidneys. 

Biosynthesis, secretion, transport, receptor activation, metabolism, and excretion 
influence the concentration of hormones in an organism and contribute to the 
regulation of hormonal signals. Concentrations of hormones circulating in the 
bloodstream are extremely low, that is, between 10-12 and 10-7 M [8]. Estradiol, 
for example, is secreted in daily amounts of about 6 μg in men and up to 600 μg 
in women [6]. This corresponds to maximum daily estradiol concentrations in 
the blood (volume 6 L) of 4 × 10-9 and 4 × 10-7 M (1.2 and 120 μg L-1) in men 
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and women, respectively, neglecting the fast inactivation of hormones. Another 
source reports comparable serum concentrations of 4 × 10-10 M of free estradiol 
and 2 × 10-7 M of protein-bound estradiol [7], which illustrates that most of the 
estradiol molecules (>99%) in the bloodstream are bound to carrier proteins. 
Hormone concentrations show distinct fluctuations, which either are periodic 
(i.e., daily, monthly, or seasonal cycles of secretion) or episodic (i.e., irregular 
pulses of secretion) or depend on certain events (e.g., secretion of insulin after 
meals). By varying the hormone concentrations, the body reacts to changes of 
inner and outer conditions. Consequently, a disruption of the endocrine system 
reduces the capability of an organism to regulate and adapt. 
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Fig. 1.2 Scheme of the endocrine system (modified from [8]). (R, receptor). 
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Steroid hormones 

In humans, more than 100 different hormones and hormone-like compounds 
have been identified [8]. Three main types of hormones can be distinguished, 
namely, amino acid-derived hormones such as adrenaline, hormones with a pro-
tein/peptide structure such as insulin, and steroid hormones [7]. The focus of the 
present work is on the latter and on estrogens in particular. Besides estrogens, 
four other classes of steroid hormones are found in vertebrates. These are 
gestagens (e.g., progesterone), glucocorticoids (e.g., cortisol), mineralocorticoids 
(e.g., aldosterone), and androgens (e.g., testosterone). Cholesterol, a lipid re-
sponsible for the stability of cell membranes, is the precursor of all steroid hor-
mones [7; 8]. In steroidogenic cells, which are located in the gonads, adrenal 
glands, and brain, cholesterol (Fig. 1.3, structure 1) is converted to pregnenolone 
(2) by cleaving the side chain between C-20 and C-22. This reaction is catalyzed 
by CYP11A1 (P450scc, side chain cleavage), an enzyme belonging to the cyto-
chrome P450 family. The presence or absence of certain steroidogenic enzymes 
determines which of the steroid hormones are formed in a cell [7]. Pregnenolone 
is transformed to progesterone (3) by oxidation of the hydroxy group at C-3, 
forming a keto group, and by shifting the double bound from the position be-
tween C-5 and C-6 to the position between C-4 and C-5. The enzyme catalyzing 
this transformation is called 3β-hydroxysteroid-dehydrogenase-δ4,5–isomerase 
(3β-HSD). Testosterone (4) is produced by completely removing the side chain 
of progesterone. The enzymes involved are CYP17 and 17β-hydroxylase (17β-
HSD). 17β-Estradiol (E2, 5) is formed by hydroxylation and aromatization of 
testosterone catalyzed by CYP19 or by hydroxylation of estrone (E1) catalyzed 
by 17β-HSD. 
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Fig. 1.3 Structure of cholesterol (1) and several steroids, namely, pregnenolone (2), 
progesterone (3), testosterone (4), and 17β-estradiol (5). The carbon atoms of choles-
terol are marked by numbers. This numbering is the same for all steroids shown. 

Steroid hormones are hydrophobic (lipophilic) and relatively small compared to 
other hormones [8]. Estradiol, for example, has a molecular mass of 272 g mol-1. 
Steroid hormones are able to penetrate lipid membranes of cells and cell nuclei 
[6; 9]. They interact with receptor proteins located within the target cells [6-8]. 
After hormone binding and receptor dimerization, the activated receptor binds to 
specific DNA sequences, termed hormone-responsive elements (HREs). These 
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are enhancers that control the transcription of hormone-sensitive genes located 
downstream. Activated receptors selectively recognize their “own” HREs. Be-
cause a certain type of HREs can control different genes, depending on the target 
cell, different cellular responses can be induced by the same hormone in different 
tissues. Steroid hormone receptors, such as the estrogen receptor (ER), belong to 
a superfamily of proteins that are characterized by their similar structure [7; 8] 
and are found in most vertebrates, ranging from fish to mammals [10]. These re-
ceptor proteins are based on 400–1000 amino acids and possess characteristic 
structural domains of different length and function, namely, a regulatory domain 
(A/B), a domain for DNA binding (C), a domain for nuclear localisation (D), and 
a domain for receptor dimerization and hormone/ligand binding (E/F) (Fig. 1.4). 
The A/B domain is the most variable in length, whereas the DNA binding do-
main shows the highest degree of homology. 

 

A/B C D E FH N COO

AF-1 DNA Ligand / AF-2

3

+ -

 

Fig. 1.4 Scheme of the structure of the estrogen receptor as a representative of the 
steroid/thyroid hormone receptors. The bold capitals A/B, C, D, E, and F mark the 
structural domains. The A/B domain at the N-terminus contains the AF-1 site (AF: ac-
tivation function) where additional transcription factors interact. The E/F domain con-
tains the ligand binding pocket and the AF-2 site that directly contacts co-activator 
peptides. AF-1 and AF-2 are functional domains involved in transcriptional activation 
of target-gene expression (modified from [10]). 

1.1.3 The Endocrine Disruptor Hypothesis 

The concept of endocrine disruption was first presented in a public way at the 
Wingspread Conference in 1991 [11]. Since then, concerns over adverse effects 
that may result from exposure to exogenous compounds that have the potential to 
interact with hormonal systems have intensely been discussed within the scien-
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tific community. Four core observations amplified research efforts: (i) Adverse 
effects found in certain wildlife, fish, and ecosystems; (ii) increased incidences 
of various endocrine-related human diseases; (iii) endocrine disruption observed 
in laboratory experimental animals after exposure to synthetic chemicals; (iv) in 
vitro interactions of man-made chemicals with molecular mechanisms of the en-
docrine-signaling system. In the course of the scientific debate, the endocrine 
disruptor hypothesis evolved, which links exposure to endocrine-disrupting 
chemicals (EDCs) to adverse effects in humans and wildlife such as reproductive 
and developmental abnormalities. However, this hypothesis is sill not entirely 
elaborated [11; 12]. In a generic sense, endocrine disruptors are defined as fol-
lows: An endocrine disruptor is an exogenous substance or mixture that alters 
function(s) of the endocrine system and consequently causes adverse health ef-
fects in an intact organism, or its progeny, or (sub-) populations [4]. Conse-
quently, a potential endocrine disruptor is an exogenous substance or mixture 
that possesses properties that might be expected to induce endocrine-disrupting 
effects. Endocrine disruption is not considered a toxicological end point per se 
but a functional change that may lead to adverse effects [4]. It was shown that 
EDCs can interfere with the biosynthesis, secretion, transport, binding, receptor 
activation, action, or elimination of natural hormones. Thus, EDCs influence the 
endocrine system at multiple sites via multiple modes of action. Consequently, 
no single mechanism can completely describe the patterns of interference of en-
docrine disruptors. This makes the study of EDCs extremely challenging and 
complex [9] and complicates, for example, efforts to discover cause–effect rela-
tionships [4]. 

Like hormones, EDCs are believed to affect the endocrine system in minute 
amounts. Therefore, the argument that we only are exposed to low levels of 
EDCs might be irrelevant. It seems to be even more complex, because mixtures 
of EDCs may exhibit additive [13; 14] or even synergistic effects. If such effects 
are present, already a small amount of an endocrine disruptor (i.e., below the in-
dividual no-observed-effect concentration, NOEC) is capable of exhibiting endo-
crine-disrupting effects in combination with other EDCs. Thus, the well-known 
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toxicological aphorism “the dose makes the poison” is probably not valid for en-
docrine disruptors. Besides the potential low-dose and additive effects, another 
problem arises from the persistency and bioaccumulative property of some 
known and suspected EDCs. Studies have shown that polychlorinated dibenzo-
dioxins/furans (PCDD/Fs), polychlorinated biphenyls (PCBs), polybrominated 
diphenylethers (PBDEs), hexabromocyclododecanes (HBCDs), and other persis-
tent organic pollutants bioaccumulate in blood, fat tissue, and breast milk [15; 
16]. In contrast, natural hormones are easily catabolized and do not accumulate 
in body tissues. Hence, persistency and bioaccumulation may elongate and in-
crease effects induced by EDCs. Recently, it has been shown that environmental 
contaminants in human breast milk were present in sufficient concentrations to 
activate the aryl hydrocarbon receptor (AhR) [16], which is known to induce 
several toxic effects including antiestrogenic effects (see section 1.2.3). As we 
are confronted with a huge variety of chemical mixtures in the environment, it is 
most important to identify potential EDCs and to learn more about their low-
dose effects, exposure levels, sources, occurrence, and fate in the environment. 

The level, timing, and duration of exposure to EDCs relative to the developmen-
tal stage of the exposed organism decide whether and how an organism is af-
fected, as documented by laboratory animal and wildlife studies [4; 17]. Ob-
served biological outcomes vary from subtle changes in the physiology and be-
haviour of species to permanent physical alterations (e.g., deformations of geni-
tal organs, altered sexual differentiation) [4; 10; 17]. Low-dose effects, espe-
cially during critical phases of development, and subtle changes raise the most 
severe concerns regarding public health and biodiversity. Even small shifts in the 
distribution of adverse outcomes (e.g., decreased fertility, loss of IQ) might have 
considerable impact on the overall condition of a population. Thus, subtle effects 
at the level of individuals, which are not necessarily recognized by the individ-
ual, potentially lead to an unfavourable development of a whole population. As 
pointed out by Shanna H. Swan [18] and Frederick vom Saal [19] in their lec-
tures within the NRP50 seminar series, a lot of difficulties arise in detecting sub-
tle and low-dose effects because classical epidemiology works with individuals 
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on a clear cause–effect level and classical toxicology deals with acute toxicities. 
To study EDCs, alternative methods and approaches need to be established and 
used. 

Up to date, various chemicals have been categorized as endocrine disruptors [4; 
17]. These compounds show a broad structural diversity, possess heterogeneous 
physico-chemical characteristics, and are diverse in their potency. They are of 
both natural (e.g., phytoestrogens, fungal estrogens) and synthetic origin. Certain 
man-made EDCs are released into the environment intentionally (e.g., pesti-
cides), but for most environmental contaminants, release is unintentional. Unin-
tentional release occurs during manufacturing, industrial processes (e.g., forma-
tion of by-products), or use (e.g., leaching), or due to combustion processes or 
disposal [4]. Furthermore, also compounds used in the plastics industry (e.g., ad-
ditives) and in consumer products (e.g., pharmaceuticals, cosmetics) have been 
shown do act as endocrine disruptors. Among the environmental contaminants 
that are believed to affect the endocrine system are many chlorinated com-
pounds, including 2,3,7,8-polychlorinated dibenzodioxins and furans (2,3,7,8-
PCDD/Fs), polychlorinated biphenyls (PCBs), and the organochlorine pesticide 
DDT. Based on the chemical structure, it is not (yet) possible to predict with 
some degree of certainty, which compounds will interfere with an organism’s 
endocrine system. Therefore, chemicals have to be tested to evaluate their endo-
crine-disrupting potential in a certain species. 

1.1.4 In Vivo Effects of Endocrine Disruptors 

Which observations in wildlife and humans support the endocrine disruptor hy-
pothesis? It is suggested that a broad spectrum of synthetic chemicals can be 
linked to a long list of serious human and animal health problems, including in-
fertility, deformities of the reproductive organs, birth defects, thyroid dysfunc-
tion, cancers, behavioural problems, and immune system suppression. Many of 
these adverse effects are thought or have been found to be caused by chemicals 
that interfere via endocrine-mediated pathways. 
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Effects in Wildlife 

The production of the estrogen-induced yolk precursor, vitellogenin, in juvenile 
or male fish has become one of the most notable and convincing biological re-
sponses observed in wildlife that could be linked to exposure to EDCs [4]. Al-
though vitellogenin is generally a female-specific protein, juvenile or male fish 
will produce this protein if they are exposed to estrogens [20]. Therefore, the 
presence of vitellogenin in the plasma of a male fish is a very sensitive bio-
marker of exposure to estrogenic chemicals. For example, male rainbow trout 
(Oncorhynchus mykiss) caged in discharges of sewage treatment works had ele-
vated plasma vitellogenin levels that were equal to or even exceeded the levels 
found in mature females [21]. This and other similar observations in various fish 
species have been attributed primarily to high concentrations of estrogenic com-
pounds near wastewater treatment plants [4]. Identified compounds included 
synthetic estrogenic substances such as alkylphenols (microbial degradation 
products of surfactants), bisphenol A (additive in plastic products), and 17α-
ethinyl estradiol (main ingredient of contraceptive pills) as well as natural ster-
oidal estrogens from human wastes. In controlled laboratory studies, 4-
nonylphenol at environmentally relevant concentrations (as low as 20 μg L-1, 91 
nM) was able to induce vitellogenin production and retard testicular growth in 
rainbow trout after 3 weeks of exposure [20]. Various other studies reported on 
different degrees of feminization/masculinization of male/female fish and birds 
after exposure to environmental contaminants [17; 20]. 

In 1980, Lake Apopka in Florida was contaminated with high concentrations of 
pesticides, such as dichlorodiphenyl trichloroethane (DDT, a xenoestrogen) and 
its metabolite dichlorodiphenyl dichloroethylene (DDE, a potent antiandrogen) 
after a large chemical spill. Shortly thereafter, the population of alligators (Alli-
gator mississippiensis) declined by 90% (!) and juvenile alligators showed de-
velopmental abnormalities such as abnormal gonadal morphology and altered 
gonadal steroidogenesis [4; 22; 23]. In a recent study, comparing the develop-
ment of young alligators in Lake Apopka and in a less contaminated control lake, 
such deteriorations were correlated to a maternal exposure to certain contami-
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nants such as DDT [23]. This shows that influences of chemicals on reproduction 
may have very severe consequences for a population or an entire ecosystem. 
European otter (Lutra lutra) died out in Switzerland in the late 1980s. It has been 
proposed that the exposure to PCBs (used until the 1980s in various applications 
such as for flame retardants) from contaminated fish resulted in impaired repro-
duction and was the major cause of the extinction [24]. However, the cause(s) for 
the disappearance of the otter populations in Switzerland is still controversially 
discussed because population data, providing a link between exposure and repro-
ductive outcome, is inadequate and knowledge on the impact of other environ-
mental stresses is insufficient. Nevertheless, predators such as the European otter 
are on the top of the food chain (i.e., high trophic consumers) and are therefore 
exposed to increased levels of environmental contaminants, including EDCs, 
through biomagnification. 

Over the last decades, many other adverse effects have been observed, which 
were not reported before the 1950s [17]. The observed disorders include mor-
phologic abnormalities, eggshell thinning, population declines, impaired viability 
of offspring, reduced immune function, altered hormone concentrations, and 
changes in sociosexual behaviour [3; 4; 17]. The primary evidence of the effects 
of environmental pollutants on wildlife is not disputed [11]. But in many cases, 
limited evidence exists to support the contention that reported effects are medi-
ated through endocrine-dependent mechanisms [4]. The causal link between ex-
posure and endocrine disruption is often unclear due to an overall lack of knowl-
edge concerning the chemical(s) responsible for the observed effects and/or con-
cerning the modes of action. In addition, especially in field studies, not all im-
portant parameters are known and can be controlled. This makes it difficult to 
prove that an observed effect is endocrine-mediated. Nevertheless, some case 
studies have provided strong evidence that there are effects observed in wildlife 
that can be attributed to substances functioning as endocrine disruptors. More 
field data has to be collected that clearly link adverse effects to exposure and 
mechanisms. 
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Human Health Effects 

In humans, the first identified endocrine disruptor was diethylstilbestrol (DES) 
[3]. This synthetic, non-steroidal estrogen was used from 1948 until 1971 in the 
United States and France for pregnant women to prevent spontaneous abortions. 
One million or more women took DES before its use was banned in 1971 [17]. It 
was found that DES induced a specific vaginal adenocarcinoma in girls exposed 
in utero to this EDC. In addition, also other urogenital abnormalities among 
women and men could be linked to fetal exposure to DES. 

Some few data sets document accidentally high exposures of humans to certain 
EDCs and adverse health effects resulting thereof. Probably the most famous 
studies deal with the effects of a chemical accident in Italy. In 1976, an explo-
sion in a chemical plant in Seveso (Italy) released 1–3 kilograms of 2,3,7,8-
tetrachlorodibenzodioxin (2,3,7,8-TCDD). After this accident, a reduction in the 
sex ratio among newborns from parents with the greatest exposures was ob-
served [25]. More girls than boys were born than statistically expected. An in-
creased probability of having a female birth was found with increasing serum 
levels of 2,3,7,8-TCDD in fathers starting at concentrations of 20 ng/kg body 
weight. After approximately one half-life of 2,3,7,8-TCDD in humans (i.e., 
seven years), the sex ratio in this population has returned to expected levels [26]. 
The exact mechanism for the proposed induction of a change in the sex ratio by 
2,3,7,8-TCDD is not known. Although the results of the Seveso studies are based 
on a very small cohort, these findings indicate that EDCs have the potential to 
cause subtle effects in humans, which can only be observed on the population 
level. 

In Europe and North America, cancers at hormonally sensitive sites such as tes-
tis, prostate, breast, and uterus are likely increasing [4]. For example, testis can-
cer is reported to increase since around 1930 and breast cancer since the 1940s. 
With the exception of testis cancer in young men, the detected upward trends are 
not absolutely proven to be real increases of cancer incidents. Although the cur-
rent state of the science has not provided clear evidence for a causal link between 
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exposure to EDCs and cancers at hormonally sensitive sites, the observed trends 
cannot be completely explained by improved diagnostic techniques and they co-
incide with the increasing use and release of industrial chemicals into the envi-
ronment [4]. 

Several studies indicate that sperm count (i.e., concentration × volume) and qual-
ity (i.e., mobility and morphology) in men declined since the 1930s in some in-
dustrial countries [4; 27]. Although studies available to date do not consistently 
support a worldwide temporal decline, several of the published reports support 
the hypothesis that there are time-related decreases in Europe and the United 
States. Investigations also showed that there are clear variations in sperm count 
both between and within countries (i.e., geographical/regional differences) [4]. 
Genetic factors probably play an important role in variations on a broad geo-
graphical scale. But do they also explain variations within a smaller, regional 
scale? Variations within countries were recently shown by studies conducted in 
Missouri and Minnesota [28] and in Switzerland [29]. Swan and coworkers 
found an association between current-use pesticides and reduced semen quality. 
It has been supposed that regional differences in male fertility may reflect varia-
tions in environmental exposures [27]. Determinations of semen count/quality 
are influenced by many factors such as the study size, selection and characteris-
tics of the donors, season of study, and analytical and statistical methods used 
[4]. Hence, the comparison of studies and the elucidation of factors influencing 
male fertility are difficult. The hypothesis of a worldwide decline and the causal 
connection to environmental endocrine disruptors is still very controversially 
discussed. 

To date, clear evidence of direct effects of man-made EDCs on human health at 
levels measured in the general population is lacking [4], with the exception of 
high exposures of individuals through accidents such as in Seveso or through ig-
norance such as in the human “experiment” with DES. Therefore, data of most 
human exposure studies should be interpreted with caution. There are many fac-
tors (e.g., absence of exposure data, too small sample sizes, and unknown mode 
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of action) that make it difficult to draw any conclusions about exposure to EDCs 
and effects in humans. However, the biological plausibility, the possibility that 
reported trends are real, and the evidence of adverse outcomes in wildlife and 
laboratory animals exposed to EDCs are sufficient to warrant concerns [4]. 
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1.2 Modes of Action of Endocrine Disruptors 

1.2.1 Three Ways to Disrupt Hormonal Systems 

Three major types of endocrine disruptors can be identified based on their mo-
lecular mechanisms [4]: (i) Compounds that mimic naturally occurring hormones 
by activation of specific receptors. These chemicals bind competitively to hor-
mone receptors and act as agonists (receptor-mediated mechanisms). (ii) Com-
pounds that block hormone receptors and prevent hormones from performing 
their function. These chemicals bind competitively to hormone receptors but do 
not activate the receptors. They act as receptor antagonists (receptor-mediated 
mechanisms). (iii) Compounds that disrupt the endocrine system by inducing al-
terations in the cell through receptor-independent mechanisms. Such compounds 
influence, for example, hormone biosynthesis, transport, or metabolism. 

Receptor-mediated mechanisms have received most attention. This is because 
extensive research over the past decades has identified a rapidly growing list of 
environmental contaminants that disrupt reproductive processes in vertebrates, 
primarily by exerting estrogenic or antiestrogenic actions [4; 17]. Estrogenic ac-
tions of environmental contaminants are thought to be induced mainly by activa-
tion of estrogen receptors (ERs). Antiestrogenic compounds are considered to 
exert their effects directly by blocking ERs or indirectly by binding to aryl hy-
drocarbon receptors (AhRs). 

1.2.2 Estrogen Receptor and ER Ligands 

Estrogen receptors (ERs) belong to the superfamily of steroid hormone receptors 
and function as ligand-activated transcription factors [10; 30]. Two subtypes 
have been found in humans, named ERα (595 amino acids) and ERβ (530 amino 
acids). They differ most markedly in the A/B domain (Fig. 1.4) (18% amino acid 
identity) and substantially also in the ligand binding domain (56% amino acid 
identity) [30]. The levels and proportions of ERα and ERβ are variable, depend-
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ing on the cell type and target tissue. In rodents, for example, highest expression 
levels of ERβ are found in the prostate, ovary, and lungs, whereas ERα-contents 
in these tissues are low [10]. Unbound ERs are found in the nucleus and cyto-
plasm of estrogen-sensitive cells. Binding of agonists to ERs leads, via a number 
of events, to changes in the rate of transcription of estrogen-regulated genes [10]. 
These events are not entirely understood, but they include dissociation of recep-
tor-associated proteins (e.g., heat shock proteins hsp56 and hsp90), formation of 
receptor homo-dimers, receptor-DNA interaction, and recruitment of and interac-
tion with co-activators and other transcription factors. Up to date, the transcrip-
tion of various genes has been found to be ER-controlled, including growth fac-
tors, growth factor receptors, proteases, transcription factors, and several other 
genes whose proteins have functions that have yet to be fully elucidated [31]. 
Consequently, hormonal effects mediated by receptors within the target cells 
(i.e., not membrane receptors) are the result of modulated protein expression. 

Estrogens are the physiological agonists for the ER. They are produced in the 
ovaries and in much smaller amounts also in the testes (see section 1.1.2) [6]. In 
mammals, estrogens are involved in the development and maintenance of the 
secondary female sex characteristics – but, in contrast to testosterone, not in the 
sexual differentiation of the foetus [7] – and induce the estrous cycle (menstrual 
cycle in humans). Estrogens also appear to play a crucial role in normal testicular 
function [10]. Furthermore, estrogens exert important actions on other tissues 
outside the reproductive system, including bone, liver, the cardiovascular system, 
and brain [30]. 17β-Estradiol, which is abbreviated as E2 due to its two hydroxy 
groups, is the most important of the natural human estrogens [6]. Other human 
estrogens are estrone (E1, one hydroxy group) and estriol (E3). The latter is a 
metabolite of E2 and E1. Besides the physiological ligands, also exogenous 
ligands are able to bind to the ER. Binding of ligands to amino acids on the sur-
face of the ligand-binding cavity triggers conformational changes in the receptor 
(reviewed in [10]). Crystallographic studies of the tertiary ER structure showed 
that different ligands induce different receptor conformations. Thereby, a spe-
cific helix in the E/F domain, which is named helix 12 and is part of the AF-2 
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site, plays a key role. The position of helix 12 is altered through ligand binding 
and permits discrimination between agonists and antagonists. When the ER is 
complexed with an agonist such as E2, helix 12 is positioned over the ligand-
binding pocket. This stabilizes ligand-receptor interactions and forms the surface 
for recruitment of and interaction with co-activators. In antagonist-receptor-
complexes, helix 12 is displaced from its agonist position and foils interactions 
with co-activators. Most ER ligands tested so far bind to ERα and ERβ with 
similar affinities or have similar potencies in activation of estrogen response 
element (ERE)-mediated reporter gene expression. However, some compounds 
have distinctly different affinities for both ER subtypes [30]. For example, the 
phytoestrogen genistein has a 30-fold higher affinity for ERβ than for ERα [10]. 
Another example is the antiestrogen tamoxifen, which shows pure ERβ antago-
nism but some ERα agonism [30]. 

A broad variety of exogenous compounds, both man-made and natural, have 
been shown to exhibit estrogenic activity in vivo and/or in vitro (reviewed by 
[9]). These compounds are called exogenous estrogens, xenoestrogens, or exoes-
trogens – terms that are sometimes also used to include direct-acting antiestro-
gens. Depending on their origin, identified or suspected xenoestrogens can be di-
vided in different classes, namely, natural products (e.g., genistein, coumestrol, 
zearalenone), environmental pollutants (e.g., PAHs, DDT), industrial chemicals 
(e.g., bisphenol A, phthalate esters), pharmaceuticals (e.g., ethinyl estradiol, 
DES), and complex mixtures (e.g., ambient particulate matter, vehicle emissions, 
effluents). Although exogenous estrogens exhibit lower potencies relative to E2 
[32; 33], they bear the risk to act additively or even, not observed yet, synergistic 
(see section 1.1.3). This raises some concerns because many of these compounds 
are ubiquitous throughout the environment (e.g., PAHs) [9] and are present in the 
environment in complex “cocktails”, as shown by various studies, including ours 
(e.g., [33-36]). 
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1.2.3 Aryl Hydrocarbon Receptor and AhR Ligands 

Like estrogen receptors, also aryl hydrocarbon receptors (AhRs) act as ligand-
inducible transcription factors. AhRs are members of a superfamily of transcrip-
tion factors that all include a basic-helix-loop-helix (bHLH) structural motif as 
DNA-recognizing element and part of the dimerization domain [37]. The first 
family members identified were the Drosophila Per protein (regulates the peri-
odic expression of certain genes), the human AhR nuclear translocator (ARNT), 
and the Drosophila Sim protein [38]. The AhR is the only ligand-activated pro-
tein found so far in this family [10]. Proteins of the bHLH-PAS superfamily are 
found in a wide range of organisms, including mammals, birds, fish, and inverte-
brates [39]. AhR mRNA has been found in all human tissues examined up to 
date [37]. The highest expression levels were observed in placenta and lungs, 
significant levels were, for example, also found in the liver. In contrast to ERs, 
the three-dimensional structure of the AhR ligand binding domain is lacking and 
an endogenous ligand for the AhR has yet to be identified [40]. The best charac-
terized high affinity ligands that bind to the mammalian AhR (~700–850 amino 
acids, ~77–96 kDa) are classified as environmental contaminants. It is known 
that the AhR functions as a toxin sensor and regulates xenobiotics-metabolizing 
enzymes. Hahn (2002) suggests that this adaptive role of the AhR may have been 
a vertebrate innovation. In addition to adaptive functions, the AhR serves poorly 
understood physiological roles, which might be involved in the development of 
liver, ovary, the cardiovascular system, and the immune system. It is hypothe-
sized that continuous interference with those roles by PCDD/Fs and related per-
sistent compounds causes dioxin-like toxicity such as chloracne, body weight 
loss, acute lethality, immune suppression, developmental and reproductive toxic-
ity, modulation of carcinogenicity (tumor promotion). 

The unliganded AhR is present in the cytosolic compartment as a multi-protein 
complex, containing two molecules of hsp90 and other proteins [38; 40; 41]. Af-
ter ligand binding, the AhR dissociates from associated proteins (chaperones) 
and is found in the cell nucleus as a hetero-dimer with the AhR nuclear translo-
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cator protein (ARNT). The AhR-ARNT hetero-dimer binds to its specific DNA 
recognition site, a genomic enhancer sequence termed dioxin- or xenobiotics-
responsive element (DRE or XRE). This interaction leads to transcriptional acti-
vation of members of the AhR gene battery, which includes genes of biotrans-
formation enzymes such as CYP1A1, CYP1A2, CYP1B1 (i.e., phase I drug-
metabolizing enzymes), glutathione transferase, and aldehyde dehydrogenase 
(i.e., phase II enzymes). Available evidence suggests that many of the toxic and 
biological effects of AhR ligands result from differential alteration of gene ex-
pression in susceptible cells [40]. All of the high affinity AhR ligands identified 
to date (e.g., PCDD/Fs, coplanar PCBs, PAHs) are hydrophobic aromatic com-
pounds with a planar structure and are able to induce gene expression in an AhR-
dependent manner [40]. In addition to synthetic compounds, also naturally oc-
curring ligands, mainly from plant materials, have been identified as weak AhR 
agonists (e.g., flavonoids, carotenoids). 

The prototypical and most potent AhR ligand is 2,3,7,8-tetrachlorodibenzodioxin 
(2,3,7,8-TCDD) [40]. This compound has been shown to induce antiestrogenic 
as well as antiandrogenic activity in vitro (e.g., decreased cell proliferation) and 
in vivo (e.g., demasculinization and feminization of male rats) [9; 41]. 2,3,7,8-
TCDD does not bind to the ER and, consequently, is not a direct-acting (i.e., ER-
mediated) antiestrogen. It has been suggested that AhR ligands may induce an-
tagonistic effects on ER signaling by several separate pathways: (i) Increase of 
the metabolism rate of E2 by induction of enzymes involved in the inactivation 
of E2 (e.g., CYP1A1, CYP1A2, CYP1B1); (ii) decrease of the levels of ERs ei-
ther by transcriptional regulation of ERs – genes coding for ERα and ERβ con-
tain inhibitory DREs (iDREs) – or by changes in receptor synthesis/degradation 
pathways; (iii) suppression of the transcription of certain E2-induced genes (e.g., 
cathepsin D, prolactin receptor, hsp27, TGF-α, TGF-β) due to the presence of 
iDREs in their gene sequences (e.g., inhibitory AhR/ER cross talk); (iv) competi-
tion for shared co-factors [9; 10; 38; 41]. Possibly, a combination of all proposed 
pathways may be responsible for the antiestrogenic activities associated with 
2,3,7,8-TCDD and other AhR ligands. 
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Recently, it has been reported that ligand-bound AhR directly associates with 
unliganded ER (both subtypes) and induces binding to EREs (“ER hijacking”), 
leading to the expression of ERE-dependent genes [42]. By contrast, in the pres-
ence of estrogens, liganded AhR exhibits antiestrogenic effects, indicating that 
AhR-mediated regulation of estrogenic effects depends on the concentrations of 
estrogens [38]. Hence, AhR agonists should not explicitly be regarded as anti-
estrogens. The ligand-bound AhR is capable of interacting with several signal 
transduction pathways. Through these complex interactions, AhR agonists are 
able to induce a wide spectrum of tissue-specific biological effects at a number 
of different life stages in a variety of species [4]. 
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1.3 Endocrine-Disrupting Chemicals in the Air 

1.3.1 Inhalation and Swallowing: Pathways for Exposure to EDCs 

Most research on endocrine disruptors deals with chemicals in aquatic systems 
and their effects on aquatic organisms. For example, a very simple literature 
search using Web of Knowledge and the keyword “endocrine disruption” in 
combination with “aquatic” and “particulate matter”, respectively, lists about 700 
studies in the aquatic field and about 10 studies in the atmospheric field. This in-
dicates that far less is known about the presence and effects of EDCs in the at-
mosphere than in the aquatic environment. However, besides dietary uptake of 
EDCs, inhalation and swallowing of atmospheric EDCs should be considered as 
important exposure pathways because of three main considerations: (i) Numer-
ous gaseous and particle-associated environmental air pollutants enter organisms 
via the lungs, which possess a large contact area (i.e., gas exchange area of 140 
m2) [43]. Particles with an aerodynamic diameter of ≤10 μm (PM10) are able to 
enter the lungs because they are small enough to pass through the body's stan-
dard filtration mechanisms. The conducting airways (i.e., trachea, bronchi, bron-
chioli) efficiently filter out particles from the inhaled air [43]. (ii) Most of the 
larger particles are transported out of the lungs by the mucociliary transport sys-
tem [44]. They may reach the gastrointestinal tract by swallowing. From the gas-
trointestinal tract, particle-associated, lipophilic EDCs may enter neighbouring 
tissues and/or the blood system. (iii) Smaller particles, which form the respirable 
or alveoli-reaching fraction (i.e., PM2.5, fine and ultrafine particles) can be 
trapped in the airways and remain there for days or even weeks [43]. As the air-
ways end in very thin branches, respired particles will sooner or later get in con-
tact with the air-blood barrier by a process termed deposition. The air-blood bar-
rier, a thin tissue wall of only 2 μm, consists of the respiratory epithelium, which 
is coated by a lower viscous liquid and an upper surfactant film. When particles, 
especially ultrafine particles, are deposited on the surfactant film, they are wetted 
by surface forces and displaced into the viscous liquid covering the respiratory 
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epithelium [43]. Afterwards, the particles are either phagocytized by macro-
phages and carried off via the airways or taken up by dendritic cells and trans-
ported into the lung tissue. The smallest particles may even penetrate directly 
into the lung tissue and from there into the blood vessels. 

 

Alveolus

Blood
vesselInhalationInhalation

 

Fig. 1.5 Inhalation and swallowing are possible pathways for intake of both gas-phase 
and particle-associated atmospheric endocrine disruptors. 

In conclusion, it seems realistic to suggest that gas-phase and particle-associated 
EDCs find their ways via the lungs and/or via the gastrointestinal tract into the 
body of humans and animals (Fig. 1.5). This suggestion is supported by a study 
conducted by Nessel and coworkers (1992). In rats, they observed 100% relative 
pulmonary bioavailability of 2,3,7,8-TCDD, a known antiestrogen (section 
1.2.3), on contaminated respirable soil particles in comparison to laboratory-
recontaminated gallium oxide particles (i.e., positive control) [45]. Furthermore, 
they found that the respirable fraction (<10 μm) of soil particles from a contami-
nated site was up to 33-fold more enriched with TCDD isomers than the original, 
not size-fractionated soil. 
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It is important to study endocrine disruptors in the air because of two main as-
pects: (i) Some of the compounds released into the atmosphere by anthropogenic 
activities are known or suspected endocrine disruptors. As explained, inhalation 
and swallowing may represent important exposure pathways that should be con-
sidered in human risk assessment. However, the extent of exposure to endocrine 
disruptors in the air is still largely unknown. (ii) Along with oceanic transport, 
long range atmospheric transport is an important pathway for global 
(re)distribution and deposition of persistent environmental contaminants. For ex-
ample, PCDD/Fs and other halogenated hydrocarbons are distributed ubiqui-
tously throughout the world and even reach remote ecosystems in the Arctic and 
Antarctic [46]. Consequently, the atmosphere probably is an important regional 
and global transport medium for various EDCs and provides a link between 
emission sources and humans, wildlife, and ecosystems. 

