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DEUTSCHE ZUSAMMENFASSUNG

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) ist ein ubiquitar in der Umwelt vorkommen-
des humanes Kanzerogen. Es bestehen reichlich Hinweise darauf, dass TCDD lber den
aktivierten Arylhydrocarbon Rezeptor (AhR) und dadurch vermittelte Induktion der
Cytochrome P450 CYP1A1 und CYP1B1 antiestrogene Wirkung ausiibt und in den
Estrogenrezeptor alpha (ERalpha) vermittelten Signalweg eingreifen kann. In der vorlie-
genden Arbeit wurde die Hypothese Uberpriift, ob eine gesteigerte Aktivierung des
Estradiolmetabolismus durch die TCDD induzierten Enzyme CYP1A1 und CYP1B1 zu
oxidativen DNA Schaden in Leberzellen fiihren kann. Aulerdem wurde die mogliche Mo-
dulation durch 17beta-Estradiol (E2) untersucht. Die ausgewahlten spezies- und ge-
schlechtsspezifischen AhR-responsiven Leberzellmodelle, die Hepatomzelllinien HepG2
(human) und H4IIE (Ratte) sowie primare Rattenhepatozyten von mannlichen und weibli-
chen Wistar Ratten, zeigten eine Induktion von CYP durch TCDD. Die basale und TCDD-
induzierte Expression von CYP1B1, welches als Schlisselenzym im Estradiolmetabolismus
E2 in das reaktivere und gentoxische 4-Hydroxyestradiol iberfiihrt, war am besten in den
primdren Rattenhepatozyten ausgepragt. Die CYP-abhangige Induktion von reaktiven
Sauerstoffspezies (ROS) konnte nur in Rattenzellen gezeigt werden und lasst diese als
bessere Stimulatoren des Estradiolmetabolismus tiber den reaktiveren CYP1B1-
vermittelten Reaktionsweg vermuten. Estradiol selbst induzierte ROS nur in primaren
Rattenhepatozyten, was gleichzeitig mit einer Induktion von CYP1B1 mRNA verbunden
war. Zum ersten Mal wurde in dieser Arbeit die Rolle von TCDD und E2 auf oxidative DNA
Schaden im Comet Assay in vitro an Leberzellen untersucht und brachte beide Substanzen
als Induktoren oxidativer DNA Basenmodifikationen nur in den priméaren
Rattenhepatozyten hervor. Die direkte DNA schadigende Wirkung der beiden
Hauptestradiolmetaboliten, 4-Hydroxyestradiol und 2-Hydroxyestradiol, trat ebenfalls nur
in primaren Rattenhepatozyten auf und zeigte, dass E2 die DNA im gleichen AusmaR
schadigte. Die Induktion oxidativer DNA Schaden durch E2 konnte allerdings nicht voll-
standig mit der metabolischen Umwandlung von E2 durch CYP1A1 und CYP1B1 erklart
werden und muss weiter untersucht werden. Die endogene Expression geringer Mengen
an ERalpha mRNA in Rattenhepatozyten und das Fehlen von ERalpha in den
Hepatomzelllinien wurde zum Anlass genommen, die Effekte von ERalpha in transfizierten
HepG2 zu untersuchen. Durch die Uberexpression von ERalpha zeigte E2 eine steigernde
Wirkung auf die AhR-vermittelte transkriptionelle Aktivitat als moégliche Regulation von E2
Levels. Im Gegenzug reduzierte TCDD die durch E2 aktivierte ERalpha Signalwirkung und
bestatigte die antiestrogene Wirkung von TCDD. Eine solche Modulation durch die
Kobehandlung von TCDD mit E2 konnte in allen anderen Experimenten nicht beobachtet

werden und die Rolle endogener ERalpha Levels muss im Weiteren untersucht werden.
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1.INTRODUCTION

Cancer is the leading cause of death worldwide. Lung, stomach, colon, liver, and breast
cancer are among the most frequent cancers leading to death each year. In 2004, liver
cancer caused the death of 610 000 persons worldwide, which makes it the fourth fatal
disease after lung, stomach, and colon cancer. The cellular changes result in the trans-
formation of cells into tumors which are dependent on the genetic disposition, but also
other factors such as the diet, or the exposure to environmental contaminants e.g. dio-

xins play a major role. (WHO, 2009)

Dioxins are a large family of halogenated aromatic hydrocarbons (HAHs), termed poly-
chlorinated dibenzo-p-dioxins (PCDDs). PCDDs are released into the environment as by-
products during various combustion processes, such as waste incineration or production
of certain pesticides or chemicals, and can ubiquitously be found in the environment.
They are ubiquitously found in soil, sediments, air, animals, and human tissues and are
known to accumulate throughout the food chain because of their lipophilic character and
slow metabolism in vivo. The general population can be exposed to PCDDs by inhalation,
ingestion, and dermal contact. Apart from occupational and accidental exposures to
PCDDs, more than 90% of the human exposure occurs through the diet by eating meat,
milk, eggs, fish, and related products, since the compounds accumulate in animal fat.
(IARC, 1997)

The prototype compound of PCDDs is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a high-
ly toxic and persistent organic pollutant (POP, Stockholm Convention) which is ubiquit-
ously present in the environment, in the food chain, or human samples (Agent Orange
Association of Canada, 2009). Mean background levels of TCDD in human tissues are in
the range of 2-3 ng/kg fat (IARC, 1997).

TCDD exerts its toxic effects via the activation of the arylhydrocarbon receptor (AhR)
signaling pathway and subsequent altered gene expression including cytochromes P450
(CYP) 1A1, 1A2, and 1B1 (Whitlock et al., 1996; Mimura and Fujii-Kuriyama, 2003). It was
classified as a human carcinogen by the International Agency for Research on Cancer and
the liver carcinogenesis is one of the major concerns related to TCDD exposure (IARC,
1997). In initiation-promotion studies TCDD was not found to be genotoxic but a potent
liver tumor promotor. TCDD acts as a more potent hepatocarcinogen in female than in

male or ovariectomized rats (Kociba et al., 1978; Lucier et al., 1991). The sex difference
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led to the hypothesis of an estrogen-dependent mechanism of TCDD-induced carcinoge-
nesis in rats, associated with increased levels of 8-oxo-hydroxyguanine (8-oxo-G), a hall-
mark of oxidative DNA damage (Wyde et al., 2001; Tritscher et al., 1996).

It was shown that TCDD elicits its anti-estrogenic effects by interfering in the metabolism
of hormones such as estrogens via the induction of biotransformation enzymes (Safe et
al., 1998). Exposure to estrogens such as 17beta-estradiol (E2) is primarily associated with
an increased risk of breast cancer (Clemons and Goss, 2001). However, E2 was also asso-
ciated with liver carcinogenesis and it has been postulated to act as a promoter by estro-

gen receptor-mediated growth stimulation via co-mitogenic effects (Ni and Yager, 1994).

As the metabolism of the major estrogen estradiol occurs mainly in the liver, which is also
the major target organ of the xenobiotic metabolism, the present study was conducted to
further elucidate the role of E2 in TCDD-mediated oxidative DNA damage in in vitro liver

cell models.
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2. THEORETICAL BACKGROUND

2.1. DIOXINS AND TCDD

Polychlorinated dibenzo-p-dioxins (dioxins) and polychlorinated dibenzofurans (furans)
(PCDD/PCDF), polybrominated dibenzo-p-dioxins, and polychlorinated biphenyls (PCBs)
are termed as halogenated aromatic hydrocarbons (HAHs), and are among the most im-
portant toxic persistent environmental pollutants (persistent organic pollutants, POPs).
The most toxic and potent compound of this group of structurally related chemicals,
which have a common mechanism of action and induce the same spectrum of effects, is
the dioxin-type molecule 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The chemical struc-
tures of a representative PCDD and PCDF are shown in Figure 1. Moreover, these sub-
stances are ubiquitously found in the environment, as they are highly persistent and

accumulate in the food chain because of their chemical stability, lipophilicity and their

resistance to degradation.
Cl cl There exist 75 possible

9 10 1 8 9 1
Cl_ s 0 2 _Cl 2 .
:@ O O PCDD isomers and 135
O :
7 3
o 5 0 . cl 6 4
5

Cl  possible PCDF congeners.
5 Not all of these isomers
TCDD TCDF are toxic, as their toxic

Figure 1: Chemical structure of the PCDD 2,3,7,8-tetrachlordibenzo-p-  potency depends on the
dioxin (TCDD) and the PCDF 2,3,78-tetrachlorodibenzofuran (TCDF),

including the ring numbering. structure-activity rela-

tionship. In more general
terms, toxic congeners have halogen atoms in three or four of the lateral ring positions.
(Poland and Knutson, 1982)

2.1.1. PRODUCTION AND EXPOSURE

TCDD and its related compounds are not commercially synthesized, but are formed and
released into the environment as trace contaminants of various chemical combustion
processes or natural processes. PCDDs including TCDD are inadvertently produced in

thermal processes with free chlorines such as during paper pulp bleaching, waste incine-

10
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ration, metal production, and wood combustion. (Silkworth and Brown, 1996; ATSDR,
1998)

Dibenzodioxins and dibenzofurans were produced during the synthesis of chlorophenols
and chlorophenoxy broad-spectrum herbicides that were widely used in the 1960s and
1970s to control weeds and as a defoliant during the Vietnam War (Agent Orange). Mix-
tures of PCDDs and PCDFs have also been identified as contaminants in these products.
During the synthesis of 2,4,5-trichlorophenol used to manufacture the broad-spectrum
herbicide and defoliant 2,4,5-trichlorophenoxyacetic acid, TCDD was formed. (Poland and
Knutson, 1982)

TCDD itself has no commercial applications but is synthesized as a research chemical. It
was tested as a flame-proofing agent, an insecticide, and a wood destroying fungicide,
but was never commercially used for these purposes (ATSDR, 1998). Besides occupational
exposure, accidental exposure to dioxins can occur during industrial accidents. In 1976,
the so-called Seveso disaster (ltaly) has resulted in the highest known exposure to TCDD
in residential populations (Warner et al., 2002). Exposure to humans is nearly entirely

through the diet particularly milk and other dairy products, fish and meat (IARC, 1997).