1.3.2 Previous Work 

In several studies on atmospheric EDCs, researchers quantified selected groups 
of known or suspected EDCs such as PCDD/Fs, PCBs, and PAHs by chemical 
analyses (e.g., [47; 48]) without testing their biological effects as components of 
complex mixtures. The overall endocrine-disrupting potential of complex air-
borne mixtures has been investigated so far only by few studies (see next sec-
tions). Studies concerning EDCs in the air can be divided into studies on emis-
sion sources and studies on ambient concentrations of EDCs. 

Emission Sources – Diesel Engine Exhaust 

Combustion processes such as in internal combustion engines, furnaces, and 
waste incinerators are the most relevant formation processes of many gaseous 
and particle-associated air pollutants [49]. For PM10, for example, the most im-
portant emission sources are traffic (28%), industry (37%), agriculture (30%), 
and households (5%) [49]. Available evidence suggests that combustion proc-
esses produce endocrine-disrupting compounds. For example, Muthumbi et al. 
observed that flue gases from households exhibited in vitro estrogenicity [50]. In 
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the present work, the focus is on emissions from diesel engines, firstly, because 
diesel exhausts contributes appreciably to air pollution in urban areas [51] and, 
secondly, because the use of diesel-powered vehicles is expected to increase 
markedly in the near future [52]. Several in vitro [53-56] and in vivo [56-60] 
studies reported that diesel exhaust exhibits hormonal activity, as summarized in 
details in chapters 3 and 4. However, these in vitro studies investigated only frac-
tions of diesel exhaust (e.g., the particulate fraction) and not the entire exhaust, 
which includes particle-bound, droplet-dissolved, and gas-phase compounds. 
Available studies suggest that polycyclic aromatic hydrocarbons and their de-
rivatives play an important role in inducing ER- and AhR-mediated gene expres-
sion. However, it is not clear what the contribution of these compounds to the 
overall activity is and how important other classes of compounds are. Therefore, 
further work is needed to elucidate the role of combustion processes as sources 
for hormonally active compounds and to quantify emitted amounts. A quantifica-
tion of observed assay activities into E2 equivalents, 2,3,7,8-TCDD equivalents, 
or equivalents of other active reference compounds is often missing. Additional 
findings could help deciding if and what measures are necessary to reduce the 
endocrine-disrupting potential of anthropogenic emissions. 

Ambient Concentrations – Atmospheric Particulate Matter 

The majority of known EDCs are semivolatile compounds, which may be more 
or less strongly bound to particulate matter in the air [4]. Already in 1985, Toft-
gård and coworkers showed that extracts of atmospheric particulate matter con-
tain compounds that competitively bind to rat AhRs [61]. More than a decade 
later, Clemons et al. reported that an extract of urban ambient particles induced 
ER- and AhR-mediated gene expression in mammalian cells [62]. They demon-
strated the utility of in vitro reporter gene assays to detect potential EDCs within 
the complex chemical mixture of urban particulate matter. In the following years, 
also other in vitro studies reported evidence for the presence of ER ligands [63; 
64] and AhR ligands [61; 64-68] in ambient particulate matter, which could pose 
a risk for human and animal health. A recently published in vivo study showed 
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that AhR ligands play a significant role in carcinogenesis in mice exposed to at-
mospheric particulate matter [69]. Again, little is known about active compounds 
and their chemical structures, relative potencies, and contribution to the overall 
hormonal activities observed with atmospheric particles collected in different 
parts of the world. Furthermore, a quantification of the observed activities into 
equivalents of an active reference compound was not done by all studies so far 
conducted. 
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1.4 Objectives and Outline of this Work 

1.4.1 Motivation and Objectives 

In what extent are humans, wildlife, and ecosystems exposed to atmospheric en-
docrine disruptors? Are EDC levels in air of relevance compared to those of 
other environmental compartments? Are these levels a risk for human and animal 
health? What are the relevant anthropogenic emission sources that substantially 
contribute to atmospheric levels of EDCs? Do emission control techniques affect 
concentrations of emitted endocrine disruptors? Which compounds or classes of 
chemicals are responsible for observed hormone-like activities? – This is a selec-
tion of open research questions regarding EDCs that so far cannot be answered 
satisfactorily and were motivating our work. The general aim of this work is to 
provide insights into the exposure of humans and animals to atmospheric EDCs 
and to help answer the above questions. 

This work is dedicated to the sources and concentrations of atmospheric EDCs 
with either ER- or AhR-mediated mode of action. In the first part (chapters 3 and 
4), diesel engine exhaust, a representative anthropogenic emission source, is ex-
amined for in vitro estrogenic and AhR-mediated activity. In the second part 
(chapters 5 and 6), respirable particulate matter (PM1) from an urban and a rural 
site in Switzerland is analyzed for ER and AhR ligands. The selected sample 
categories shall provide data that permit assessing the link between EDCs 
formed by combustion processes (e.g., diesel fuel combustion) and environ-
mental levels of EDCs associated with atmospheric particles. It has been shown 
that the combustion of diesel fuel is one of the most important emission proc-
esses concerning fine particulate matter levels (e.g., PM1) in urban air [51]. 

1.4.2 Working Hypotheses 

Estrogens are major determinants of development and function of the re-
productive, nervous, and immune system. Because of that, estrogens and 
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their target cells/tissues are important for research on exposure to EDCs. 
The molecular mechanisms of interferences with estrogen actions represent 
a possible link between exposure to EDCs and adverse health effects ob-
served in humans and wildlife. 

The atmosphere is an important transport and exposure medium for poten-
tial EDCs, including ER and AhR ligands. Inhalation and swallowing are 
important exposure pathways. Consequently, EDCs in the air may induce 
adverse health effects in humans and wildlife. 

 

Anthropogenic combustion processes, such as diesel fuel combustion, re-
lease relevant amounts of ER and AhR ligands into the atmosphere. 

 

EDCs associated with particulate matter (PM) reflect general exposure lev-
els. Levels of atmospheric ER and AhR ligands are higher in urban areas 
than in rural areas. 

 

Atmospheric processes are capable of modulating the endocrine activity of 
chemicals. This leads to differences in endocrine activity between polluted 
and aged air masses. 

 

ER- and DR-CALUX bioassays are appropriate to detect the overall estro-
genic and AhR-mediated activity, respectively, that results from all active 
compounds present in a (sub-) sample. 

 

1.4.3 Approach 

A combination of in vitro assays and chemical analyses is implemented to detect, 
quantify, and characterize hormonally active compounds. Bioassay methods 
have to be newly established for this work and are the main analytical tools used. 
The analytical methods applied are: 

Estrogen-Responsive Chemical-Activated Luciferase gene Expression (ER-
CALUX) assay: detection and quantification of overall estrogenic activity 
mediated by the human ER, 
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Dioxin-Responsive Chemical-Activated Luciferase gene Expression (DR-
CALUX) assay: detection and quantification of overall toxic/antiestrogenic 
activity mediated by the rat AhR, 

 

Gas Chromatography/High Resolution Mass Spectrometry (GC/HRMS): 
identification and quantification of compounds that potentially contribute to 
bioassay activity. 

 

 

Representative samples are collected based on well-established sampling pro-
grammes of the Swiss Federal Laboratories of Materials Testing and Research 
(Empa): 

The VERT campaigns (Verminderung der Emissionen von Real-
Dieselmotoren im Tunnelbau) investigate the risk of genotoxic emissions 
and secondary emissions of techniques used to treat diesel exhaust (e.g., 
catalytic diesel particulate filters) [70; 71]. 

 

The Swiss National Air Pollution Monitoring Network (Nationales Beo-
bachtungsnetz für Luftfremdstoffe, NABEL) monitors levels of atmospheric 
particulate matter at representative sites in Switzerland [72]. 
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2.1 Analysis of Endocrine Disruptors 

2.1.1 Related Publications 

This chapter is adapted from the following publications: 

Wenger D, Gerecke AC, Heeb NV, Zenobi R. 2006. Estrogenic and dioxin-like 
activity in diesel exhaust. Organohalogen Compounds, 68: 1295-1298 (short pa-
per, conference proceeding). 

Wenger D, Gerecke AC, Heeb NV, Naegeli H, Zenobi R. 2007. Reporter gene 
assays – A tool for effect-orientated analysis of endocrine disruptors. Feature 
project in: CEAC, Center of Excellence in Analytical Chemistry, Annual Report 
2006: 14-20. 

2.1.2 In Vitro Bioassays, Instrumental Methods, and In Vivo Tests 

Traditionally, a toxicological risk characterization of mixtures is based on an 
evaluation of a selection of constituents [1]. To investigate the endocrine-
disrupting potency of environmental samples, this approach is not feasible as not 
all potential EDCs in a sample are known. In addition, it is not realistic to ana-
lyze all of the individual constituents. Moreover, compounds may still contribute 
to the overall endocrine-disrupting activity of a mixture, although their individ-
ual levels are too low to be detected or to cause any effects [2; 3]. In vitro bioas-
says have proven to be useful tools for investigation and environmental monitor-
ing of endocrine disruptors and other bioactive compounds [4; 5]. If once estab-
lished in a laboratory, they provide cost-effective and sensitive methods to 
screen large numbers of samples for their ability to elicit a biological response 
through a specific mechanism of action. Although instrumental methods are es-
sential for the identification and quantification of compounds in environmental 
samples, instrumental results are not well suited for predicting and/or under-
standing potential effects of complex mixtures on biota. Instrumental analysis 
can miss compounds for which no established methods or analytical standards 
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are available or that are biologically active at concentrations less than analytical 
detection limits. Furthermore, even when compounds are detected, no informa-
tion is provided regarding a compound’s biological potency, particularly in com-
bination with other components of the mixture. And finally, only those com-
pounds are found the chemical analyst is looking for. In contrast, in vitro bioas-
says integrate the overall potency of samples consisting of complex mixtures of 
known and unidentified compounds, including inactive compounds, agonists, 
and antagonists, which may be interacting both additively and non-additively. In 
vitro bioassays are based on biologically relevant molecular mechanisms of ac-
tion and, therefore, can provide an indicator of a sample’s mechanism-specific, 
biological potency. In conclusion, “taking the best of both”, the combination of 
in vitro assays and chemical analytical methods provides a powerful tool to in-
vestigate EDCs present in complex environmental samples. 

In vitro bioassays are faster, more specific, more sensitive, and less expensive 
than in vivo “test systems”, which are, for example, based on well-characterized 
rat strains and utilize highly complex responses (e.g., effects on uterine weight) 
[5]. In vitro assays require only small amounts of sample material and no ani-
mals need to be sacrificed. Nevertheless, in vivo tests are useful at a later stage to 
confirm results of in vitro tests, which are not directly applicable to whole organ-
isms. Cell tests do not take into account the various pharmacokinetic and phar-
macodynamic interactions that can occur in a complex multi-cell organism (e.g., 
interactions of steroids with hormone carriers) [5; 6]. Furthermore, in vitro as-
says may not consider all toxicologically relevant mechanism of a chemical or 
mixture and/or cross-talk between mechanisms. Moreover, important factors 
such as critical lifecycle or sensitive developmental windows and the effects of 
bioaccumulation (see section 1.1.3) cannot be accurately modeled using in vitro 
systems. Hence, it is unrealistic to assume that one in vitro assay will be capable 
of predicting all of the potential responses that an endocrine disruptor may in-
duce in an organism. However, results from in vitro assays provide valuable in-
formation on specific modes of action and endocrine-disrupting potencies of in-
dividual chemicals or “cocktails” of chemicals. 
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2.1.3 Reporter Gene Assays – CALUX Assays 

Various in vitro assays are available to test chemicals for hormonal activity, for 
example, ligand binding assays, cell proliferation assays, and recombinant re-
porter gene assays [5; 7]. Reporter gene assays are preferred over ligand binding 
assays because they are more sensitive, are able to differentiate between receptor 
agonists and antagonists, and reflect the capability of a compound to induce gene 
expression. Cell proliferation assays such as the E-Screen are limited by a lack of 
specificity. Hence, an advantage of reporter gene assays over cell proliferation 
assays is that the potential mechanism of action of a test compound or mixture 
can be described more precisely. 

The general principle of reporter gene assays is based on a genetically modified 
cell line or bacteria strain in which an exogenous reporter gene construct under 
transcriptional control of adequate responsive elements (e.g., ERE, DRE) has 
been incorporated (i.e., into the DNA). Expression of this gene construct is only 
triggered when a specific interaction takes place between xenobiotics and a cel-
lular component (i.e., binding of a ligand to a receptor). After transcription of the 
reporter gene, the reporter messenger RNA (mRNA) is translated into a reporter 
protein/enzyme of which the concentration can easily be quantified. Due to better 
reproducibility and better suitability for long-term experiments, it is recom-
mended to use stably transfected reporter gene assays, which are based on per-
manently modified cell lines [8]. 

CALUX Assays 

For this work, the application of two reporter gene assays, classified as Chemi-
cal-Activated Luciferase gene Expression (CALUX) assays, was established at 
the cell laboratory of the Institute of Pharmacology and Toxicology of the Uni-
versity of Zurich-Vetsuisse. CALUX cells were purchased form BioDetection 
Systems (BDS, Amsterdam, The Netherlands). CALUX assays are based on 
mammalian cell lines that contain, as reporter gene, the luciferase gene of the 
firefly Photinus pyralis. Receptor-mediated production of the reporter protein 
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luciferase and, finally, the activity of this enzyme are used to detect and quantify 
receptor ligands. 

CALUX assays are more suitable than yeast-based reporter gene assays to com-
pare receptor-mediated activity of individual compounds, defined mixtures, or 
environmental samples. For example, the sensitivity toward E2 is 1000 times 
lower in yeast-based assays (EC50, 1–3 nM [5]) than in CALUX assays (EC50, 
3–4 pM). Furthermore, when using yeast assays, the potency of persistent com-
pounds such as 2,3,7,8-TCDD can be underestimated relative to the potency of 
metabolizable compounds such as PAHs, as shown by Misaki et al. [9]. It is sug-
gested that these observations are due to several reasons [5; 9]: (i) In comparison 
to typical mammalian tissue culture media, yeast media have a low pH and low 
protein and lipid contents and, therefore, they have a poor capacity to bind and 
transport hydrophobic compounds. (ii) Yeast cells are surrounded by a thick cell 
wall, which constitutes a diffusion barrier for hydrophobic compounds (e.g., 
2,3,7,8-TCDD, steroid hormones). In contrast, both hydrophilic and lipophilic 
compounds can relatively easily permeate the cell membranes of mammalian 
cells and therefore are better absorbed. (iii) The cellular machinery and thus the 
metabolic capabilities of yeast cells differ from those of mammalian cells. For 
example, EROD activity in yeast microsomes was 6–400-fold less intense than 
EROD activity observed with human liver microsomes [10]. Hence, compounds 
are probably biotransformed more easily in mammalian cells. 

ER-CALUX Assay 

In this work, the Estrogen-Responsive CALUX (ER-CALUX) assay was applied 
to detect and quantify estrogenic activity mediated by the human estrogen recep-
tor (ER). The ER-CALUX assay was developed by Legler and coworkers [7] and 
is based on a genetically modified human breast adenocarcinoma cell line, 
termed T47D.Luc. ER-CALUX cells express endogenous ER and are stably 
transfected with a reporter gene construct (pEREtata-Luc). This construct con-
tains a luciferase reporter gene under control of three estrogen-responsive ele-
ments (EREs), which are located upstream from a minimal human promoter se-
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quence. The ER-CALUX assay responds specifically to compounds that can 
mimic or inhibit the action of endogenous estrogens. Ligand–ER complexes bind 
to EREs and induce or inhibit transcription of ERE-controlled genes, among 
them the incorporated luciferase gene. Using E2 as reference compound, the as-
say response of a sample can be expressed as E2-CALUX equivalent (E2-CEQ) 
concentration. The assay’s limit of detection (LOD) is at 0.5 pM E2 (i.e., in well: 
14 fg E2 in 100 μL exposure medium) and the limit of quantification (LOQ) at 
1.5 pM E2 (41 fg in 100 μL) [11]. Hence, the ER-CALUX assay is not only spe-
cific (i.e., detection of ER agonists) but also sensitive enough to determine estro-
genic compounds at trace levels. 

The T47D cell line contains both subtypes of the human ER, although ERα is 
most abundant and predominately expressed [12]. Theoretically, the presence of 
two types of receptors may result in a biphasic dose–response curve if the affini-
ties of a ligand for the two receptors are different. However, this was not ob-
served for the compounds and samples tested within the presented work, where 
mono-phase curves were obtained (e.g., Figs. 3.3, 5.7). T47D cells also express 
the AhR [7; 13]. Hence, antiestrogenic effects of compounds activating the AhR 
are integrated in the overall ER-mediated response of the assay. 

DR-CALUX Assay 

The Dioxin-Responsive CALUX (DR-CALUX) assay was applied to detect and 
quantify activity mediated by the rat aryl hydrocarbon receptor (AhR). AhR-
mediated activity is sometimes also termed “dioxin-like” activity, which is not 
entirely correct. For example, PAHs exhibit AhR-mediated gene expression, but 
do not induce dioxin-like toxicity (see section 1.2.3). The DR-CALUX assay 
was developed by Aarts et al. [14] and is based on a genetically modified rat 
hepatoma cell line (H4IIE.Luc), which expresses endogenous AhR. H4IIE.Luc 
cells are stably transfected with a luciferase reporter plasmid (pGudLuc1.1) that 
contains the firefly luciferase gene under the control of the mouse mammary tu-
mor virus (MMTV) viral promoter. Aryl hydrocarbon responsiveness is con-
ferred by four dioxin-responsive elements (DREs). Agonist–AhR complexes 
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bind to DREs and induce transcription of DRE-controlled genes (Fig. 2.1). 
Hence, the DR-CALUX assay responds specifically to compounds that bind to 
the AhR. Although the AhR is traditionally not seen as a hormone receptor, AhR 
agonists may directly or indirectly modulate multiple endocrine signaling path-
ways [15; 16]. 
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Fig. 2.1 Scheme of the mode of action of the DR-CALUX assay: Genetically modified 
rat hepatoma cells (H4IIE.Luc) express the luciferase reporter gene after activation of 
the aryl hydrocarbon receptor (AhR) and interaction with dioxin-responsive elements 
(DRE) on the DNA. The activity of the reporter enzyme luciferase (light emission) is 
proportional to the amount of previously formed agonist–AhR complexes. The ER-
CALUX assay works similar but with some differences (i.e., human T47D breast can-
cer cells, dimerization of activated receptors (homo-dimers), interaction with estrogen-
responsive elements). Gene X stands for AhR-controlled endogenous genes. Abbre-
viations: PCDDs, polychlorinated dibenzodioxins; PCDFs, polychlorinated dibenzofu-
rans; PAHs, polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphenyls. 
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In this work, 2,3,7,8-TCDD was used as reference compound. Sample activities 
were expressed as 2,3,7,8-TCDD-CALUX equivalent (TCDD-CEQ) concentra-
tions. The DR-CALUX assay provides a sensitive analytical procedure with a 
LOD of 0.3 pM 2,3,7,8-TCDD (i.e., in well: 19 fg 2,3,7,8-TCDD in 200 μL ex-
posure medium) and a LOQ of 1 pM 2,3,7,8-TCDD (64 fg in 200 μL) [17]. 

2.1.4 Reference Compound Equivalents and Relative Potencies 

The potency of a mixture to cause defined biological responses such as the up- 
and/or down-regulation of hormone-controlled genes can be expressed relative to 
that of a well-characterized reference or prototypical compound [4]. This facili-
tates quantitative risk assessment and simplifies data interpretation. The bioassay 
response of a sample expressed in relation to a reference compound may provide 
a basis for approximating the risk to biological organisms, in which analogous 
biochemical processes are found. The expression of a response as equivalents of 
a reference compound also simplifies the comparison of diverse samples and 
studies. In contrast, it is difficult to compare results of different in vitro studies if 
bioassay activity of samples is reported, for example, only as induction of 
marker protein expression relative to a negative control. 

Bioassay-derived equivalents can be compared in a mass balance analysis to 
equivalents that were calculated from congener-specific instrumental-analytical 
data and assay-specific relative potency (REP) values or established toxic 
equivalency factors (e.g., TEFs for dioxins and dioxin-like compounds). In this 
way, the contribution of known bioactive compounds to the observed bioassay 
response of a sample can be estimated [18; 19]. If the bioassay activity is not to a 
large extent explained by instrumentally based equivalents, this may point either 
to unidentified bioactive compounds present in the tested sample or to non-
additive or antagonistic interactions occurring between components of the sam-
ple. To conclude, in vitro bioassays coupled with instrumental analyses are very 
powerful tools to characterize and compare environmental samples. 
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2.2 Application of CALUX Assays 

2.2.1 Cell Culture and Exposure of Cells 

Cell Culture 

Cell culture is the process by which cells are grown under controlled, optimal, 
and sterile conditions [20]. For this work, CALUX cells were cultured by 
slightly modified protocols of BDS. 

 

     

Fig. 2.2 Cell culture flask with growth medium (left side). Sterile working technique in 
a laminar flow cabinet (right side). 

ER-CALUX cells (T47D.Luc) were grown in a 1:1 mixture of Dulbecco’s modi-
fied Eagle’s medium and Ham’s F12 nutrient mixture (growth medium, D-
MEM/F-12, Gibco, Paisley, Scotland). The growth medium contained phenol red 
(pH indicator) and was supplemented with NaHCO3 (1.25 g L-1), 1% (v/v) non-
essential amino acids (Gibco), and 7.5% (v/v) fetal bovine serum (FBS, Gibco). 
DR-CALUX cells (H4IIE.Luc) were cultured in MEM-α growth medium 
(Gibco) supplemented with 10% (v/v) FBS. Growth media were freshly prepared 
every 3–4 weeks. No antibiotics were added. For both cell lines, 75 cm2 culture 
flasks with 10-13 mL growth medium were used (Nunc, Rochester, USA) (Fig. 
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2.2). All plastic products used for cell culture and assay analysis were xenoestro-
gens-free. 

ER- and DR-CALUX cells were incubated at 37 °C in a 5% (v/v) CO2 atmos-
phere with saturated humidity until confluency of 85–95% and 70–95%, respec-
tively, was reached. Then, cells were rinsed with phosphate-buffered salt solu-
tion (PBS, pH 7.2) to remove debris and proteins originating from the medium. 
Cells were collected by trypsinization and used for passaging of cultured cells or 
for assay analysis. Cells used for passaging were mixed with medium in a dilu-
tion that enabled a sub-culturing rhythm of 3–4 days. In the case of contamina-
tion of cultured cells or decrease of assay performance, a new cell culture was 
started by thawing a frozen (liquid nitrogen) batch of cells. After thawing, 
CALUX cells were sub-cultured at least 3 times before use for assay analysis. 

Exposure of Cells 

Prior to assay analysis, test compounds or extracts of samples were transferred to 
dimethylsulfoxide (DMSO) and dilution/concentration series were prepared. 
DMSO is not toxic for cells when used in low concentrations and serves as a car-
rier for receptor ligands to enter the exposed cells. 

For ER-CALUX assay analysis, T47D.Luc cells were seeded in 96-well micro-
titer plates (Nunc) at a density of 10,000 cells per well (cell counting chamber). 
The outer wells of the plates were not filled with cell suspension (Fig. 2.3). In 
surrounding wells, cultivation conditions deviate from conditions in inner wells. 
This significantly influences luciferase expression (data not shown). T47D.Luc 
cells were maintained in 0.1 mL D-MEM/F-12 phenol red free medium (assay 
medium) supplemented with NaHCO3 (1.26 g L-1), 1% (v/v) non-essential amino 
acids, and 5% (v/v) dextran-coated charcoal (DCC)-stripped FBS. FBS of Aus-
tralian origin was used because it contains lower levels of estrogens (lower 
background activity) than FBS from other origins (e.g., South America), which 
are less expensive. FBS is stripped with DCC to remove hormones. The assay 
medium does not contain the pH indicator phenol red because this compound is 
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an ER ligand. After 24 h of incubation (37 °C, 5% CO2, 100% relative humid-
ity), assay medium was refreshed and cells were incubated for another 24 h. The 
medium was completely removed from the wells and cells were exposed to 0.1 
mL exposure medium (i.e., assay medium containing samples dissolved in 
DMSO), which resulted in 0.1% (v/v) DMSO per well. Exposure medium was 
prepared and thoroughly mixed directly before exposure of the cells. All samples 
were tested in triplicate per plate. After 24 h of exposure, medium was removed 
and 30 µL of lysis reagent (Promega, Madison, USA) was added to each well to 
release formed luciferase. Hence, luciferase activity could be measured three 
days after plating the T47D.Luc cells. If immediate measurements were not pos-
sible, microtiter plates were stored at -20 °C for a maximum of two weeks. 

 
 1 2 3 4 5 6 7 8 9 10 11 12  

A              

B  R0 R1 R2 R3 R4 R5 R6 R7 DMSO IRM   

C  R0 R1 R2 R3 R4 R5 R6 R7 DMSO IRM   

D  R0 R1 R2 R3 R4 R5 R6 R7 DMSO IRM   

E  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10   

F  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10   

G  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10   

H              

              
 

Fig. 2.3 Exposure scheme of a 96-well microtiter plate. The outer wells were always 
filled with medium only (i.e., no cells). Abbreviations: R0, solvent control of reference 
compound; R7-R1, dilution series of reference compound; DMSO, solvent control of 
samples; IRM, internal reference material, S1-S10, samples. 

For DR-CALUX assay analysis, H4IIE.Luc cells were seeded in 96-well micro-
titer plates (Nunc), using diluted cells from flask with 70–95% confluency. Cells 
were maintained in 0.1 mL MEM-α with 10% FBS (identical with growth me-
dium) and under controlled conditions (37 °C, 5% CO2, 100% relative humidity). 
After ~24 h of incubation, when cells had reached at least 95% confluency, ex-
posure medium (0.1 mL), which contained samples dissolved in DMSO, was 
added (Fig. 2.4). This resulted in a final volume of 0.2 mL per well. H4IIE.Luc 
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cells were exposed in triplicate for 24 h at a final DMSO concentration of 0.8% 
(v/v). For studying biotransformation, also shorter exposure times were used (see 
chapter 4). After exposure time had elapsed, medium was removed. Cells were 
washed twice with 0.1 mL salt solution to remove phenol red, which would oth-
erwise disturb the detection and quantification of luminescence. Cells were har-
vested using 30 µL of chemical lysis reagent (Promega). Exposed plates were 
stored at -20 °C for a maximum of two weeks. 

 

    

Fig. 2.4 Exposure of DR-CALUX cells (left side, source: BDS). Nitrile gloves are safer 
against contamination with 2,3,7,8-TCDD and other toxic compounds dissolved in 
DMSO than latex gloves. Light microscopy image of H4IIE cells forming a confluent 
mono-layer (right side). 

2.2.2 Measurement of Luciferase Activity 

Luciferase activity is quantified via the enzymatic catalyzed transformation of 
luciferin to oxyluciferin. The light emitted during this chemiluminescent trans-
formation is a direct measure for the exposure level of the cells to receptor 
ligands and can be determined in a straightforward way. 

Prior to measurement of luciferase activity, plates were shaken at room tempera-
ture for 10 minutes or for 20–30 minutes if they had to be thawed. The plate was 
placed into the luminometer (MLX Microplate Luminometer, Dynex, Chantilly, 
USA, Table 2.1) and measurement was started. To each well, 0.1 mL of flash-
mix containing D-luciferin (470 µM, Synchem, Kassel, Germany) and co-factors 
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(20 mM tricine, 1.07 mM C H Mg4 2 5O14·5H2O, 2.67 mM MgSO4·5H2O, 0.1 mM 
EDTA, 33.3 mM DTT, 270 µM co-enzyme A, 530 µM ATP; pH 7.8) were in-
jected to start the light emission. After 12 seconds, 0.1 mL of 0.2 M NaOH solu-
tion were added to stop the chemiluminescent reaction in order to prevent adja-
cent wells from affecting each other’s light emission. Luciferase activity was re-
corded in relative light units (RLUs) as the total integral of light intensity during 
an integrate window of 10 seconds (i.e., the sum of the RLU values of all the 
readings recorded during the integrate window) (Fig. 2.5). 

 
 

Time (seconds)

L
ig

h
t

in
te

n
s
it

y
(R

L
U

)

Total Read Time (14 seconds)

Integrate Window (10 seconds)

D
e
la

y
W

in
d
o
w

Addition of
flash-mix

Addition
of NaOH  

Fig. 2.5 Course and measurement of light intensity during a flash assay (modified 
from: Operator’s Manual for MLX Microplate Luminometer, Dynex, Chantilly, VA, 
USA, 1997). 

Commercially available luciferase assay reagent is expensive. If many plates are 
measured, it is worth organizing the ingredients and preparing the flash-mix in 
the lab. Flash-mix can be stored in light-save HDPE bottles at -20 °C for a 
maximum of three month or at -80 °C for up to one year. In this work, no differ-
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ence in performance was found between a purchased reagent (Promega) and the 
“own” flash-mix. 

 

 

Table 2.1 Specifications for the electro-optical system of 
the MLX Microplate Luminometer (Dynex) 

Performance  

Dynamic range 0.0008–10,000 RLUs 

Linearity r2 > 0.999 from 0.001 to 9,900 RLUs 

Resolution ± 0.001 RLUs from 0.001 to 10 RLUs 

± 0.002 RLUs from 10 to 1,000 RLUs 

± 0.02 RLUs from 1,000 to 10,000 RLUs 

Readings 100 readings per second 

400–650 nm Spectral response 

 

 

2.2.3 Data Analysis 

Calculation of Reference Compound Equivalent Concentrations 

A dilution series of a reference compound was always included in triplicate on 
each plate (Fig. 2.3). The reference compound for the ER-CALUX assay was E2 
(0.6, 1, 3, 6, 10, 30, 60 pM) and for the DR-CALUX assay 2,3,7,8-TCDD (0.3, 
1, 3, 10, 30, 100, 300 pM). Prior to data analysis, RLU values obtained for refer-
ence compounds and samples were corrected for background signal (solvent con-
trols). A three-parametric sigmoidal regression model (equation 2.1) was fitted to 
the dose–response data (nonlinear, S shape) of the reference compound, using a 
least-squares approach (Microsoft Excel 2003). Luciferase activity induced by 
samples was expressed as E2-CALUX equivalent (E2-CEQ) concentrations or as 
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2,3,7,8-TCDD-CALUX equivalent (TCDD-CEQ) concentrations. This was done 
by applying the regression equation of the reference compound to solve for the 
E2 or 2,3,7,8-TCDD concentration associated with the response level of the 
sample dilution/concentration chosen for quantification (equation 2.2). 
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In equations (2.1) and (2.2), y is the measured activity in RLUs (corrected for 
background activity of DMSO), x the concentration of the reference compound, 
k1 the maximum response of the reference compound, k2 the EC50 of the refer-
ence compound, and k3 a slope factor (negative values, k3 < 0). 

Generally, the induction level of the tested sample concentration influences the 
calculated reference compound equivalent concentrations. This is because, in 
most cases, samples and reference compounds do not show parallel dose–
response relationships. Therefore, sample concentrations were chosen for quanti-
fication that induced luciferase activity corresponding to a narrow range of re-
sponse on the reference curve, that is, between the limit of quantification (LOQ) 
and 20–30% of the maximum response of the reference compound. 

Relative Potency (REP) Estimation 

In toxicology, the concentration needed to elicit 50% of the observed maximum 
response, termed 50%-effect concentration (EC50), is traditionally used as the 
standard point estimate for describing the potency of a chemical to elicit a speci-
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fied response in an organism or test system. EC50-based relative potencies are 
calculated as follows: 
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In equation (2.3), A is the reference compound and B is the test compound. 
Analogously, point estimates at any other defined magnitude of response (ECi, 0 
< i ≤ 100) can be used to calculate relative potencies. However, REPs based on a 
ratio of point estimates are valid only if the compounds that are compared show 
parallel dose–response curves [4]. Parallelism means that the dose–response 
curves must have a common slope and an identical level of the maximum re-
sponse (i.e., identical efficacy). For parallel curves, the only difference is their 
position along the x-axis of the concentration–response plot. In contrast, if 
curves do not meet these conditions, relative potency is a function of the concen-
tration [4]. For nonparallel dose–response relationships, REPs calculated, for ex-
ample, with EC20s, EC50s, and EC80s differ from each other. The use of a sin-
gle point estimate could lead to misleading and/or inaccurate interpretations. 
Nonparallel dose–response curves are observed especially when analyzing and 
comparing complex mixtures such as environmental samples. Variations in curve 
shape are probably due to interactions between different components of the mix-
ture. For example, the presence of direct and indirect antagonists may lead to a 
more gradual slope and to a lower maximum response. In general, all compounds 
that interact with certain aspects of cell function involved in the pathway of in-
terest may modulate the curve shape [21]. Besides complex mixtures, also indi-
vidual chemicals can produce nonparallel dose–response curves relative to a ref-
erence compound because of effects such as partial agonism, differences in bind-
ing affinities, in vitro toxicokinetics, solubility, and sensitivity to environmental 
conditions [4]. Furthermore, limited solubility, limited sample volume, and the 
need to converse samples for other analyses can limit the ability to achieve full 
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dose–response curves. As a result, sample efficacy is often unknown, as for ex-
ample shown in chapter 3 (Fig. 3.3). Hence, distinct variations in dose–response 
relationships between samples or relative to a reference compound can be ob-
served. 

To be meaningful for risk assessment, REP estimates must be representative of 
the relationship between sample and reference compound over the entire range of 
response [4]. For nonparallel dose–response relationships, the most accurate way 
would be to report REPs as a function rather than as a quantitative estimate. But 
this would make data interpretation and risk assessment rather complicated. Al-
ternatively, multiple point estimates along the effective range of responses are 
recommended [4]. REP ranges provide a measure of the potential range of uncer-
tainty in REP values that is generated by selection of the response level at which 
a point estimate is taken (i.e., uncertainty due to nonparallel slopes). In addition 
of presenting uncertainties in REP estimation, multiple point estimates provide 
an empirical method for testing of parallelism of curves. The REP range for par-
allel curves should be, in theory, a single value. The greater the REP range, the 
greater the curves deviate from parallelism. Villeneuve and coworkers proposed 
reporting a REP range based on 20–80% of the maximum response achieved for 
the reference compound (REP20–80 range) [4]. The simplest approach for calculat-
ing the REP20–80 range involves the calculation of REP values at response levels 
that correspond to 20, 50, and 80% of the maximum response of the reference 
compound, using equation (2.4). 
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In equation (2.4), ECi ref is the concentration of the reference compound (ref) 
exhibiting a response at an activity level (i), which corresponds to 20, 50, or 80% 
of the maximum luciferase induction of the reference compound. Conc EQ  B is i
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the concentration of the test compound (B) inducing the same activity as the ECi 
of the reference compound. As pointed out, especially environmental mixtures 
often show non-parallel dose–response curves compared to the reference com-
pound or to other samples. Moreover, full dose–response curves can often not be 
achieved. Therefore, it is a better approach to use activity levels based on the ref-
erence curve (i.e., EC  ref and Conc EQi i B) than based on each test compound’s 
EC20, EC50, and EC80 (i.e., equation 2.3). 

2.2.4 Quality Assurance/Quality Control 

According to the protocols of BDS, certain quality criteria had to be met by each 
plate to assure that the exposure experiment was of acceptable performance and 
to allow calculation of reference compound equivalent concentrations. The fol-
lowing quality criteria were used for the reference curve: (i) The induction factor 
(IF) of the reference curve (IF = (a0 + RLUDMSO)/RLUDMSO) had to be equal or 
higher than 6 for both assays to guarantee good responsiveness of the assay. (ii) 
The EC50 had to be between 2–8 pM and 6–18 pM for E2 and 2,3,7,8-TCDD, 
respectively, to control for optimal sensitivity. (iii) The correlation coefficient 
(r2) of the curve fit had to be equal or higher than 0.98. 

Furthermore, BDS also established quality criteria for the samples: (i) Relative 
standard deviations of triplicate determinations had to be lower than 15%. Oth-
erwise, measurements were discarded. (ii) The protocols of BDS state that the 
response of a sample has to be higher than the limit of quantification (LOQ) and 
lower than the luciferase activity at the EC50 of the reference compound. In this 
work, a narrower range for quantifications was chosen, that is, between the LOQ 
and EC20–30 of the fitted reference curve. It has been shown that CALUX de-
terminations performed on the lower part of the curve of the reference compound 
result in more precise and less variable values and thus give more reliable results 
[22]. Preliminary range-finding experiments were performed to produce quanti-
fiable sample responses. In doing so, optimal dilution or concentration factors 
could be determined for the quantification of sample activity. Triplicate determi-
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nations were repeated in several independent exposure experiments to confirm 
obtained data. 

The limit of detection (LOD) was defined as 3 times the standard deviation of 
the solvent control in RLUs. This RLU value was calculated and subsequently 
interpolated into the fitted reference curve. The limit of quantification (LOQ) 
was set at 10 times the standard deviation of the solvent control. The LOD and 
LOQ were calculated for each individual plate. In this work, LOQs based on 
long-term means determined by BDS were used to decide if a sample could be 
quantified or not (1.5 pM E2, 1 pM 2,3,7,8-TCDD). 

Internal reference materials (IRM) and the 3 pM concentration point of E2 or 
2,3,7,8-TCDD were used to control assay performance. If their assay responses 
were within two standard deviations of the long-term mean, the results of a mi-
crotiter plate were considered as reliable. The plate IRM for the ER-CALUX 
consisted of 17α-ethinyl estradiol (EE2; Fluka, Buchs, Switzerland) and for the 
DR-CALUX of a PCB congener mixture (AccuStandard, New Haven, USA). 

DR-CALUX cells can be used up to passage 60 (or even 80) as long as the refer-
ence curve still meets the quality criteria. According to the BDS protocol, ER-
CALUX cells can be passaged a maximum of 20 times. Own experiments 
showed that also cells with higher passages meet the quality criteria. 
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3.1 Introduction 

3.1.1 Related Publication 

This chapter is adapted from the following publication: 

Wenger D, Gerecke AC, Heeb NV, Naegeli H, Zenobi R. 2008. Catalytic diesel 
particulate filters reduce the in vitro estrogenic activity of diesel exhaust. Ana-
lytical and Bioanalytical Chemistry, 390: 2021-2029. 

3.1.2 Introduction to the Topic 

Diesel engines emit a complex mixture of carbonaceous soot particles, conden-
sate droplets, and hundreds of particle-bound, droplet-dissolved, or gaseous 
compounds [1]. The main exhaust constituents are the different oxides of carbon 
(CO, CO2), nitrogen (NO, NO2), hydrogen (H2O), and sulfur (SO2, SO3) [2]. In 
addition, other partially oxidized compounds such as aldehydes, ketones, and 
phenols are found. Various hydrocarbons, either unburned fuel constituents or 
decomposition- and recombination products such as alkanes, alkenes, and aro-
matic hydrocarbons, are present at trace levels (i.e., μg-, ng-, pg-quantities) [2]. 
Diesel combustion contributes appreciable numbers of fine (aerodynamic diame-
ter <2.5 μm) and ultrafine (<0.1 μm) particles to the air of urban and heavy traf-
fic areas [3] and of work places such as mines and construction sites [4]. Expo-
sure to diesel exhaust and particularly to diesel exhaust particles is associated 
with airway inflammation, asthma, allergies, cardiovascular diseases [5; 6], and 
probably also with lung cancer [7]. Compounds emitted by diesel engines exhibit 
various chemical structures, physico-chemical properties, toxicities, and physio-
logical effects. Some of these compounds are potential or known endocrine dis-
ruptors [8-10]. By mimicking or antagonizing naturally occurring hormones 
and/or by modulating hormonal responses, endocrine disruptors interfere with 
the normal functioning of endocrine systems in humans and animals and thereby 
lead to adverse health effects (reviewed in [11; 12]). Chemicals capable of dis-
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rupting the action of sex hormones (e.g., estrogens) have received most attention. 
This is due to (i) their endocrine-disrupting effects, as observed in laboratory 
animals, (ii) their potential role in wildlife reproductive problems, and (iii) their 
potential association with reproductive disorders and hormone-sensitive cancers 
in humans [11; 12]. 

In our study, we investigated the estrogenic and antiestrogenic activity of diesel 
exhaust. We used an in vitro reporter gene assay, the Estrogen-Responsive C
hemical-Activated Luciferase gene Expression (ER-CALUX) assay [13], to de-
tect and measure compounds that induce or inhibit gene expression mediated by 
the estrogen receptor (ER). Alterations in gene expression are thought to repre-
sent an early but critical step in the regulation of biological processes [12]. The 
ER, of which two subtypes have been found in humans (ERα, ERβ), belongs to 
the nuclear receptor superfamily (reviewed in [14]). It functions as a ligand-
inducible transcription factor, mediating the effects of natural estrogens, of 
which 17β-estradiol (E2) is the major endogenous estrogen. Estrogens regulate 
the growth, differentiation, and functioning of diverse target tissues. Compounds 
that bind competitively to the ER are defined as direct-acting estrogenic and an-
tiestrogenic compounds [15]. These ER ligands act either as agonists or antago-
nists at the receptor. Upon binding, ER agonists induce conformational changes 
in the receptor, which lead via several events to receptor dimerization, receptor-
DNA interaction, and, finally, to changes in the transcription rate of estrogen-
responsive genes [14]. In CALUX cells, the ER-controlled reporter gene coding 
for luciferase is also expressed [13]. Contrary to ER agonists, antagonists block 
the action of estrogens. Direct-acting ER antagonists such as ICI 182,780, a 7α-
alkylsulphinyl analogue of E2, bind to the ER competitively and inhibit tran-
scription of ER-regulated genes [16]. However, certain compounds do not evoke 
direct effects on the estrogen system via binding to the ER. Aryl hydrocarbon re-
ceptor (AhR) agonists, such as polychlorinated dibenzodioxins and furans 
(PCDD/Fs), induce antagonistic effects on the ER signal transduction pathway, 
probably via several other mechanisms (reviewed in [17]). In summary, com-
pounds present in diesel exhaust may exhibit complex interactions with the ER 
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and its signal transduction pathways. Estrogen-sensitive reporter gene assays, 
such as the ER-CALUX assay, account for additive or antagonistic interactions 
and integrate the ER-mediated activity exhibited by all estrogenic or antiestro-
genic compounds, either known or unidentified, present in a sample [13]. 

Preceding in vitro studies have shown that diesel particles, a fraction of diesel 
exhaust, contain potential endocrine disruptors that may modulate the activity of 
estrogens in vivo. For example, Meek [18] reported that compounds present in an 
extract of diesel particles activated the ER in MCF-7 human breast cancer cells 
and the AhR in Hepa1c1c7 mouse hepatoma cells. Okamura et al. [19] observed 
antiestrogenic activity in MCF-7 cells induced by extracts of diesel particles. No 
significant estrogenic activity was found when testing a single concentration of 
each extract; however, a study on the dose-dependent response was not reported. 
Wang et al. [20] found weak but clear estrogenic activity in an extract of diesel 
particles, using a human ER recombinant yeast assay. Furuta et al. [9] isolated 
nitrophenols from diesel particles and showed that 3-methyl-4-nitrophenol and 4-
nitro-3-phenylphenol exhibited estrogenic activity in a recombinant yeast assay, 
in an in vivo uterotrophic assay, and in a myometrial contractility assay. Other in 
vivo findings have demonstrated that exposure to diesel exhaust affects both the 
male and female reproductive systems of rats [21-23] and mice [23-25]. Epide-
miologic studies have suggested that occupational exposure to diesel exhaust 
elevates the risk for ovarian cancer in female workers from different fields [26] 
and decreases semen quality in motorway tollgate workers [27]. 

In contrast to previous in vitro investigations, the study presented herein exam-
ines the ER-mediated activity of integral samples, including particle-bound, 
droplet-dissolved, and semivolatile constituents of diesel exhaust. Exhaust was 
collected from a heavy-duty diesel engine operated according to an 8-stage test 
cycle (ISO 8178/4 C1), which covers typical field conditions. The overall ER-
mediated activity was quantified as equivalents of E2. We also investigated the 
influence of dose and exposure time on ER-mediated activity of diesel exhaust. 
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Furthermore, we evaluated for the first time effects of catalytic diesel particulate 
filters (DPFs) on emissions of estrogenic and antiestrogenic compounds. 

DPFs were developed to counteract adverse health effects associated with diesel 
particles. Most of current DPF-technology lowers the number of emitted parti-
cles by more than 95% [4; 28]. Besides this primary effect, also secondary ef-
fects occur, which result from physical filtering of particle-associated com-
pounds and from chemical transformation of exhaust constituents (i.e., formation 
and degradation) within DPFs. Unwanted side-reactions, such as halogenation or 
nitration of primary exhaust constituents, may lead to increased emissions of 
toxic compounds. Conditions in the DPF that promote such unfavorable secon-
dary effects are described elsewhere [4; 8]. In summary, primary and secondary 
effects of DPFs alter the composition of diesel exhaust. Thus, the application of 
DPFs may also affect emissions of estrogenic and antiestrogenic compounds. As 
a consequence, ER-mediated activity of the exhaust will increase or decrease. 
For example, under the assumption that the influence of antiestrogenic com-
pounds is negligible, a decrease in ER-mediated activity is expected if an appre-
ciable amount of ER agonists is sorbed (i.e., adsorbed or absorbed [29]) to 
trapped diesel particles and no secondary formation of ER agonists occurs.  

Three major classes of DPFs can be distinguished depending on the strategy used 
for filtering and combustion of diesel particles: (i) filters built of porous or fi-
brous substrates coated with catalysts, typically noble metals, (ii) filters consist-
ing of uncoated substrates, which accumulate fuel-borne catalysts, typically tran-
sition-metal oxides, and (iii) uncoated filters, which use active regeneration, for 
example burners [1]. DPF regeneration demands a minimum temperature of 550 
°C and an oxygen content of 5%, which cannot be attained without catalytic 
combustion or additional burners/heaters [1; 30]. In the present study, we evalu-
ated two commercial, uncoated, cordierite-based, wall-flow DPFs, for which soot 
combustion was either catalyzed with an iron- or a copper/iron-based fuel addi-
tive (i.e., fuel-soluble metal catalysts). We investigated effects of both DPF sys-
tems on the ER-mediated activity of the exhaust, using either chlorine-free or 
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chlorine-enriched diesel fuels. As discussed elsewhere [4; 8], experimental con-
ditions with chlorine-enriched fuel represent a worst case scenario with respect 
to the secondary formation of chlorinated AhR agonists, such as PCDD/Fs. 
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3.2 Experimental Section 

Diesel Engine Operation and Sampling Devices 

Exhaust was generated using a heavy-duty diesel engine with direct fuel injec-
tion (type D914T, 6.11 L, 4 cylinders, 105 kW, Liebherr, Bulle, Switzerland). 
The engine was run with commercial low-sulfur diesel fuel (class D, SN 181190-
1:2000, density: 824.3 kg m-3, cetane number: 56.0, sulfur: 16 mg kg-1), subse-
quently called reference fuel. The fuel did not contain iron, copper or chlorine 
above experimental detection limits of 0.1, 0.1 and 2 µg g-1, respectively, as 
shown by wavelength dispersed X-ray fluorescence spectrometry (WD-XRF, 
PW 2400, Phillips) and by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Vista Pro, Varian) [4]. A chlorine content of 120 µg g-1 was 
determined for the lubricant (Universal SAE, 15W40) [2]. The diesel engine was 
operated according to the 8-stage ISO 8178/4 C1 test cycle, which is described in 
detail in chapter 4 (Fig. 4.1). 
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Fig. 3.1 Scheme of an all-glass sampling device used to collect samples of unfiltered 
diesel exhaust and samples of exhaust treated by diesel particulate filter (DPF). Each 
exhaust sample was collected in an individual sampling device. Exhaust flow in the 
sampling devices was ≤2 m3 h-1. 
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Sampling was performed according to the filter/condenser method described in 
European Standard EN-1948-1 [31]. All-glass sampling devices (Fig. 3.1), con-
sisting of a sampling probe, a quartz fiber filter, a cooler, a condensate separator, 
and a two-stage adsorber unit (XAD-2), were used to obtain samples that in-
cluded particle-bound, droplet-dissolved, and semivolatile compounds. Samples 
were collected in individual sampling devices, which all had been cleaned and 
heated (450 °C) to remove any traces of organic contaminants. Aliquots of undi-
luted exhaust, which were proportional to the actual mass flow, were taken dur-
ing two consecutive runs (200 min) of the test cycle, yielding 4.4-6.7 m3 of ex-
haust per sample. Table 3.1 describes the collected samples. 

 

 

Table 3.1 Experimental conditions during generation of diesel exhaust samples 

Sample codea Chlorine [μg g-1] Fuel additive [μg g-1] DPFb

Ref none (<2) none (<0.1/<0.1) none 

Fe none (<2) Fe (4.5) none 

FeF none (<2) Fe (4.5) F 
Cu none (<2) Cu (9)/Fe (7.5) none 

CuF none (<2) Cu (9)/Fe (7.5) F 
Cl Cl (14) none (<0.1/<0.1) none 

ClFe Cl (14) Fe (4.5) none 

ClFeF Cl (14) Fe (4.5) F 
ClCuF Cl (14) Cu (9)/Fe (7.5) F 
xClCuF xCl (110) Cu (9)/Fe (7.5) F 

a A low-sulfur diesel fuel was used in all experiments: Ref, reference fuel; Fe, reference 
fuel with iron-based additive; Cu, reference fuel with copper/iron-based additive; Cl, xCl, 
chlorine-enriched reference fuel; F, exhaust treatment by diesel particulate filter (DPF). b 
Two new, uncoated, cordierite-based, wall-flow DPFs (Greentop) were tested. 
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Diesel Particulate Filters and Fuel Additives 

Two new, uncoated, cordierite-based, monolithic, wall-flow DPFs (100 CPSI, 
22.8 L, Greentop, Grävenwiesbach, Germany) were tested in combination with 
an iron- or a copper/iron-based fuel additive as catalysts (ITN, Krakow, Poland). 
Both additives were mixed with reference fuel to yield two blends with final iron 
and copper/iron concentrations of 4.5 and 9.0/7.5 μg g-1, respectively, as deter-
mined by ICP-OES [4]. The chemical composition of both fuel additives is not 
public domain knowledge. 

Chlorine in the form of 1,6-dichlorohexane (Fluka, Buchs, Switzerland) was 
mixed to reference fuel, resulting in chlorine levels of 14 and 110 μg Cl g-1, as 
determined by WD-XRF [4]. This simulated a worst case scenario for a secon-
dary formation of chlorinated AhR agonists such as PCDD/Fs [4; 8]. Hence, ef-
fects of both DPFs on ER-mediated activity of the exhaust were studied using 
chlorine-free (<2 μg Cl g-1 [4]) and chlorine-enriched fuels (Table 3.1). 

Sample Extraction 

All solvents were pro analysis quality or better and were purchased from Merck 
(Darmstadt, Germany) or Biosolve (Valkenswaard, The Netherlands). After 
sampling, each sampling device was rinsed with acetone, toluene, and dichloro-
methane. The condensate was extracted with dichloromethane and hexane. The 
rinsing solvents and the extract of the condensate were combined, concentrated, 
and diluted with toluene. The toluene-diluted extract was used to extract XAD-2 
adsorbens and filter materials for 24 hours, using a Soxhlet apparatus. The Sox-
hlet extract was filtered, dried with Na2SO4, and concentrated to a final volume 
of approximately 1 mL. Five percent (w/w) were transferred to a volumetric 
flask and adjusted to 20 mL. From this, 0.25–0.75 mL were used to prepare sam-
ples for ER-CALUX analysis. The solvent was evaporated (50 °C, N2) and, at 
the point of dryness, 0.01 mL of dimethylsulfoxide (DMSO, extra pure, Merck, 
Darmstadt, Germany) was added. Samples in DMSO were stored in the dark at a 
temperature of 4 °C. 
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Blank Control and Sampling Spike 

A sampling device, which was not used for sampling, was extracted and pre-
pared for assay analysis, as described above. This yielded a blank control cover-
ing sampling, extraction, and sample preparation for assay analysis. The average 
sample volume (5.8 m3) was used to calculate the assay response of the blank 
control per cubic meter of diesel exhaust. ER-mediated activity determined for 
the blank control corresponded to an E2 equivalent concentration of 0.12 ± 0.04 
ng E2-CEQ m-3. This was 5–16 times below the concentrations detected in the 
exhaust samples (Fig. 3.4). 

As described in details in the experimental section of chapter 4, a 13C-labeled 
mixture of compounds (naphthalene, phenanthrene, pyrene, and 1,2,3,4,6,7-
hexachlorodibenzodioxin) was spiked to the sampling devices to estimate overall 
sampling and work-up recoveries. The final DMSO solution of the sampling 
spike did not exhibit any detectable ER-mediated activity. 

Reporter Gene Assay 

The ER-CALUX assay is an in vitro reporter gene assay used to detect ER-
mediated gene expression [13]. The assay is based on human breast adenocarci-
noma T47D cells that are stably transfected with the ER-controlled luciferase re-
porter gene construct pEREtata-Luc (i.e., T47D.Luc cells). ER agonists induce 
luciferase gene expression in a dose-dependent manner and are indirectly de-
tected via luciferase activity. 

Cell culture and assay analysis were performed as previously described [32] (see 
also chapter 2). All media and supplements used were from Gibco (Paisley, Scot-
land). T47D.Luc cells were seeded in 96-well microtiter plates (Nunc, Rochester, 
USA) at a density of 10,000 cells per well and were maintained in 0.1 mL D-
MEM/F-12 phenol red free medium, which was supplemented with NaHCO3 
(1.26 g L-1), 1% (v/v) non-essential amino acids, and 5% (v/v) DCC-stripped 
FBS (Australian origin). After 24 h of incubation (37 °C, 5% CO2, 100% relative 
humidity), medium was renewed and cells were incubated for another 24 h. 
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Sample extracts, solvent controls, a plate internal reference compound (EE2), 
and a serial dilution of E2, all dissolved in DMSO, were diluted 1000-fold in D-
MEM/F-12 (containing NaHCO3, amino acids, stripped FBS). This yielded ex-
posure media with a final DMSO concentration of 0.1% (v/v). After removing 
the medium from the microtiter plates, T47D.Luc cells were exposed in triplicate 
to 0.1 mL of exposure medium. ER-mediated activity was quantified after an ex-
posure time of 24 h. Triplicate analysis of each sample was repeated in a total of 
3–4 independent exposure experiments. To assess the influence of dose and time 
on ER-mediated activity, cells were exposed for 12, 24, 48, and 72 h with a dilu-
tion series of samples Ref and xClCuF (Table 3.1). After exposure of cells, me-
dium was removed and 30 μL lysis reagent (Promega, Madison, USA) was 
added. Luciferase activity was measured as relative light units (RLUs) on a mi-
croplate luminometer (MLX, Dynex, Chantilly, USA) using luciferase assay re-
agent [32]. All RLU values were corrected for background activity detected in 
the presence of DMSO alone. Data obtained from the E2 dilution series were fit-
ted to a sigmoid curve (chapter 2, equation 2.1; user-defined curve fit in Micro-
soft Excel 2003). Luciferase activities induced by extracts of diesel exhaust were 
converted to E2-CEQ concentrations by using the inverse function of the fitted 
E2 curve (equation 2.2). Details on cell culture and quality assurance/quality 
control for assay analysis are given in chapter 2. 

An ER antagonist, ICI 182,780 (Tocris Bioscience, Avonmouth, U.K.) [16], was 
mixed with E2 (3 pM, 10 pM) and with two samples (Ref, xClCuF), yielding a 
final concentration of 10 nM ICI 182,780 [13] and 0.2% DMSO. This was done 
to test whether detected luciferase activity was ER-mediated or not. 

Testing Mixture Effects 

Extracts of diesel exhaust were tested in combination with a low concentration of 
E2 (3 pM) [13] to assess, whether luciferase activities induced by E2 and diesel 
exhaust are additive or whether compounds present in diesel exhaust suppress 
the activity of E2. Stably transfected cells (T47D.Luc) were exposed for 24 h to 
mixtures of E2 and exhaust samples at a final DMSO concentration of 0.2%. On 
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the same plate, E2 (3 pM) and samples were analyzed individually (0.2% 
DMSO). The same sample dilutions were used as for quantification of the overall 
ER-mediated activity after 24 h of exposure. Luciferase activities, induced by E2 
alone (3 pM) and samples alone, were converted into pM E2-CEQs using the fit-
ted dose-response curve of E2. The arithmetic sum of the E2-CEQ concentration 
of E2 and of a sample yielded the expected estrogenic activity of the mixture, as-
suming that activities were additive. The actually measured estrogenic activity of 
the mixtures was expressed as percentage of the expected E2-CEQ concentra-
tion. 

Statistics 

Single-factor ANOVA with post hoc testing (Tukey) was performed for multi-
sample comparisons (Systat 10). P-values are mentioned in the results and dis-
cussion section. 
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3.3 Results and Discussion 

3.3.1 Suitability of the ER-CALUX Assay 

The ER-CALUX assay was used to detect and quantify constituents of diesel ex-
haust that trigger 17β-estradiol (E2)-like gene expression. To test whether meas-
ured luciferase activities were estrogen receptor (ER)-mediated or induced by 
other pathways, we mixed an antagonist for the ER (10 nM ICI 182,780) with E2 
(3 pM, 10 pM), with a sample of unfiltered exhaust (Ref, Table 3.1), and with a 
sample of filtered exhaust (xClCuF, Table 3.1). 
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Fig. 3.2 Estrogen receptor (ER)-mediated luciferase induction (ER-CALUX, 24 h of 
exposure) of 17β-estradiol (E2, grey columns) and samples of unfiltered and filtered 
diesel exhaust (Ref, xClCuF, black columns). The diesel exhaust samples represent 
different sample volumes. No luciferase activity was detected (i.e., <LOD) after addi-
tion of an antagonist for the ER (10 nM ICI 182,780, with antagonist). Data are ex-
pressed as luciferase induction in percent of the highest calibration point used (60 pM 
E2). Columns show the mean of a triplicate determination in one exposure experiment 
(relative standard deviation <10%). 
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As shown in Fig. 3.2, luciferase was expressed in the presence of E2 and in the 
presence of the exhaust samples. After addition of the antagonist (ICI 182,780), 
luciferase induction by E2 and by both samples was completely inhibited. Cells 
were examined under the light microscope at the beginning and at the end of an 
exposure experiment. No morphological changes were evident that pointed to cy-
totoxic effects induced by the tested mixtures. Thus, E2 and both diesel exhaust 
samples exhibited ER-mediated activity in the ER-CALUX assay. 
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Fig. 3.3 Dose–response curves of 17β-estradiol (0.6–60 pM E2, rhombs), a sample of 
unfiltered diesel exhaust (Ref, circles), and a sample of diesel exhaust treated by die-
sel particulate filter (xClCuF, triangles) (ER-CALUX, 24-h data). Data are expressed 
as luciferase induction in percent of the 60 pM E2 calibration point. Each data point 
represents the mean ± standard deviation of a triplicate determination in one expo-
sure experiment. 
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Fig. 3.3 shows the dose–response curve of E2, the reference compound used. 
Unfiltered (Ref) as well as DPF-treated exhaust (xClCuF) induced a dose-
dependent response, which was similar to the lower part of the E2-curve (Fig. 
3.3). For both exhaust samples, a full dose–response curve could not be achieved 
due to the high viscosity and/or precipitation occurring in highly undiluted sam-
ples. Nevertheless, quantitative analysis was possible, because dose-dependent 
activity of the exhaust samples was found between the limit of quantification 
(LOQ) and the 25%-effect concentration (EC25) of E2. For the definition of the 
LOQ, please see chapter 2 (section 2.2.4). To calculate E2-CALUX equivalent 
(E2-CEQ) concentrations, we selected sample dilutions that induced luciferase 
activity near to the LOQ, but not above 20% of the maximal induction level of 
E2 (i.e., activity at EC20). CALUX analyses performed on the lower part of the 
curve of the reference compound result in more precise and less variable data 
and thus give more reliable results [33]. 

The ER-CALUX assay is based on living cells that can be affected by numerous 
factors, which may vary over time, for example, variations in cultivation condi-
tions or variations in cell numbers per well of a plate. For each sample, determi-
nation of the E2-CEQ concentration was repeated by the same operator on 3–4 
different days. The relative standard deviation (RSD) of these inter-plate deter-
minations was 3–19% (appendix B, Table S1). This is well below 30% RSD, a 
quality criterion commonly accepted for bioassay analyses of food and feedstuff 
[33]. 

3.3.2 ER-Mediated Activity of Unfiltered Diesel Exhaust 

After an exposure time of 24 h, all tested extracts exhibited ER-mediated activ-
ity, which was expressed as E2-CEQ concentrations (Fig. 3.4). For diesel ex-
haust generated with reference fuel (sample Ref), we determined a concentration 
of 1.63 ± 0.31 ng E2-CEQ m-3. Substituted phenols and their derivatives as well 
as PAHs and their derivatives have been identified so far as compounds with 
known or suspected ER-mediated activities present in diesel exhaust [9; 10; 20]. 
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Fig. 3.4 Overall estrogenic activity (ER-CALUX, 24-h data) of unfiltered (black bars) 
and filtered (grey bars) exhaust. Activity is expressed as 17β-estradiol-CALUX 
equivalents per cubic meter of diesel exhaust (E2-CEQ m-3). Experimental conditions: 
Ref, reference fuel; Fe, fuel with iron-based catalyst (4.5 μg Fe g-1); Cu, fuel with cop-
per/iron-based catalyst (9.0 μg Cu g-1; 7.5 μg Fe g-1); Cl, chlorine-enriched fuel (14 μg 
Cl g-1); xCl, chlorine-enriched fuel (110 μg Cl g-1); F, exhaust treatment by diesel par-
ticulate filter. Each bar represents the mean ± standard deviation of 3–4 independent 
exposure experiments. (***, p ≤ 0.001, compared with Ref, Tukey post hoc test). 

In comparison to the reference point (Ref), the E2-CEQ concentrations were 
lowered when blending the reference fuel with the iron- or copper/iron-based 
catalyst (Fig. 3.4). We measured 1.31 ± 0.13 ng E2-CEQ m-3 in sample Fe and 
1.05 ± 0.07 ng E2-CEQ m-3 in sample Cu. The observed decrease was significant 
for the copper/iron-based sample (p = 0.001), but not for the iron-based sample 
(p = 0.146). We conclude that the copper/iron-based catalyst already reduced the 
estrogenic activity of the exhaust by 36% even without a DPF. As shown in Fig. 
3.4, the presence of some chlorine (14 μg Cl g-1) did not affect the ER-mediated 
activity of the emitted exhaust. We found 1.62 ± 0.24 ng E2-CEQ m-3 in the 
chlorine-based sample (Cl). Likewise, a combined use of chlorine (14 μg Cl g-1) 
and the iron-based catalyst did not exhibit a significant effect on ER-mediated 
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activity (p = 0.720). We measured 1.83 ± 0.17 ng E2-CEQ m-3 (ClFe). The effect 
of chlorine in combination with the copper/iron-based catalyst was not evaluated. 

 

Table 3.2 Overall ER-mediated activity of the exhaust 

Sample ng E2-CEQ m-3 ng E2-CEQ kWh-1 ng E2-CEQ L-1

Ref 1.63 ± 0.31 9.39 ± 1.78 33.7 ± 6.4 

Fe 1.31 ± 0.13 7.56 ± 0.78 27.1 ± 2.8 

FeF 0.74 ± 0.07 4.29 ± 0.40 15.4 ± 1.5 

Cu 1.05 ± 0.07 6.04 ± 0.41 21.7 ± 1.5 

CuF 0.55 ± 0.09 3.16 ± 0.50 11.3 ± 1.8 

Cl 1.62 ± 0.24 9.34 ± 1.38 33.5 ± 5.0 

ClFe 1.83 ± 0.17 10.53 ± 0.97 37.8 ± 3.5 

ClFeF 0.72 ± 0.09 4.16 ± 0.50 14.9 ± 1.8 

ClCuF 0.58 ± 0.04 3.32 ± 0.21 11.9 ± 0.8 

xClCuF 0.60 ± 0.02 3.46 ± 0.12 12.4 ± 0.4 

Avg of tests without DPFs 1.49 ± 0.31 8.57 ± 1.77 30.7 ± 6.3 

Avg of tests with DPFs 0.64 ± 0.09 3.68 ± 0.51 13.2 ± 1.8 

ER-mediated activity was determined using the ER-CALUX assay (cell exposure 24 h). Data 
show the mean ± standard deviation of 3–4 independent exposure experiments. Abbrevia-
tions: DPF, diesel particulate filter; Avg, average; E2-CEQ, 17β-estradiol-CALUX equiva-
lents. 

 

 

As mentioned, blending of the reference diesel fuel with the copper/iron-based 
catalyst resulted in a decrease of the E2-CEQ concentration by 36%. We suppose 
that the copper/iron-based catalyst converted some of the ER agonists to non-
activating compounds, for example, by oxidation of functional groups crucial for 
receptor binding. However, the use of metal-based fuel additives, which un-
avoidably leads to the formation of secondary nanoparticles of yet unknown tox-
icity and with diameters below 50 nm [30], is allowed in Switzerland only in 
combination with efficient filter technology. In case of the DPFs tested in this 
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study, blending of fuel with catalysts is necessary to properly combust soot 
trapped in DPFs. Besides the use of catalytic fuel additives, also catalyst-coated 
DPFs have been successfully introduced [28]. 

On average, 25.7 ± 0.2 L (21.4 ± 0.1 kg) of fuel were consumed during one pass 
of the ISO 8178/4 C1 test cycle at a mean engine load of 55.3 ± 0.1 kW resulting 
in 531.7 ± 12.1 m3 of dry exhaust [4]. With these mean parameters, ER-mediated 
activity per m3 of diesel exhaust can be converted to ER-mediated activity per 
kWh or per L and vice versa (Table 3.2). 

3.3.3 Effects of Diesel Particulate Filters on ER-Mediated Activity 

DPFs are increasingly used for on- and off-road applications due to more strin-
gent regulations for particulate matter emissions, for example, in several Euro-
pean countries, in Japan, and in the United States [1; 4]. Therefore, we were in-
terested in effects of DPFs on ER-mediated activity of the exhaust. In addition to 
samples of unfiltered exhaust, samples of filtered exhaust were analyzed using 
the ER-CALUX assay. Effects of the two additive-catalyzed DPF systems on 
emissions of estrogenic and antiestrogenic compounds were studied using chlo-
rine-free and chlorine-enriched diesel fuels (Table 3.1). 

Fig. 3.4 illustrates that both DPFs clearly lowered E2-CEQ concentrations. 
Compared to the reference point (Ref), the emitted E2-CEQ concentration was 
reduced by 55% in case of the iron-catalyzed DPF (p < 0.001) and by 66% in 
case of the copper/iron-catalyzed DPF (p < 0.001). Mean E2-CEQ concentra-
tions of 0.74 ± 0.07 ng E2-CEQ m-3 (FeF) and 0.55 ± 0.09 ng E2-CEQ m-3 (CuF) 
were found. These findings demonstrate a beneficial secondary effect of the two 
tested DPFs in respect to emissions of ER ligands. The observed decrease re-
flects effects of physical filtration and effects of the catalysts on compounds 
showing ER-mediated activity. Consequently, application of catalytic DPFs is 
expected to reduce the ER-mediated endocrine-disrupting potential of the ex-
haust. Furthermore, our results indicate that particles trapped in DPFs must act as 
carriers for a substantial part of the ER ligands present in diesel exhaust. The ap-

 



ER Ligands in Diesel Exhaust 77

proach used does not provide information on individual estrogenic and antiestro-
genic compounds. However, further efforts are needed to investigate differences 
in the composition of the active fractions of filtered and unfiltered exhaust, for 
example, by a combined use of the ER-CALUX assay and chemical analysis. 

According to our considerations in the introduction, we supposed that a decrease 
in estrogenic activity would be observed if an appreciable amount of estrogenic 
compounds is sorbed to trapped particles. Consequently, those estrogenic com-
pounds still released from the DPF would either not be sorbed to trapped parti-
cles or would be emitted at higher operating temperatures or formed in the DPFs 
(e.g., by selective hydroxylation of primary exhaust constituents). Interestingly, 
the efficiency of both DPFs to reduce the ER-mediated activity of the exhaust 
was lower than their efficiency to reduce the AhR-mediated activity. Both DPFs 
reduced emissions of AhR agonists by almost 90% (chaper 4) [8]. 