2.1.2. PHARMACOKINETICS

After oral administration of radio-labeled TCDD, it was found to be stored primarily in the
liver and to a lesser extent in the fat tissue and is eliminated in feces and a smaller
amount in the urine (Rose et al., 1976). The biological half-life of TCDD differs a lot be-
tween humans and rodents. The whole body-half-life was estimated to be 5.8 —11.3
years in humans (Olson, 1994) compared with generally 10 to 30 days in rodents (rat,

guinea pig, hamster). (IARC, 1997)

Consequently, following chronic low-dose exposure, TCDD accumulates at a higher rate in
human tissue compared to experimental animals. Lipophilicity increases with more
chlorination and controls absorption and tissue partitioning. Metabolism is the rate-
limiting step for elimination. Since persistent compounds are slowly metabolized and

eliminated, they bioaccumulate as a result. (WHO, 1998)

2.1.3. Toxic EQUIVALENT FACTORS (TEFs)

TCDD is the most toxic and potent congener of the group of HAHs. In order to express the
relative biological potency and toxicity of other congeners in relation to the lead com-
pound TCDD the concept of toxic equivalency factors (TEFs) has been established. (van
den Berg et al., 2000)

11
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The TEF estimates the toxic potency of a compound relative to the toxicity of TCDD, for
which the factor of 1 was assigned. The TEF concept has the purpose of facilitating human
risk assessment and regulatory control of exposure to complex PCDD, PCDF, and PCB
mixtures. The consensus WHO TEF values were derived based on all available scientific
data using a tiered approach in which in vivo studies were given more weight than in vitro
data. The Relative Potency Value (REP) refers to substances for which the relative potency

to TCDD was obtained based on a single in vitro or in vivo study.

TEF values are used to calculate toxic equivalent (TEQ) concentrations in biological sam-
ples including human tissues and food. The inclusion criteria for a compound in the TEF

concept were elaborated as follows:
=  obligatory structural relationship to PCDDs and PCDFs
= binding to the Ah receptor
= exert AhR-mediated biochemical and toxic responses
= persisting and accumulating in the food (Ahlborg et al., 1994)

Modulating effects of compounds that are not AhR ligands are not considered in the TEF
concept. Based on the TEF approach, the World Health organization established a tolera-
ble daily intake (TDI) of 1-4 TEQ pg/kg bw/day for dioxins and dioxin-like compounds by
applying a safety factor of 10 to the range of selected lowest observed adverse effect
levels (LOAELs) of 14-37 pg TCDD/kg bw/day. (WHO, 1998)

2.1.4. TCDD AND ITS TOXIC EFFECTS

TCDD as the prototypical and most potent HAH exerts a number of species- and tissue-
specific biochemical and toxicological responses. The most important TCDD-mediated

effects are summarized in the following Table (Table 1). Some of its toxic effects, which
are crucial for this work, are illustrated and focused on in more detail in thesubsequent

sections.

12
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Table 1: Overview of biochemical and toxic effects of TCDD. (Safe, 2001, WHO, 1998; Denison and Heath-
Pagliuso, 1998)

Immunotoxicity: Induction of Gene Expression:

Immune suppression, thymic involution Phase 1 and Phase 2 drug metabolizing enzymes
Dermal Toxicity: Endocrine Disruption:

Chloracne, hyperkeratosis Alterations in endocrine homeostasis,

interaction with estrogen receptor (AhR/ER cross
talk)

Tumor Promotion

. Modulation of cell growth:
Hepatotoxicity uatl grow

Proliferation and differentiation,
Wasting Syndrome

inhibition of apoptosis
Teratogenicity:

Cleft palate, hydronephrosis, Lethality

embryotoxicity

2.1.4.1. CARCINOGENICITY

TCDD has been classified as a human carcinogen by the National Toxicology Program
(NTP) and the International Agency for Research on Cancer (IARC, 1997). The primary
supporting data for its carcinogenic effects are derived from animal carcinogenicity stu-
dies and mechanistic studies with TCDD. Additionally, human epidemiology data provide
evidence that both animals and humans have a similar mechanism of action towards
toxicological responses to TCDD and that there is a causal relationship between exposure
to TCDD and cancer. (Schmidt and Bradfield, 1996)

Since 1977 many independent animal studies of TCDD have found this compound to be
carcinogenic in a dose-dependent fashion and induce tumors in several species like rats,
mice, and hamsters. Tumors occur in both sexes in various strains at multiple sites and
from multiple routes of dosing. Increased incidences of cancers in laboratory animals
include liver, thyroid, lymphatic, respiratory tract, adrenal cortex, hard palate, nasal tur-
binates, tongue, and skin. (Huff et al., 1994; Knerr and Schrenk, 2006)

In three chronic studies in two mouse strains oral administration of TCDD over 52—-104
weeks increased the incidence of hepatocellular adenomas and carcinomas in both males
and females (Téth et al., 1979; Della Porta et al., 1987; NTP, 1982a). In one of these expe-
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riments follicular cell adenomas of the thyroid, lymphomas, and subcutaneous fibrosar-
comas were observed in female mice, whereas a trend for dose-related increase in lung

tumors was found in male mice (NTP, 1982a).

In rats TCDD’s carcinogenic effect was characterized dose-dependently in the liver (Pol-
and and Knutson, 1982; Kociba et al., 1978). In a two-year TCDD feeding study of male
and female Sprague Dawley rats, female rats showed an increased incidence of hepato-
cellular hyperplastic nodules and hepatocellular carcinomas at the highest dietary level
(100 ng/kg bw/day). Squamous cell carcinomas of the hard palate, nasal turbinate, ton-
gue, and lung were found in both sexes. Hence, female rats were more sensitive than
males to hepatocarcinogenic effects of TCDD. The lowest observed adverse effect of
TCDD in the Kociba study was the development of hepatic adenomas in rats at an intake
of 10 ng/kg bw/day. TCDD also caused thyroid tumors in male rats (Kociba et al., 1978).
The induction of liver UDP glucuronosyltransferases (UDPGTSs) by TCDD is responsible for
the increased excretion of thyroid hormone. The subsequent feedback mechanism results
in an increase in thyroid stimulating hormone (TSH), stimulating proliferation of thyroid
follicular cells. (Barter and Klaasen, 1992; WHO, 1998)

In a second two-year study in female Sprague Dawley rats increased incidence of cholan-
giocarcinomas and hepatocellular adenomas of the liver, cystic keratinizing epithelioma
of the lung, and gingival squamous cell carcinomas of the oral mucosa were noted (Walk-
er et al., 2006). Application of TCDD for 104 weeks to the clipped skin of mice increased
the incidence of dermal fibrosarcomas in mice (NTP, 1982b). Administration of TCDD
(intraperitoneal (i.p.) or subcutaneous injection at 4 week intervals for 13 months) to
hamsters resulted in test substance-related occurrences of squamous skin cell carcinomas
(Rao et al., 1988).

TCDD is a tumor promotor as shown in initiation-promotion studies. Administration of
TCDD following initiation with known carcinogens enhanced the incidence of skin papil-
lomas, lung adenomas, liver adenomas, and hepatoblastomas in mice. Extensive examina-
tion of liver tumor promotion showed that TCDD acts as a liver tumor promotor in rats
and mice. In several rat strains TCDD enhanced the incidence of hepatic lesions of female
rats after initiation with N-nitrosamines such as diethyl-N-nitrosamine (DEN). (Pitot et al.,
1980; Dragan and Schrenk, 2000; Viluksela et al., 2000; Moennikes et al., 2004)

Short-term studies indicate the lack of direct DNA-damaging effects including covalent
binding to DNA by TCDD, which underlines that TCDD is not acting as an initiator (Turtel-
taub et al., 1990; Randerath et al., 1990). Studies on liver tumor promotion in the female

rat liver support a non-genotoxic mechanism for the induction of neoplasms by TCDD.
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The processes involved in carcinogenicity induced by TCDD do have a no observed ad-
verse effect level (NOAEL), which in the rat liver is at an exposure level of 1 ng TCDD/kg
bw/day (Kociba et al., 1976). The ability of TCDD to enhance proliferation via co-
mitogenic action and to inhibit apoptotic processes in enzyme-altered liver foci, or to
induce oxidative DNA damage in nuclear rat liver DNA further supports an indirect me-
chanism of carcinogenicity (Schrenk et al., 1992; Stinchcombe et al., 1995; Wyde et al.,
2001).

2.1.4.2. GENOTOXICITY

Equivocal findings in in vivo and in vitro genotoxicity studies of TCDD in human and ani-
mal cells indicated that TCDD is not believed to be mutagenic (IARC, 1997). TCDD failed to
induce mutations in the Ames test in the presence and in the absence of exogenous me-
tabolically active S9-mix (Mortelmans et al., 1984). The in vitro Unscheduled DNA Synthe-
sis (UDS) assay performed in cultures of human mammary epithelial cells derived from
five women showed no induction of DNA repair activity after treatment with TCDD (EI-
dridge et al., 1992). However, a mixture of organochlorine compounds containing TCDD
increased sister chromatide exchange formation in human lymphocytes (Nagayama et al.,
1994).