Addition of chlorine to the reference fuel (i.e., 14 or 110 μg Cl g-1) did not influ-
ence the efficiency of both DPFs to lower the estrogenic activity of the exhaust. 
E2-CEQ concentrations in samples FeF and ClFeF and accordingly in samples 
CuF, ClCuF, and xClCuF did not differ from each other (Fig. 3.4). In another in 
vitro study [8], we observed that AhR-mediated activity of the exhaust was mod-
erately increased compared to all other DPF-treated samples when the cop-
per/iron-catalyzed DPF was used in combination with diesel fuel of high chlorine 
content (sample xClCuF, Table 3.1). This was due to an intense secondary for-
mation of PCDD/Fs, as previously detected by chemical analysis [4]. PCDD/Fs 
activate the AhR and have been shown to induce antiestrogenic effects [17]. Al-
though a moderate increase of the overall AhR-mediated activity was found in 
case of sample xClCuF [8], we did not observe a suppressing effect on the total 
ER-mediated activity in comparison to other samples of filtered exhaust (Fig. 
3.4). 
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3.3.4 Mixture Effects of 17β-Estradiol and Diesel Exhaust 

As discussed, exhaust treatment by DPFs lowered the estrogenic activity of the 
exhaust. We hypothesized that this resulted either from physical filtering of ER 
ligands combined with effects of the catalysts or from a secondary formation of 
compounds that suppress estrogenic activity. To verify if antiestrogenic com-
pounds are of relevance, exhaust samples were mixed with E2 and the mixtures 
were tested using the ER-CALUX assay. 
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Fig. 3.5 Expected and measured mixture effects of 3 pM 17β-estradiol and unfiltered 
or filtered diesel exhaust. Estrogenic activities of 17β-estradiol (E2 alone, white bars) 
and of diesel exhaust (sample alone, grey bars) were measured individually, con-
verted into pM E2-CALUX equivalents (E2-CEQs) and summed, yielding the expected 
activities of the mixtures. The actually measured E2-CEQs induced by the mixtures 
(black bars) were expressed as percentage of the expected activity. Each bar repre-
sents the mean ± standard deviation of a triplicate determination in one exposure ex-
periment. (Sample Cl was not measured). 

Fig. 3.5 shows that all mixtures exhibited ER-mediated activity below the ex-
pected additive activity, which was defined as the sum of the individually tested 
activities of E2 and of diesel exhaust. ER-mediated activity of the mixtures was 
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even below the activity of E2 alone in case of samples ClFe, Cu, and CuF. Cyto-
toxic effects exhibited by the mixtures were not observed. These findings point 
to the presence of exhaust constituents that are able to suppress the activity of 
E2. Antiestrogenic activity has also been observed in earlier in vitro studies, for 
example, by Okamura and coworkers. [19]. Another study showed that monohy-
droxy derivatives of PAHs present in diesel exhaust exhibit estrogenic and anti-
estrogenic activities (reviewed by [23]). As illustrated by Fig. 3.5, there was no 
difference in the additivity between mixtures containing samples of unfiltered 
exhaust and mixtures containing samples of filtered exhaust. Thus, we suggest 
that exhaust treatment by DPF lowers the estrogenic activity of the exhaust by 
reducing emissions of ER ligands, but not via a secondary formation of anti-
estrogenic compounds. 

3.3.5 ER-Mediated Activity over Varying Exposure Times 

We used an exposure time of 24 hours to determine the E2-CEQ concentrations 
of the ten samples collected (Table 3.1). To test if ER-mediated activity of diesel 
exhaust changes over time, we exposed T47D.Luc cells to a sample of unfiltered 
exhaust (Ref) and to a sample of DPF-treated exhaust (xClCuF) at various expo-
sure times of 12, 24, 48, and 72 h. Longer exposure experiments were not con-
ducted because ideal conditions for cell culture could not be maintained (e.g., 
due to acidification of the medium). 

Fig. 3.6 illustrates that ER-mediated activity was nearly constant from 12 to 72 h 
of exposure. Exhaust treatment by DPF did lower the ER ligand level compared 
to the reference sample (Ref), but did not affect the ER-mediated activity during 
the tested exposure times. Fig. 3.6 indicates that ER ligands were not biotrans-
formed into non-activating compounds by T47D.Luc cells within 72 h. This may 
either be because the exposed cells do not possess the required metabolic path-
ways or because ER ligands in diesel exhaust are not degradable. To date, the 
metabolic capacity of in vitro bioassays for estrogenicity is not well understood 
[34]. It has been reported that T47D breast cancer cells express the cytochrome 
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P450 enzymes [13; 17], which are involved in the hydroxylation of estrogens and 
xenobiotics. Thus, T47D.Luc cells may possess some but probably not large 
metabolic capabilities. 
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Fig. 3.6 Overall estrogenic activity of a sample of unfiltered diesel exhaust (Ref, 
squares) and a sample of exhaust treated by diesel particulate filter (xClCuF, trian-
gles), determined using the ER-CALUX assay with varying exposure times (12–72 h). 
Estrogenic activities were expressed as E2-CALUX equivalents per cubic meter of 
diesel exhaust (E2-CEQ m-3). Each data point represents the mean of a triplicate de-
termination in one exposure experiment (relative standard deviation ≤25%). 

In contrast to ER-mediated activity, AhR-mediated activity of unfiltered and fil-
tered exhaust decreased by more than 90% over an exposure time of 72 h (chap-
ter 4, Fig. 4.5) [8], as detected using an in vitro reporter gene assay based on rat 
hepatoma cells (DR-CALUX). This decrease was expected because (i) liver cells 
are characterised by their ability to metabolize exogenous and endogenous com-
pounds, (ii) the AhR is involved in the initialization of biotransformation path-
ways, and (iii) certain AhR agonists are known to be metabolized within a short 
time [35]. 
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3.4 Conclusions 

Our findings confirm that diesel exhaust contains compounds that are able to in-
duce ER-mediated gene expression as well as compounds that are able to sup-
press E2-induced activity [9; 18-20]. Estrogenic activity prevailed over anti-
estrogenic activity in the extracts analyzed. In unfiltered diesel exhaust (Ref), we 
measured an overall concentration of ER agonists of 1.7 ± 0.3 ng E2-CEQ m-3. 
This exceeded E2-CEQ concentrations found in urban air particulate matter [36; 
37] by a factor of 5–340. 

Diesel engine emissions are ubiquitous in the environment. In addition to the 
frequent use of diesel-powered equipments at various workplaces, the use of die-
sel-fueled passenger cars is expected to increase. The market share of diesel cars 
is approaching 40% of new vehicle registrations today and will most likely reach 
the 50% mark in Europe in the near future [28]. Our study shows that both DPFs 
tested lowered the E2-CEQ concentrations by 55 and 66% and thus lowered 
emissions of ER ligands with potential endocrine-disrupting properties. Hence, 
DPF applications may be of particular importance for persons that work or live at 
places exposed to diesel exhaust [26; 27]. Such places are, for example, under-
ground workplaces where diesel-powered equipment is used (e.g., mines, tun-
nels) and heavy traffic areas with impaired exchange of air (e.g., urban canyons, 
tollgate cabins). We observed a better efficiency of the copper/iron-catalyzed 
DPF to reduce the ER-mediated activity of the exhaust. However, investigation 
of the PCDD/F formation potential showed that copper-catalyzed DPFs should 
not be recommended for use, because substantial amounts of PCDD/Fs were 
formed in this DPF under certain conditions [4]. Hence, to approve DPF systems 
for use, secondary effects of DPFs should not be assessed solely based on analy-
sis of a single group of harmful compounds. 

The ER-CALUX assay has proven to be a valuable tool to study estrogenic and 
antiestrogenic constituents of diesel exhaust and to examine secondary effects of 
DPFs on emissions of potential endocrine disruptors. In the future, bioassays 
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may be a useful approach to assess the efficiency of DPF systems or to test other 
exhaust treatment technologies on a larger scale. 
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4.1 Introduction 

4.1.1 Related Publication 

This chapter is adapted from the following publication: 

Wenger D, Gerecke AC, Heeb NV, Zennegg M, Kohler M, Naegeli H, Zenobi 
R. 2008. Secondary effects of catalytic diesel particulate filters: Reduced aryl 
hydrocarbon receptor-mediated activity of the exhaust. Environmental Science & 
Technology, 42: 2992-2998. 

4.1.2 Introduction to the Topic 

Emissions from diesel engines are heterogeneous mixtures of carbonaceous soot 
particles, hundreds of other combustion products, and unburned fuel and lubrica-
tion oil ingredients [1-3]. Compounds found in diesel exhaust exhibit various 
chemical structures, physico-chemical properties, toxicities, and physiological 
effects. In our study, we focused on exhaust constituents with aryl hydrocarbon 
receptor (AhR)-mediated activity. AhR agonists are toxicologically relevant 
compounds. The AhR is involved in detoxification pathways such as the meta-
bolic degradation of polycyclic aromatic hydrocarbons (PAHs) and other exoge-
nous compounds [4]. On the other hand, AhR-dependent transformation of cer-
tain xenobiotics (e.g., benzo[a]pyrene) leads to mutagenic or carcinogenic me-
tabolites [5]. Furthermore, the long-time activation of the AhR is a key issue for 
the toxicity of polychlorinated dibenzodioxins/furans (PCDD/Fs) and related 
persistent organic pollutants [6; 7]. PCDD/Fs substituted with chlorine at the 2, 
3, 7, and 8 position (2,3,7,8-PCDD/Fs) are the most potent AhR agonists known. 
It has been reported that AhR agonists exhibit antiestrogenic [8] and antiandro-
genic effects [9]. Thus, AhR-mediated pathways may be involved in those endo-
crine-disrupting effects that were observed in both the male and the female re-
productive system of mice and rats, which had been exposed to diesel exhaust or 
diesel particles [10; 11]. 
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AhR-mediated activity of single fractions of diesel exhaust (i.e., either particles 
or semivolatile compounds) has been reported in four in vitro studies, which 
used various AhR-based endpoints and different bioassays [3; 12-14]. In contrast 
to these previous investigations, in the study presented herein, integral samples, 
including particle-bound, droplet-dissolved, and semivolatile compounds, were 
analyzed and the overall AhR-mediated activity was quantified as equivalents of 
the model AhR agonist 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8-TCDD). We 
used an in vitro reporter gene assay, the Dioxin-Responsive Chemical-Activated 
Luciferase gene Expression (DR-CALUX) assay [15], to detect AhR agonists in 
diesel exhaust and to investigate biotransformation of AhR agonists by rat hepa-
toma H4IIE cells. Assay responses were expressed as 2,3,7,8-TCDD-CALUX 
equivalents per cubic meter of exhaust (TCDD-CEQ m-3). Additionally, we used 
gas chromatography/high resolution mass spectrometry (GC/HRMS) to quantify 
known AhR agonists. We measured nine toxicologically relevant PAHs (fluoran-
thene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]-
fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and benzo[ghi]perylene) 
and the seventeen 2,3,7,8-PCDD/F congeners. To estimate the contribution of 
these known agonists to the total AhR-mediated activity, GC/HRMS data were 
converted into TCDD-CEQ concentrations by applying relative potency (REP) 
factors from literature [16; 17]. 

Diesel-powered engines contribute appreciable numbers of fine (aerodynamic di-
ameter <2.5 μm) and ultrafine (<0.1 μm) particles to the air of urban and heavy 
traffic areas [1; 18] and of work places such as mines and construction sites [19]. 
These respirable particles pose a health threat to the urban population and to 
occupationally exposed persons as diesel particles are associated with airway in-
flammation, asthma, allergies, cardiovascular diseases [20; 21], and probably 
also with lung cancer [22]. To counteract adverse health effects, diesel particu-
late filters (DPFs) were developed. Most of current DPF-technology lowers the 
number of diesel particles by more than 95% [19; 23]. DPFs are increasingly 
used on- and off-roads due to the more and more stringent regulations for par-
ticulate emissions. Besides the primary effect on particles, DPFs also affect 
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emissions of other exhaust constituents [23]. These secondary effects may be fa-
vorable, when emissions of particle-bound compounds are lowered, or unfavor-
able. Unfavorable secondary effects include increased emissions of pollutants 
formed in the DPF by unwanted side-reactions, for example, by chlorination or 
nitration of primary exhaust constituents [19]. DPFs provide conditions such as 
elevated temperatures (Fig. 4.1), accumulation of reactants (e.g., organic com-
pounds, catalytically active metals from fuel additives or other sources [19]), and 
elongated residence time (e.g., due to sorption to accumulated particles), which 
may, in principle, also promote the formation of additional AhR agonists. In-
deed, it has been found that certain catalytic DPFs induce the formation of 
PCDD/Fs [19]. 

Primary and secondary effects of DPFs alter the composition of diesel exhaust. 
Consequently, the application of DPFs may influence AhR-mediated activity of 
the exhaust as well. We hypothesized that exhaust treatment by DPF would (i) 
result in diesel exhaust with decreased AhR-mediated activity if most AhR ago-
nists are sorbed to particles, that it would (ii) result in exhaust with no distinct 
change in activity if most AhR agonists are volatile enough to penetrate the DPF, 
and that it would (iii) result in exhaust with increased AhR-mediated activity if 
additional AhR agonists are formed in the DPF. Three major classes of DPFs can 
be distinguished depending on the strategy used for filtering and combustion of 
diesel particles: (i) filters built of porous or fibrous substrates coated with cata-
lysts, typically noble metals, (ii) filters consisting of uncoated substrates, which 
accumulate fuel-borne catalysts, typically transition-metal oxides, and (iii) un-
coated filters, which use active regeneration, for example burners [23]. In the 
present study, we evaluated two commercial, uncoated, cordierite-based, wall-
flow DPFs, for which soot combustion was either catalyzed with an iron- or a 
copper/iron-based fuel additive. We investigated effects of both DPF systems on 
AhR agonist emissions, using either chlorine-free or chlorine-enriched diesel 
fuel. Experimental conditions with chlorine-enriched fuel represent a worst case 
scenario with respect to PCDD/F formation, as discussed elsewhere [19]. 
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4.2 Experimental Section 

Test Cycle and Exhaust Sampling 

Exhaust was generated with a heavy-duty diesel engine with direct fuel injection 
(Liebherr, Bulle, Switzerland) and was either treated by DPF or not filtered. The 
engine was run with commercial diesel fuel (chapter 3), subsequently called ref-
erence fuel (Ref), and operated according to the 8-stage ISO 8178/4 C1 test cycle 
valid for construction site engines (Fig. 4.1). 

 

 

750

600

450

300

150

0

[°C]

0 10080604020 [min]

1 5
2 6

3 7
4 8

Idling

RPM

0.10

0.10

0.10

0.15

0.15

0.15

0.15

0.10

100%

75%

50%

10%

60% 100%

1

2

3

4

5

6

7

8

Load

T
o
rq

u
e

 

Fig. 4.1 Torque-RPM diagram and weighting factors of the 8 load-states of the ISO 
8178/4 C1 cycle valid for construction site engines (diagram on the left side). The 
holding time at each load-stage corresponds to the weighting factor in minutes. Mean 
pre- (dashed line) and post-DPF (solid line) temperatures (°C) are given for the 8 
load-stages (1–8) (diagram on the right side). Possible formation of PCDD/Fs in the 
DPF is expected in the highlighted temperature window. PCDD/Fs are a class of 
known AhR agonists. Abbreviations: AhR, aryl hydrocarbon receptor; DPF, diesel par-
ticulate filter; PCDD/Fs, polychlorinated dibenzodioxins/furans; RPM, rounds per min-
ute. 

The 8-stage ISO 8178/4 C1 cycle is a steady-state emission cycle for construc-
tion site engines. It is composed of a sequence of constant engine speed and load 
modes with different weighting factors and simulates eight engine operating 
situations that cover typical field conditions [24]. The cycle is driven in the se-
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quence described by Fig. 4.1. The cycle starts with four load-states at a maxi-
mum of 2,000 rounds per minute (RPM), followed by three load-states at an in-
termediate RPM (60% of max. RPM) and ends with an idling phase. The dwell 
time of each load per RPM point is 10 or 15 min, resulting in a total cycle time 
of 100 min. These 100 min also include the transition from one load-stage to the 
next. For each sample, the test cycle was driven two times without interruptions. 
Thus, the duration of a sampling arrangement was 200 min. In summary, the ob-
tained samples represent a mixed full- and partial-engine load operation, includ-
ing load transitions, which corresponds to operation modes typical for construc-
tion machinery. After each fuel change, engine and DPFs were preconditioned 
for one hour at the first stage of the ISO 8178/4 C1 cycle (max. torque, full load). 
As described in detail in chapter 3, all-glass sampling devices (Fig. 3.1) were 
used to obtain integral exhaust samples (4.4–6.7 m3) that included particle-
bound, droplet-dissolved, and semivolatile compounds. Table 3.1 describes the 
collected samples. 

In general, variations of engine load, consumed fuel, and exhaust gas flow were 
small (<3%) [19]. On average, 25.7 ± 0.2 L (21.4 ± 0.1 kg) of fuel were con-
sumed during one pass of the test cycle at a mean engine load of 55.3 ± 0.1 kW, 
resulting in a total volume of 532 ± 12 m3 of dry exhaust. Emission factors (g 
kWh-1) of the engine for the regulated pollutants carbon dioxide (CO2), carbon 
monoxide (CO), nitrogen oxides (NOx), and total hydrocarbons (THC) are listed 
in appendix B (Table S2) [19]. DPF application did not increase CO2 (a metric 
for fuel consumption), CO, and NOx emissions. THC emissions were lowered by 
about 40% when applying a DPF. Hence, both catalytic DPFs only moderately 
changed exhaust gas composition with respect to the major combustion products. 
Effects were largest for THCs, indicating that a surface-rich particulate filter 
covered with soot is also a sink for many hydrocarbons (THC). It has been 
shown that mainly hydrocarbons of medium and low volatility are retained in 
DPFs, whereas volatile organic compounds are not retained [19]. However, 
compounds classified as semivolatile compounds in the atmosphere may still 
penetrate DPFs because of the high operating temperatures (Fig. 4.1). 
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Diesel Particulate Filters and Fuel Additives 

Two new, uncoated, wall-flow DPFs (Greentop, Grävenwiesbach, Germany) 
were tested in combination with an iron- or a copper/iron-based fuel additive 
(ITN, Krakow, Poland) with final concentrations of 4.5 and 9.0/7.5 μg g-1, re-
spectively (see also chapter 3). The influence of the two additive-catalyzed DPF 
systems on AhR agonist emissions was studied under standard condition with 
chlorine-free fuel and under worst case condition with chlorine-enriched fuel 
(Table 3.1). Additional chlorine in the form of 1,6-dichlorohexane (Fluka, 
Buchs, Switzerland) was added to reference fuel, resulting in chlorine levels of 
14 and 110 μg Cl g-1, respectively. This simulated a worst case scenario for sec-
ondary formation of chlorinated AhR agonists such as PCDD/Fs [19]. PCDD/Fs 
are the most potent AhR agonists known and DPFs have a considerable potential 
to support their formation. PCDD/Fs are easily formed at temperatures between 
270 and 430 °C (Fig. 4.1) if sufficient amounts of chlorine are present [19]. 
Commercial diesel fuel should not contain chlorinated constituents, but several 
other sources are of relevance [19; 25]: (i) Worldwide, the intake air contains 
variable amounts of halogenated compounds, for example, the urban air of Zu-
rich typically contains chlorine at levels of several µg m-3; (ii) lubrication oil 
may contain chlorine (e.g., 120 µg g-1 is reported herein); (iii) marine aerosols 
contain salt; (iv) street dust, especially during the winter season, may also con-
tain salt used as deicing agent; (v) in case of mining or tunnel drilling in geologi-
cal salt layers, salt particles may be released. 

Sample Extraction and Preparation 

All solvents were pro analysis quality or better and were purchased from Merck 
(Darmstadt, Germany) or Biosolve (Valkenswaard, The Netherlands). Details on 
sample extraction are given in the experimental section of chapter 3. Briefly, 
each sampling device was rinsed with solvents, which were subsequently pooled 
with the extracted condensate. The pooled extract was concentrated, transferred 
to toluene, and used to extract adsorbents and filter materials (Soxhlet, 24 h). Af-
terwards, the extract was concentrated (~1 mL). Five percent (w/w) of each ex-
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tract were set aside for bioassay analysis, without performing any further clean-
up, and were adjusted to a volume of 20 mL. Out of this, 0.1–1.0 mL were trans-
ferred to glass vials and solvent was evaporated (50 °C, N2). At the point of dry-
ness, 1.0–1.2 mL of dimethylsulfoxide (DMSO, extra pure, Merck, Darmstadt, 
Germany) was added. Samples in DMSO were stored in the dark at 4 °C. The 
remaining 95% (w/w) of the Soxhlet extracts were used for GC/HRMS analysis. 

Blank Control and Sampling Spike 

A sampling device, which was neither spiked nor used for sample collection, was 
extracted and prepared for assay analysis, as described above. This yielded a 
blank control of the sampling device and the extraction and sample preparation 
procedures. The average sample volume (5.8 m3) was used to calculate the assay 
response of the blank control per m3 of exhaust. We determined a blank of 0.48 ± 
0.01 ng TCDD-CEQ m-3, which was 13–124 times below the concentrations de-
tected for the collected samples (Fig. 4.3). 

Prior to sampling, quartz swab that contained a sampling spike, consisting of 
13 13C12-labeled 1,2,3,4,6,7-hexachlorodibenzodioxin (HxCDD), C6-naphthalene, 
13C6-phenanthrene, and 13C3-pyrene (CIL, Andover MA, USA), was placed into 
the condensate separator of each sampling device (Fig. 3.1). This allowed an es-
timation of recoveries by GC/HRMS. Mean overall recoveries of 26 ± 9% for 
naphthalene, 34 ± 5% for phenanthrene, 59 ± 5% for pyrene, and 57 ± 11% for 
HxCDD were obtained, covering sampling, extraction, and analysis. As ex-
pected, recoveries for naphthalene, the most volatile PAH, and phenanthrene, a 
3-ring PAH, were low. Recoveries for pyrene, a semivolatile 4-ring PAH, and 
HxCDD were comparable and in the expected range of ~60%. Luciferase induc-
tion of the sampling spike was tested separately, using the DR-CALUX assay. 
The final DMSO solution of the sampling spike did not exhibit any detectable 
AhR-mediated activity. 
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Reporter Gene Assay 

The DR-CALUX assay is a reporter gene assay used to detect AhR-mediated ac-
tivity [15]. The assay is based on rat hepatoma H4IIE cells that are stably trans-
fected with the AhR-controlled luciferase reporter gene construct pGudluc1.1. 
AhR agonists induce luciferase gene expression in a time- and dose-dependent 
manner and are indirectly detected via luciferase activity. 

Cell culture and assay analysis were performed as described in details elsewhere 
[26] (see also chapter 2). Cells were exposed in triplicate to extracted samples, 
solvent controls, and serial dilutions of 2,3,7,8-TCDD (0.3–300 pM, dissolved in 
DMSO) with a final DMSO concentration of 0.8% (v/v). To quantify AhR-
mediated activity, cells were incubated for 24 h. Triplicate determination of each 
sample was repeated in a total of 2–3 exposure experiments. The relative stan-
dard deviations of inter-plate measurements were between 1–33%. To assess the 
influence of time and dose on AhR-mediated activity, cells were exposed for 8, 
24, 48, 72, and 96 h with a dilution series of samples Ref and xClCuF (Table 
3.1). Samples intended for 8 h exposures were prepared in medium that had been 
pre-incubated with H4IIE cells for 24 h [27]. After cell exposure, luciferase ac-
tivity was measured as relative light units (RLUs) on a microplate luminometer 
(MLX, Dynex, Chantilly, USA). All RLU values were corrected for background 
activity detected in the presence of DMSO alone. Data obtained from the 2,3,7,8-
TCDD dilution series was fitted to a sigmoidal curve (chapter 2, equation 2.1). 
Luciferase activity induced by samples was converted to TCDD-CEQ concentra-
tions by using the inverse function of the fitted 2,3,7,8-TCDD curve (equation 
2.2). Further details on cell culture, assay analysis, and quality assurance/quality 
control are given in chapter 2. It has do be mentioned that for the 8, 48, 72, and 
96 h experiments, the curve fit had to fulfill exclusively the criterion of r2 ≥ 0.98. 

GC/HRMS Analysis 

Known AhR agonists were quantified by gas chromatography/high resolution 
mass spectrometry (GC/HRMS). Concentrations of nine 4- to 6-ring PAHs 
(fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, ben-
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zo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and benzo[ghi]-
perylene), most of them rated as carcinogenic to humans by WHO, and concen-
trations of the seventeen 2,3,7,8-PCDD/F congeners were measured (appendix B, 
Table S3). 

For PAH analysis, aliquots of a mixture of perdeuterated PAHs containing naph-
thalene, phenanthrene, pyrene, fluoranthene, chrysene, benz[a]anthracene, 
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]-
pyrene, and D9-1-nitropyrene (CIL, Andover, MA, USA) were added to the sam-
ples as quantification standards prior to purification [28]. Then, samples were 
concentrated, transferred to hexane, and added on a preconditioned three layer 
column (1 g sodium sulfate, 0.15 g silica gel KG 60 (≤0.063 mm), and 1.5 g sil-
ica gel KG 60 (0.063–0.2 mm)). The first fraction (hexane) was discarded. 
Thereafter, all target compounds and internal standards were eluted with a hex-
ane/dichloromethane mixture (4:1, v/v). Separation of PAHs was obtained by gas 
chromatography (Fisons Instruments HRGC Mega 2, Rodano, Italy) on a capil-
lary column (PS086, 20 m × 0.28 mm, 0.15 μm) and detection and identification 
was achieved by high resolution mass spectrometry (Thermo Finnigan MAT 95, 
Bremen, Germany) in electron ionization mode (GC/EI-HRMS). 

For PCDD/F analysis, aliquots of all seventeen 13C12-labeled 2,3,7,8-PCDD/Fs 
were added to the samples as quantification standards prior to purification [19]. 
Sample cleanup was performed on an automated three column fluid management 
system (FMS, Watertown, MA, USA) on silica (acid/base), alumina (ICN Alu-
mina B super I), and on carbon celite (PX21) columns. Separation and quantifi-
cation of PCDD/Fs were achieved by gas chromatography (Varian 3400 GC, Or-
lando, FL, USA) on a capillary column (DB-DIOXIN, 60 m × 0.25 mm, 0.2 μm, 
J&W, Folsom, CA, USA) and by high-resolution mass spectrometry (MAT95, 
Bremen, Germany). 

To convert GC/HRMS data into TCDD-CEQ concentrations, we used com-
pound-specific relative potency (REP) factors that have been determined in the 
DR-CALUX assay, using an exposure time of 24 h [16; 17]. REP values express 
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the activity of a single substance relative to a reference compound, in our case 
2,3,7,8-TCDD. Hence, the concentrations of the individual compounds deter-
mined by GC/HRMS were multiplied with compound-specific, mass-based REP 
factors to obtain the expected DR-CALUX responses (i.e., TCDD-CEQ concen-
trations). It was assumed that TCDD-CEQ concentrations of individual com-
pounds were additive. REPs according to equation 2.4 (chapter 2) and based on 
the 5%-effect concentration (EC5) of the dose–response curve of 2,3,7,8-TCDD 
were applied, as determined by Behnisch et al. [16]. These EC5TCDD-based REP 
factors were preferred due to the following considerations: (i) For pyrene, REPs 
based on higher induction levels are not reported by Behnisch et al. because 
pyrene did not induce a full dose–response curve [16]. (ii) It is suggested that in-
hibitory effects for CALUX responses are lower when determined close to the 
LOQ [16]. (iii) For quantitative analysis (DR-CALUX, 24 h of cell exposure), 
we choose sample dilutions that induced luciferase activity between the LOQ 
and the EC20 of the fitted curve of 2,3,7,8-TCDD. For compounds, of which 
EC5-based REPs were not available, EC25-based REPs reported by Machala et 
al. were used [17] (appendix B, Table S4). 

Statistics 

Single-factor ANOVA with post hoc testing (Tukey) was performed for multiple 
comparisons of samples (Systat 10). P-values are mentioned in the results and 
discussion section. 
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4.3 Results and Discussion 

4.3.1 AhR Agonists in Diesel Exhaust 

The DR-CALUX assay was used to detect and quantify exhaust constituents that 
activate AhR-mediated pathways. Fig. 4.2 shows the dose–response curve of 
2,3,7,8-TCDD and two samples (Ref, xClCuF, Table 3.1) in a 24-h exposure ex-
periment. 
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Fig. 4.2 Dose–response curves (DR-CALUX, 24-h exposure) of the reference com-
pound 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8-TCDD, rhombs), a sample of unfil-
tered exhaust (Ref, circles), and a sample of exhaust treated by diesel particulate fil-
ter (xClCuF, triangles). Data represent the mean ± standard deviation of triplicate de-
terminations and are expressed as luciferase induction in percent of the highest test 
concentration of 2,3,7,8-TCDD (300 pM). 
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The extracts of the exhaust samples induced a dose-dependent response similar 
to the 2,3,7,8-TCDD curve allowing a quantification of the AhR-mediated activ-
ity as TCDD-CEQ concentrations. Unfiltered exhaust (Ref) exhibited a maxi-
mum luciferase induction of about 90% relative to 2,3,7,8-TCDD. The maximum 
induction of DPF-treated exhaust (xClCuF) could not be determined. Precipita-
tion during sample concentration did not allow achieving a full dose–response 
curve. Nevertheless, quantitative analysis was possible throughout the quantifi-
able range between the limit of quantification (LOQ) and the 50%-effect concen-
tration (EC50) of the 2,3,7,8-TCDD curve. 

As shown in Fig. 4.3, AhR agonists were found in all examined samples. Con-
centrations varied from 54–60 and from 6–16 ng TCDD-CEQ m-3 for unfiltered 
and DPF-treated exhaust, respectively (Table 4.1). Our data confirm results of 
earlier in vitro studies [3; 12-14]; diesel exhaust contains compounds that bind to 
the AhR and induce AhR-mediated gene expression in mammalian cells. 

4.3.2 Effects of Diesel Particulate Filters on AhR Agonists 

To assess effects of catalytic DPFs on AhR agonist emissions, samples of unfil-
tered exhaust and of DPF-treated exhaust were tested using the DR-CALUX as-
say. Two sets of samples were analyzed, those collected under standard condi-
tion (Fig. 4.3 A) and those generated with chlorine-enriched diesel fuel (Fig. 4.3 
B). Chlorine was added to simulate a worst case scenario by supporting a poten-
tial formation of chlorinated AhR agonists such as PCDD/Fs [19]. Fig. 4.3 illus-
trates that both DPFs substantially lowered AhR agonist concentrations, whereas 
fuel additives and chlorine had no large effects. AhR-mediated activity of sam-
ples of unfiltered exhaust, generated with additive- or chlorine-containing fuels 
(Fe, Cu, Cl, ClFe), was similar (p ≥ 0.995) to the activity of the reference sample 
(Ref) of 60 ± 14 ng TCDD-CEQ m-3. Mean values of 54 ± 9, 54 ± 0.4, 55 ± 9, 
and 54 ± 11 ng TCDD-CEQ m-3 were obtained for these samples of unfiltered 
exhaust (Table 4.1). AhR-mediated activity of DPF-treated samples (FeF, CuF, 
ClFeF, ClCuF) was significantly decreased (p ≤ 0.001) compared to the refer-
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ence sample (Ref). Mean AhR agonist concentrations of 7 ± 2, 6 ± 1, 9 ± 2, and 7 
± 1 ng TCDD-CEQ m-3 were found. A higher concentration of 16 ± 5 ng TCDD-
CEQ m-3 was determined for sample xClCuF. Because fuel additives did not in-
fluence AhR-mediated activity in the absence of a DPF, we conclude that ex-
haust treatment by DPF and not the additives lowered AhR-mediated activity of 
the exhaust. 

 
Table 4.1 Overall AhR-mediated activity of the exhaust 

Sample ng TCDD-CEQ m-3 ng TCDD-CEQ kWh-1 ng TCDD-CEQ L-1

Ref 60 ± 14 344 ± 81 1232 ± 290 

Fe 54 ± 9.1 311 ± 53 1117 ± 189 

FeF 6.9 ± 2.1 40 ± 12 143 ± 44 

Cu 54 ± 0.4 312 ± 2.2 1120 ± 8 

CuF 6.4 ± 0.5 37 ± 2.7 132 ± 10 

Cl 55 ± 8.5 319 ± 49 1143 ± 177 

ClFe 54 ± 11 312 ± 61 1120 ± 218 

ClFeF 8.9 ± 2.1 52 ± 12 185 ± 43 

ClCuF 7.2 ± 0.6 41 ± 3.5 149 ± 13 

xClCuF 16 ± 5.3 94 ± 31 336 ± 110 

Avg of tests without DPFs 55 ± 2.4 319 ± 14 1146 ± 49 

Avg of tests with DPFs 9.1 ± 4.1 53 ± 24 189 ± 85 

AhR-mediated activity was determined using the DR-CALUX assay (cell exposure 24 h). 
Data show the mean ± standard deviation of 2–3 independent exposure experiments. Abbre-
viations: DPF, diesel particulate filter; Avg, average; TCDD-CEQ, 2,3,7,8-TCDD-CALUX 
equivalents. 

 

 

Under standard condition (Fig. 4.3 A), that is, when using chlorine-free diesel 
fuel, the DPFs tested did not lead to different AhR-mediated activities (FeF, 
CuF). Compared to the reference point (Ref), the iron-catalyzed DPF lowered 
TCDD-CEQ concentrations by 88% and the copper/iron-catalyzed DPF by 89%. 
This substantial decline in AhR agonist concentration is a beneficial secondary 
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effect of both catalytic DPFs. Consequently, exhaust treatment by both DPFs 
should also reduce the AhR-mediated toxicity and/or the endocrine-disrupting 
potential of diesel exhaust. Furthermore, these findings indicate that particles 
trapped in DPFs must act as carriers for most AhR agonists or AhR agonists with 
high REPs. Those AhR agonists released from the DPFs were either not sorbed 
to trapped particles or emitted at higher operating temperatures or formed within 
the DPFs. 
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Fig. 4.3 Concentrations of aryl hydrocarbon receptor (AhR) agonists in unfiltered 
(filled bars) and filtered exhaust (hatched bars) collected either under standard (A, 
chlorine-free fuel) or worst case condition (B, chlorine-enriched fuel). Values are ex-
pressed as 2,3,7,8-TCDD-CALUX equivalent (TCDD-CEQ) concentrations and repre-
sent the mean ± standard deviation of averaged triplicate determinations of two to 
three exposure experiments (DR-CALUX, 24-h exposure). See Table 3.1 for a de-
scription of the collected samples, including sample abbreviations. (DPF, diesel par-
ticulate filter; ***, p ≤ 0.001, compared with Ref, Tukey post hoc test). 

Under conditions favoring the formation of PCDD/Fs (Fig. 4.3 B), that is, when 
using chlorine-enriched diesel fuel, both DPF systems (ClFeF, ClCuF) generated 
similar AhR-mediated activities as under standard condition without additional 
chlorine (FeF, CuF). Heeb et al. [19] reported an intense formation of PCDD/Fs 
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when the copper/iron-catalyzed DPF was operated in combination with chlorine-
enriched fuel. Emissions of 2,3,7,8-PCDD/Fs expressed as I-TEQs increased by 
a factor of 4 (ClCuF) to 250 (xClCuF), compared to the unfiltered reference 
sample (Ref) (appendix B, Table S3). However, DR-CALUX analysis did not 
indicate such an increase but showed a substantial reduction of the AhR-
mediated activity (ClCuF, xClCuF) with respect to sample Ref (Fig. 4.3). These 
findings indicate that the AhR-mediated activity of the PCDD/Fs was strongly 
masked by the activity of other AhR agonists such as the PAHs, which were ef-
fectively filtered by both DPFs (Fig. 4.4). 

4.3.3 Contribution of PAHs and PCDD/Fs 

Nine PAHs, which represent only a small proportion of all the PAHs present in 
diesel exhaust, and all the toxicologically relevant seventeen 2,3,7,8-PCDD/F 
congeners were analyzed by GC/HRMS (appendix B, Table S3). To compare 
GC/HRMS and bioassay data, concentrations of all compounds measured were 
converted to TCDD-CEQs by applying REP factors (appendix B, Table S4) [16; 
17]. We assumed that weighted concentrations of individual compounds were 
additive and no synergistic effects occurred. 

Fig. 4.4 reveals that the efficiency of both DPFs in reducing the TCDD-CEQ 
concentration of the nine summed PAHs is comparable to their efficiency in re-
ducing the overall amount of AhR agonists present in diesel exhaust. About 70–
80% of the summed PAHs expressed as TCDD-CEQs were retained by both 
DPFs under standard (Fig. 4.4 A) and worst case conditions (Fig. 4.4 B), indicat-
ing that most of the measured PAHs were sorbed to trapped particles or degraded 
in the DPFs. The nine PAHs contributed 0.6–1.2% to the total agonist concentra-
tion in samples without exhaust treatment (Ref, Fe, Cu, Cl, ClFe) and 0.5–1.6% 
in DPF-treated samples (FeF, CuF, ClFeF, ClCuF, xClCuF). In all samples, ap-
proximately one-third of the summed activity of the nine PAHs was due to 
benzo[b]fluoranthene. Depending on the experimental conditions, other major 
contributors were benzo[k]fluoranthene, pyrene, and indeno[1,2,3-cd]pyrene 
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(appendix B, Table S4). Benzo[ghi]perylene did not contribute to the AhR-
mediated activity because it does not induce luciferase gene expression in the 
DR-CALUX assay [17]. 
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Fig. 4.4 Concentrations of nine PAHs (sum of fluoranthene, pyrene, benz[a]-
anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, 
indeno[1,2,3-cd]pyrene, and benzo[ghi]-perylene) and concentrations of the seven-
teen 2,3,7,8-PCDD/F congeners (sum) measured by GC/HRMS and expressed as 
2,3,7,8-TCDD-CALUX equivalent (TCDD-CEQ) concentrations based on compound-
specific relative potencies [16; 17]. Exhaust was not filtered (filled bars) or filtered by 
diesel particulate filter (DPF, hatched bars). See Table 3.1 (chapter 3) for a descrip-
tion of the collected samples. 

As shown in Fig. 4.4, the concentration of the summed 2,3,7,8-PCDD/Fs 
amounted to 0.004–0.01 ng TCDD-CEQ m-3 in samples without exhaust treat-
ment (Ref, Fe, Cu, Cl, ClFe). Thus, the seventeen 2,3,7,8-PCDD/F congeners 
contributed only very little to the total AhR-mediated activity of unfiltered ex-
haust, for which a mean value of 55.4 ng TCDD-CEQ m-3 was obtained (Fig. 
4.3). Under standard condition (Fig. 4.4 A), both DPF systems did not change 
the concentration of 2,3,7,8-PCDD/Fs, which remained at 0.002–0.003 ng 
TCDD-CEQ m-3. In case of chlorine-enriched fuels (Fig. 4.4 B), DPFs increased 
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emissions of 2,3,7,8-PCDD/Fs to about 0.01–0.03 ng TCDD-CEQ m-3 (ClFeF, 
ClCuF), but the contribution to the total AhR-mediated activity remained small 
(0.1–0.4%). An exception was sample xClCuF (110 μg Cl g-1), where the calcu-
lated assay response of the 2,3,7,8-PCDD/Fs was 1.6 ng TCDD-CEQ m-3, which 
was 60–660 times higher than in all other samples (Fig. 4.4). Thus, the 2,3,7,8-
PCDD/Fs were responsible for 10% of the total AhR-mediated response in sam-
ple xClCuF. This partially explains the increased AhR-mediated activity com-
pared to all other DPF-treated samples. According to GC/HRMS analysis, 
PCDD/F emissions were strongly increased by the copper/iron-catalyzed DPF 
when operated in combination with diesel fuel of high chlorine content (110 μg 
Cl g-1). The copper-catalyzed formation of PCDD/Fs in this particular DPF is de-
scribed in details elsewhere [19]. 

In summary, the nine selected PAHs and the seventeen 2,3,7,8-PCDD/Fs ac-
counted for 0.6–1.2% of the total agonist concentrations determined in the DR-
CALUX assay for samples without exhaust treatment. Excluding sample 
xClCuF, these 26 compounds explained 1.1–1.6% of the TCDD-CEQ concentra-
tions found in DPF-treated samples. The analyzed PAHs clearly exceeded the 
contribution of the 2,3,7,8-PCDD/Fs (Fig. 4.4), except for sample xClCuF (ap-
pendix B, Table S4). Furthermore, we conclude that most of the AhR agonists 
present in unfiltered and filtered diesel exhaust are not yet identified. 

4.3.4 Time-Dependent Activity of AhR Agonists in Diesel Exhaust 

We investigated the biotransformation of exhaust constituents with AhR-
mediated mode of action. H4IIE cells were exposed to an unfiltered sample (Ref) 
and to a DPF-treated sample (xClCuF) for various exposure times of 8, 24, 48, 
72, and 96 h. Longer lasting exposure experiments were not conducted, because 
ideal conditions for cell culture could not be maintained due to overgrowth and 
acidification of the medium. Both samples showed a fast and substantial de-
crease of AhR-mediated activity over time, as illustrated in Fig. 4.5. 
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Fig. 4.5 Time-dependent concentrations of aryl hydrocarbon receptor (AhR) agonists 
(solid lines) in a sample of unfiltered (Ref, squares) and of filtered diesel exhaust 
(xClCuF, triangles). After 72 hours of cell exposure (DR-CALUX assay), concentra-
tions remained stable at 1.1–1.8 ng 2,3,7,8-TCDD-CALUX equivalents per cubic me-
ter of exhaust (TCDD-CEQ m-3). Estimated contributions of the 2,3,7,8-PCDD/Fs 
(dashed lines) were 0.006 (Ref, squares) and 1.6 ng TCDD-CEQ m-3 (xClCuF, trian-
gles). 

A plateau of 1.1–1.8 ng TCDD-CEQ m-3 was reached in both samples after 72 h. 
At this plateau, TCDD-CEQ concentrations have decreased by 98% (Ref) and 
93% (xClCuF) compared to the 24-h concentrations. This indicates that most of 
the AhR agonists present in the analyzed extracts were transformed into non-
activating compounds by the exposed rat hepatoma H4IIE cells. Possible candi-
dates for metabolizable AhR agonists are PAHs and their derivatives (e.g., nitro- 
and oxy-PAHs). Li et al. [29] reported that most of the AhR binding affinity of 
an extract of diesel particles was due to PAHs and nitro-PAHs. Mason [12] 
showed that AhR binding activity was highest in the nitro-PAH fraction of an ex-
tracted sample of diesel particles. In own experiments, we measured the highest 
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AhR-mediated activity in the PAH fraction of a sample of unfiltered exhaust 
(data not shown). 

We suppose that non-metabolizable AhR agonists are responsible for the remain-
ing activity of 1.1–1.8 ng TCDD-CEQ m-3 after 72 h. The contribution of the 
2,3,7,8-PCDD/Fs, which accounted for 0.006 and 1.6 ng TCDD-CEQ m-3 in 
samples Ref and xClCuF (appendix B, Table S4), respectively, was assumed to 
be constant over the examined exposure times due to their persistency (Fig. 4.5). 
Based on this assumption, the 2,3,7,8-PCDD/Fs were responsible for 0.5% of the 
plateau concentration in case of unfiltered exhaust (Ref). Thus, 99.5% of the 
TCDD-CEQ concentration measured after 96 h was due to unidentified AhR 
agonists, which were not transformed into non-activating compounds within the 
tested 96 h. In case of sample xClCuF, the plateau concentration was fully ex-
plained by the seventeen 2,3,7,8-PCDD/F congeners (Fig. 4.5). As reported, an 
intense PCDD/F formation was noticed when operating the copper-catalyzed 
DPF in presence of chlorine [19]. We suggested that lower plateau concentra-
tions would be found in samples FeF and CuF because these samples (i) exhib-
ited lower AhR-mediated activities (24-h exposure) than unfiltered exhaust and 
sample xClCuF (Fig. 4.3) and (ii) contained less PCDD/Fs (appendix B, Table 
S3). However, this suggestion has to be verified experimentally. 
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4.4 Conclusions 

Environmental Perspective 

Depending on the exposure time, the total TCDD-CEQ concentrations in all 
measured exhaust samples were 11–8800-fold higher than the German guideline 
for 2,3,7,8-PCDD/F concentration in municipal waste incinerator exhaust (0.1 ng 
I-TEQ Nm-3). However, our in vitro data are based on total AhR agonists present 
in diesel exhaust and do not account for the different uptake- and elimination-
rates or the physiological effects of AhR agonists in vivo. Therefore, our in vitro 
data cannot directly be compared with guidelines based on the TEQ-concept. 
Nevertheless, it becomes clear that further efforts are needed to identify the yet 
unknown AhR agonists in diesel exhaust. 

In vitro studies have shown that AhR agonists are present in ambient particulate 
matter (PM) [12; 27] and are distributed throughout the atmosphere [27]. Hamers 
et al. used the DR-CALUX assay to investigate AhR-mediated activity of a se-
ries of PM samples [27]. They detected particle-bound AhR agonists in concen-
trations corresponding to 0.6–11 pg TCDD-CEQ m-3 of sampled air (6 h of cell 
exposure) and <0.3–0.8 pg TCDD-CEQ m-3 (48 h of cell exposure). Using the 
same reporter gene assay, we found 880 and 5 ng TCDD-CEQ m-3 of unfiltered 
diesel exhaust after 8 and 48 h of cell exposure, respectively (Fig. 4.5, Ref). 
These values are 4–6 orders of magnitude higher than the concentrations re-
ported by Hamers et al. [27]. Hence, diesel engines when operated without DPF 
emit relevant amounts of AhR agonists. 

The results presented herein show that both DPFs decreased AhR agonist con-
centrations by almost 90% and, thereby, reduced emissions of compounds with 
potential toxic and/or endocrine-disrupting properties [5-9]. Nevertheless, the 
copper/iron-catalyzed DPF is not recommended for exhaust treatment because of 
an intense secondary formation of PCDD/Fs [19]. DPF applications may particu-
larly be of importance for persons that work or live at places exposed to diesel 
exhaust, which are, for example, underground workplaces with diesel-powered 
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equipment (e.g., mines, tunnels) and heavy traffic areas with impaired exchange 
of air (e.g., urban canyons). Indeed, two studies indicate that vehicle emissions 
can locally increase the concentration of AhR agonists in ambient air [12; 27]. 
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5.1 Introduction 

5.1.1 Related Publication 

This chapter is adapted from the following publication: 

Wenger D, Gerecke AC, Heeb NV, Schmid P, Hueglin C, Naegeli H, Zenobi R. 
In vitro estrogenicity of ambient particulate matter: Contribution of hydroxylated 
polycyclic aromatic hydrocarbons. Journal of Applied Toxicology, published 
online 2008, DOI 10.1002/jat.1400 

5.1.2 Introduction to the Topic 

Long-term exposure to high levels of respirable atmospheric particles is consid-
ered to pose a health threat to humans and animals. Several epidemiological 
studies have indicated that particulate levels in air influence the incidence of hu-
man respiratory and cardiovascular diseases and their mortality [1; 2]. Health ef-
fects that may be related to the endocrine system also have been associated with 
exposure to particles and other ambient air contaminants, for example, adverse 
fetal development [3] and decreased fertility in men [4]. The exact mechanistic 
pathways linking exposure and observed effects have so far not been established. 
It has been hypothesized that chemicals bound to atmospheric particles play an 
important role [5]. Some compounds found in vehicle exhaust, waste combustion 
emissions, and ambient air have been shown to act as endocrine disruptors [6-
13]. Endocrine disruptors interfere with the normal functioning of the endocrine 
system by mimicking or antagonizing naturally occurring hormones and/or by 
modulating hormonal responses [14]. In this way, endocrine disruptors can lead 
to adverse health effects in humans and animals. Chemicals capable of disrupting 
the action of gonadal steroids, for example estrogens, have received most atten-
tion. Because of endocrine-disrupting effects observed in laboratory animals, a 
major concern is that these chemicals may cause reproductive disorders and 
hormone-sensitive cancers [14]. 
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Evidence of estrogen-like compounds present in atmospheric particulate matter 
was first reported by Clemons et al. (1998) and subsequently confirmed by two 
other in vitro studies [6; 12]. Estrogens, of which 17β-estradiol (E2) is the major 
one in humans, regulate the growth, differentiation, and functioning of diverse 
target tissues, including those involved in reproduction [15; 16]. Most of the es-
trogenic effects are mediated via estrogen receptors, of which two subtypes 
(ERα, ERβ) have been found in humans. ERs are ligand-activated transcription 
factors and belong to the nuclear receptor superfamily. Besides the physiological 
ligands, both natural and man-made exogenous compounds (i.e., xenoestrogens) 
are able to bind to ERs. Through activation or blockage of ERs, these exogenous 
ligands interfere with estrogen-regulated gene expression. Alterations in gene 
expression are thought to represent an early but critical step in the regulation of 
biological processes [14]. 

A class of anthropogenic chemicals that have structural similarities to steroid 
hormones such as E2 are hydroxylated polycyclic aromatic hydrocarbons 
(PAHs) (Fig. 5.1). Several hydroxy-PAHs such as hydroxylated derivatives of 
benzo[a]pyrene and chrysene have been shown to possess estrogenic activity, as 
indicated by in vitro test systems based on genetically modified yeast or mam-
malian cell lines [17-21]. Therefore, we hypothesized that hydroxy-PAHs con-
tribute in some extent to estrogenic activity previously observed with ambient 
particulate matter [6; 11; 12]. In the atmosphere, hydroxy-PAHs are formed by 
secondary oxidation of PAHs in the gas-phase, involving hydroxy radicals (HO•) 
during the day and nitrate radicals (•NO3) during night-time [22]. During night-
time, hydroxy-PAHs can further react to nitro-oxy-PAHs. Hydroxy-PAHs are 
generally less volatile than the parent PAHs and tend to be more particle-
associated [22]. In addition to atmospheric processes, hydroxy-PAHs and their 
precursors are emitted directly from combustion processes and are found, for ex-
ample, in diesel exhaust [10; 23]. Furthermore, hydroxylated PAHs can be 
formed in organisms, after the intake of parental PAHs, through biotransforma-
tion catalyzed by cytochrome P450 (CYP) enzymes [17; 20; 21]. In vitro estro-
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genicity observed with certain PAHs is supposed to be predominantly due to 
their hydroxylated metabolites formed in the exposed cells [17; 20; 21]. 
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Fig. 5.1 The molecular structures and relative potencies (REPEC20 E2, Table 5.1) of 
17β-estradiol (E2, 1) and five hydroxy-PAHs (2–6) exhibiting in vitro estrogenicity. The 
hydroxy-PAHs are 1-hydroxynaphthalene (2), 2-hydroxynaphthalene (3), 2-
hydroxyphenanthrene (4), 2-hydroxychrysene (5), and 1-hydroxypyrene (6). To point 
out the similarities to E2, the molecular structures of the hydroxy-PAHs are not orien-
tated according to the IUPAC convention. 

In this study, estrogenic compounds bound to atmospheric particles with an 
aerodynamic diameter of less than 1 μm (PM1) were investigated. PM1 was col-
lected at an urban and a rural site in Switzerland. Based on our findings that die-
sel exhaust contains considerable amounts of estrogenic compounds and poten-
tial precursors [8; 23], we hypothesized that ambient air in traffic-exposed areas 
must also have some estrogenic activity. On the other hand, airborne xenoestro-
gens formed via transformation of precursors might result in increased estrogenic 
activity of aged air masses even in rural areas far from direct emission sources. 
In contrast to previous in vitro investigations, we focused on PM1 because fine 
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and ultrafine particles are thought to be of particular importance in the context of 
adverse health effects induced by particulate air pollution. Compared with larger 
particles, fine and ultrafine particles have a higher number concentration and sur-
face area, and larger amounts of sorbed chemicals per unit mass [5]. Daily PM1 
samples were collected at the urban and the rural site during a 15-day measuring 
campaign during a winter smog period in 2006. We applied an estrogen-sensitive 
in vitro reporter gene assay (ER-CALUX) to detect and quantify PM1-associated 
chemicals that induce ER-controlled gene expression [24]. So far, the contribu-
tion of hydroxylated PAHs to the estrogenicity of PM has not been assessed. In 
this study, concentrations of five hydroxy-PAHs were determined, using gas 
chromatography/high resolution mass spectrometry (GC/HRMS). Relative po-
tency (REP) factors were deduced for these compounds, using the ER-CALUX 
assay. Finally, the contribution of these hydroxy-PAHs to the overall estrogenic 
activity was estimated for ambient particles. 
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5.2 Experimental Section 

Site Locations and Particulate Matter Sampling 

Sampling of PM1 was performed at measuring sites of the Swiss National Air 
Pollution Monitoring Network (NABEL). The NABEL comprises 16 sampling 
sites that represent typical and important air quality situations in Switzerland 
[25]. For the present study, we selected an urban and a rural site on the Swiss 
plateau (Fig. 5.2).  

 

 

Fig. 5.2 Quartz fiber filters (photo received from C. Hueglin, NABEL) were used to 
collect PM1 samples at two NABEL sites, namely, Berne and Payerne (map from 
Swisstopo). 

The urban site (46°57'04''N, 7°26'27''E; 546 m above sea level) is located in the 
city center of Bern (128,000 inhabitants). The sampling site is situated near to 
the central railway station and next to a highly frequented road. During the sam-
pling period, 15,000–30,000 vehicles per day passed along the road, 5–12% of 
which were heavy goods vehicles. The road is bordered by multi-storied houses, 
forming an urban street canyon. There is no industry in the proximity, but many 
service companies and stores. The rural sampling site (46°48'47''N, 6°56'40''E; 
489 m a.s.l., typical altitude of the Swiss plateau) is located approximately 1 km 
southeast of Payerne, a small town (8,000 inhabitants) in western Switzerland, 
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and about 40 km southwest of Bern. The site is surrounded by an agrarian land-
scape. The nearest main road proceeds several hundred meters southeast of the 
sampling site. From both sampling sites, we analyzed PM1 collected between 
January 26 and February 9, 2006. As shown in Fig. 5.3, this was a period with 
increased atmospheric PM1 concentrations in the Swiss plateau caused by a 
strong winter inversion [26]. PM1 filters of every fourth day were not available. 
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Fig. 5.3 Average daily concentrations of PM1 (μg m-3) at the urban (Bern) and rural 
site (Payerne) in January and February 2006. The grey area marks the sampling 
dates used to investigate PM1 estrogenicity. The insets indicate that PM1 levels are 
highly correlated between Bern and Payerne both from January through February 
(upper inset A: linear regression, r2 = 0.87; empty circle, outlier) and during the sam-
pling period studied (lower inset B: r2 = 0.90). 

Ambient particulate matter sampling was performed on quartz fiber filters 
(Whatman QMA, diameter 150 mm) (Fig. 5.2) using high-volume samplers 
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(Digitel DHA 80). The intake-probes were placed 3.5 m above ground level. 
Prior to sampling, filters were conditioned for 48 h at 22 ± 0.5 °C and 50 ± 2% 
relative humidity and weighted. Filters were neither pre-washed with solvents 
nor pre-heated. The PM1 samples were taken during 24 h (i.e., from midnight to 
midnight of the following day) at a flow-rate of 30 m3 h-1. This resulted in 720 
m3 of sampled air per filter. After sampling, the filters were re-conditioned for 
another 48 h and gravimetrically analyzed for total mass. The exposed filters 
contained 2–50 mg PM1. They were stored in a freezer at -18 °C. Further infor-
mation on sampling is given in the technical report of the NABEL [25]. 

Two field blanks were collected in January 2006. They were identically handled 
as filters used for PM1 sampling. The field blanks were taken to a NABEL sam-
pling site and placed in the filter stock of the high-volume sampler, but they were 
not used for sampling. In addition, filters directly taken from the supplier’s box 
were extracted and analyzed, yielding blank controls of the filter material and the 
extraction and sample preparation procedures. 

Filter Extraction and Sample Preparation 

All solvents were suitable for residue analytical quality and were purchased from 
Merck (Darmstadt, Germany) or Biosolve (Valkenswaard, The Netherlands). 
Glassware used for extraction was baked out at 450 °C overnight and subse-
quently rinsed with dichloromethane. Filters were extracted with dichloro-
methane for 24 h in a Soxhlet apparatus. Extracts were reduced in volume to 1–2 
mL, filtered, and transferred to volumetric flasks. The volume was adjusted to 5 
mL with dichloromethane and toluene to yield a final dichloromethane–toluene 
ratio of about 1:1. Extracts were transferred to leak-proof sealed glass vials and 
stored at 4 °C. 

For bioassay analysis, concentration series of the filter extracts were prepared in 
dimethylsulfoxide (DMSO, extra pure, Merck, Darmstadt, Germany). Aliquots 
of each extract (15–1000 μL) were transferred to glass vials, and the solvent was 
evaporated at 50 °C under a constant stream of nitrogen. At the point of dryness, 
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DMSO was added (5–20 μL). Samples in DMSO were stored in the dark at 4 °C. 
Assay analysis was performed within a few days after sample preparation. 

For GC/HRMS analysis, 50 ng D9-1-hydroxypyrene (Chiron, Trondheim, Nor-
way) were added to aliquots (2–3 mL) of the filter extracts as an internal stan-
dard. Dichloromethane was evaporated and extracts were adjusted with toluene 
to approximately 3 mL. The samples were extracted with 4 mL of aqueous 0.5 M 
potassium carbonate solution. For acetylation, the toluene phase was removed 
and 0.25 mL of acetic anhydride (Fluka, Buchs, Switzerland) was added. After 
shaking, samples were left for 30 min at room temperature. Subsequently, aque-
ous extracts were shaken twice with 3 mL of hexane. The hexane extracts were 
pooled and concentrated to approximately 10 μL. 

Reporter Gene Assay  

The Estrogen-Responsive Chemical-Activated Luciferase gene Expression (ER-
CALUX) assay is an in vitro reporter gene assay used to detect estrogen receptor 
(ER)-mediated gene expression [24]. The assay is based on T47D human breast 
adenocarcinoma cells that are stably transfected with the ER-controlled 
luciferase reporter gene construct pEREtata-Luc. In these T47D.Luc cells, ER 
agonists induce luciferase gene expression in a dose-dependent manner and are 
indirectly detected via luciferase activity. The measured overall ER-mediated ac-
tivity integrates agonistic and antagonistic interactions exhibited by all ER 
ligands present in a sample. 

T47D.Luc cells were obtained from BioDetection Systems (BDS, Amsterdam, 
The Netherlands). Cell culture, assay analysis, and quality assurance/quality con-
trol were performed as described in detail elsewhere [8]. T47D.Luc cells were 
seeded in 96-well plates (Nunc, Rochester, USA) at a density of 10,000 cells per 
well, as determined with a cell counting chamber. Cells were maintained in 0.1 
mL assay medium, which consisted of D-MEM/F-12 phenol red free medium 
(Gibco, Paisley, Scotland) supplemented with NaHCO3 (1.26 g L-1), 1% (v/v) 
non-essential amino acids, and 5% (v/v) dextran-coated charcoal-treated fetal 
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bovine serum (FBS, Australian origin). After 24 h of incubation (37 °C, 5% CO2, 
100% relative humidity), medium was renewed and cells were incubated for an-
other 24 h. Then, medium was removed and cells were exposed in triplicate to 
0.1 mL exposure medium. This was prepared by individually diluting PM1 ex-
tracts, field blanks, filter blanks, solvent controls, and the reference compound 
17β-estradiol (E2, 0.6–60 pM), all dissolved in DMSO, 1000-fold in assay me-
dium. The final DMSO concentration in the wells was 0.1% (v/v). Triplicate 
analysis of selected PM1 extracts was repeated in a second, independent expo-
sure experiment. Cytotoxicity of the tested samples was controlled by micro-
scopic evaluation of cell morphology. After an exposure time of 24 h, luciferase 
activity was measured as relative light units (RLUs) on a microplate luminome-
ter (MLX, Dynex, Chantilly, USA). The limit of quantification (LOQ) was cal-
culated as 10 times the standard deviation of the solvent control. The average 
LOQ of all plates measured in this study was 1.1 ± 0.6 pM E2 (0.3 pg E2 mL-1). 
To test whether the detected luciferase activity was ER-mediated or not, an ER 
antagonist (ICI 182,780 [27]; Tocris Bioscience, Avonmouth, UK) was mixed 
with E2 (3 and 10 pM) and with PM1 extracts (BER 1/26, BER 1/28, PAY 1/26). 
This yielded exposure medium containing 10 nM ICI 182,780 [17; 24] and 0.2% 
DMSO (v/v). 

Estrogenic activity of five hydroxy-PAHs (1-hydroxynaphthalene, 2-hydroxy-
naphthalene, 2-hydroxyphenanthrene, 2-hydroxychrysene, D9-1-hydroxypyrene; 
Chiron, Trondheim, Norway) was tested using the ER-CALUX assay. It was as-
sumed that T47D.Luc cells and the ER do not discriminate between native 1-
hydroxypyrene and its deuterated form, which was purchased for GC/HRMS 
analysis. Serial dilutions of 1-hydroxynaphthalene (1.4–208 μM in well), 2-
hydroxynaphthalene (1.4–208 μM), 2-hydroxyphenanthrene (0.05–51 μM), 2-
hydroxychrysene (0.04–41 μM), and D9-1-hydroxypyrene (0.44–44 μM) were 
added in triplicate to T47D.Luc cells at a final DMSO concentration of 0.1% 
(v/v). For each hydroxylated PAH, a dose–response curve was determined in two 
or three independent experiments, applying an exposure time of 24 h. The refer-
ence compound E2 and solvent controls were included on all plates used for as-
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say analysis. Relative potency (REP) factors that express the estrogenic activity 
of the single hydroxy-PAHs relative to the reference compound E2 were calcu-
lated. 

GC/HRMS Analysis 

A mixture of unlabeled hydroxy-PAHs (1-hydroxynaphthalene, 2-hydroxynaph-
thalene, 2-hydroxyphenanthrene, and 2-hydroxychrysene) and D9-1-hydroxy-
pyrene was acetylated and used as a quantification reference. Acetylated hy-
droxy-PAHs were separated by gas chromatography (Fisons Instruments HRGC 
Mega 2, Rodano, Italy) on a capillary column (PS086, 20 m × 0.28 mm, film 
thickness 0.15 μm) with hydrogen as carrier gas at 50 kPa. Detection and identi-
fication were achieved by high resolution mass spectrometry (Thermo Finnigan 
MAT 95, Bremen, Germany) in electron ionization mode (GC/EI-HRMS). Sam-
ples (2 μL) were injected in splitless mode at an injector temperature of 260 °C 
using an A200S autosampler (CTC Analytics, Zwingen, Switzerland). The tem-
perature program for the GC/EI-HRMS analysis was as follows: 1 min isother-
mal at 110 °C, increased at 8 °C min-1 to 300 °C, then isothermal for 5 min. The 
transfer line was held at a constant temperature of 280 °C and the ion source was 
operated at 180 °C. The electron energy was set at 70 eV and the mass spec-
trometer was tuned to a resolution of around 10,000. Data was acquired in multi-
ple-ion-detection (MID) mode. The signals [M]+, [M-C2H2O]+, and [M-C3H3O2]+ 
of acetylated hydroxy-analogs of naphthalene, phenanthrene–anthracene, 
pyrene–fluoranthene and chrysene, and of the acetylated internal standard D9-1-
hydroxypyrene, were recorded. Detected hydroxy-PAHs were quantified against 
the internal standard. To estimate the contribution of the detected hydroxy-PAHs 
to the total ER-mediated activity, GC/HRMS data were converted into E2-CEQ 
concentrations by applying molar REPEC20 E2 factors previously determined in the 
ER-CALUX assay and corrected for each compound’s molecular weight. 
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Data and Statistical Analysis 

A three-parametric sigmoidal regression model was fitted to the dose–response 
data of E2 using a least-squares approach, as specified elsewhere [8]. Luciferase 
activity induced by PM1 extracts was expressed as E2-CALUX equivalent (E2-
CEQ) concentrations. This was done by applying the regression equation of E2 
to solve for the E2 concentration exhibiting the activity of the sample concentra-
tion chosen for quantification (chapter 2, equation 2.2). Dose–response data of 
the tested hydroxy-PAHs was processed in the same way as data of the E2 dilu-
tion series. The fitted curves of E2 and hydroxy-PAHs were used to determine 
REP factors. To this end, the concentration of E2 at a defined response level (i.e., 
EC20, EC50, and EC80) was divided by the concentration of the test hydroxy-
PAH exhibiting the same level of activity as E2 (i.e., activity corresponding to 
20, 50, and 80% of the maximum E2 response). In this way, the REP factors 
REPEC20 E2, REPEC50 E2, and REPEC80 E2 were calculated (chapter 2, equation 2.4). 
Furthermore, the classical REPEC50 was calculated by dividing the EC50 of E2 by 
the EC50 of the test compound (chapter 2, equation 2.3). 

Assay data were compared with meteorological data and with concentrations of 
hydroxy-PAHs and several air pollutants. Correlation coefficients (Pearson, r) 
and linear regressions were calculated using Systat version 10 (SPSS Inc., 2000). 
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5.3 Results 

5.3.1 Estrogenic Activity of PM1 from an Urban and a Rural Site 
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Fig. 5.4 Dose–response curves of 17β-estradiol (E2), two samples of particulate mat-
ter (PM1) from Bern (BER 1/26, BER 1/28), and one PM1 sample from Payerne (PAY 
1/26) determined in the ER-CALUX assay with an exposure time of 24 h. Concentra-
tions are given in grams E2 or PM1 per millilitre of exposure medium (g mL-1). 

Two PM1 extracts form the urban site in Bern (BER 1/26, BER 1/28) and one 
extract from the rural site in Payerne (PAY 1/26) were used to measure full 
dose–response curves in the ER-CALUX assay and to assess the range of quanti-
fiable sample concentrations. For the three extracts, estrogenic activity was ob-
served at concentrations between 8 and 600 μg PM1 per mL of exposure medium 
(Fig. 5.4). These amounts of particles corresponded to 0.1–14 m3 of sampled air. 
Fig. 5.4 shows that both PM1 extracts sampled on January 26 induced a maxi-
mum response of ~30% and the one sampled on January 28 reached ~60%, rela-
tive to 60 pM 17β-estradiol (E2), the highest tested concentration of the refer-
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ence compound. Higher induction levels were not achieved due to cytotoxic 
compounds present in the PM1 extracts. Toxic effects on T47D.Luc cells were 
observed starting at concentrations of 200–300 μg PM1 mL-1. To verify that 
measured luciferase activities were ER-mediated and not induced by other path-
ways, we mixed a known ER antagonist (ICI 182,780, 10 nM) with E2 (3 and 10 
pM) and PM1 extracts (BER 1/26, BER 1/28, PAY 1/26). Expression of the 
marker protein was induced by E2 and PM1 extracts, but was completely inhib-
ited after addition of the antagonist (Fig. 5.5). Changes in cell morphology point-
ing to cytotoxic effects (i.e., vacuolization, abnormal cell shape, damaged mem-
branes, detached cells) exerted by the tested mixtures were not observed. Hence, 
we concluded that E2 and PM1 extracts exhibited ER-mediated activity in the 
ER-CALUX assay. 
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Fig. 5.5 Estrogen receptor (ER)-mediated luciferase induction of 17β-estradiol (E2) 
and PM1 extracts (BER 1/26, BER 1/28, PAY 1/26) and inhibition by an ER antago-
nist (ICI 182,780, 10 nM). Data are expressed as percent of luciferase induction of 3 
pM E2 (ER-CALUX, exposure time 24 h). Shown is the mean of a triplicate determina-
tion in one exposure experiment (relative standard deviation <15%). 
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Fig. 5.6 Estrogenic activity of particulate matter (PM1) collected at an urban (Bern) 
and a rural site (Payerne) in Switzerland. Activity is shown as nanograms 17β-
estradiol equivalents (E2-CEQ) per gram of PM1 (ER-CALUX, 24-h exposure). Bars 
represent the mean ± standard deviation of one or two independent exposure experi-
ments each with triplicate determinations. The inset indicates that estrogenic activities 
on a day-by-day resolution were well correlated between the sites (linear regression, 
r2 = 0.84). N.m., not measured; n.d., not detected; empty circle in inset, outlier. 

Based on the dose–response curves determined, the quantifiable range for all 
PM1 samples could be estimated. For quantification, sample concentrations were 
chosen that induced luciferase activity in the range between the limit of quantifi-
cation (LOQ) and 30% of the maximum induction level of E2 [8]. As shown by 
Fig. 5.6, estrogenic activity was detected and quantified in all 24 samples that 
were tested. E2-CALUX equivalent (E2-CEQ) concentrations were in the same 
range at the urban and the rural site. Concentrations in Bern varied between 4.5 
and 23 ng E2-CEQ per gram of PM1 with an average of 9.0 ± 5.6 ng E2-CEQ g-1 
(appendix B, Table S5). Concentrations in Payerne ranged from 2.4 to 22 ng E2-
CEQ g-1 with an average of 9.4 ± 6.8 ng E2-CEQ g-1. At both sites, similar me-
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dian concentrations of 7.3 and 7.4 ng E2-CEQ g-1 were found. The observed 
ranges of estrogenic activity correspond to 0.08–1.25 and 0.07–0.77 pg E2-CEQ 
per m3 of sampled air in Bern and Payerne, respectively (appendix B, Table S5). 