DNA single-strand breaks were induced dose- and time-dependently in the liver of single
dosed TCDD-treated female Sprague Dawley rats using the alkaline elution technique
(Wahba et al., 1989). Additionally, DNA single-strand breaks were detected in rat perito-
neal lavage cells (Alsharif et al., 1994a) and in human breast cancer cell lines by means of
the comet assay (Lin et al., 2007). Nevertheless, there is no evidence of direct binding of
TCDD to DNA (IARC, 1997; Randerath et al., 1990). In human studies following in vivo
exposure, no positive results of TCDD or other PCDD congeners have been reported upon
chromosome aberration (IARC, 1997). The weight of evidence of these experimental data

suggests that TCDD is not acting as a direct genotoxic agent.

2.1.5. AHR SIGNALING PATHWAY

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor and a
member of the basic-helix-loop-helix/Per-ARNT-SIM (Per: Period, ARNT: aryl hydrocarbon
nuclear translocator, SIM: single-minded; bHLH/PAS) family, which is structurally distinct
from the nuclear receptor superfamily (see section 2.2.5). Other members of this family
include ARNT and the AhR repressor (AhRR) (Hankinson, 1995). AhR mediates the toxico-

logical effects of dioxins and the schematic AhR signaling is demonstrated in Figure 2.
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Figure 2: Mechanism of transcriptional activation by AhR and negative feedback regula-
tion by AhRR (according to Mimura and Fujii-Kuriyama et al., 2003).

The unliganded AhR is present in the cytosol as part of a complex with two heat shock
protein 90 molecules (HSP90), immunophilin-like protein (XAP2) and co-chaperone p23.
XAP2 and p23 are thought to stabilize the HSP90-complex. (Meyer and Perdew, 1999).
Ligand binding to the PAS B region of the AhR (see section 2.1.6) induces conformational
changes and triggers subsequent translocation of the AhR complex into the nucleus. The
AhR dissociates from its HSP90 complex and then dimerizes with its partner molecule, the
AhR nuclear translocator (ARNT), in the nucleus. Ligand-bound AhR/ARNT complex (AhRC)
recognizes an enhancer element designated xenobiotic responsive element (XRE) located
in the promotor regions of AhR target genes. The core consensus nucleotide sequence of
XRE is determined to be 5’-TNGCGTG-3’ and is present in multiple copies within the en-
hancer. (Whitlock et al., 1996). In order to activate transcription, co-activators are re-
cruited such as the histone acetyltransferase p300/CBP (cAMP (cyclic adenosine mono-
phosphate) response element binding protein) (Kobayashi et al., 1997), chromatin re-
modeling factor Brahma/SWI2-related gene 1 (Brgl) (Wang and Hankinson, 2002), and
the mediator vitamin D receptor interacting protein/thyroid hormone receptor-
associated protein (DRIP/TRAP) complex (Wang et al., 2004). Moreover, binding of the
AhR/ARNT heterodimer to XREs facilitates the association of another transcription factor

Sp1 to its cognate recognition sequence in the promotor region (Kobayashi et al., 1996).
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Phosphorylation state is also important for transactivation and binding activity to the XRE
(Whitlock et al., 1996). The AhR/ARNT heterodimer induces the expression of target
genes encoding for xenobiotic metabolizing enzymes responsible for activation (Phase 1)
such as CYP1A1, CYP1A2, CYP1B1 and for elimination (Phase 2) such as NADP(H)-
oxidoreductase, glutathione-S-transferase-Ya (GST-Ya), UDP-glucuronosyltransferase
(UDPGT). Additionally, genes involved in cell proliferation (TGF-J3, IL-153, and PAI-2), cell
cycle regulation (p27, jun-B) and apoptosis (Bax) are known to be induced by AhR ligands.
(Mimura and Fujii-Kuriyama, 2003)

Moreover, the AhR repressor (AhRR) functions as a negative regulator of AhR by compet-
ing with AhR for dimerization with ARNT and binding to XRE sequence. It is localized in
the nucleus and forms a heterodimer with ARNT constitutively. Together, AhR and AhRR

form a regulatory feedback mechanism. (Mimura et al., 1999)

2.1.6. FUNCTIONAL STRUCTURE OF AHR

The AhR was identified for the first time from mouse liver in 1976 (Poland et al., 1976).
Members of the bHLH/PAS family possess characteristic structural motifs (Figure 3). At
the NH, terminal end the protein contains a bHLH motif that is involved in DNA binding
and dimerization processes. Additionally, it contains the nuclear localization and export
signals. Adjacent to this region the PAS domain is located containing two sub-domains,
PAS A and PAS B, which influence protein-protein interactions, DNA recognition, and
ligand binding. The ligand binding domain (LBD) partly overlaps with the PAS B region and
with the binding site for HSP90. In addition to the PAS B region, HSP90 also interacts with
bHLH region to mask the nuclear localization signals, thus keeping the AhR in the cytosol
until ligand binding. The C-terminal segment displays a transactivation domain, consisting

of multiple stimulatory and inhibitory subdomains. (Whitlock, 1999)

DBD LBD transactivation

AhR
N bHLH| PAS Al PASB AD c

1 805

Figure 3: Schematic functional domains of AhR. DBD, DNA binding domain; LBD, ligand binding domain;
bHLH, basic helix-loop-helix; PAS, Per-ARNT-Sim; AD, activation domain (adapted from Whitlock, 1999).

2.1.7. SPECTRUM OF AHR LIGANDS

Most if not all of TCDD'’s toxic effects are mediated by the AhR. Many effects of TCDD are
only observed following long-term chemical exposure (Poland and Knutson, 1982). How-

ever, the broad substrate-specificity, which is linked to induction of a variety of detoxifi-
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cation enzymes, confers a rather adaptive advantage to the organism.

The planar and lipophilic metabolically stable halogenated aromatic hydrocarbons (HAHs)
such as the polyhalogenated dibenzo-p-dioxins, dibenzofurans, and biphenyls represent
the most potent class of AhR ligands with high AhR binding affinities in the picomolar to
nanomolar range. The metabolically more labile polycyclic aromatic hydrocarbon (PAHs)
such as 3-methylcholanthrene or benzo(a)pyrene (BaP) exert lower binding affinity (na-
nomolar to micromolar range). (Denison and Nagy, 2003). These HAHs and PAHs belong
to the ‘classical’ AhR ligands as opposed to the ‘non-classical’ AhR ligands that can be

further subdivided into synthetic and naturally occurring ligands.

Among the synthetic non-classical chemicals benzimidazole drugs (Krusekopf et al., 1997)
and pesticides such as carbaryl (Ledirac et al., 1997) can be grouped. A variety of naturally
occurring AhR inducers have been described, pointing out the broad substrate specificity
of AhR ligands, even though the majority of these ligands are weak CYP1A1 inducers
compared to TCDD. A number of dietary plant compounds such as I3C (indole 3-carbinole)
(Bjeldanes et al., 1991), curcumin (Ciolino et al., 1998), and carotinoids (Gradelet et al.,
1996) competitively bind to the AhR and induce AhR-dependent gene expression. A major
class of natural AhR ligands is that of indoles including 13C and tryptophan which can
convert in the mammalian digestive tract to more potent AhR agonists, i.e. indole-derived
products (Heath-Pagliuso et al., 1998, Perdew and Babbs, 1991). The natural AhR ligand
with the highest AhR agonist affinity as identified to date is indolo-(3,2,-b)-carbazole (ICZ),

an acidic condensation product formed from 13C (Bjeldanes et al., 1991).

Flavonoids represent the largest group of naturally occurring dietary AhR ligands compris-
ing flavones, flavanols, flavanones and isoflavones most of which are antagonists but
agonists such as quercetin also exist (Ciolino et al., 1999). Many of these flavonoids are
substrates for CYP1A1 and CYP1B1 (Doostdar et al., 2000).

The continuous and persistent expression of specific genes in target cells might be an
explanation for the adverse effects mediated by high affinity ligands whereas the relative-
ly weak PAH ligands lead to only transient activation of AhR-signaling pathway, thus pro-
ducing less toxic effects compared to TCDD. (Denison and Nagy, 2003)

The occurrence of nuclear AhR complexes in untreated cells in culture supports the exis-
tence of endogenous AhR ligands (Singh et al., 1996; Chang and Puga, 1998). To date, the
identified endogenous chemicals which activate the AhR gene battery exert very weak
AhR binding affinity compared to TCDD. However, a high affinity endogenous AhR ligand
has not yet been able to be detected. Moreover, the exact nature of the responsible

chemicals remains to be determined. A variety of weak endogenous ligands has been
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identified including indoles, tetrapyroles, and arachidonic acid metabolites among others.
These endogenous physiological AhR ligands are rapidly degraded by the concomitantly
induced detoxifying enzymes but would act as transient inducers of AhR-dependent gene
expression indicating a role of AhR in cell proliferation and differentiation or cell cycle

programming. (Denison and Nagy, 2003)

2.1.8. CYTOCHROME P450s

The most important superfamily of enzymes involved in oxidative Phase 1 reactions of the
xenobiotic metabolism are the cytochrome-P450-dependent mono-oxygenases (CYPs).
Members of the cytochrome P450 superfamily are hemeproteins found in plant tissues
and in a wide range of species from bacteria to vertebrates located predominantly in the
endoplasmic reticulum. Their name ‘P450’ was originally taken from the characteristic
light absorption peak of the proteins at 450 nm when they are reduced and complexed
with carbon monoxide. (Murray, 2000)

CYPs are constitutive and inducible oxidative enzymes that catalyze the oxidation of a
wide range of lipophilic substrates at the expense of molecular oxygen (0,) and nicotina-
mide adenine dinucleotide phosphate (NADPH) primarily for detoxification reaction. The
iron-containing hemeproteins consist of heme B as the prosthetic group providing four
ligands to the iron. The fifth ligand is a thiolate anion (S’) from a cysteine residue and the
position of the sixth ligand is taken by the oxygen atom of a water molecule (Halliwell and

Gutteridge, 1999). Structurally, cytochromes P450 consist of several domains:

® ahydrophobic N-terminus, which acts as a membrane anchor to either smooth

endoplasmic reticulum or mitochondria,
=  asubstrate-binding site,
= anoxygen binding site, and
= afree hydrophilic C-terminal.