With the exception of one day (January 27), the temporal trends of estrogenic ac-
tivity were well correlated between the urban and rural site (r = 0.92), as were 
the PM1 concentrations (r = 0.95). Linear regressions with r2 = 0.84 for estro-
genic activities and r2 = 0.90 for PM1 concentrations were calculated (Figs 5.3 
and 5.6). This indicates that the sampling sites did not represent independent air 
quality situations during the smog episode studied. The highest E2-CEQ concen-
trations were observed at both sites on the same two days. These were 21 and 23 
ng E2-CEQ per gram of PM1 on January 28 and 16 and 17 ng E2-CEQ g-1 on 
February 7. On January 27, twofold increased ER-mediated activity was ob-
served in Payerne versus Bern (i.e., 22 and 11 ng E2-CEQ g-1). Interestingly, 
PM1 levels were relatively low at the days with elevated mass-based estrogenic 
activity compared with other samples (Figs 5.3 and 5.6). This may indicate that 
accumulation of inactive compounds led to a dilution of particle-bound xenoes-
trogens during phases with higher mass concentrations of PM1, as for example 
during the investigated high air pollution episode. No association was found be-
tween estrogenic activity and weekday. 

5.3.2 Estrogenic Activity of Hydroxylated PAHs 

Five hydroxylated PAHs were tested in the ER-CALUX assay for their potency 
to induce ER-mediated gene expression. Fig. 5.1 displays their chemical struc-
tures and relative potency values. Fig. 5.7 shows the dose–response curves of E2 
and the five tested hydroxy-PAHs. E2 induced a maximum response at 60 pM. 
This concentration was used as a reference for 100% effect. The EC50 value for 
E2 was 3.7 ± 0.6 pM (mean ± standard deviation), as obtained from 12 inde-
pendent exposure experiments with triplicate determinations. 

Two of the tested compounds, namely, 2-hydroxychrysene and 2-hydroxy-
phenanthrene, achieved a maximum ER-mediated activity distinctly above the 
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highest luciferase induction level of E2 (Fig. 5.7). This large effect relative to the 
reference compound was observed at 277 ± 92% and 228 ± 5% of 60 pM E2 for 
2-hydroxychrysene and 2-hydroxyphenanthrene, respectively (Table 5.1). As il-
lustrated by Fig. 5.7, 2-hydroxynaphthalene reached a similar maximum activity 
as E2, whereas 1-hydroxypyrene and 1-hydroxynaphthalene exhibited only 50–
60% of the response of 60 pM E2. EC50 values of the hydroxylated PAHs 
ranged from 0.5 to 35 μM (Table 5.1). Cytotoxicity was not observed by micro-
scopic visualization of the cells within the concentration ranges used for 1-
hydroxynaphthalene and 2-hydroxynaphthalene. All other tested hydroxy-PAHs 
were cytotoxic at higher concentrations, which possibly decreased the maximally 
achievable ER-mediated activity. Cytotoxic effects started to be visible at 41 μM 
for 2-hydroxychrysene, at 51 μM for 2-hydroxyphenanthrene, and at 44 μM for 
1-hydroxypyrene (D9). EC50 values and maximum induction levels (i.e., effica-
cies) were determined from two or three separate experiments, and are summa-
rized in Table 5.1. 

Different levels of maximum induction were observed for the five hydroxylated 
PAHs. Therefore, several REP factors were determined for each hydroxy-PAH 
instead of a single point estimate. The reported series of REP factors (Table 5.1) 
indicate the potential range of uncertainty in REP estimation due to non-parallel 
dose–response relationships [28], as observed with the tested hydroxy-PAHs and 
E2 (Fig. 5.7). REPs based on EC50s and on concentrations inducing 20, 50, and 
80% of the maximum response of E2 were calculated and are listed in Table 5.1. 
These values show that the tested hydroxy-PAHs were 5 × 104 to 3 × 107 times 
less potent than E2 to induce expression of ER-controlled genes in T47D human 
breast adenocarcinoma cells. The following order of relative estrogenic potency 
was found: 2-hydroxychrysene > 2-hydroxyphenanthrene > 1-hydroxypyrene > 
2-hydroxynaphthalene > 1-hydroxynaphthalene. Compounds with a hydroxy 
group at position 2 were in general more potent than those with a hydroxy group 
at position 1, as illustrated by Fig. 5.1. Furthermore, the size of the molecule and 
the spatial arrangement of the fused benzene rings (i.e., linear, angular, cluster) 
affected the estrogenic potency of the tested hydroxy-PAHs. 2-Hydroxyphen-
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anthrene and 2-hydroxychrysene display an angular arrangement of three and 
four rings, respectively, and were nearest to the structure of E2 among the tested 
compounds. 
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Fig 5.7 Induction of ER-mediated luciferase activity by 17β-estradiol (E2) and five hy-
droxylated PAHs (2-HO-Ch, 2-hydroxychrysene; 2-HO-Ph, 2-hydroxyphenanthrene; 
1-HO-Py, 1-hydroxypyrene; 2-HO-Np, 2-hydroxynaphthalene; 1-HO-Np, 1-hydroxy-
naphthalene) in T47D.Luc cells after an exposure time of 24 h. For each compound, a 
representative example of two or three independent exposure experiments is shown. 
Each point represents the mean ± standard deviation of triplicate determinations. 

5.3.3 Contribution of Hydroxy-PAHs to the Observed Activity 

1-Hydroxynaphthalene, 2-hydroxynaphthalene, and 2-hydroxyphenanthrene 
were detected in all PM1 extracts by GC/HRMS analysis, whereas 2-hydroxy-
chrysene, the most potent of the tested hydroxy-PAHs, was not detected with the 
method applied. 1-Hydroxypyrene could not be identified unambiguously, be-
cause no reference material was available. However, in the mass chromatograms 
at m/z 260.0832, 218.0726, and 189.0699 of all PM1 extracts an abundant signal 
was observed at a retention time similar to acetylated D9-1-hydroxypyrene. Be-
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cause of the corresponding mass pattern, this signal probably represents the mo-
lecular ion and the typical fragments of an acetylated hydroxypyrene or an iso-
mer thereof. Furthermore, besides the identified 2-hydroxyphenanthrene, 
GC/HRMS data also point to the presence of additional hydroxylated derivatives 
of phenanthrene or anthracene. 

At both sampling sites, 2-hydroxyphenanthrene was the most abundant of the 
identified hydroxy-PAHs (0.3–20 μg g-1 of PM1, 6–382 pg m-3 of air), followed 
by 2-hydroxynaphthalene (0.01–0.9 μg g-1, 0.2–43 pg m-3) and 1-hydroxynaph-
thalene (0.01–0.4 μg g-1, 0.2–8 pg m-3). GC/HRMS data are reported in detail in 
appendix B (Table S6). Interestingly, concentrations of 2-hydroxyphenanthrene, 
2-hydroxynaphthalene, and 1-hydroxynaphthalene were on average about two-
fold higher in Payerne than in Bern. An explanation might be that atmospheric 
transformation of PAHs leads to higher concentrations of hydroxylated PAHs in 
aged air masses even in rural areas far from direct emission sources. Hydroxy 
radicals (HO•) in the atmosphere are mainly formed by the photolysis of O3 [22]. 
Concentrations of O3 were higher in Payerne than in Bern (see next section). 
This possibly points to increased atmospheric formation of hydroxy-PAHs at the 
rural site. 

REP factors based on concentrations exhibiting 20% of the maximum response 
of E2 were applied to estimate the activity of the three identified hydroxy-PAHs 
in the ER-CALUX assay (Fig. 5.8). These REPEC20 E2 factors (Table 5.1) were 
chosen because the average luciferase activity of the sample concentrations used 
for quantification was 19 ± 8% of the activity of E2 60 pM. The contribution of 
the sum of 2-hydroxyphenanthrene, 2-hydroxynaphthalene, and 1-hydroxynaph-
thalene to the overall estrogenic activity of PM1 was small, that is, 0.01–0.1% in 
Bern and 0.02–0.2% in Payerne. Mainly 2-hydroxyphenanthrene was responsible 
for this contribution. The calculated E2-CEQ concentrations of the three hy-
droxy-PAHs detected in the PM1 extracts are listed in appendix B, Table S7. 
Median values of 2.8 and 4.7 pg E2-CEQ g-1 were found in Bern and Payerne, 
respectively, again indicating that levels of the identified hydroxy-PAHs were 
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higher at the rural than at the urban site. The individual congeners showed a very 
similar temporal trend at each site but not between sites. Hence, the summed E2-
CEQ concentrations of the three hydroxy-PAHs only weakly correlated (r = 
0.54) between sites (Fig. 5.8). This was in contrast to the strong correlation ob-
served for overall estrogenic activities as well as for PM1 concentrations. 

 

0

10

20

30

40

Date

Th,
1/

26

Fr,
1/

27

S
a,

1/
28

S
u,

1/
29

M
o,

1/
30

Tu
, 1

/3
1

W
e,

2/
1

Th,
2/

2

Fr,
2/

3

S
a,

2/
4

S
u,

2/
5

M
o,

2/
6

Tu
, 2

/7

W
e,

2/
8

Th,
2/

9

Filt
er

bl
an

ks

Fie
ld

bl
an

ks

-1
E

s
tr

o
g

e
n

ic
a

c
ti

v
it

y
[p

g
E

2
-C

E
Q

g
] Bern Payerne

Bern

P
a

y
e

rn
e

40

0
400

r = 0.54

n.m. n.m. n.m. n.d.n.m.

 

Fig. 5.8 Estimated estrogenic activity of the sum of three hydroxy-PAHs (2-
hydroxyphenanthrene, 2-hydroxynaphthalene, and 1-hydroxynaphthalene) expressed 
as picograms 17β-estradiol-CALUX equivalents (E2-CEQ) per gram of particulate 
matter (PM1). The inset shows that the summed E2-CEQ concentrations of the hy-
droxy-PAHs only weakly correlated (r = 0.54) between the urban (Bern) and rural site 
(Payerne). A linear regression (r2) was not calculated. N.m., not measured; n.d., not 
detected; empty circles in inset, outliers. 

5.3.4 Meteorological Data and Air Pollutant Levels 

At the NABEL measuring sites, meteorological data and concentrations of sev-
eral air pollutants are recorded [25]. The meteorological data include tempera-
ture, humidity, air pressure, solar irradiation, wind direction, and wind velocity. 
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Measured air pollutants are NO2, NO, O3, CO, PM1, and PM10. In Payerne, SO2 
was also measured during the respective sampling period. Numbers on traffic 
frequency were available for Bern. Meteorological data were similar at both 
sites. Temperatures ranged from -4 to +3 °C, relative humidity from 67 to 97%, 
air pressure from 949 to 968 hPa, solar irradiation from 17 to 86 W m-2, and 
wind velocity from 0.5 to 4 m s-1. An exception was the wind direction. The 
wind came from north/north-east or from south/south-west in Payerne and 
mainly from north, less frequent from south-east or south-west, in Bern. Concen-
trations of NO2, NO, CO, PM1, and PM10 were higher at the urban than the rural 
site (appendix B, Table S8). For example, PM1 concentrations were 20–60% 
higher in Bern than in Payerne; with the exception of one day with similar con-
centrations. As indicated before, PM1 levels at the urban and the rural site were 
strongly correlated during the high air pollution episode studied (Fig. 5.3). PM1 
levels were up to five times higher than the yearly average at each site. Concen-
trations of O3 were generally low but higher in Payerne (11 ppb, median value, n 
= 12) than in Bern (4 ppb). 

The overall estrogenic activity of PM1 collected in Bern and Payerne was com-
pared to meteorological data, traffic frequency, concentrations of air pollutants, 
and concentrations of the three detected hydroxy-PAHs (sum). At both sites, 
only weak correlations were found. A positive correlation was calculated be-
tween estrogenic activity and hydroxy-PAHs (r = 0.4) in Bern. A negative corre-
lation was found for wind velocity (r = -0.5). In Payerne, positive correlations 
were found between estrogenic activity and SO2 (r = 0.6) and between estrogenic 
activity and hydroxy-PAHs (r = 0.4). Again, a negative correlation was obtained 
for wind velocity (r = -0.5). The correlations presented above were calculated us-
ing weight-based E2-CEQ concentrations (E2-CEQ g-1). When using E2-CEQs 
per m3 of sampled air, stronger correlations are obtained. 
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5.4 Discussion 

In vitro estrogenicity was detected in dichloromethane extracts of PM1 collected 
at an urban (Bern) and a rural site (Payerne) in Switzerland during a high air pol-
lution episode in winter 2006. The tested PM1 extracts contained compounds 
that were able to induce ER-mediated gene expression in T47D human breast 
adenocarcinoma cells. The PM1 extracts exhibited 30–60% of the maximum re-
sponse of E2. This corresponds well with the study by Clemons et al. (1998). 
They reported that 20–50% of the maximum activity of E2 was induced in MCF-
7 human breast cancer cells by a dichloromethane extract of urban PM10. The 
authors suggested that a 100% effect was not achieved due to the presence of 
partial ER agonists. In our study, however, higher induction levels were not ob-
served due to cytotoxic effects exerted on the exposed cells by PM1 extracts 
from both urban and rural sites. The detected estrogenic activities corresponded 
to E2 equivalent concentrations of 2.4–23 ng E2-CEQ g-1. These amounts of es-
trogenic compounds per gram of PM1 were distinctly lower than those reported 
by previous studies, which found 0.2–1.0 μg E2 equivalents (E2-EQ) per gram of 
PM10 collected in Toronto, Canada, [11] and 0.2–0.8 μg E2-EQ g-1 of PM100 
collected in Wuhan, a Chinese city [6]. However, the chemical compositions of 
particles form different locations are not identical [29]. Furthermore, particles 
from the same location but of different size distributions vary in chemical com-
position due to different sources [5]. PM1 mainly consists of aggregated com-
bustion-derived particles and condensed vapors, whereas PM10 and larger size 
fractions also contain mechanically generated particles. The volume-based con-
centrations of estrogenic compounds associated with PM1 from Bern and 
Payerne ranged from 0.1–1.3 pg E2-CEQ m-3. The previous studies reported 5–
23 pg E2-EQ m-3 [11] and 71–329 pg E2-EQ m-3 [6]. In all three studies, the vol-
ume-based concentrations only reflect the estrogenic activity of particle-bound 
compounds and, therefore, were dependent on particulate matter levels at the 
sampling sites. It has been shown that not only the particulate phases of ambient 
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air exhibit estrogenic activity but also the gas-phase contains considerable 
amounts of xenoestrogens [12]. 

Certain hydroxylated derivatives of PAHs have been shown to exhibit estrogenic 
activity in different in vitro test systems [17-21]. These studies focused on hy-
droxylated metabolites of benzo[a]pyrene and chrysene. An exception were the 
studies by Kamiya et al. (2005) and Hayakawa et al. (2007), which evaluated 
hydroxy-derivatives of several different PAHs for their activity in an yeast-based 
assay. We tested five 2- to 4-ring hydroxy-PAHs, namely, 1-hydroxynaph-
thalene, 2-hydroxynaphthalene, 2-hydroxyphenanthrene, 1-hydroxypyrene, and 
2-hydroxychrysene, for their potency to induce ER-mediated gene expression in 
the ER-CALUX assay. The observed order of relative estrogenic potency indi-
cates that the position of the hydroxy group as well as the molecular size and 
structure seem to be crucial for the potency of hydroxy-PAHs to bind and acti-
vate the ER. This is also suggested by data of other in vitro studies [17; 18]. Ha-
yakawa et al. (2007) observed the same order of potency for 2-hydroxychrysene, 
2-hydroxyphenanthrene, and 1-hydroxypyrene, whereas no significant estrogenic 
activity was observed for 1- and 2-hydroxynaphthalene. However, the tested 
concentrations, ranging from 1 nM to 1 μM, were probably too low. Our findings 
confirm an earlier observation regarding the large effect of 2-hydroxychrysene in 
the ER-CALUX assay [17]. An entirely ER-mediated effect of 400% and 200–
300% relative to the maximum response of E2 was found after exposing 
T47D.Luc cells for 6 and 24 h, respectively, and an EC50 of 3.2 × 10-7 M was 
reported. We observed a maximum effect of ~280% and a similar EC50, using 
an exposure time of 24 h. Such superagonistic responses have also been observed 
with some phytoestrogens, for example, resveratrol [30]. Hence, the reported 
REP factors can be used in subsequent studies that apply the ER-CALUX assay 
to assess the estrogenic potency of hydroxylated PAHs. 

Hydroxy-PAHs are emitted during combustion processes [10; 19] or are formed 
in the atmosphere by secondary oxidation of PAHs [22]. Therefore, hydroxy-
PAHs might be distributed ubiquitously in the environment. In all PM1 samples 
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collected in Bern and Payerne, we detected three of the five hydroxy-PAHs that 
we had tested in the ER-CALUX assay. In a previous study, 1-hydroxypyrene 
and 2-hydroxyfluorene were detected in ambient particulate matter and concen-
trations of 6–63 pg m-3 and 4–49 pg m-3, respectively, were found [31]. These 
concentrations are consistent with the concentration ranges found for the three 
hydroxy-PAHs detected in PM1 from Bern and Payerne. The summed E2-CEQ 
concentrations of 2-hydroxyphenanthrene, 2-hydroxynaphthalene, and 1-hy-
droxynaphthalene contributed little, that is, 0.01–0.2%, to the overall estrogenic 
activity of PM1. However, these three hydroxy-PAHs represent only a very 
small selection of the large variety of hydroxylated PAHs possibly present in 
ambient air. Some additional hydroxy-PAHs with yet unknown structure and es-
trogenic potency have been detected in atmospheric particles from both sites. 
Other compounds must also contribute to the observed in vitro estrogenicity of 
PM1. An abundant class of compounds found in combustion emissions and am-
bient air are PAHs [10; 12; 23]. It has been shown that some PAHs and/or their 
metabolites exhibit estrogenic activity [11; 17; 20; 21]. Hence, PAHs and/or their 
metabolites may contribute substantially to the observed in vitro estrogenicity of 
ambient particulate matter. In addition, nitro-PAHs and other substituted PAHs 
may be involved in PM1 estrogenicity. This is supported by a preliminary ex-
periment (data not shown) demonstrating that 2-nitrophenanthrene induced ER-
mediated gene expression in the ER-CALUX assay. Finally, substances belong-
ing to other classes of compounds may also contribute to the overall estrogenic 
activity, for example, phenols, phthalates, or polychlorinated and polybromi-
nated biphenyls (PCBs, PBBs) [10; 12]. Further work is needed to identify more 
of the ER ligands present in the atmosphere, to determine their environmental 
concentrations and estrogenic potencies, and to deduce their potential origin. 

The range and the temporal trends of estrogenic activity were similar at both lo-
cations. This is consistent with an earlier study, which reported that PM estro-
genicity did not differ between urban and rural sites in Canada [12]. Our results 
indicate that PM1-associated estrogenic compounds were distributed more or 
less homogenously within the planetary boundary layer over the Swiss plateau 
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during the considered sampling period. The strong correlation of estrogenic ac-
tivities (r2 = 0.8) as well as PM1 concentrations (r2 = 0.9) between Bern and 
Payerne suggests that these sites were connected during the hibernal high air pol-
lution episode studied and did not represent independent air quality situations. 
However, not necessarily the same chemicals generated the overall estrogenic re-
sponses observed with the urban and rural PM1 samples. 

Our findings do not point to specific local sources of PM1 estrogenicity at the 
urban or the rural site. Comparisons of estrogenic activity with concentrations of 
particulate matter and gaseous air pollutants and with meteorological data did not 
permit the elucidation of specific emission sources and formation processes of 
atmospheric xenoestrogens. Substantial effects of air pressure, temperature, hu-
midity, and solar irradiation on PM1 estrogenicity could not be observed. The 
examined sampling period and the variation of these meteorological parameters 
were possibly too small to study the effects of these parameters. Some correla-
tion of estrogenicity and wind velocity was noticed. Estrogenic activity did not 
correlate with particulate matter concentrations (PM1, PM10). This might be due 
to the accumulation of inactive compounds (i.e., without activity in the ER-
CALUX assay) during the high air pollution episode, leading to a dilution of es-
trogenic compounds. As expected, concentrations of NO2, NO, and CO were 
higher at the urban site than at the rural site. These combustion-related gaseous 
pollutants as well as traffic frequency did not correlate with PM1 estrogenicity. 
On the other hand, a positive correlation was found between SO2 and E2-CEQ 
concentrations, indicating that combustion processes influence atmospheric con-
centrations of particle-bound xenoestrogens. However, several studies reported 
that diesel exhaust exhibited estrogenic activity in vitro [8; 13] and in vivo [7]. 
Using the ER-CALUX assay, we measured 550–740 and 1050–1825 pg E2-CEQ 
per m3 of filtered and unfiltered diesel exhaust, respectively, which included 
semivolatile estrogenic compounds and xenoestrogens associated with the total 
particulate fraction of diesel exhaust [8]. These concentrations were 440–26,100 
times greater than those found in the PM1 extracts of 0.07–1.25 pg E2-CEQ m-3. 
Hence, diesel combustion contributes in some extent to the overall estrogenic ac-
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tivity observed with ambient particulate matter. However, other anthropogenic 
sources must also be present. In addition, a secondary formation of estrogenic 
compounds in the atmosphere, based on parent compounds emitted from multi-
ple sources, probably contributes to the total estrogenic response and may lead to 
a more homogenous distribution of estrogenic activity in ambient air. In conclu-
sion, further data is needed to study parameters and sources affecting the estro-
genic potential of ambient particulate matter. 

The average daily intake of air ranges from about 2 m3 per day in very young in-
fants to about 24 m3 per day in adults [12]. Based on our in vitro data, a person 
living in Bern or Payerne would inhale 1–10 pg E2 equivalents per day. In this 
estimation, only PM1-associated compounds are considered. Consequently, the 
total intake of estrogenic compounds by breathing and swallowing must be 
higher. To date, the potential biologic effects of human exposure to atmospheric 
estrogens remain unclear. However, atmospheric particulate matter contains 
compounds that are able to interact with ERs in vitro and potentially also inter-
fere with estrogen-regulated pathways of humans and animals. 
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6.1 Introduction 

6.1.1 Related Publication 

This chapter is adapted from the following publication: 

Wenger D, Gerecke AC, Heeb NV, Hueglin C, Seiler C, Haag R, Naegeli H, 
Zenobi R. Aryl hydrocarbon receptor-mediated activity of atmospheric particu-
late matter from an urban and a rural site in Switzerland. Accepted by Atmos-
pheric Environment (in press). 

6.1.2 Introduction to the Topic 

Atmospheric particulate matter (PM) is an air-suspended mixture of solid and 
liquid particles that vary in size, shape, and chemical composition. Particles hav-
ing an aerodynamic diameter smaller than 2.5 μm (PM2.5) can penetrate deeply 
into the lungs [1] and are classified as fine particles. Long-term exposure to ele-
vated concentrations of fine particles poses a health threat to humans and ani-
mals. Several epidemiological studies have demonstrated clear associations be-
tween fine particulate concentrations and increased cardiovascular morbidity and 
mortality, including increased risks for lung cancer and decreased lung function 
[2; 3]. However, the exact mechanisms linking exposure and observed effects 
have not yet been established. It has been hypothesized that toxic chemicals such 
as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated dioxins and fu-
rans (PCDD/Fs) play an important role [4]. 

PAHs and PCDD/Fs are toxic aromatic compounds formed upon the incomplete 
combustion of organic material. The presence of PAHs [5] and PCDD/Fs [6] in 
PM is well established. Within Europe, residential heating, industrial activities, 
and traffic are the most important emission sources for atmospheric PAHs [7]. 
Volatile 2- and 3-ring PAHs remain mainly in the gas phase at ambient tempera-
tures, whereas larger PAHs (5 rings and larger) predominantly are sorbed on PM 
[8]. Some PAHs are known to be carcinogenic and it has been shown that car-
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cinogenic effects of PAHs are mediated by the aryl hydrocarbon receptor (AhR) 
[9; 10]. A very recent study, using transgenic AhR-deficient mice, demonstrated 
that the carcinogenic activity of PM extracts is directly connected to the activa-
tion of the AhR [11]. 

The AhR is a ubiquitous intracellular receptor, which is expressed in mammals, 
birds, reptiles, amphibians, fish, and invertebrates. This receptor seems to be in-
volved in a number of biological processes, including development [12] and de-
toxification of exogenous compounds [13]. On the other hand, AhR-dependent 
transformation of certain xenobiotics (e.g., PAHs) leads to carcinogenic metabo-
lites [14]. In addition to PAHs, also PCDD/Fs are an important group of AhR 
agonists. This group includes 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8-TCDD), 
the strongest AhR agonist known. Using an AhR-based bioassay and 2,3,7,8-
TCDD as reference compound, relative potencies (REPs) of other AhR agonists 
can be deduced, and 2,3,7,8-TCDD equivalent concentrations of environmental 
samples can be determined. Several studies used reporter gene assays to assess 
AhR agonists present in the atmosphere, mostly by investigating PM10 extracts. 
Clemons et al. (1998) were the first to show that an urban PM10 extract induced 
the transcription of AhR-dependent genes. They reported that the investigated 
sample contained PM-TCDD equivalents in the range of 5–370 pg per cubic me-
ter of sampled air. Comparable concentrations of PM-TCDD equivalents were 
found in PM samples from Europe and New Zealand [15-18]. In addition to 
these measurements, Brown et al. (2005) reported also the concentrations of 
PAHs in the same set of 90 PM10 samples. Knowing REP factors for these 
PAHs, Brown and co-workers calculated the ΣPAH-TCDD equivalents, which 
correlated extremely well with the measured PM-TCDD equivalents. Benzo-
[k]fluoranthene was the PAH that contributed most to the observed AhR agonist 
activity of PM10 extracts. Klein et al. (2006) observed that most of the AhR-
mediated activity is contained in the particle phase compared to the gas phase. 

In this study, we focused on an intense winter smog period, in which the Swiss 
PM10 threshold value of 50 μg m-3 (24-h average) was often exceeded. In con-
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trast to previous in vitro investigations, we analyzed for the first time extracts of 
atmospheric particles smaller than 1 μm (PM1). Particles in this size fraction are 
considered to be of particular importance in the context of adverse health effects 
induced by particulate air pollution. Compared to larger particles, submicron par-
ticles have a higher number concentration and surface area, and possibly carry 
larger amounts of sorbed chemicals per unit mass [4]. Daily PM1 samples were 
collected at an urban traffic site and a rural site during a 15-day measuring cam-
paign. We applied an in vitro reporter gene assay (DR-CALUX) to detect and 
quantify PM1-associated chemicals that induce AhR-mediated gene expression. 
In addition, concentrations of PAHs in the PM1 extracts were determined using 
gas chromatography/high resolution mass spectrometry (GC/HRMS). Using 
known REP factors, the contribution of these PAHs to the overall AhR-mediated 
activity was calculated. The investigated sites were part of the Swiss National 
Air Pollution Monitoring Network (NABEL). This approach enabled us to com-
pare for the first time the time courses of major air pollutants such as NO, NO2, 
CO, and ozone with those of the AhR-mediated activity in PM1 extracts. 
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6.2 Experimental Section 

Site Locations and PM Sampling 

Sampling of PM1 was performed at two sites of the NABEL, as described in de-
tail in chapter 5. For the present study, we selected an urban traffic site and a ru-
ral site on the Swiss plateau (Fig. 5.2). The urban site is located near to the cen-
tral railway station of Bern and next to a highly frequented road. During the 
sampling period, 15,000–30,000 vehicles per day passed the road, including 5–
12% heavy-duty vehicles. The rural sampling site is located approximately 1 km 
southeast of Payerne, a small town (8,000 inhabitants) in western Switzerland, 
and about 40 km southwest of Bern. The site is surrounded by an agrarian land-
scape. The nearest main road passes several hundred meters southeast of the 
sampling site. From both sampling sites, we analyzed ambient particulate matter 
collected between January 26 and February 9, 2006. This was a period with in-
creased atmospheric PM1 and PM10 concentrations in the Swiss plateau caused 
by a strong winter inversion (chapter 5, Fig. 5.3) [19]. High-volume samplers 
(Digitel DHA 80) with quartz fiber filters (Whatman QMA, diameter 150 mm) 
were used to collect PM1, as described in detail elsewhere [20]. The PM1 sam-
ples were taken during 24 h at a flow-rate of 30 m3 h-1. This resulted in 720 m3 of 
sampled air per filter. The exposed filters were stored in a freezer at -18 °C. PM1 
filters of every fourth day were not available. More details are given in chapter 5. 

A field blank and a filter blank were analyzed. They were handled as described 
in chapter 5. The AhR-mediated activity of the blanks could be ignored (<0.2 pg 
TCDD-CEQ m-3) compared to the activities observed with the PM1 extracts. 

Filter Extraction and Sample Preparation 

All solvents were suitable for trace analysis and were purchased from Merck 
(Darmstadt, Germany) or Biosolve (Valkenswaard, The Netherlands). Glassware 
used for extraction was baked out at 450 °C overnight and subsequently rinsed 
with dichloromethane. Filters were extracted in a Soxhlet apparatus with di-
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chloromethane for 24 h. Extracts were concentrated to a volume of 1–2 mL, fil-
tered, and transferred to volumetric flasks. The volume was adjusted to 5.0 mL 
(dichloromethane–toluene, final ratio ~1:1, v/v). Extracts were transferred to 
leak-proof sealed glass vials and stored at 4 °C. 

For bioassay analysis, concentration series of the filter extracts were prepared in 
dimethylsulfoxide (DMSO, extra pure, Merck, Darmstadt, Germany). Aliquots 
of each extract (5–750 μL) were transferred to glass vials, and the solvent was 
evaporated at 50 °C under a constant stream of nitrogen. At the point of dryness, 
DMSO was added (10–1000 μL). These samples were stored in the dark at 4 °C. 
Bioassays were performed within a few days after sample preparation. 

In Vitro Reporter Gene Assay 

The DR-CALUX assay [21] was applied to detect and quantify the overall AhR-
mediated activity of PM1 extracts. Cell culture and assay analysis were per-
formed as described in chapters 2 and 4. In brief, cells were exposed in triplicate 
to extracted samples, solvent controls, and dilution series of 2,3,7,8-TCDD with 
a final DMSO concentration of 0.8% (v/v). Exposed cells were incubated for 24 
h under controlled conditions (37 °C, 5% CO2, 100% relative humidity). After 
cell exposure, luciferase activity was measured as relative light units (RLUs) on 
a microplate luminometer (MLX, Dynex, Chantilly, USA). All RLU values were 
corrected for background activity detected in the presence of DMSO alone. Data 
obtained from the 2,3,7,8-TCDD dilution series was fitted to a sigmoidal curve 
(chapter 2, equation 2.1). Luciferase activity induced by samples was converted 
to TCDD-CEQ concentrations by using the inverse function of the fitted 2,3,7,8-
TCDD activity curve (equation 2.2). 

PAH Analysis 

Concentrations of nine 4- to 6-ring PAHs (fluoranthene, pyrene, chrysene, 
benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, 
indeno[1,2,3-cd]pyrene, and dibenzo[a,h]anthracene) in PM1 extracts were 
measured by GC/HRMS. These PAHs were chosen because REP factors were 
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available from literature and because, under the prevailing environmental condi-
tions (ambient temperatures <5 °C, PM10 (24 h) > 12 μg m-3), a very high percent-
age of these PAHs is sorbed to atmospheric particles and only a minor fraction of 
these PAHs is in the gas phase [8]. 

Aliquots of each extract (0.8–3.4 mL out of 5.0 mL) were transferred to glass vi-
als and spiked with internal standards (10 μL of a 20 ng μL-1 solution of the per-
deuterated analog of each target compound). The volume of the samples was re-
duced to 200 μL, combined with cyclohexane (~50 μL), and transferred to a pre-
conditioned three layer column (column: inner diameter 5 mm, length 20 cm; 
layers: 1 g sodium sulfate, 0.15 g silica gel KG 60 (≤0.063 mm), 1.5 g silica gel 
KG 60 (0.063–0.2 mm)). The vial was rinsed with 3 mL of hexane, which were 
also transferred to the three layer column. This first fraction was discarded. 
Thereafter, all target compounds and internal standards were eluted with 11 mL 
of a hexane–dichloromethane mixture (4:1, v/v). After reduction of the volume 
on a rotary evaporator, some toluene was added and the solution was transferred 
to a GC-vial. Therein, the volume was adjusted to approximately 300 μL under a 
gentle stream of nitrogen. High-resolution gas chromatography (MEGA 2 
HRGC, Fisons) was performed on capillary columns (20 m × 0.3 mm, stationary 
phase PS086, film thickness 0.15 μm, hydrogen at 50 kPa as carrier gas, hot 
split/splitless injection of 1–2 μL). PAHs and internal standards were detected on 
a high-resolution mass spectrometer (MAT 95, Finnigan) in multiple ion detec-
tion mode at a mass resolution of 8,000. 

Calculation of 2,3,7,8-TCDD-CALUX Equivalents (TCDD-CEQs) and Statistical 
Analysis 

A three-parametric sigmoidal regression model was fitted to the dose–response 
data of 2,3,7,8-TCDD using a least-squares approach, as specified elsewhere 
[22]. Luciferase activity induced by PM1 extracts was expressed as PM-TCDD 
equivalent concentrations. This was done by applying the regression equation of 
2,3,7,8-TCDD to solve for the 2,3,7,8-TCDD concentration exhibiting the activ-
ity of the sample concentration chosen for quantification (equation 2.2). To spec-
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ify that the 2,3,7,8-TCDD equivalents were determined on the basis of the 
CALUX system, we use the expression TCDD-CEQ (2,3,7,8-TCDD-CALUX 
equivalents). 

ΣPAH-TCDD-CEQs were calculated by using relative potency (REP) factors de-
termined with the DR-CALUX assay by Behnisch et al. (2003) (EC5, 24-h expo-
sure) and Machala et al. (2001) (EC25, 24-h exposure) [23; 24]. If both authors 
reported a REP factor, we applied the geometric mean (appendix B, Table S9). 
Generally, the difference was small. Only for benz[a]anthracene and benzo[b]-
fluoranthene substantially different REP factors were reported. REP factors de-
termined by the means of similar reporter gene assays [25-27] are rather in the 
range of the lower value. Therefore, we had no indication that we would under-
estimate the REP factor for benz[a]anthracene and benzo[b]fluoranthene by us-
ing the geometric mean. To obtain the ΣPAH-TCDD-CEQs, REP factors were 
multiplied by the concentration of the respective PAH and summed up. 