The whole mono-oxygenase enzyme system consists of two components (Figure 4): cy-
tochrome P450 and a flavoprotein, NADPH-cytochrome P450-reductase (cytochrome
reductase), which are closely bound to each other in the membranes of the smooth en-
doplasmic reticulum, the nucleus, or mitochondria (Eisenbrand and Metzler, 2002). Dur-
ing the CYP-catalyzed reaction, one atom of O, is transferred onto the substrate and the
other atom is used to form H,0, a reaction that is termed mixed-function oxidase or
mono-oxygenase reaction. The cytochrome reductase transfers a single electron to the

heme-iron (Fe*") of the cytochrome P450. The resulting oxidized cytochrome P450 (Fe®*)
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binds molecular oxygen (O,) as the sixth ligand. The transfer of a second electron by cy-
tochrome oxidoreductase or alternatively cytochrome bs results in activated oxygen and
the production of a water molecule. Activated oxygen is carried onto the substrate. The
oxidized substrate can further be subjected to Phase 2 conjugation reactions catalyzed by
detoxifying enzymes including glutathione s-transferases, glucuronyl transferases
etc.(Forth et al., 2005)

Substrate-H + O, Substrate-OH + H,0 Besides the inactivation of

substrates, also activation

2NADPH + 2H+

NADPH-P450> 5throme processes to form reactive

2 NADP* P450

intermediates may occur
which can cause cellular
damage. Thus, cytoch-
romes P450 are also consi-

Lipid membrane dered to play a central role
endoplasmic reticulum .
in tumor development and

Figure 4: Microsomal mono-oxygenase reaction. The enzyme system . G | d
consists of NADPH-P450-reductase and cytochrome P450, closely bound progression (Gonzalez an
to each other and anchored in the lipid membrane of the endoplasmic Gelboin, 1994)_ The liver as
reticulum. The lipophilic substrate binds to cytochrome P450 in the . .
oxidized state. Flavoprotein NADPH-P450-oxidoreductease transfers o the main organ of xenobi-
single electron to heme-iron (Fe*') at the expense of NADPH. The result-
ing heme-iron Fez+—complex also binds molecular oxygen (O,). The trans-
fer of a second electron leads to oxidized substrate and production of a Iy rich in cytochromes
water molecule (H,0). NADPH: nicotinamide adenine dinucleotide phos- . .
phate, reduced form; FAD: flavin adenine dinucleotide; FMN: flavin P450, with the highest

mononucleotide. (According to Forth et al., 2005) cytochrome P450 activity

otic metabolism is especial-

found in hepatocytes. To date, there exist 18 CYP mammalian gene families, among them
the four families CYP1, 2, 3, and to a lesser extent CYP4, whose primary role is the meta-
bolism of exogenous compounds from the diet, drugs or environmental toxicants. Anoth-
er group of important CYP families is constitutively expressed in endocrine glands and is
involved in steroid hormone synthesis (CYP11, CYP17, CYP19). (Murray, 2000; Nebert and
Dalton, 2006)

Each P450 gene family has an assigned number based on the similarity to their nucleic
acid and amino acid sequence homology and is divided into subfamilies (capital letters)
and subsequent members of each subfamily (numbers). Some examples of representative
inducers and substrates of these families 1-4 are summarized in Table 2. CYP3A4 is quan-
titatively the main CYP in human liver. CYPs can also be found in extra-hepatic tissues,
particularly in those that are exposed to exogenous chemicals such as the small intestine,
kidney, and lung (Murray et al., 1988; Halliwell and Gutteridge, 1999).
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Table 2: Examples of members of the human cytochrome P450 families 1-4 mainly responsible for the meta-
bolism of xenobiotics with representative inducers and substrates (according to Murray, 2000 and Halliwell
and Gutteridge, 1999).

P450 P450 sub-

. . Isoenzyme | Inducer Substrate
family | family

CYP1 CYP1A CYP1A1 TCDD, 3-MC 7-Ethoxyresorufin,
benzpyrene (PAHSs)

CYP1B CYPiB1 TCDD PAHs, estradiol,

heterocyclic amines

CYP2 CYP2B CYP2B1 Phenobarbital, aroclor Acetylenes, olefins

CYP3 CYP3A CYP3A4 Rifampicin Estradiol, methadone,

testosterone, aflatoxin

CYP4 CYP4A CYP4A1 Clofibrate, other peroxi- | Prostaglandins,

some proliferators fatty acids

The three mammalian CYP1 genes, i.e. CYP1A1, CYP1A2 and CYP1B1 are regulated by the
AhR, which is activated by the binding of coplanar PAHs and HAHs. Many substrates for
CYP1 enzymes are also AhR ligands. Whereas CYP1A2 in turn mainly metabolizes aromatic
amines, CYP1A1 and CYP1B1 can metabolize PAHs (Nebert et al., 2004). The relevance of
CYP1A1 and CYP1B1, which also play an important role in the E2 metabolism, is outlined

in more detail in section 2.2.8.

2.1.8.1. CYP1A1 anD CYP1B1

In humans and in the rat constitutive CYP1A1 expression is negligible. However, high
levels of CYP1A1 mRNA, protein, and enzyme activity are inducible following exposure to
numerous lipophilic, co-planar substrates such as PAHs. Many of the inducers are in turn
metabolized by CYP1A1. (Nebert et al., 2004)

Inducible CYP1A1 activity is ubiquitously detectable in almost every tissue such as the
lung, liver, brain, gastrointestinal tract, lymphocytes, and heart (Anzenbacher and Anzen-
bacherova, 2001). Historically, CYP1A1 is the classical isoenzyme for the activation of
procarcinogenes such as the PAH benzo(a)pyrene (BaP) to ultimate carcinogens. In the
first place the carcinogenic PAH 3-methylcholanthrene (3-MC) was discovered as the
original inducer of CYP1A1. Later on TCDD was found to be the most potent inducer and

is therefore considered as the prototype. The placement of TCDD’s four lateral chlorine
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atoms is responsible for the compound’s metabolic resistance to oxygenation by CYP1A1,

so that it can produce a sustained induction and persist in the cell. (Whitlock et al., 1996)

CYP1B1 is a new member of the human CYP1 gene family and was cloned in 1994 (Sutter
et al., 1994). There is only a low degree of similarity of nucleic acid and amino acid se-
quence (about 40%) with CYP1A1 and CYP1A2 (Murray et al., 2001). However, CYP1B1 is
most closely related to CYP1A1 and 1A2. Similar to the other members of the CYP1 family,
CYP1B1 is induced by PAHs, dioxins, and other typical ligands through the AhR system and
in turn it metabolically activates a number of polycyclic aromatic amines, heterocyclic
amines, aromatic amines, and nitropolycyclic hydrocarbons to pro-mutagens. CYP1B1 is
predominantly found in a number of extrahepatic human tissues including heart, kidney,
prostate, ovary, colon, uterus, and mammary gland which is of interest especially in hor-

mone-mediated carcinogenesis. (Shimada et al., 1996)

The rat and human CYP1B1 predicted that nucleic acid amino acid sequences are 80%
identical. However, there are considerable species differences regarding regulation and
tissue-specific expression. CYP1B1 is over-expressed in a wide range of human tumors
(Murray et al., 1997) but it is also highly expressed in hormone-related organs such as the
adrenal glands, mammary, uterus, testes, and ovary. This tissue distribution suggests an
endogenous physiological function for CYP1B1. In organs, in which CYP1B1 is expressed to
a lesser extent, such as liver and kidney, it may rather play a role in detoxification

processes, since it is inducible by TCDD (Walker et al., 1995).

Besides the AhR-mediated pathway of transcription by AhR agonists, an alternative pro-
cession of CYP1B1 transcription was suggested. The human CYP1B1 mRNA contains mul-
tiple polyadenylthion sites and both mouse and rat CYP1B1 have been reported to be also
regulated by cyclic AMP (cAMP)-mediated pathways. (Brake and Jefcoate, 1995)

An important discovery was the role of human CYP1B1 as a 4-hydroxylase in estradiol
metabolism (Hayes et al., 1996). Several CYPs such as CYP1A1 and CYP1B1 have been
demonstrated to catalyze the two main metabolites in the E2 metabolism (see section
2.2.8). Compared to human CYP1B1, mouse CYP1B1 was not found to hydroxylate
17beta-estradiol (Savas et al., 1997).

2.1.9. AHR/ER CROSS TALK

TCDD has been reported to induce hepatocellular carcinogenesis in female but not male
Sprague Dawley rats and the tumorigenic response in females was considered estrogen-
dependent (Kociba et al., 1978). In the same study TCDD showed anti-tumorigenic activity

in multiple age-dependent spontaneous endocrine related tumors including pituitary
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adenoma (both sexes), pituitary adenocarcinoma, interfollicular adenoma of the thyroid

(female), or pheochromocytoma of adrenals (males). Decreased formation of benign

uterine tumors and benign neoplasm of the mammary gland in female rats exposed to

TCDD suggested that TCDD interacts with the estrogen receptor (ER). There is extensive

evidence that TCDD elicits anti-estrogenic activity via the action of the AhR. This is strong-

ly supported by numerous studies in various breast cancer cell lines. Several possible

mechanisms for the endocrine disrupting actions have been proposed:

Inhibition of 17beta-estradiol (E2)-induced cell proliferation and DNA synthesis
e.g. by specifically blocking the E2-induced transition from G1 to S phase (Wang
et al., 1998).

Inhibition of E2-dependent gene and protein expression such as pS2, cathepsin D,
vitellogenin etc. The activated AhR may inhibit the binding of the E2/ER complex

to an estrogen response element (Safe, 2001).

TCDD induces degradation of ERalpha through activation of proteasome (Wormke
et al., 2003).

TCDD-mediated down-regulation of ER levels via a repressor site in the promotor

region of ER genes (e.g. Safe and Wormke et al., 2003).

Increased E2 metabolism by the induction of CYP1 by TCDD (Cavalieri et al.,
2006).

Increased co-mitogenic action of TCDD by estrogens (Schrenk et al., 1992).

Consequently, this AhR/ER cross talk is considered to play a crucial role in TCDD- and E2-

dependent mechanisms of carcinogenesis.
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2.2. ESTROGENS AND ESTRADIOL

Estrogens are a group of steroid hormones functioning as the primary female sex hor-
mones but also have a physiological role in the male reproductive tract. The most potent
active natural representative of this group of steroids is 17beta-estradiol (E2). The three
major naturally occurring estrogens are estrone (E1), E2, and estriol (E3). Estrogens con-
sist of 18 C-atoms. The steran molecule is the basic chemical structure of the estrogens
consisting of an aromatic 6-C ring A and three additional saturated 6-C rings B, C, and D
(Figure 5). In contrast to androgens, there is no angular methyl group situated between

the A and B ring.

The biological activity is dependent on their binding affini-

ty to specific estrogen receptors (see section 2.2.4).

Estrogens exert diverse biological effects such as female

sexual differentiation and development, the control of

the menstrual cycle, the maintenance of bone density,
Figure 5: Chemical structure of and proliferation of the endometrium in the uterus, ar-

estradiol (E2) including ring num-  terjal vasodilatation, and neuroprotective actions. Besides
bering and designation of rings A
to D. the ovary (granulosa and theca cells) and placenta, which
are primarily responsible for the production of estrogens
in humans, estrogens are produced in minor concentrations by the adrenal glands and
testes (Leydig cells). Furthermore, they can also be formed by aromatization of androgens
in fat tissue. The conversion of testosterone to estradiol and of androstenedione to es-
trone is catalyzed by the enzyme aromatase. For the transport in the plasma, estrogens
are bound to the sexual hormone binding globulin (SHBG). Plasma estrogen concentra-
tions vary between species and according to sex, age, and the stage of the estrous cycle in
women (Silbernagel and Despopoulos, 2003; Forth et al., 2005). Different physiological
serum concentrations of estradiol in different species in both sexes are presented in Ta-

ble 3.
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Table 3: Physiological serum concentrations of estradiol in different species and phases. (° DePaolo and Maso-
ro, 1989; bsarkar et al., 2000; ° Silbernagel and Despopoulos, 2003)

Species, Strain

Sex, Age, Timing

Reference Range

Mice

Female, Basal

1-5 pg/mL°

Rats

Female, Basal

<10 pg/mL®

Female, 2nd Diestrus Day

20-30 pg/mlL®

Female, Proestrus

40-50 pg/mL*®

Rats, Long Evans

Female, basal

about 50 pg/mL°

Female, ovariectomized <20 pg/me
Human Male 0.05 ng/mL*
Female, ovulation 0.4 ng/mL®

Female, other cycle phases

0.06-0.2 ng/mL"

Female, gestation

7-14 ng/mL"
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2.2.1. BIOSYNTHESIS
gi CH The biosynthesis of estro-
CH
: gens from cholesterol
CH
’ involves a series of enzy-
HO matic steps catalyzed by
Cholesterol
either dehydrogenases or
CYP11A
l CYP enzymes (Figure 6).
Pregnenolone First CYP11A catalyzes
v
v pregnenolone formation
v o, O cHs from cholesterol by hy-
CH, — CH, droxylation and cleavage
— of the side chain between
17B-HSD /l\/\/ .
o P NF C-20 and C-22. This pro-
Androstenedion restosterone hormone can further be
l CYP19 l CYP19
converted into progeste-
o OH
s s rone (a gestagen) or
17B-HSD
_ 17alpha-
17-HSD hydroxypregnenolon by
HO HO
Estrone Estradiol dehydrogenases or CYP17

respectively. In subsequent
Figure 6: Simplified steps in biosynthesis of steroid hormones and estra-

diol. Steroid hormones are biosynthesized from cholesterol. Estradiol is reactions, involving CYP17
formed by both CYP19 and 17beta—hydroxysteroid dehydrogenase (17/- enzymes and dehyd roge-
HSD) from androstenedione via testosterone or estrone. (According to

Tsuchiya et al., 2005) nases, testosterone is

formed. The enzyme aro-
matase (CYP19) catalyzes the aromatization of the A ring and elimination of the C-19
atom so that androgens are converted into estrogens. Thus, androgens are the obligatory
precursors of estrogens. Estrone reacts to potent estradiol by 17beta-hydroxysteroid
dehydrogenase (17beta-HSD). (Forth et al., 2005; Tsuchiya et al., 2005)

2.2.2. CARCINOGENICITY

The evidence for the carcinogenic activity of estrogens including 17beta-estradiol in ani-
mals and in humans has been sufficient to consider the natural hormone as a carcinogen
(IARC, 1987; IARC, 1999). In rodent tumor models estradiol induced various tumor types
in many organ sites following oral or subcutaneous administration of pharmacological
doses of E2. Hence, E2 increased the incidence of mammary, pituitary, uterine, cervical,

vaginal, testicular, lymphoid, and bone tumors in mice (Huseby, 1980; Highman et al.,
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1980; Highman et al., 1981; Nagasawa et al., 1980). The incidence of mammary and/or
pituitary tumors was increased in rats after dosing E2 (Noble et al., 1975; Shull et al.,
1997). In outbred hamsters, malignant kidney tumors occurred in intact and castrated

males and in ovariectomized but not intact females (Kirkman, 1959).

In humans elevated circulating estrogen levels caused by hormone medications or by
enhanced endogenous estrogen production increase the risk of breast cancer and uterine
cancer. Thus, prolonged exposure to estrogen unopposed by progestin, a synthetic pro-
gestagen used for hormonal contraception or hormone replacement therapy, is an ac-
cepted risk factor for endometrial cancer (Greenwald et al., 1977; Key and Pike, 1988).
Even if many cohort studies failed to identify an association between serum estrogens
and breast cancer risk, presumably due to inappropriate study designs (Wysowski et al.,
1987; Garland et al., 1992), more recent epidemiological studies were able to reveal
strong relationships between breast cancer risk and plasma or urinary estrogen concen-
trations (Adlercreutz et al., 1994; Toniolo et al., 1995). Contrarily to protective effects in
the uterine, estrogens in combination with progestin do not inhibit but increase breast
cancer risk, since the latter acts as a mitogen for mammary ductal epithelial cells (Colditz
et al., 1995).

The carcinogenic action of E2 is mainly associated with mammary and uterine cancer
development. However, long-term exposure of women to high levels of synthetic estro-
gens such as ethinylestradiol has also been linked to increased risk of hepatic tumors
(Baum et al., 1973; Palmer et al., 1989). Likewise, in the liver E2 has been found to have
co-mitogenic effects in cultured rat hepatocytes mediated through an ER-dependent
mechanism. E2 enhanced the mitogenic action of liver growth factors like epidermal
growth factor (EGF), transforming growth factor-o. (TGF-a.), hepatocytes growth factor
(HGF), hepatopoietin B, and acidic fibroblast growth factor (aFGF) on stimulated DNA
synthesis. (Ni and Yager, 1994). Furthermore, the estrogen co-mitogenesis in cultured

hepatocytes could be inhibited by tamoxifen (Yager and Shi, 1991).

2.2.3. GENOTOXICITY

Estradiol has the potential to cause genotoxicity via its reactive metabolites 2-and 4-
hydroxyestradiol after metabolic conversion. Bacterial gene mutation tests (Ames) with
E2 were negative with or without metabolic activation by S9-mix. (Dhillon and Dhillon,
1995; Lang and Reimann, 1993). Likewise, E2 was negative in mutation tests with mam-
malian cells (Drevon et al., 1981; Tsutsui et al., 1987 and 2000) except for one assay (Kong

et al., 2000). The positive results in this study with V79 cell line however lacked a dose-
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response relationship and the mutagenic concentrations were within the physiological
range (Kong et al., 2000). Estradiol and its catechol metabolites, in particular 4-
hydroyestradiol, induced cell transformation using Syrian hamster embryo (SHE) fibrob-
lasts (Tsutsui et al., 1987 and 2000). Concerning non-mutational DNA lesions estradiol has
been studied in a variety of in vitro and in vivo systems using different endpoints of geno-
toxicity. Estradiol and its two main catechol metabolites can cause DNA damage as ob-
served in DNA *?P-postlabeling in the following order of potency: 4-OHE2 > 2-OHE2 > E2
(Hayashi et al., 1996). E2 treatment leads to increased DNA strand breaks in the male
Syrian hamster kidney, which is consistent with the finding of renal cancers in this species
(Han and Liehr, 1994). Additionally, DNA strand breaks were found in the MCF-7 breast
cancer cell line and human peripheral lymphocytes in vitro (Yared et al., 2002; Anderson
et al., 1997). DNA adduct formation was found in the liver of male but not female rats
after oral E2 administration for 2 weeks (2 mg/kg bw) (Feser et al., 1996) and in the liver
and kidney of Syrian hamsters after single dose injection (Liehr et al., 1987). Two out of
three in vitro tests for Sister Chromatide Exchange using human peripheral lymphocytes
were positive after treatment with estradiol and at concentrations above 25 pg/L, which
were negligible for human relevance (see Table 3) (Dhillon and Dhillon, 1995; Ahmad et
al., 2000; Banduhn and Obe, 1985). Negative and positive chromosomal aberration tests
have been reported. Positive results were obtained in in vitro tests using human lympho-
cytes (Dhillon and Dhillon, 1995; Ahmad et al., 2000), V79 cells (Sato et al., 1992), and
CHO cells (Kochhar, 1985). Negative results of in vitro chromosome aberration were ob-
served in human lymphocytes by others (Stenchever et al., 1969; Banduhn and Obe,
1985). As far as induction of micronuclei is concerned, positive results have been shown
in a number of studies in vitro in MCF-7 cells and in SHE cells (Yared et al., 2002; Schnitz-
ler et al., 1994). However, other in vivo mouse micronucleus tests in spermatids

(Pylkkdnen et al., 1991) and mouse bone marrow (Morita et al., 1997) were negative.