Assay data were compared with concentrations of PAHs, with several air pollut-
ants, and with meteorological data. Principal component analysis and paired t-
tests were calculated using Systat version 10 (SPSS Inc., 2000). 
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6.3 Results and Discussion 

6.3.1 AhR-Mediated Activity of PM1 

The DR-CALUX assay was used to detect and quantify constituents of PM1 ex-
tracts that activate AhR-mediated pathways. Fig. 6.1 shows the dose–response 
curve for 2,3,7,8-TCDD (reference compound) and three PM1 sample extracts. 
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Fig. 6.1 Dose-dependent induction of luciferase in the DR-CALUX assay (cell expo-
sure 24 h) by 2,3,7,8-TCDD (reference compound) and by PM1 extracts originating 
from an urban (BER, Bern) and rural site (PAY, Payerne) and collected on January 26 
or 28 in 2006. Concentrations are given in grams 2,3,7,8-TCDD or PM1 per millilitre of 
medium (g mL-1). Data are normalized to the induction of 300 pM 2,3,7,8-TCDD. Each 
data point represents a triplicate determination in one exposure experiment. 

The extracts of the PM1 samples induced a dose-dependent response similar to 
2,3,7,8-TCDD allowing a quantification of the AhR-mediated activity as PM-
TCDD-CEQs. All three samples exhibited a maximum luciferase induction in the 
range of 80–110% relative to 2,3,7,8-TCDD. PM1 extract concentrations above 
1.5 mg PM1 mL-1 caused strong cytotoxicity. Nevertheless, quantitative analysis 
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was possible throughout the quantifiable range, that is, between the limit of 
quantification (LOQ) and the 50%-effect concentration (EC50) of the 2,3,7,8-
TCDD curve. In their pioneering work, Clemons et al. (1998) already demon-
strated a comparable dose–response curve for a single PM10 extract in a compa-
rable reporter gene assay. They were also able to demonstrate that the observed 
induction was indeed mediated by the AhR and the AhR nuclear translocator 
(ARNT), and not by alternative mechanisms. Therefore, we conclude that also 
our PM1 samples led to a dose-dependent induction of luciferase activity via the 
AhR/ARNT pathway. 

Concentrations of PM-TCDD-CEQs ranged from 10 to 85 pg m-3 and from 19 to 
87 pg m-3 at the urban and rural site, respectively (Fig. 6.2 C). These concentra-
tions were 85–5,500 times lower than those previously found in filtered (aver-
age: 7.3 ng TCDD-CEQ m-3) and unfiltered diesel exhaust samples (average: 55 
ng TCDD-CEQ m-3), which included particle-bound as well as semivolatile AhR 
agonists [28]. Fig. 6.2 A shows that concentrations of PM1 were comparable at 
both sites, differing less than 50% between sites. The mass-based concentrations 
of AhR agonists (i.e., PM-TCDD-CEQs per mass of PM1) were also similar at 
both sites, ranging from 0.51 to 2.1 and from 0.81 to 2.3 μg g-1 at the urban and 
rural site, respectively (Fig. 6.2 B). The comparison of the daily concentration 
between both sites revealed no significant difference of the PM-TCDD-CEQs (p 
> 0.2 , paired t-test). Thus, contrary to our expectation, we did not observe a dif-
ference between the urban and the rural site. However, concentrations were 
within the expected range and they compare well with literature data. Urban 
PM10 extract from Toronto contained 5–370 pg PM-TCDD equivalents per cu-
bic meter of sampled air [29]. Brown et al. (2005) found lower concentrations in 
PM10 samples at urban and rural sites during summertime in New Zealand (0.2–
2.1 pg m-3), but higher concentration at the urban sites during wintertime (~100–
300 pg m-3). Thus, even though our PM1 samples were collected during an in-
tense winter smog period, they did not exceed the concentration found in PM10 
samples from Toronto (Canada) as well as from Christchurch and Alexandra 
(New Zealand) during normal winter conditions. 
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Fig. 6.2 Temporal trends of PM1 (A), PM-TCDD-CEQs per mass of PM1 (B), and PM-
TCDD-CEQs per m3 air (C) at an urban and a rural site on the Swiss plateau during 
an intense winter smog period in 2006. The three insets show the correlation of the 
temporal trends at the urban (u) and rural (r) site. 

6.3.2 Contribution of Selected PAHs to the Overall Activity 

Concentrations of nine 4- to 6-ring PAHs (appendix B, Table S10) were deter-
mined in the same PM1 extracts. The concentrations were within the expected 
range known from the literature [30]. In contrast to PM-TCDD-CEQs, PAHs ex-
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hibited higher concentrations per air volume at the urban site compared to the ru-
ral site. The difference was significant (p < 0.01, paired t-test) for all investigated 
PAHs and ranged from 84% for benzo[b]fluoranthene to 200% for 
benz[a]anthracene. Furthermore, in contrast to PM-TCDD-CEQs, the temporal 
trends at both sites correlated well for all PAHs with r2-values of 0.38–0.54. 
Only for dibenzo[a,h]anthracene the correlation was small (r2 = 0.11). 
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Fig. 6.3 Correlation of PM-TCDD-CEQs with ΣPAH-TCDD-CEQs, which are calcu-
lated on the basis of measured PAH concentrations and known relative potency 
(REP) factors, during an intense winter smog period at an urban (A) and a rural site 
(B). 

By the use of known REP factors, the measured concentration of a PAH can be 
converted into a PAH-TCDD-CEQ concentration. Fig. 6.3 compares the meas-
ured PM-TCDD-CEQs with the calculated ΣPAH-TCDD-CEQs. At the two 
sites, these values are highly correlated (r2 = 0.90 and 0.69) and the calculated 
ΣPAH-TCDD-CEQs explain 9–20% of the measured PM-TCDD-CEQs at the 
urban site and 2–16% at the rural site. Thus, the investigated PAHs substantially 
contributed to the overall AhR-mediated activity of PM1 extracts. Brown et al. 
(2005) reported an even higher contribution of PAHs to the total activity. 

The contribution of individual PAHs to the ΣPAH-TCDD-CEQs is shown in Fig. 
6.4. Patterns were very similar at both sites, with benzo[k]fluoranthene as the 
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single most important PAH causing around 60% of the ΣPAH activity. In-
deno[1,2,3-cd]pyrene and benzo[b]fluoranthene contributed also more than 10%. 
The contribution of all other investigated PAHs was smaller than 7% at both 
sites at all days during the whole sampling period. The PAH pattern and hence 
also the contribution to the AhR-mediated activity was very stable over the in-
vestigated smog period and both parameters were also very comparable at both 
sites (Fig. 6.4). Our results confirm data from New Zealand, which also showed 
that PAHs contributed significantly to the total PM-TCDD equivalents (i.e., a se-
lection of seven PAHs contributed ~50–60% during wintertime) and that 
benzo[k]fluoranthene was the most important PAH. Benzo[k]fluoranthene is 
considered a non-specific by-product of incomplete combustion processes and is 
classified as probable human carcinogen. It appears likely that benzo[k]fluor-
anthene also contributes to carcinogenic effects that have recently been observed 
in mice and that have been shown to be mediated by the AhR [11]. 
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Fig. 6.4 Average contribution of individual PAHs to the total calculated PAH-TCDD-
CEQs at an urban and rural site during an intense winter smog period. 
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6.3.3 Comparison with Meteorological Data and Air Pollutants 

The urban site (Bern) is located much closer to emission sources than the rural 
site (Payerne). The immediate proximity to a major street (approximately 
15,000–30,000 vehicles per day) is best illustrated by the almost 20-fold in-
creased annual mean of the NO concentration compared to the rural site (Table 
6.1). NO is a reactive compound, which is primarily emitted by traffic. For less 
reactive pollutants originating from multiple sources (CO, PM10, PM1), the dif-
ference of the annual mean was much smaller. As ozone reacts rapidly with NO, 
O3 concentrations were even higher at the rural site compared to the urban site. 
During the investigated smog period, the difference between the two sites was 
reduced by 20–35% compared to the difference of the annual means, illustrating 
that transport and mixing of air masses within the planetary boundary layer was 
increased by the formation of a stable inversion layer. The proximity to sources 
at the urban site is also shown by the very homogeneous outcome of a principal 
component analysis (PCA) for the investigated sampling period (Fig. 6.5 A). 
With the exception of the ozone concentration and the solar irradiance, all com-
pounds lie within a narrow range and the first factor explains 83% of the ob-
served variance. The rural site is more influenced by the mixing and aging of the 
air masses and consequently it is not surprising that the PCA (Fig. 6.5 B) results 
in a less homogeneous picture and the first factor explains less of the total vari-
ance. 

In contrast to NO, CO, PM10, and PM1, the concentrations of AhR agonists 
showed no significant difference between the two sites and PM-TCDD-CEQs 
only moderately correlated with these four air quality parameters (0.32 < r2 < 
0.66). Therefore, we did not find indications that traffic emissions lead to ele-
vated concentrations at the urban sampling station, which is situated next to a 
major intra-urban road. Our data rather point toward multiple sources for air-
borne AhR agonists or to an extended stability of some of these agonists or even 
to a formation of some agonists in the atmosphere over time. It is also notewor-
thy that the ratio of NOx in the exhaust of a heavy-duty diesel engine operated in 
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the ISO 8178/4 C1 test cycle [31] and NOx in the urban air was approximately 
10,000, whereas this ratio was only 1,000 for TCDD-CEQs. Diesel vehicles are 
known to be an important source for NOx at traffic sites [32; 33] and conse-
quently a comparable ratio is expected if diesel vehicles would be the most im-
portant source for AhR agonists in the atmosphere. Thus even if the emission of 
heavy-duty diesel engines cannot directly be compared with the emission of die-
sel-powered vehicles, these different ratios also point toward other sources apart 
from diesel engines for the detected AhR agonists in urban air. 
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Fig. 6.5 Principal component analysis (PCA) of air quality parameters and the solar ir-
radiance during an intense winter smog period (1/26/2006 – 2/9/2006) at an urban (A, 
Bern) and a rural site (B, Payerne). The filled circles correspond to the nine reported 
PAHs, the open circles mark the factor contribution of all other parameters. 
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Table 6.1 Mean concentration of gaseous air pollutants, particulate matter, ΣPAH-
TCDD-CEQs, and PM-TCDD-CEQs during the investigated smog period and during 
the year 2006 at an urban and a rural site. 

 Urban site 
(Bern) 

 Rural site 
(Payerne) 

 Ratio 
urban/rural 

Investigated 
smog period 

Year 
2006 

 Investigated 
smog period 

Year 
2006 

 Investigated 
smog period 

Year 
2006 

 

 Mean concentration Mean concentration Ratio   

NO [μg m-3] 64 49  4.8 2.5  13 20 

NOx [ppb] 88 67  28 17  3.2 4.0 

CO [mg m-3] 1.1 0.71  0.64 0.28  1.7 2.5 

O3 [μg m-3] 12 32  25 55  0.5 0.58 

PM10 [μg m-3] 100 38  79 23  1.3 1.7 

PM1 [μg m-3] 44 17  35 12  1.3 1.4 

ΣPAH-TCDD-
CEQs 
[pg m

7.4 –  5 –  1.5 – 

-3] 
51 –  45 –  1.1 – PM-TCDD-

CEQs 
[pg m-3] 

The investigated smog period covers the following dates: January 26 – February 9, 2006. Year 
2006: January 1 – December 31, 2006. 
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6.4 Conclusions 

Environmental Implications 

In our study, we found concentrations of AhR agonists in PM1 extracts that were 
slightly lower than concentrations previously found in extracts of PM10 [29; 34], 
despite the fact that we investigated an intense winter smog period. Therefore, 
we did not find evidence for elevated levels of AhR agonists in PM in Switzer-
land compared to other industrialized countries. Nevertheless, the total concen-
trations of AhR agonists (10–85 pg m-3) were much higher than concentrations of 
PCDD/Fs, the prototypic AhR agonists, which typically are in the range of 10–
1000 fg TEQ per cubic meter of ambient air [6]. PAHs, of which a selection of 
nine compounds made up to 20% of the measured overall AhR-mediated activity 
of PM1 from Bern and Payerne, are known to have much shorter half-lives in or-
ganisms than PCDD/Fs [35; 36]. These shorter half-lives certainly limit the di-
oxin-like toxicity of PAHs. Nevertheless, PAHs and also the yet unidentified 
AhR agonists in PM, very likely play an important role in the AhR-mediated 
carcinogenicity of PM [37] and may also be involved in the observed alteration 
of sperm quality caused by the PAH fraction of PM extracts [38]. Thus, it is im-
portant to undertake further steps to identify the nature of the yet unknown AhR 
agonists in atmospheric particulate matter. 
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7.1 Summary and Conclusions 

Endocrine Disruptors in Diesel Exhaust and Effects of Diesel Particulate Filters 

The goals of the in vitro studies were (i) to quantify the emission of two groups 
of potential endocrine-disrupting chemicals (EDCs) by a diesel engine and (ii) to 
assess effects of two catalytic diesel particulate filters (DPFs) on EDC emissions. 
The studies showed that diesel fuel combustion produces compounds that are 
able to activate ER- and AhR-mediated gene expression in mammalian cells. 
These findings suggest that certain exhaust constituents may also exert endo-
crine-disrupting responses in sensitive cells/tissues of humans and animals. In 
unfiltered diesel exhaust, concentrations of ER and AhR agonists were 1.6 ± 0.3 
ng E2-CEQ m-3 and 60 ± 14 ng TCDD-CEQ m-3, respectively. Only a few data 
exist in the literature for estrogenic compounds emitted by other sources than 
diesel engines. Using an yeast-based assay, 30–80 and up to 230 ng EE2 equiva-
lents per cubic meter were determined in emissions from barbecue charcoal and 
wood, respectively [1]. This indicates that diesel engines are not the sole relevant 
emission source for estrogenic compounds. A study, testing AhR binding affinity 
of particulate matter from vehicles, showed that diesel-powered cars emitted 
more “binding activity” per driving distance than gasoline-fuelled cars [2]. There 
are several other studies on AhR agonists in emissions from diverse sources 
(e.g., municipal waste incinerators). However, these studies solely assessed the 
AhR-mediated activity of PCDD/Fs and coplanar PCBs, and neglected the con-
tribution of other AhR agonists such as PAHs, because purified samples were 
tested (i.e., silica gel chromatography and sulphuric acid treatment). 

The DPFs tested in this work removed soot particles by more than 95% and, as 
presented in chapters 3 and 4, also lowered total ER- and AhR-mediated activity 
of diesel exhaust. Concentrations of ER and AhR agonist decreased by 55–70% 
and almost 90%, respectively, compared to unfiltered exhaust. This indicates that 
diesel soot probably acts as a carrier for most compounds with ER- and/or AhR-
mediated mode of action. Particles with a diameter of less than 10 μm are small 
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enough to enter the lungs. Hence, EDCs bound to diesel soot particles, which 
have typical diameters in the range of 10–200 nm, may enter the human and 
animal body via the respiratory epithelium or, if carried off, via the gastrointesti-
nal tract. Hormonally active and other toxic compounds may find their ways into 
body tissues together with the particles they are bound to or they may enter indi-
vidually. Especially very small particles such as diesel soot can remain in the 
airways for days or even weeks [3]. Therefore, particle-associated compounds 
potentially have enough time to dissociate into body tissues. They may already 
interact with receptors in the lung tissue. It has been shown that lung cells ex-
press the ER as well as the AhR [4; 5]. In conclusion, persons that are exposed to 
increased levels of diesel exhaust, for example, tunnel constructors, bus drivers, 
and children living near highly frequented roads, might breathe in EDCs and 
other toxic compounds in amounts high enough to induce adverse health effects. 

Interestingly, the efficiency of both DPF systems to reduce the ER-mediated ac-
tivity of the exhaust was lower than their efficiency to reduce the AhR-mediated 
activity. We supposed that a DPF-dependent decrease in estrogenic activity 
would be observed if an appreciable amount of estrogenic compounds is sorbed 
to trapped particles. Consequently, those estrogenic compounds still released 
from the DPF would either not be sorbed to trapped particles or would be emit-
ted at higher operating temperatures. Based on the volatility of E2 (vapor pres-
sure 3.0 × 10-8 Pa) and of 2,3,7,8-TCDD (vapor pressure 1.7 × 10-6 Pa at 25 °C), 
the prototypical ER and AhR agonist, respectively, a comparable or even better 
efficiency would be expected for the reduction of estrogenic activity. Although 
estrogenic compounds in diesel exhaust may show a broad variety of chemical 
structures (and of course the natural hormone E2 is not present), it was unex-
pected that still a considerable amount of estrogenic compounds exhibited suffi-
cient volatility to pass the DPF. Hence, we hypothesized that (i) a substantial 
portion of ER agonists in diesel exhaust are as volatile as fluoranthene, for which 
also a low efficiency was observed [6; 7] or (ii) additional ER agonists were 
formed to some degree in the DPFs, for example, by selective hydroxylation of 
primary exhaust constituents (e.g. formation of hydroxy-PAHs). However, the 
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overall effect of both DPFs on estrogenic compounds was favorable, although 
the resulting reduction was not as efficient as observed for AhR agonists. 

In a preceding study [6], PAH concentrations in unfiltered and DPF-treated die-
sel exhaust were investigated by GC/HRMS. The same exhaust samples were 
analyzed as were studied with the DR-CALUX assay. The nine investigated 
PAHs represented a small selection of the many PAHs emitted by diesel engines. 
Their summed assay response contributed only marginally to the overall AhR-
mediated activity (i.e., ≤1.6%), indicating that other main contributors must be 
present in filtered and unfiltered exhaust. However, the selected PAHs served as 
model AhR agonists to study effects of DPFs in detail. PAH analysis showed 
that DPFs reduced emissions of all investigated 4- to 6-ring PAHs by about 40–
90% [6], including those rated as carcinogenic to humans (i.e., benz[a]-
anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, chry-
sene, and indeno[1,2,3-cd]pyrene). Heeb et al. (2008) supposed that at least two 
physico-chemical properties determined the extent of PAH retention by DPFs: 
volatility and reactivity (i.e., conversion, degradation). This means that less vola-
tile or highly reactive PAHs are retained in DPFs more efficiently than others. 
For example, pyrene (vapor pressure 6.0 × 10-4 Pa at 25 °C, retention by DPF 
~80%) was found to be retained more efficiently than PAHs with higher vapor 
pressure such as fluoranthene (vapor pressure 1.2 × 10-3 Pa, retention by DPF 
40%). Besides the beneficial effect on PAH emissions, it was shown that both 
DPFs supported the formation of mutagenic compounds by the nitration of cer-
tain PAHs [6]. Both DPFs lowered NO2/NOx ratios from 0.09 ± 0.01 to 0.03 ± 
0.01 (appendix B, Table S2), indicating that some of the engine-out NO2 was 
converted. Although certain nitro-PAHs were formed in the tested DPFs, others 
were reduced and nitration was not a general trend. Furthermore, the extent of ni-
tro-PAH formation did not outrange the decline in overall AhR-mediated activ-
ity, when applying DPFs. 

In addition to the PAH study, also effects of both DPF systems on PCDD/F 
emissions were assessed by GC/HRMS analysis [8], including 2,3,7,8-TCDD, 
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the most potent AhR agonist known. The contribution of the 2,3,7,8-PCDD/Fs to 
the overall AhR-mediated activity was very small and could be ignored. An ex-
ception was one sample (xClCuF), which was generated with highly chlorine-
enriched diesel fuel (110 μg Cl g-1). In this sample, 2,3,7,8-PCDD/Fs were re-
sponsible for 10% of the total AhR-mediated response. GC/HRMS analysis 
showed that the iron-catalyzed DPF neither changed the PCDD/F pattern nor did 
it induce a substantial secondary formation of PCDD/Fs [8]. In contrast, the cop-
per-catalyzed DPF clearly affected pattern and emission levels and induced an 
intense PCDD/F formation, as soon as some chlorine became available. Heeb et 
al. (2007) reported that mainly lower chlorinated dioxins and furans were 
formed, including the most toxic 2,3,7,8-TCDD/Fs. When applying the DPF in 
combination with copper- and chlorine-containing fuels, TCDF emissions in-
creased by a factor of up to ~3000 compared to samples Ref and CuF. The ef-
fects on TCDD emissions were less pronounced, with an increase by a factor of 
up to ~400. However, these increases were not reflected by DR-CALUX analy-
sis. Although the overall AhR-mediated activity of sample xClCuF was slightly 
increased compared to all other DPF-treated samples, a substantial reduction was 
observed compared to unfiltered exhaust. Hence, AhR-mediated activity of the 
PCDD/Fs was strongly masked by the activity of other AhR agonists such as the 
PAHs, which were effectively filtered by both DPFs. Although PAHs are lipo-
philic, laboratory and field studies indicate that they do not tend to be accumu-
lated at high concentrations in organisms as these compounds are rapidly me-
tabolized (i.e., within several days) [9]. This certainly limits the dioxin-like tox-
icity of PAHs and might also affect their endocrine-disrupting potency in vivo. 
Nevertheless, PAHs and the yet unidentified AhR agonists in diesel exhaust bear 
a risk to induce adverse health effects in chronically exposed humans and ani-
mals. For example, a laboratory study showed that chronic exposure to 
benzo[a]pyrene (weekly doses of 10 mg/kg bw during 5 months) caused repro-
ductive toxicity in birds (i.e., complete infertility in female pigeons), which was 
suggested to be a result of changes in estrogen levels [9]. Furthermore, AhR-
induced transformation of certain PAHs (e.g., benzo[a]pyrene, benzo[k]fluor-
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anthene) leads to genotoxic compounds, which possibly increases the risk of 
lung cancer in humans occupationally exposed to diesel exhaust [10]. 

To complete, it should be mentioned that the copper-catalyzed DPF system was 
not approved for workplace applications because of the substantial de novo for-
mation of PCDD/Fs, whereas the iron-based DPF system fulfilled all the specifi-
cations of the Swiss procedures for DPF approval for construction sites (VERT) 
[7]. In Switzerland, also based on the presented findings, VERT-approved DPFs 
are now considered as best available technology at workplaces to reduce diesel 
soot particles and associated genotoxic or endocrine-disrupting compounds. For 
the general population, the current engine and vehicle legislation limits the re-
lease of certain classes of compounds such as total hydrocarbons (THC), nitro-
gen oxides (NOx), and particulate mass (PM). However, this legislation does not 
protect us from emissions of toxic compounds, which can be of relevance even 
when released at trace levels. 

Ambient Concentrations of ER and AhR Ligands 

Atmospheric particles with an aerodynamic diameter of less than 1 μm (PM1) 
were collected at an urban (Bern) and a rural site (Payerne) in Switzerland during 
a smog period in winter 2006. The goals of the studies were (i) to quantify for 
the first time ambient levels of ER and AhR ligands in Switzerland, (ii) to inves-
tigate the time course of activity over 15 days, and (iii) to elucidate differences 
between an urban traffic site and a rural site. The studies showed that all samples 
induced ER- and AhR-mediated gene expression in T47D and H4IIE carcinoma 
cells (chapters 5 and 6), respectively. 

Observed estrogenic activities corresponded to 2–23 ng E2-CEQ per gram of 
PM1 and to 0.07–1.25 pg E2-CEQ per cubic meter of sampled air. Similar con-
centrations were reported for other environmental compartments, for example, 
0.07–0.7 ng E2-CEQ per gram suspended matter (dry weight) from rivers [11], 
0.4–11 ng E2-CEQ per gram river sludge (dry wt) [11], and 0.005–10 ng E2-
CEQ per gram sediment (dry wt) from marine locations [12; 13]. PM1 estro-
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genicity was 440–26,100 times lower than estrogenic activity found in filtered 
and unfiltered diesel exhaust. According to the working hypotheses stated in 
chapter 1, it was expected that ER-mediated activity of PM1 would be higher at 
the urban site than at the rural site due to the presence of various local emission 
sources at the urban location (e.g., intense traffic). Concentrations of combus-
tion-related pollutants such as NO, NO2, and CO were higher in Bern, as ex-
pected. In contrast, measured E2-CEQ concentrations were in the same range at 
both sites. There was a strong correlation between the temporal trends of PM1 
estrogenicity in Bern and Payerne. These findings suggest that the two sampling 
sites did not represent independent air quality situations in respect to overall es-
trogenic activity during the high pollution episode studied. Based on the avail-
able data from both sites (i.e., ER agonists, hydroxy-PAHs, gaseous air pollut-
ants, meteorological data), it was not possible to elucidate specific emission 
sources and formation processes of atmospheric xenoestrogens. Using the ER-
CALUX assay, five hydroxy-PAHs were assessed for their estrogenic activity 
and were found to be 5 × 104 – 3 × 107 times less potent than E2 to induce ex-
pression of estrogen-regulated genes in T47D cells. Three of the tested hydroxy-
PAHs (2-hydroxyphenanthrene, 1- and 2-hydroxynaphthalene) were detected in 
all PM1 extracts. Because these were only three of possibly numerous estrogenic 
compounds associated with PM1, it was not surprising that they contributed only 
marginally (i.e., ≤0.2%) to the overall estrogenic activity. However, the study 
showed that hydroxy-PAHs are a group of compounds present in the atmosphere 
that exhibit estrogenic activity in vitro. 

DR-CALUX analysis showed that AhR-mediated activities at the urban site did 
not differ from activities at the rural site during the investigated high pollution 
episode. AhR agonist concentrations of 0.5–2 μg TCDD-CEQ per gram of PM1 
were determined, corresponding to 10–87 pg TCDD-CEQ m-3. The health conse-
quences of these amounts of AhR agonists are unknown. However, the observed 
activity might contribute to adverse health effects induced by atmospheric par-
ticulate matter, for example, as reported for mice [14]. Lower TCDD-CEQ con-
centrations were reported from another environmental compartment, namely, 
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0.01–11 ng TCDD-CEQ per gram of marine sediments (dry wt), that were tested 
as total extracts, without performing any clean-up [13]. AhR-mediated activity of 
PM1 was 85–5,500 times lower than AhR-mediated activity of filtered and unfil-
tered diesel exhaust. It is known that diesel-powered vehicles are an important 
source for NOx at traffic sites. The ratio of NOx in diesel exhaust and urban air 
was different form the ratio of TCDD-CEQs in diesel exhaust and urban air. A 
comparable ratio is expected if diesel vehicles would be the most important 
source for atmospheric AhR agonists. Hence, diesel-powered vehicles and traffic 
in general undoubtedly contribute to atmospheric AhR agonists, but they do not 
seem to be the sole relevant sources of PM1-associated AhR agonists in urban 
air. Data rather points toward multiple sources of airborne AhR agonists or to an 
extended stability of some of these agonists or even to a formation of some ago-
nists in the atmosphere over time. It was shown that a small selection of nine 
PAHs explained a relevant part of the observed overall AhR-mediated activity at 
both sites, that is, up to 20%. The most important contributor was 
benzo[k]fluoranthene, which is a non-specific by-product of incomplete combus-
tion processes and is classified as probable human carcinogen. PAHs and also 
the yet unidentified AhR agonists in PM1 very likely play an important role in 
the AhR-mediated carcinogenicity of atmospheric particulate matter [14] and 
may also be involved in the observed alteration of sperm quality caused by the 
PAH fraction of PM extracts [15]. Thus, it is important to undertake further steps 
to identify the nature of the yet unknown AhR agonists in airborne particulate 
matter. 

General conclusions 

Although results based on in vitro assays can so far not be used to make direct 
predictions of human or animal health effects, they have great ecotoxicological 
relevance because they (i) provide information on the presence of compounds 
with a specific mode of action, such as demonstrated in this work for ER and 
AhR agonists in diesel exhaust and PM1, and (ii) they represent an integrated 
biological response, which includes known as well as unknown constituents of a 
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sample. Furthermore, in vitro bioassays are very useful for relative comparisons 
of the endocrine-disrupting/toxic potential of different samples. In this way, 
overall effects of emission control measures can be assessed, for example, effects 
of effluent treatments or, as presented, effects of exhaust treatment devices such 
as DPFs. 
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7.2 Outlook 

There are several open research questions concerning ER and AhR agonists in 
diesel exhaust and in the atmosphere, which are pointed out in the following. 
Furthermore, also the general problem of interpreting in vitro results for risk as-
sessment is discussed. 

Most of the compounds responsible for ER- or AhR-mediated activity in 
diesel exhaust and PM1 are not yet identified. Using a bioassay-directed 
fractionation methodology, active fractions could be tracked and, subse-
quently, active classes of compounds or even single compounds could be 
identified. Such toxicity identification and evaluation (TIE) approaches are 
very time- and sample-consuming, but they are promising for the elucida-
tion of compounds responsible for the endocrine-disrupting/toxic activity 
found in a sample. A preliminary fractionation of a diesel exhaust sample 
showed that all four fractions (i.e., hexane, hexane–dichloromethane, di-
chloromethane, and methanol) exhibited substantial AhR-mediated activity. 
The highest activity was found in the hexane–dichloromethane fraction (in-
cluding PAHs) and the lowest activity in the hexane fraction (mainly ali-
phatic compounds). On the other hand, estrogenic activity was only found 
in the two relatively polar fractions (i.e., dichloromethane, methanol) with 
the highest activity in the methanol fraction. The dichloromethane fraction 
included, for example, PAH derivatives such as nitro-PAHs. 

 

The ER- and DR-CALUX assays have proven to be very valuable methods 
to assess overall effects of catalytic DPFs on emissions of endocrine-
disrupting/toxic compounds. Other catalytic converter systems such as 
three-way-catalysts, diesel oxidation catalysts, NOx-storage-reduction cata-
lysts, and selective catalytic reduction catalysts also represent potential 
sources of secondary pollutants. Hence, appropriate in vitro bioassays in 
combination with chemical analyses are recommended for future assess-
ments of benefits and risks of emission control systems, ideally, before ex-
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tended use of a new technology. In addition, further efforts are needed to 
understand the possible secondary formation of toxic compounds promoted 
by catalytic DPFs. 

The publication by Matsumoto et al. (2007) showed that the AhR is impor-
tant with respect to PM-induced carcinogenesis [14]. Furthermore, Klein et 
al. (2006) reported that AhR-mediated activity is distinctly higher in the 
particulate phase than in the gas phase [16]. Hence, it would be relevant to 
investigate AhR-mediated activity of atmospheric particulate matter over 
extended periods at different sites and during different seasons. The 
NABEL, for example, provides daily PM10 samples from 16 sites in Swit-
zerland, which represent typical and important air quality situations. In ad-
dition, PM2.5 and PM1 samples are collected at several NABEL sites. Fur-
thermore, data on common air pollutants and meteorology are available. To 
estimate the contribution of atmospheric PAHs to the overall AhR-mediated 
activity, additional REP factors need to be established for the DR-CALUX 
assay. Other in vitro tests or a combination of tests (i.e., test battery) could 
be used to assess the toxic potency of atmospheric particulate matter (e.g., 
Ames test for mutagenicity, bioluminescence test on TLC plates with Vibrio 
fischeri for toxicity on cell respiration, or human epithelial cells for testing 
inflammatory responses). 

 

This work showed that hydroxylated PAHs are present in PM1 and induce 
ER-mediated gene expression in human carcinoma cells (T47D). Additional 
hydroxy-PAHs will probably be found with an optimized GC/HRMS 
method and with additional standards. However, the presented study 
showed that the five tested hydroxy-PAHs were only weak inducers of es-
trogenic activity. Interestingly, concentrations of the three hydroxy-PAHs 
identified were on average about twofold higher at the rural than the urban 
site. We hypothesized that atmospheric transformation of PAHs may lead to 
higher concentrations of hydroxylated PAHs in aged air masses even in ru-

 

 



Conclusions and Outlook 176 

ral areas far from direct emission sources. This might be verified in future 
work based on a broader set of samples. 