Though inconclusive, results depending on the endpoint and cell type used, estradiol
showed genotoxic properties in vivo and in vitro mostly at high concentrations. This can-
not be taken as evidence for a genotoxic potential in humans under normal conditions.
Almost exclusively positive tests appear with the metabolite 4-hydroxyestradiol and to a
lesser extent with 2-hydroxyestradiol, suggesting that the balance of the E2 metabolic
pathway (see section 2.2.8) determines whether the formation of the reactive E2 meta-

bolites shifts towards a genotoxic potential of E2. (Joosten et al., 2004)
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2.2.4. ESTROGEN RECEPTORS

For a long time it was believed that estrogen action was mediated exclusively through
one intracellular ligand-activated transcription factor that regulates a set of genes, now
known as the estrogen receptor alpha (ERalpha). ERalpha was the first ER cloned and
isolated from MCF-7 human breast cancer cells in the late 1980s. (Walter et al., 1985). In
1996 another subtype of ERs was discovered in rat prostate, named ERbeta, which pos-
sesses many similar functions but also bears some unique functions of its own. Both re-

ceptors share a high degree of sequence identity (see section 2.2.5). (Kuiper et al., 1996)
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Figure 7: Distribution of ERalpha and ERbeta in different tissues marily detected in the ovary,
the human body (adapted from Pearce and Jordan, 2004) prostate, lung, gastrointestinal
tract, bladder, hematopoietic
system, and central nervous system. The two subtypes are also co-expressed in a number
of tissues including the mammary gland, certain brain regions, cardiovascular system,
urogenital tract, and bone. ERalpha is the main subtype in the liver, whereas ERbeta is
the main ER in the colon. Within the same tissue both ERs can be localized in distinct
cellular subtypes, e.g. in the ovary ERalpha is mainly present in the theca cells and inters-
titial cells whereas ERbeta is predominantly found in the granulosa cells (Sar and Welsch,
1999).The expression in rats is similar to that in the human body. (Pearce and Jordan,

2004)

2.2.5. FUNCTIONAL STRUCTURE OF ER

Estrogen action is mediated by binding one of the two specific ERs, ERalpha and ERbeta.
Members of the nuclear receptor family share a common domain structure with distinct
functional domains A to E as designated in Figure 8 (Mangesldorf et al., 1995). The ligand
binding domain (LBD) is located in the C-terminal E/F domain. Furthermore, E/F domain

contributes to receptor dimerization. Next to the C-terminal domain the hinge (D) domain
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is located bearing the nucleus location signal. In the center of the receptor thereis a
highly conserved zinc finger-based DNA binding domain (DBD). This C domain specifically
recognizes its cognate estrogen response elements (EREs) in the target gene promotors.
(McKenna et al., 2002). The transactivation activities of both receptors are mediated by
two separate but not mutually exclusive transcription activation functions (AFs) allowing
the receptor to stimulate transcription of genes. The N-terminal A/B domain encodes
activation function 1 (AF-1) and is a constitutive ligand-independent activation function.
The C-terminal ligand-dependent activation function AF-2 is located in the ligand binding
domain (LBD). (Nilsson and Gustaffson, 2000)

The autonomous AF-1 is constitutively active but is masked in the absence of a ligand. In
contrast, AF-2 is dependent on ligand binding through ligand-dependent conformational
change and subsequent formation of a hydrophobic surface, which is required for interac-

tion with co-regulators. (McKenna et al., 2002)

DBD LBD
ERa |
L 30% 96% 30% 53% 595
ERP \
1 530
AF-1 AF-2

Figure 8: Structure and homology between human ERalpha and the long form of ERbeta. AF, activation
function; DBD, DNA binding domain; LBD, ligand binding domain. (Adapted from Pearce and Jordan, 2004)

AF-1 domain is very active in ERalpha but the activity of AF-1 in ERbeta is minimal (Bark-
hem et al., 1998). The DNA binding domain of ERalpha and ERbeta is highly homologous.
Hence, both receptors interact with identical DNA response elements and bind to the
different EREs with similar specificity and affinity (Nilsson and Gustaffson, 2000).The LBD
also exhibits a high degree of homology and therefore both receptors exert similar affini-
ties for the endogenous estrogen 17beta-estradiol (E2). However, there are also some
subtype specific ligands. (Sun et al., 1999). AF-2-mediated transcriptional activities are
dependent on interaction with cofactor proteins. The activity of each AF is promoter- and

cell type- specific. (Berry et al., 1990)
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2.2.6. ER SIGNALING PATHWAY

The estrogen receptors ERalpha and ERbeta belong to the nuclear receptor superfamily of
ligand-regulated transcription factors (Pettersson and Gustaffson, 2001). Both ER sub-

types regulate gene expression in two ways: classical (genomic) and non-genomic signal-

ing (summarized in Figure 9).
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Figure 9: Estrogen signaling pathway in cells. Estradiol can bind to either inhibitory complex

estrogen receptor alpha (ERa) or beta (ER/). Upon ligand binding, ERs trans-  that masks DNA bind-
locate to the nucleus and bind to cognite estrogen response elements to . .

regulate transcription. ERs are also known to regulate non-genomic signaling Ing regions and stabi-
pathways. ERE, estrogen response element; HSP, heat shock protein. (Accord-

lizes the inactive re-
ing to Weatherman, 2006; Hall et al., 2001)

ceptor in the cytop-
lasm. Ligand binding induces conformational changes within the receptor, which pro-
motes dissociation of heat shock proteins leading to dimerization and translocation into
the nucleus. Ligand-bound ER dimer then interacts with co-regulatory proteins and re-
cruits other transcription factors in order to bind to DNA sequences termed EREs located
in the regulatory regions of responsive target genes. Subsequently, transcription of estro-

gen-regulated genes such as e.g. cathepsin D, ps2, vitellogenin is activated. (Mangelsdorf
et al., 1995)

ERs can bind to DNA as homo-and heterodimers. In cells expressing both subtypes ERbeta

often acts as a dominant inhibitor of ERalpha-dependent transcriptional activity. Quite a
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number of co-regulatory proteins are known for ERs, comprising co-activator and co-
repressors. (Mangelsdorf et al., 1995)

Following agonist binding, interaction with co-activators is triggered. Co-activators rele-
vant for AF-2 activity are members of the p160 protein family, i.e. steroid receptor coacti-
vator-1 (SRC-1), transcriptional intermediary factor 2 (TIF2), and AIB1 (amplified in breast
cancer |) (Leo and Chen, 2000). P160 proteins recruit further transcription activators and
histone acetyltransferase (HAT) complexes that modify histone tails covalently and con-
tain p300 and CBP (cAMP binding protein). Modifications include acetylation, methyla-
tion, phosphorylation, and ubiquitination at the amino-terminal histone tails (Strahl and
Allis, 2000).These chromatin structure remoduling complexes loosen chromatin structure
in promotor regions and thus facilitate binding to promotor regions. The thyroid recep-
tor—associated protein 220 (TRAP220) is a component of mediator complexes that regu-
late transcriptional control by direct interaction of both ERalpha and ERbeta with the
transcription machinery e.g. to RNA polymerase Il. (Kang et al., 2002; Rosenfeld et al.,
2006). Remarkably, cofactor selectivity of AF-1 and AF-2 regions is not identical, so that

different protein complexes may be formed at both AF regions.

Estrogen receptor signaling may also occur via ERE-independent mechanism. Both recep-
tors can regulate genes that do not contain EREs in their regulatory regions via protein-
protein interactions by tethering to other DNA-bound transcriptions factors, such as acti-
vating protein 1 (AP-1) and specificity/stimulating protein 1 (Sp1). Cellular response
through this direct non-genomic signaling pathway is specific to ER isoform and promo-
tor. ER alpha and ERbeta can exhibit opposing actions in the regulation of several promo-

tors and specific response elements. (Paech et al. 1997, Saville et al., 2000)

Furthermore, estrogens can activate a putative membrane transduction pathway that
generates rapid tissue responses. ERs can directly interact with other cytosolic proteins
e.g. protein tyrosine kinase SRC can be activated which subsequently initiates MAPK (Mi-

togen activated protein kinase) cascade. (Kato et al., 1995)
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2.2.7. MECHANISMS OF CARCINOGENESIS

There are two proposed
E] mechanisms of carcinoge-
/ \ nesis of estradiol characte-
rized by interplay of muta-

ER-mediated Metabolism: . .
Signaling Formation of genic/genotoxic and hor-
4-hydroxyestradiol
monal effects, which are
? . -
) Redox Cycling summarized in Figure 10
Non-ER Signal Free Radical
Transduction Generation (Llehr, 2001).
Stimulation
of Cell DNA d On the one hand estradiol
Proliferation amage
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Gene Mutation late cell proliferation via
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On the other hand estra-

Figure 10: Proposed mechanisms of E2-induced carcinogenesis either by diol may act as a procarci-

stimulation of proliferation as a response of hormone-dependent action nogen that induces geno-
with the estrogen receptor (ER) or by DNA-damaging effects during E2 o ) ]
metabolism. Stimulation of cell proliferation may also be possible by non- ~ tOXICity via the reactive 4-
ER signal transduction. (Modified from Liehr, 2001 and Yager, 2000). hydroxyestradiol metabo-
lite and the associated metabolic redox cycling between the corresponding quinone and
hydroquinone forms. The semiquinone intermediates are free radicals, which generate
more oxygen radicals inducing multiple forms of DNA damage. Additionally, the quinone
intermediates may bind covalently to DNA and form potentially mutagenic DNA adducts

or apurinic sites.