 

As calculated from the in vitro data presented in chapter 5, an adult person living 
in Bern or Payerne would inhale around 10 pg E2 equivalents associated with 
PM1 per day. What does this mean for human health? As a rough interpretation, 
the comparison to contraceptive pills may help. They function through an ER-
mediated mode of action and exhibit a known, strong effect on the hormone sys-
tem of women (i.e., inhibition of ovulation). A common contraceptive pill con-
tains ~30 µg EE2, which shows a congruent dose–response curve with E2 in the 
ER-CALUX assay [17]. Consequently, 10 pg E2 equivalents correspond to 
0.00003% of a contraceptive pill. This seems not a lot, but it does not consider 
the total amount of atmospheric ER agonists nor include dietary uptake. How-
ever, might the final amount be sufficient and sufficiently bioavailable to disrupt 
the action of endogenous hormones? This leads to one of the most important 
question in the field of EDCs: How can information from in vitro assays be used, 
if at all, in human and animal risk assessment? In other words, which specific 
human and animal health effects can be deduced from results of in vitro assays? 
This is a very complex and so far unsolved problem. It might probably only be 
solved with a thoroughly elaborated, multidisciplinary approach, which uses in 
silico prediction [18], chemical screenings (e.g., detection of noncovalent ligand 
binding to ERs) [19], and complementary in vitro and in vivo assays. In silico 
and chemical methods are promising approaches especially due to their specific-
ity and time-efficiency. However, they are more distant from the complexity of 
real organisms than in vitro assays. Concluding, it is worth repeating that in vitro 
assays are a useful initial step to investigate EDCs in the environment and pro-
vide a most valuable tool for assessment of emission control techniques. 
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AF-1/2    activation function site 1/2 

AhR     aryl hydrocarbon receptor 

ANOVA   one way analysis of variance 

ARNT    AhR nuclear translocator 

a.s.l.     above sea level 

bw     body weight 

BDS     BioDetection Systems (deliverer of CALUX cells) 

CPSI     cells per square inch 

Da      Dalton 

DCC     dextran-coated charcoal 

DES     diethylstilbestrol 

DDE     dichlorodiphenyl dichloroethylene 

DDT     dichlorodiphenyl trichloroethane 

DNA     deoxyribonucleic acid 

DMSO    dimethylsulfoxide 

DPF     diesel particulate filter 

DR-CALUX  dioxin-responsive chemical-activated luciferase gene expression 

DREs    dioxin-responsive elements 

E1      estrone 

E2      17β-estradiol 

E3      estriol 

E2-CEQ    17β-estradiol CALUX equivalent 

EC50     concentration exhibiting 50% of the maximum effect 

EDC     endocrine-disrupting chemical 

EE2     17α-ethinyl estradiol 

ER     estrogen receptor 

 



Appendix A – Abbreviations 183

ER-CALUX  estrogen-responsive chemical-activated luciferase gene expression 

EREs     estrogen-responsive elements 

EROD    ethoxyresorufin-O-deethylase 

FBS     fetal bovine serum 

GC/HMRS   gas chromatography/high resolution mass spectrometry 

HBCDs    hexabromocyclododecanes 

HDPE    high density polyethylene 

HREs    hormone response elements 

HSD     hydroxysteroid-dehydrogenase 

Hsp     heat shock protein 

iDREs    inhibitory dioxin-responsive elements 

LOD     limit of detection 

LOQ     limit of quantification 

NABEL    Swiss National Air Pollution Monitoring Network 

NOEC    no-observed-effect concentration 

NRP50    National Research Program 50 

p ≤ x     p-value obtained by statistical hypothesis testing 

PAH     polycyclic aromatic hydrocarbon 

PBDEs    polybrominated diphenylethers 

PBS     phosphate-buffered salt solution 

PCA     principal component analysis 

PCBs     polychlorinated biphenyls 

PCDD/Fs   polychlorinated dibenzodioxins/furans 

PM     particulate matter 

PM1     particulate matter of ≤1 μm aerodynamic diameter 

PM10    particulate matter of ≤10 μm aerodynamic diameter 
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REP     relative potency 

RNA     ribonucleic acid 

RPM     rounds per minute 

RSD     relative standard deviation 

STDEV    standard deviation 

TCDD    tetrachlorodibenzodioxin 

TCDD-CEQ  tetrachlorodibenzodioxin CALUX equivalent 

TEF     toxic equivalency factor 

TEQs     toxic equivalents 

TLC     thin layer chromatography 

VERT    Verminderung der Emissionen von Real-Dieselmotoren im Tunnelbau 

XREs    xenobiotics-responsive elements 
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Table S1  ER-mediated activity determined for the inter-plate replicates of each 
sample 

Samplea Replicate 1b

[ng E2-CEQ m-3] 
Replicate 2b

[ng E2-CEQ m-3] 
Replicate 3b

[ng E2-CEQ m-3] 
Replicate 4b

[ng E2-CE m-3] 
RSDc

[%] 

Ref 1.58 ± 0.12 1.39 ± 0.01 2.08 ± 0.13 1.47 ± 0.05 19 

Fe 1.42 ± 0.20 1.24 ± 0.21 1.43 ± 0.18 1.15 ± 0.17 15 

FeF 0.81 ± 0.05 0.74 ± 0.03 0.67 ± 0.09 n.m. 10 

Cu n.m. 0.97 ± 0.14 1.10 ± 0.20 1.08 ± 0.13 9 

CuF 0.50 ± 0.02 0.51 ± 0.04 0.68 ± 0.04 0.50 ± 0.16 7 

Cl 1.89 ± 0.26 1.46 ± 0.05 1.50 ± 0.19 n.m. 9 

ClFe 1.99 ± 0.05 1.59 ± 0.03 1.87 ± 0.23 1.84 ± 0.17 12 

ClFeF 0.76 ± 0.07 0.65 ± 0.07 0.83 ± 0.11 0.65 ± 0.00 16 

ClCuF 0.53 ± 0.02 n.m. 0.60 ± 0.03 0.59 ± 0.05 6 

xClCuF 0.61 ± 0.08 0.61 ± 0.01 0.57 ± 0.05 0.60 ± 0.07 3 

ER-mediated activity was determined using the ER-CALUX assay (24 h of cell exposure). Data 
of the replicates represent the mean ± standard deviation of a triplicate determination in one 
exposure experiment. a Experimental conditions during generation of diesel exhaust: Ref, ref-
erence fuel; Fe, reference fuel with an iron-based additive; Cu, reference fuel with a cop-
per/iron-based additive; Cl, xCl, chlorine-enriched reference fuel; F, exhaust treatment by die-
sel particulate filter. b Triplicate determinations of each exhaust sample were repeated in a total 
of 3–4 exposure experiments (replicates 1–4). c Relative standard deviation (RSD) of the repli-
cates of each sample. Abbreviations: E2-CEQ, 17β-estradiol-CALUX equivalents; n.m., not 
measured. 
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Table S2  Emission factors for the major combustion products 

Sample Emission factors [g kWh-1]a

 CO2 CO THC NOx NO2/NOx
b

Ref 767 ± 2 1.04 ± 0.04 0.40 ± 0.02 13.2 ± 0.1 0.09 

Fe 785 ± 2 0.97 ± 0.04 0.42 ± 0.01 13.3 ± 0.1 0.09 

FeF 755 ± 1 0.97 ± 0.01 0.25 ± 0.01 13.0 ± 0.1 0.03 

Cu 766 ± 2 0.81 ± 0.01 0.37 ± 0.01 13.2 ± 0.1 0.09 

CuF 767 ± 1 0.94 ± 0.02 0.23 ± 0.03 13.8 ± 0.1 0.03 

Cl 789 ± 1 1.11 ± 0.02 0.43 ± 0.01 13.0 ± 0.1 0.10 

ClFe 756 ± 1 0.87 ± 0.02 0.40 ± 0.01 13.0 ± 0.1 0.08 

ClFeF 744 ± 6 1.00 ± 0.02 0.25 ± 0.02 13.0 ± 0.1 0.03 

ClCuF 756 ± 1 0.89 ± 0.02 0.20 ± 0.01 12.7 ± 0.1 0.02 

xClCuF 752 ± 1 0.88 ± 0.04 0.19 ± 0.01 13.0 ± 0.1 0.02 

Avg. of tests  
without DPFsc 771 ± 12 0.97 ± 0.11 0.40 ± 0.03 13.1 ± 0.1 0.09 ± 0.01 

Avg. of tests  
with DPFsc

756 ± 6 0.95 ± 0.04 0.24 ± 0.03 13.1 ± 0.4 0.03 ± 0.01 

A commercial, low-sulfur diesel fuel was used as reference and for the production of addi-
tive- and/or chlorine-containing fuels. a Mean weighted emission factors of a heavy-duty 
diesel engine (Liebherr) were determined from two consecutive runs of the ISO 8178/4 C1 
test cycle and variations are indicated for both measurements. b Molar proportion of NO2 on 
the NOx emissions. c Two new, uncoated, cordierite-based, wall-flow diesel particulate filters 
(DPFs; Greentop) were used in combination with an iron- or a copper/iron-based fuel addi-
tive. Abbreviations: Avg., average; Ref, reference fuel; Fe, reference fuel with iron-based 
additive; Cu, reference fuel with copper/iron-based additive; Cl, xCl, chlorine-enriched ref-
erence fuel; F, exhaust treatment by DPF. 
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Table S3 (part I)  GC/HRMS data of nine selected PAHs and the seventeen 
2,3,7,8-PCDD/Fs  

Compound Concentration in diesel exhaust [ng m-3] 

PAHsa Ref Fe Cu FeF CuF 
Fluoranthene 1250 1130 1090 740 520 
Pyrene 3910 4270 3740 810 610 
Benz[a]anthracene 125 131 105 15 10 
Chrysene 196 230 187 62 39 
Benzo[b]fluoranthene 21 31 27 7 4 
Benzo[k]fluoranthene 16 23 22 3 2 
Benzo[a]pyrene 13 18 17 5 3 
Indeno[1,2,3-cd]pyrene 5 9 13 5 3 
Benzo[ghi]perylene 14 23 32 11 5 
Sum of nine PAHs [ng m-3] 5550 5865 5233 1658 1196 

2,3,7,8-PCDD/Fsb Ref Fe Cu FeF CuF 
2,3,7,8-Tetrachlorodibenzodioxin 0.0001 0.0001 0.0001 0.0001 0.0001 
1,2,3,7,8-Pentachlorodibenzodioxin 0.0004 0.0002 0.0005 0.0002 0.0001 
1,2,3,4,7,8-Hexachlorodibenzodioxin 0.0005 0.0003 0.0006 0.0002 0.0002 
1,2,3,6,7,8-Hexachlorodibenzodioxin 0.001 0.0004 0.0012 0.0003 0.0002 
1,2,3,7,8,9-Hexachlorodibenzodioxin 0.0005 0.0002 0.0005 0.0002 0.0002 
1,2,3,4,6,7,8-Heptachlorodibenzodioxin 0.0079 0.0046 0.01 0.0026 0.0022 
Octachlorodibenzodioxin 0.0267 0.0209 0.049 0.0133 0.01 
2,3,7,8-Tetrachlorodibenzofuran 0.0014 0.0013 0.0019 0.0009 0.0009 
1,2,3,7,8-Pentachlorodibenzofuran 0.0005 0.0005 0.0009 0.0003 0.0002 
2,3,4,7,8-Pentachlorodibenzofuran 0.0016 0.0011 0.0024 0.001 0.0008 
1,2,3,4,7,8-Hexachlorodibenzofuran 0.0028 0.0017 0.0028 0.0017 0.0013 
1,2,3,6,7,8-Hexachlorodibenzofuran 0.0018 0.001 0.0022 0.0008 0.0006 
1,2,3,7,8,9-Hexachlorodibenzofuran 0.0005 0.0003 0.0006 0.0003 0.0003 
2,3,4,6,7,8-Hexachlorodibenzofuran 0.0026 0.0011 0.0032 0.0007 0.0007 
1,2,3,4,6,7,8-Heptachlorodibenzofuran 0.0113 0.0055 0.0109 0.0028 0.0028 
1,2,3,4,7,8,9-Heptachlorodibenzofuran 0.0022 0.0007 0.002 0.0005 0.0005 
Octachlorodibenzofuran 0.0131 0.0067 0.0166 0.0051 0.0047 
Sum of the 2,3,7,8-PCDD/Fs [ng m-3] 0.07 0.05 0.11 0.03 0.03 
Sum I-TEQ [ng m-3]c 0.0025 0.0016 0.0032 0.0012 0.0011 

a GC/HRMS data of nine 4- to 6-ring polycyclic aromatic hydrocarbons (PAHs), which represent only 
a small proportion of all the PAHs present in diesel exhaust. b GC/HRMS data of the toxicologically 
relevant 17 congeners of the 2,3,7,8-chlorinated dibenzodioxins/furans (2,3,7,8-PCDD/Fs). c Sum I-
TEQ was calculated using toxic equivalency factors (I-TEFs). Experimental conditions: Ref, refer-
ence diesel fuel; Fe, reference fuel with iron-based additive (4.5 μg g-1); Cu, reference fuel with cop-
per/iron-based additive (9.0/7.5 μg g-1); Cl, chlorine-enriched reference fuel (14 μg g-1); xCl, chlorine-
enriched reference fuel (110 μg g-1); F, exhaust treatment by diesel particulate filter. 
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Table S3 (part II)  GC/HRMS data of nine selected PAHs and the seventeen 
2,3,7,8-PCDD/Fs  

Compound Concentration in diesel exhaust [ng m-3] 

PAHsa Cl ClFe ClFeF ClCuF xClCuF 
Fluoranthene 1330 1410 850 670 630 
Pyrene 4490 4320 1190 740 710 
Benz[a]anthracene 138 150 23 12 13 
Chrysene 225 250 80 48 46 
Benzo[b]fluoranthene 28 43 7 5 4 
Benzo[k]fluoranthene 19 32 3 3 2 
Benzo[a]pyrene 12 25 4 4 4 
Indeno[1,2,3-cd]pyrene 7 14 4 3 4 
Benzo[ghi]perylene 16 34 10 7 6 
Sum of nine PAHs [ng m-3] 6265 6278 2171 1492 1419 

2,3,7,8-PCDD/Fsb Cl ClFe ClFeF ClCuF xClCuF 
2,3,7,8-Tetrachlorodibenzodioxin 0.0002 0.0001 0.0002 0.0012 0.0709 
1,2,3,7,8-Pentachlorodibenzodioxin 0.0008 0.0004 0.0009 0.0018 0.1276 
1,2,3,4,7,8-Hexachlorodibenzodioxin 0.0007 0.0004 0.0011 0.001 0.0087 
1,2,3,6,7,8-Hexachlorodibenzodioxin 0.0021 0.0008 0.0021 0.0025 0.0094 
1,2,3,7,8,9-Hexachlorodibenzodioxin 0.0009 0.0004 0.0014 0.0014 0.0058 
1,2,3,4,6,7,8-Heptachlorodibenzodioxin 0.0121 0.0061 0.0207 0.0146 0.0086 
Octachlorodibenzodioxin 0.0404 0.0231 0.0686 0.0281 0.0142 
2,3,7,8-Tetrachlorodibenzofuran 0.0038 0.002 0.0017 0.0243 1.4766 
1,2,3,7,8-Pentachlorodibenzofuran 0.0019 0.0009 0.0013 0.0033 0.3049 
2,3,4,7,8-Pentachlorodibenzofuran 0.0036 0.002 0.0028 0.0063 0.6003 
1,2,3,4,7,8-Hexachlorodibenzofuran 0.0031 0.0028 0.0046 0.0045 0.0963 
1,2,3,6,7,8-Hexachlorodibenzofuran 0.0028 0.0016 0.0039 0.0038 0.0925 
1,2,3,7,8,9-Hexachlorodibenzofuran 0.0005 0.0005 0.0007 0.0006 0.0049 
2,3,4,6,7,8-Hexachlorodibenzofuran 0.0032 0.0016 0.0062 0.005 0.0706 
1,2,3,4,6,7,8-Heptachlorodibenzofuran 0.0126 0.0062 0.027 0.0157 0.0393 
1,2,3,4,7,8,9-Heptachlorodibenzofuran 0.0021 0.001 0.0043 0.002 0.0046 
Octachlorodibenzofuran 0.0109 0.0073 0.0232 0.0089 0.01 
Sum of the 2,3,7,8-PCDD/Fs [ng m-3] 0.03 0.06 0.17 0.13 2.95 
Sum I-TEQ [ng m-3]c 0.0046 0.0026 0.0049 0.0101 0.6271 

a GC/HRMS data of nine 4- to 6-ring polycyclic aromatic hydrocarbons (PAHs), which represent only 
a small proportion of all the PAHs present in diesel exhaust. b GC/HRMS data of the toxicologically 
relevant 17 congeners of the 2,3,7,8-chlorinated dibenzodioxins/furans (2,3,7,8-PCDD/Fs). c Sum I-
TEQ was calculated using toxic equivalency factors (I-TEFs). Experimental conditions: Ref, reference 
diesel fuel; Fe, reference fuel with iron-based additive (4.5 μg g-1); Cu, reference fuel with copper/ 
iron-based additive (9.0/7.5 μg g-1); Cl, chlorine-enriched reference fuel (14 μg g-1); xCl, chlorine-
enriched reference fuel (110 μg g-1); F, exhaust treatment by diesel particulate filter. 

 

 



Appendix B – Supplementary Tables 190 

 

Table S4 (part I)  REPs and TCDD-CEQ concentrations of nine PAHs and the sev-
enteen 2,3,7,8-PCDD/Fs 

Compound TCDD-CEQ concentration [pg m-3] 

PAHs REPa Ref Fe Cu FeF CuF 
Fluoranthene 1.5 × 10-6 1.9 1.7 1.6 1.1 0.8 
Pyrene 0.00002 78 85 75 16 12 
Benz[a]anthracene 0.00024 30 31 25 3.6 2.4 
Chrysene 0.00015 29 35 28 9.3 5.9 
Benzo[b]fluoranthene 0.00537 113 167 145 38 22 
Benzo[k]fluoranthene 0.00524 84 121 115 16 11 
Benzo[a]pyrene 0.00074 10 13 13 3.7 2.2 
Indeno[1,2,3-cd]pyrene 0.00478 24 43 62 24 14 
Benzo[ghi]perylene n.i.b 0 0 0 0 0 
Sum PAHs [pg TCDD-CEQ m-3]  370 496 465 111 70 

2,3,7,8-PCDD/Fs REPa Ref Fe Cu FeF CuF 
2,3,7,8-Tetrachlorodibenzodioxin 1 0.1 0.09 0.1 0.05 0.1 
1,2,3,7,8-Pentachlorodibenzodioxin 0.68 0.3 0.2 0.3 0.1 0.07 
1,2,3,4,7,8-Hexachlorodibenzodioxin 0.35 0.2 0.1 0.2 0.06 0.07 
1,2,3,6,7,8-Hexachlorodibenzodioxin 0.19 0.2 0.08 0.2 0.06 0.04 
1,2,3,7,8,9-Hexachlorodibenzodioxin 0.12 0.06 0.03 0.06 0.02 0.02 
1,2,3,4,6,7,8-Heptachlorodibenzodioxin 0.11 0.9 0.5 1.1 0.3 0.2 
Octachlorodibenzodioxin 0.0009 0.02 0.02 0.04 0.001 0.01 
2,3,7,8-Tetrachlorodibenzofuran 0.52 0.7 0.7 1.0 0.5 0.5 
1,2,3,7,8-Pentachlorodibenzofuran 0.38 0.2 0.2 0.3 0.1 0.08 
2,3,4,7,8-Pentachlorodibenzofuran 0.88 1.4 1.0 2.1 0.9 0.7 
1,2,3,4,7,8-Hexachlorodibenzofuran 0.19 0.5 0.3 0.5 0.3 0.3 
1,2,3,6,7,8-Hexachlorodibenzofuran 0.05 0.09 0.05 0.1 0.04 0.03 
1,2,3,7,8,9-Hexachlorodibenzofuran 0.15 0.08 0.05 0.09 0.05 0.05 
2,3,4,6,7,8-Hexachlorodibenzofuran 0.28 0.7 0.3 0.9 0.2 0.2 
1,2,3,4,6,7,8-Heptachlorodibenzofuran 0.03 0.3 0.2 0.3 0.08 0.08 
1,2,3,4,7,8,9-Heptachlorodibenzofuran 0.04 0.09 0.03 0.08 0.02 0.02 
Octachlorodibenzofuran 0.008 0.1 0.05 0.1 0.04 0.04 
Sum 2,3,7,8-PCDD/Fs [pg TCDD-CEQ m-3] 6 4 8 3 2 

a Relative potencies (REPs): determined in the DR-CALUX assay (24-h exposure) and corrected for 
differences in molar weight. REPs based on EC5TCDD were applied, as determined by Behnisch et al. 
(2003). For fluoranthene, chrysene, and benzo[ghi]perylene, EC25-based REPs reported by Machala 
et al. (2001) were used. b No induction (n.i.) of luciferase activity was observed . Experimental condi-
tions: Ref, reference diesel fuel; Fe, reference fuel with iron-based additive (4.5 μg g-1); Cu, refer-
ence fuel with copper/iron-based additive (9.0/7.5 μg g-1); Cl, chlorine-enriched reference fuel (14 μg 
g-1); xCl, chlorine-enriched reference fuel (110 μg g-1); F, exhaust treatment by diesel particulate filter 
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Table S4 (part II)  REPs and TCDD-CEQ concentrations of nine PAHs and the sev-
enteen 2,3,7,8-PCDD/Fs 

Compound TCDD-CEQ concentration [pg m-3] 

PAHs REPa Cl ClFe ClFeF ClCuF xClCuF 
Fluoranthene 1.5 × 10-6 2.0 2.1 1.3 1.0 0.9 
Pyrene 0.00002 90 86 24 15 14 
Benz[a]anthracene 0.00024 33 36 5.5 2.9 3.1 
Chrysene 0.00015 34 38 12. 7.2 6.9 
Benzo[b]fluoranthene 0.00537 150 231 38 27 22 
Benzo[k]fluoranthene 0.00524 100 168 16 16 11 
Benzo[a]pyrene 0.00074 8.9 19 3.0 3.0 3.0 
Indeno[1,2,3-cd]pyrene 0.00478 34 67 19 14 19 
Benzo[ghi]perylene n.i.b 0 0 0 0 0 
Sum PAHs [pg TCDD-CEQ m-3]  451 646 118 86 79 

2,3,7,8-PCDD/Fs REPa Cl ClFe ClFeF ClCuF xClCuF 
2,3,7,8-Tetrachlorodibenzodioxin 1 0.2 0.1 0.2 1.2 71 
1,2,3,7,8-Pentachlorodibenzodioxin 0.68 0.5 0.3 0.6 1.2 87 
1,2,3,4,7,8-Hexachlorodibenzodioxin 0.35 0.3 0.1 0.4 0.4 3.1 
1,2,3,6,7,8-Hexachlorodibenzodioxin 0.19 0.4 0.2 0.4 0.5 1.8 
1,2,3,7,8,9-Hexachlorodibenzodioxin 0.12 0.1 0.05 0.2 0.2 0.7 
1,2,3,4,6,7,8-Heptachlorodibenzodioxin 0.11 1.3 0.7 2.3 1.6 1.0 
Octachlorodibenzodioxin 0.0009 0.04 0.02 0.06 0.03 0.01 
2,3,7,8-Tetrachlorodibenzofuran 0.52 2.0 1.1 0.9 13 768 
1,2,3,7,8-Pentachlorodibenzofuran 0.38 0.7 0.3 0.5 1.3 116 
2,3,4,7,8-Pentachlorodibenzofuran 0.88 3.2 1.8 2.5 5.5 528 
1,2,3,4,7,8-Hexachlorodibenzofuran 0.19 0.6 0.5 0.9 0.9 18 
1,2,3,6,7,8-Hexachlorodibenzofuran 0.05 0.1 0.08 0.2 0.2 4.6 
1,2,3,7,8,9-Hexachlorodibenzofuran 0.15 0.08 0.08 0.1 0.09 0.7 
2,3,4,6,7,8-Hexachlorodibenzofuran 0.28 0.9 0.5 1.7 1.4 20 
1,2,3,4,6,7,8-Heptachlorodibenzofuran 0.03 0.4 0.2 0.8 0.5 1.2 
1,2,3,4,7,8,9-Heptachlorodibenzofuran 0.04 0.08 0.04 0.2 0.08 0.2 
Octachlorodibenzofuran 0.008 0.09 0.06 0.2 0.07 0.08 
Sum 2,3,7,8-PCDD/Fs [pg TCDD-CEQ m-3] 11 6 12 28 1621 

a Relative potencies (REPs): determined in the DR-CALUX assay (24-h exposure) and corrected for 
differences in molar weight. REPs based on EC5TCDD were applied, as determined by Behnisch et al. 
(2003). For fluoranthene, chrysene, and benzo[ghi]perylene, EC25-based REPs reported by Machala 
et al. (2001) were used. b No induction (n.i.) of luciferase activity was observed . Experimental condi-
tions: Ref, reference diesel fuel; Fe, reference fuel with iron-based additive (4.5 μg g-1); Cu, reference 
fuel with copper/iron-based additive (9.0/7.5 μg g-1); Cl, chlorine-enriched reference fuel (14 μg g-1); 
xCl, chlorine-enriched reference fuel (110 μg g-1); F, exhaust treatment by diesel particulate filter 
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Table S5  Estrogenic activity of PM1 

Date Bern (urban) Payerne (rural) 

 [ng E2-CEQ g-1] [pg E2-CEQ m-3] [ng E2-CEQ g-1] [pg E2-CEQ m-3]

2006/01/26 8.9 ±0.6 0.34 ± 0.02 7.1 ± 0.7 0.19 ± 0.02 

2006/01/27 11 ± 1.0 0.36 ± 0.03 22 ± 3.3 0.49 ± 0.07 

2006/01/28 23 ± 1.2 1.25 ± 0.07 21 ± 8.1 0.77 ± 0.30 

2006/01/30 9.3 ± 1.3 0.50 ± 0.07 10 ± 1.5 0.43 ± 0.07 

2006/01/31 5.6 ± 0.2 0.38 ± 0.01 8.8 ± 1.0 0.44 ± 0.05 

2006/02/01 5.1 ± 2.2 0.35 ± 0.15 7.7 ± 0.7 0.40 ± 0.04 

2006/02/03 8.6 ± 1.1 0.42 ± 0.06 4.2 ± 0.5 0.20 ± 0.02 

2006/02/04 4.5 ± 0.1 0.25 ± 0.004 2.5 ± 0.1 0.10 ± 0.01 

2006/02/05 5.3 ± 0.6 0.20 ± 0.02 2.4 ± 0.4 0.07 ± 0.01 

2006/02/07 17 ± 1.2 0.47 ± 0.03 16 ± 1.5 0.31 ± 0.03 

2006/02/08 4.8 ± 0.6 0.14 ± 0.02 4.0 ± 0.2 0.07 ± 0.004 

2006/02/09 6.0 ± 1.0 0.08 ± 0.01 7.1 ± 0.8 0.08 ± 0.01 

AVERAGE 9.0 0.40 9.4 0.30 

STDEV 5.6 0.30 6.8 0.22 

MEDIAN 7.3 0.36 7.4 0.26 

Estrogenic activity was detected using the ER-CALUX assay (exposure time 24 h). Activities 
are expressed as 17β-estradiol-CALUX equivalents (E2-CEQ) per gram of particulate matter 
(PM1) or per cubic meter of sampled air. Daily values represent the mean ± standard deviation 
of one or two independent exposure experiments, each with triplicate determinations. (STDEV, 
standard deviation) 
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Table S6  Concentrations of three PM1-associated hydroxy-PAHs measured by 
GC/HRMS 

Date Bern (urban) Payerne (rural) 

2006 2-HO-Ph 2-HO-Np 1-HO-Np  Sum  2-HO-Ph 2-HO-Np 1-HO-Np Sum
 [μg g-1] [μg g-1] 

01/27 1.8 0.23 0.05   2.1  3.6 0.31 0.07 4.0 

01/28 2.1 0.15 0.02   2.3  3.0 0.23 0.04 3.3 

01/30 2.1 0.27 0.05   2.5  3.1 0.27 0.04 3.4 

01/31 0.7 0.07 0.01   0.8  6.6 0.86 0.13 7.6 

02/01 0.8 0.13 0.02   0.9  3.9 0.59 0.06 4.6 

02/03 0.9 0.08 0.02   1.0  1.0 0.16 0.03 1.2 

02/04 3.5 0.51 0.09   4.1  0.3 0.02 0.02 0.3 

02/05 1.1 0.09 0.02   1.2  1.4 0.08 0.04 1.6 

02/07 4.1 0.21 0.07   4.4  20 0.90 0.43 22 

02/08 0.4 0.01 0.01   0.4  1.2 0.04 0.03 1.2 

02/09 1.7 0.23 0.18   2.2  2.7 0.12 0.23 3.1 

AVG 1.8 0.18 0.05   2.0  4.3 0.33 0.10 4.7 

STDEV 1.2 0.14 0.05   1.3  5.6 0.32 0.13 5.9 

MEDIAN 1.7 0.15 0.02   2.1  3.0 0.23 0.04 3.3 

Hydroxy-PAHs were detected using gas chromatography/high resolution mass spectrometry 
(GC/HRMS). Concentrations are based on gram of particulate matter (PM1) collected in Bern and 
Payerne. PM1 samples from January 26 were not measured. Abbreviations: 2-HO-Ph, 2-
hydroxyphenanthrene; 2-HO-Np, 2-hydroxynaphthalene; 1-HO-Np, 1-hydroxynaphthalene; AVG, 
average; STDEV, standard deviation. 
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Table S7  Estimated E2-CEQ concentrations of three PM1-associated hydroxy-PAHs

Date Bern (urban) Payerne (rural) 

2006 2-HO-Ph 2-HO-Np 1-HO-Np  Sum  2-HO-Ph 2-HO-Np 1-HO-Np Sum 
 [pg E2-CEQ g-1] [pg E2-CEQ g-1] 

01/27 2.7 0.06 0.006   2.8  5.5 0.09 0.008 5.6 

01/28 3.2 0.04 0.003   3.3  4.6 0.06 0.005 4.7 

01/30 3.3 0.08 0.006   3.3  4.7 0.08 0.005 4.8 

01/31 1.1 0.02 0.001   1.1  10 0.24 0.016 10 

02/01 1.2 0.04 0.003   1.3  6.0 0.16 0.007 6.2 

02/03 1.4 0.02 0.002   1.4  1.5 0.04 0.003 1.6 

02/04 5.4 0.14 0.012   5.5  0.5 0.006 0.002 0.5 

02/05 1.7 0.02 0.002   1.7  2.2 0.02 0.005 2.2 

02/07 6.3 0.06 0.008   6.4  31 0.25 0.053 31 

02/08 0.5 0.004 0.001   0.5  1.8 0.01 0.004 1.8 

02/09 2.7 0.06 0.022   2.8  4.1 0.03 0.028 4.2 

AVG 2.7 0.05 0.006   2.7  6.6 0.09 0.012 6.7 

STDEV 1.8 0.04 0.006   1.8  8.5 0.09 0.015 8.6 

MEDIAN 2.7 0.04 0.003   2.8  4.6 0.06 0.005 4.7 

Estrogenic activities expressed as 17β-estradiol-CALUX equivalents (E2-CEQ) per gram of par-
ticulate matter (PM1) were calculated by multiplying GC/HRMS data (Table S6) with congener-
specific relative potency factors (REPEC20 E2, Table 5.1), which were corrected for molecular 
weight. PM1 samples from January 26 were not measured. Abbreviations: 2-HO-Ph, 2-hydroxy-
phenanthrene; 2-HO-Np, 2-hydroxynaphthalene; 1-HO-Np, 1-hydroxynaphthalene; AVG, aver-
age; STDEV, standard deviation. 
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Table S8  Concentrations of air pollutants at an urban and rural site 

Compound Bern (urban) Payerne (rural) 

 AVERAGE STDEV  MEDIAN AVERAGE STDEV MEDIAN

NO2 [ppb] 39 7.5      38 24 9.4 25 

NO [ppb] 49 21      46 3.7 2.7 2.6 

CO [ppm] 0.9 0.3      0.9 0.5 0.2 0.6 

O3 [ppb] 6.2 4.9      4.3 13 8.4 11 

SO2 [ppb] n.m. n.m.     n.m. 0.7 0.4 0.7 

PM1 [μg m-3] 44 17      43 33 14 33 

PM10 [μg m-3] 100 42     109 79 47 82 

Concentrations of air pollutants listed in this table consider the same days between January 
26 and February 9 in 2006 as used for investigation of PM1 estrogenicity (n = 12). Abbrevia-
tions: STDEV, standard deviation; n.m., not measured. 

 

Table S9  REPs of nine PAHs analysed in PM1 extracts 

Compound REPEC5 TCDD a REPEC25 b Meanc

 (molar) (molar) (mass-corrected) 

Fluoranthene – 9.3E-07 1.4E-06 

Pyrene 1.4E-05 3.4E-06 1.1E-05 

Benz[a]anthracene 1.7E-04 9.6E-06 5.5E-05 

Chrysene – 1.1E-04 1.5E-04 

Benzo[b]fluoranthene 4.2E-03 4.8E-05 5.6E-04 

Benzo[k]fluoranthene 4.1E-03 2.9E-03 4.3E-03 

Benzo[a]pyrene 5.8E-04 2.0E-04 4.2E-04 

Indeno[1,2,3-cd]pyrene 4.1E-03 5.0E-04 1.6E-03 

Dibenz[a,h]anthracene 4.9E-03 1.5E-03 3.1E-03 

a Behnisch et al. (2003), H4IIE.Luc cells, DR-CALUX assay, exposure time 20–24 h. b Ma-
chala et al. (2001), H4IIE.Luc cells, DR-CALUX assay, exposure time 24 h. c Geometric 
mean, corrected for each compound’s molecular weight. Abbreviations: REP, relative po-
teny; EC, effect concentration; TCDD, 2,3,7,8-tetrachlorodibenzodioxin. 

 

 



Table S10  Concentrations of nine PAHs in PM1 extracts from an urban (Bern) and a rural (Payerne) site (GC/HRMS data) 
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Urban site [ng m-3]                     
Fluoranthene 0.76 1.09   1.71 1.16 0.82  0.99 0.77 0.50  0.55 0.36 0.34  0.82 0.77 0.34 1.71 
Pyrene 0.76 0.94   1.55 1.08 0.72  0.94 0.69 0.41  0.53 0.27 0.26  0.74 0.72 0.26 1.55 
Benz[a]anthracene 0.83 0.79   1.25 0.88 0.61  0.74 0.65 0.45  0.54 0.20 0.11  0.64 0.65 0.11 1.25 
Chrysene 1.57 1.58   2.35 2.01 1.42  1.48 1.40 0.95  1.01 0.39 0.21  1.31 1.42 0.21 2.35 
Benzo[b]fluoranthene 1.74 1.41   2.18 1.69 1.23  1.43 1.20 0.81  0.92 0.34 0.15  1.19 1.23 0.15 2.18 
Benzo[k]fluoranthene 1.55 1.16   1.98 1.43 1.08  1.20 1.06 0.73  0.86 0.28 0.12  1.04 1.08 0.12 1.98 
Benzo[a]pyrene 1.11 0.77   1.45 0.94 0.62  0.87 0.57 0.43  0.75 0.16 0.07  0.70 0.75 0.07 1.45 
Indeno[1,2,3-cd]pyrene 1.27 0.96   1.62 1.29 0.94  1.05 0.78 0.62  0.61 0.21 0.11  0.86 0.94 0.11 1.62 
Dibenz[a,h]anthracene 0.14 0.18   0.18 0.13 0.10  0.10 0.12 0.07  0.06 0.02 0.02  0.10 0.10 0.02 0.18 
Sum PAHs [ng m-3] 9.74 8.89   14.3 10.6 7.55  8.82 7.24 4.96  5.83 2.23 1.40  7.41 7.55 1.40 14.3 
Sum PAHs [pg TCDD-CEQ m-3] 10.9 8.5   13.9 10.3 7.7  8.6 7.3 5.2  5.9 1.9 0.9  7.4 7.7 0.9 13.9 
                     
Rural site [ng m-3]                     
Fluoranthene 0.27 0.08 1.25  0.93 0.83 0.69  0.48 0.43 0.39  0.26  0.09  0.52 0.43 0.08 1.25 
Pyrene 0.23 0.07 1.10  0.75 0.65 0.55  0.38 0.37 0.31  0.22  0.06  0.43 0.37 0.06 1.10 
Benz[a]anthracene 0.21 0.05 0.90  0.46 0.45 0.38  0.21 0.20 0.16  0.12  0.03  0.29 0.21 0.03 0.90 
Chrysene 0.46 0.11 1.91  1.09 1.11 0.97  0.62 0.59 0.44  0.32  0.10  0.70 0.59 0.10 1.91 
Benzo[b]fluoranthene 0.60 0.14 2.37  1.22 1.16 1.20  0.67 0.63 0.55  0.63  0.16  0.85 0.63 0.14 2.37 
Benzo[k]fluoranthene 0.51 0.11 2.29  1.04 1.00 0.95  0.53 0.52 0.42  0.52  0.11  0.73 0.52 0.11 2.29 
Benzo[a]pyrene 0.28 0.07 1.52  0.59 0.60 0.42  0.23 0.17 0.17  0.16  0.04  0.39 0.23 0.04 1.52 
Indeno[1,2,3-cd]pyrene  0.39 0.09 1.62  0.86 0.81 0.86  0.51 0.43 0.37  0.39  0.11  0.58 0.43 0.09 1.62 
Dibenz[a,h]anthracene 0.05 0.01 0.18  0.10 0.09 0.09  0.05 0.04 0.03  0.04  0.01  0.06 0.05 0.01 0.18 
Sum PAHs [ng m-3] 3.00 0.73 13.1  7.05 6.69 6.10  3.67 3.37 2.82  2.67  0.71  4.54 3.37 0.71 13.1 
Sum PAHs [pg TCDD-CEQ m-3] 3.5 0.8 15.3  7.3 7.0 6.8  3.8 3.6 2.9  3.5  0.8  5.0 3.6 0.8 15.3 

 