2.2.8. OXIDATIVE METABOLISM OF ESTROGENS

The metabolism of estrogens mainly occurs in liver, but also in extrahepatic tissues (Cava-
lieri et al., 2006). The estrogens E1 and E2 are obtained via aromatization of 4-
androstene-3,17-dione and testosterone respectively catalyzed by CYP19 (aromatase) as
described before (see Figure 6). E1 and E2 are biochemically interconvertible by the en-
zyme 17beta—estradiol dehydrogenase. Both estrogens are metabolized to catechol es-
trogens (CE) by two major pathways, which are explained in the following using E2 as

example (Figure 11).
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Figure 11: Cytochrome P450-mediated metabolic pathways of estradiol (E2). E2 is metabolized to 2- and 4-
hydroxyestradiol (2-and 4-OHE2). The catechol metabolites can be O-methylated to monomethoxy estradiol
metabolites by catechol O-methyltransferase (COMT). 2-and 4-OHE2 undergo metabolic redox cycling to
generate free radicals such as superoxide radical anion (O;’) and the reactive semiquinone (SQ) and quinone
(Q) intermediates which cause DNA damage. (Adapted according to Cavalieri et al., 2006 and Tsuchiya et al.,
2005)

E2 is metabolized to 2-hydroxy CE (2-OHE2), which is predominantly catalyzed by CYP1A1,
but also CYP1A2, and CYP3A4. The formation of the 4-hydroxylated estradiol (4-OHE2) is
catalyzed by CYP1B1. (Lee et al., 2003; Shou et al., 1997)

These two catechol estrogen forms are among the major metabolites of E2. Generally,
the 2-OHE?2 is the major CE formed, since approximately 80% of estradiol is biotrans-
formed to 2-hydroxyestradiol and 20% to 4-hydroxyestradiol (Weisz et al., 1992). Howev-
er, increases in the level of CYP1B1 e.g. by induction of TCDD can render the minor CE
metabolite 4-OHE2 as the major one (Spink et al., 1994; Hayes et al., 1996).

To a lesser extent estrogens are also converted by several CYP isoforms to a large number
of other hydroxylated metabolites via 6alpha-, 6beta-, 7alpha-, 12beta-, 15alpha-, 15beta-
, 16alpha-, and 16beta-hydroxylation in vitro and in vivo (not shown in Figure 11) (Lee et
al., 2001 and 2002).

The CEs are capable of metabolic redox cycling and are further oxidized by organic hydro-

peroxide-dependent CYP1A enzymes or other peroxidases to the respective quinone (Q)
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forms E2-2,3-Q and E2-3,4-Q releasing free radicals. The semiquinone free radical is an
intermediate of this metabolic conversion. In the presence of O, the semiquinone radical
is oxidized to CE-Q which forms superoxide anion radicals, and then H,0,. Hydroxyl radi-
cals are produced in the presence of Fe?" (see also section 2.3.1). CE-quinones can be
converted back to the catechol form via stepwise reduction catalyzed by NADPH-

dependent CYP reductase directly by quinone reductase.

In addition to the direct free radical-initiated DNA damage that can occur due to the re-
dox cycling of CE, quinone intermediates may form depurinating DNA adducts in vivo and
in vitro. It is hypothesized that these DNA adducts may generate apurinic (AP) sites lead-
ing to mutations, which may initiate E2-dependent cancers. (Cavalieri et al., 2000). The 4-
hydroxylated estradiol metabolite has been shown to exhibits greater carcinogenic po-
tency than 2-OHE2, since 4-OHE2 induced kidney tumors in male Syrian hamsters, whe-
reas 2-OHE2 did not (Liehr et al., 1986; Li and Li, 1987). Since both metabolites have simi-
lar redox potentials (Mobley et al., 1999; Cavalieri et al., 2006), the greater potency of 4-
OHE2 cannot be attributed to the redox cycling. Instead, E2-3,4-Q formed by 4-OHE-2 had
a higher reactivity in the formation of depurinating DNA adducts compared to E2-2,3-Q
(zahid et al., 2006). Treatment of rat mammary gland with E2-3,4-Q resulted in the for-
mation of the 4-OHE2-1N3Ade and 4-OHE2-1-N7Gua depurinating adducts (Mailander et
al., 2006). N3Ade adducts depurinate rapidly, leading to premutagenic apurinic (AP) sites,
whereas N7Gua adducts depurinate relatively slowly, slowing accurate DNA repair. These
results suggest, that E2-3,4-Q may be the major carcinogenic metabolite of estrogens.
(Zahid et al., 2006; Mailander et al., 2006; Cavalieri et al., 2006)

In general, CEs and reactive semiquinones and quinones are inactivated by conjugating
reactions such as glucuronidation and sulfation. The most common pathway of inactiva-
tion occurs by O-methylation catalyzed by the ubiquitous catechol-O-methyltransferase
(COMT) (Ball and Knuppen, 1980; Rogan et al., 2003). 2-Hydroxyestradiol is methylated by
COMT at a faster rate than 4-OHE2 (Emons et al., 1987; Zhu and Liehr, 1993; Goodman et
al., 2002). Additionally, the resulting 2-methoxyestradiol has an inhibitory effect on cell
proliferation (Klauber et al., 1997; Fotsis et al., 1994). Protection at the quinone level can
occur by conjugation of CE quinones with glutathione (GSH) alone or catalyzed by gluta-
thione-S-transferases (GSTs). A second inactivating process for CE quinones is their reduc-
tion back to CE by NADPH-quinone reductases (QR) or NADPH-CYP-reductases. If these
inactivation pathways are insufficient due to excessive production of the metabolites or a
lack of deactivation enzymes, competitive catalytic oxidation of semiquinones and qui-
nones can occur. Then, CE-Q may lead to initiation of cancer. (Cavalieri et al., 2000 and

2006; Rogan et al., 2003). Since the specific formation of the minor metabolite 4-OHE2
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may be important for the pathway leading to estrogen-induced cancer, the CYP1B1 en-

zyme is considered as a key player in this process.

2.2.8.1. CATECHOL-O-METHYLTRANSFERASE

Since COMT is the predominant conjugating enzyme in the E2 metabolism it is discussed
in more detail. COMT is a magnesium-dependent enzyme that catalyzes the transfer of a
methyl group from the methyl donor S-adenosylmethionine (SAM) to one hydroxyl moie-
ty of the catechol ring of a substrate, generating S-adenosylhomocysteine (SAH) in the
process. Catechol substrates include catecholamine neurotransmitters, xenobiotic cate-
chols, and catechol estrogens (Axelrod and Tomchick, 1958). O-Methylation of CEs results
in methoxyestrogens, thus lowering the ability of CEs to be converted to more reactive
semiquinone and quinone metabolites (Dawling et al., 2001; Yager, 2000). The COMT
enzyme, which is involved in hepatic and extra-hepatic O-methylation, occurs in two
distinct forms. It can be found either in the cytoplasm as a soluble protein (S-COMT),
which constitutes the predominant expressed COMT form, or in association with mem-
branes as a membrane-bound protein (MB-COMT) (Malherbe et al., 1992). The amino
acid sequence of S-COMT and MB-COMT is identical, except for an NH,-terminal exten-
sion of 50 hydrophobic amino acids in MB-COMT that serves as an anchor to the mem-
brane (Bertocci et al., 1991; Ulmanen and Lundstrém, 1991). Both protein forms occur
constitutively but differ in tissue expression. S-COMT is the predominant form in nearly all
tissues, whereas MB-COMT generally accounts for about 10% of total enzyme activity
(Jeffery and Roth, 1984; Grossman et al., 1985). Thus, in normal breast tissue as well as
MCEF-7 breast cancer cells S-COMT constitutes more than 90% of total COMT activity
(Tenhunen et al., 1994).

Polymorphisms have been identified in the COMT gene (Lachman et al., 1996), and a low-
activity form of the enzyme has been associated with increased estrogen-induced breast
cancer in women. Thus, COMT genotype is hypothesized to define differences in metabo-
lizing estrogen, possibly explaining interindividual differences. (Lavigne et al., 1997;
Thompson et al., 1998)
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2.3. OXIDATIVE DNA DAMAGE

2.3.1.

OXIDATIVE STRESS AND ROS

Radical species are molecules or molecular fragments containing one or more unpaired

electrons in atomic or molecular orbitals. Unpaired electrons account for the considerable

reactivity of the free radicals resulting in a short half-life (e.g. nanoseconds). Oxygen-

derived radicals are the most important class of radical species generated in aerobe or-

ganisms, known as reactive oxygen species (ROS). (Valko et al., 2004). The toxicity of such

reactive species may be explained by its reaction with other radicals or non-radical mole-

cules. Non-radical ROS such as hydrogen peroxide (H,0,) are easily converted into radi-

cals (Pryor, 1986). ROS are products of naturally occurring processes in cellular metabol-

ism. They either serve essential biological functions or are byproducts of metabolic

processes. (Valko et al., 2004; Halliwell and Gutteridge, 1999). Table 4 summarizes the

major ROS implicated in cellular processes.

Table 4: Reactive oxygen species:

radical and non-radical molecules

Name Symbol
Hydroxyl "OH
Superoxide anion 0,
Alkoxyl RO’
Peroxyl ROO’
Nitroxyl NO*
Hydrogen peroxide H,0,
Singlet oxygen ‘o,
Ozone O3
Hypochlorous acid HOCI
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The imbalance in the generation and removal (antioxidant defense) of radical species, in
favor of the former leading to potential damage of cellular structures, is termed as oxida-

tive stress (Seis, 1991). Endogenous sources of ROS formation include:
=  mitochondria,
=  xanthine oxidase—mediated catabolism of purines,
= metabolism of xenobiotics by the cytochrome P450 system,
= peroxisomes involved in the oxidation of fatty acids, and
= macrophage-activated oxygen uptake during inflammation. (Valko et al., 2006)

During cellular respiration in the mitochondria the reduction of molecular oxygen (O,) to
water occurs in the electron transport chain via cytochrome c oxidase-catalyzed reaction
(Figure 12). The four sequential single-electron reduction steps of O, result in the forma-
tion of reactive oxygen species as partially reduced intermediates, such as superoxide

anion radical (0O,"), hydrogen peroxide (H,0,), and the hydroxyl radical ("OH).

Minor amounts of these ROS can escape the electron transport chain (1-3%) and damage
cellular components. (Kelly et al., 1998; Benzi et al., 1992)

e .. e, 2H* e e, H*
O2 —> 02 — H202 O—> OH e HZO
- H'

Figure 12: Sequential four single-electron reduction steps from molecular oxygen to water. (According to
Valko et al., 2004)

Beneficial roles of ROS involve immune-mediated defense reactions. During the respirato-
ry burst of leukocytes in host defense, monocytes, neutrophils, and macrophages can
produce radicals, such assuperoxide anion radicals, which serve as cytotoxic agents

against pathogenic organisms. (Conner and Grisham, 1996)

The hydroxyl radical is one of the most potent oxidants known with an in vivo lifetime of
only a few nanoseconds (Pryor, 1986). It can be produced by the reaction of superoxide

anion radical and hydrogen peroxide in the Haber-Weiss reaction (Figure 13).

202.-+2H+ E—— H202+02

O, +H,0, ————» 'OH+OH+O0,

Figure 13: Haber Weiss reaction

Transition metals (e.g. iron and copper) often serve as catalysts in this kinetically slow

reaction, which is then known as Fenton reaction (Figure 14).
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O, +Fe¥* —— » O,+Fe?

Fe?*+H,0, — » 'OH+ OH+Fe3

02._+ H202 _— .OH+_OH+02

Figure 14: Fenton reaction

The cytochrome P450-catalysed mono-oxygenase system is an established source of ROS.
In addition, NADPH-dependent formation of ROS generates in particular superoxide radi-
cals, which dismutate to hydrogen peroxide. Through the induction of cytochrome P450
enzymes, the production of ROS is stimulated. During catalysis of the electron transfer
from the NADPH-cytochrome P450 reductase onto the cytochrome P450, electrons can
leak onto the oxygen molecules forming superoxide anion radicals in addition to the
mono-oxygenation of the substrate. This unintended leakage of electrons is also called
uncoupling. The extent of the uncoupling is dependent on the isoenzyme and the sub-
strate. (Kuthan and Ullrich, 1982; Bosterling and Trudell, 1981)

Figure 15 shows the normal steps of the mono-oxygenase reaction. Shortly, substrate
binds to ferric-cytochrome P450 and subsequently leads to an increased reducibility of
the hemeprotein. Cytochrome P450 is a one-electron acceptor and NADPH-cytochrome
P450 reductase will rapidly reduce the hemeprotein at the expense of NADPH. Subse-
qguently, oxygen binds to the ferrous cytochrome P450, and the oxy-cytochrome P450
formed may uncouple or may accept a second electron from the reductase. With a num-
ber of cytochrome P450 isoforms, the second electron is the more effectively input from
the reductase via an electron transfer protein, cytochrome b5. Some substrates increase
the affinity for cytochrome b5, which was shown to be able of transferring a reducing
equivalent to ferric cytochrome P450 from NADH. The reduction of the oxycytochrome
P450 brings the oxygen to the redox state of hydrogen peroxide complexed to the cytoch-
rome P450. A water molecule and the oxidized substrate are generated during these

reactions.

The role of cytochrome bs is considered to provide the second electron at a faster rate for
product oxidation than for the release of superoxide anion by decreasing the release of
the superoxide anion radical, while decreasing or without influencing NADPH consump-
tion. Thus, the enhancing effect of coupling stabilizes the oxycytochrome P450 complex.

(Schenkman and Jansson, 2003)
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Figure 15: Steps in the cytochrome P450 cycle during mono-oxygenase reaction. Two single-
electron transfers from NADPH-cytochrome P450 reductase (CYP reductase) to cytochrome
P450 in order to reduce molecular oxygen (O,) and lead to subsequent substrate oxidation.
(According to Eisenbrand and Metzler, 2005)

Additionally, the NADPH-CYP reductase is involved in the so-called redox-cycling of vari-
ous quinoid compounds, acting as a one-electron donor for endogenous or exogenous
quinones to produce free semiquinone radicals. Within this cycle, a one-electron reduc-
tion via NADPH-cytochrome P450 reductase yields the reactive semiquinone radical,
which can be reduced directly to the more stable hydroquinone in a second catalyzed
one-electron transfer reaction. Semiquinone may also readily re-oxidize in a non-
enzymatic reaction in the presence of molecular oxygen, which leads to formation of ROS
such as superoxide anion radicals. (Bolton et al., 2000). The redox cycling mechanism is

presented in Figure 16 using the example of menadione, a known redox cycler.
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Figure 16: Schematic redox cycling of menadione, representative of the one- and two-electron transfer of
quinones. In two sequential reduction steps NADPH-cytochrome P450 reductase (CYP reductase) catalyzes
the formation of the reactive semiquinone radical and the more stable hydroquinone. NADPH-oxidoreductase
(oxidoreductase) catalyzes directly the formation of hydroquinone. Under aerobic conditions the reactive
quinone forms can be re-oxidized in a non-enzymatic reaction producing ROS. (Modified from Morrisson et
al., 1984)

Menadione is a naphthochinone derivative, which belongs to the group of K vitamins
(Forth et al., 2005). The flavoprotein NADPH-oxidoreductase can directly catalyze the
two-electron reduction to the more stable hydroquinone. The oxidoreductase may there-
fore be able to protect the cells from the toxic effects of menadione by competing with
the one-electron reduction pathways. Already catalytic amounts of quinones are suffi-
cient to produce ROS, which are assumed responsible for the cytotoxic and DNA-
damaging effects of menadione observed in primary rat hepatocyte cultures. (Morrison et
al., 1984)

2.3.2. ANTIOXIDANT DEFENSES

The cell is well equipped with numerous enzymatic antioxidant defenses systems that aim

at protecting the cell from oxidative damage.

Superoxide radical is not known to directly react with cellular components like protein,
sugars, or nucleic acids. It is depleted in a dismutation reaction, which in biological sys-
tems can be accelerated by superoxide dismutases (SODs), an enzyme that rapidly sca-
venges O, (Figure 17).

) SOD There exist three SOD isoforms in euka-
20, +2H » H,0,+0, ryotes. Manganese SOD (Mn-Sod), con-

Figure 17: Dismutation reaction of superoxide anion taining a manganese prosthetic group,

radical to hydroperoxide catalyzed by superoxide . . . .

dismutase (SOD). resides in the mitochondria and protects
mitochondrial membranes, proteins, and

DNA from the generated ROS from the respiratory chain. Copper/zinc SOD is a cytosolic

SOD, and the extracellular SOD is secreted and binds to the plasma membrane acting in
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the extracellular matrix. (Fridovich, 1995). SOD enzymes work in conjunction with H,0,-
removing enzymes, such as catalase and glutathione peroxidases (GPx) (Michiels et al.,
1994)

Hydrogen peroxide is removed by catalase, a manganese or heme-containing enzyme,

which rapidly dismutates H,0, to water and oxygen (Figure 18).

Catalase Catalase mainly is found in peroxisomes, but also

2H,0, —» 2H,0+0 L . -, .
272 2 2 in mitochondria and the cytosol. Additionally, it

Figure 18: Catalase-mediated dismutation ~ Was reported, that catalase metabolizes alkyl pe-

of hydrogen peroxide to water. .
f hydrogen p roxides.

Glutathione peroxidase (GPx) catalyzes the reduction of organic peroxides to the corres-
ponding alcohol and water with glutathione (GSH) as a cofactor and is present in the
cytosol and the mitochondria. GSH provides the reducing equivalents as a non-enzymatic
antioxidant and as a consequence is oxidized to glutathione disulfide (GSSG). Glutathione
reductase (GR) reduces oxidized glutathione (GSSG) to regenerate GSH at the expense of
NADPH (Figure 19).

ROOH GPx The main GPx isoforms are selenium-containing en-
zymes. Moreover, in addition to catalases cytosolic GPxs

2 SSH GSSG have also high affinity for H,0,, which is removed by

\G‘/—B\/ coupling its reduction to water with the oxidation of

NADPH reduced glutathione. (Kelly et al., 1998; Halliwell and
Gutteridge, 1999)

NADP*

Figure 19: Antioxidant pathway of

glutathione peroxidase (GPx) and  Glutathione is a thiol-containing tripeptide consisting of
recycling of GSH. Organic peroxides
can be reduced by GPx with GSH as
the reducing cofactor. Glutathione  mammalian cells at millimolar concentrations (De Leve

reductase (GR) reduces oxidized . .
glutathione (GSSG) to regenerate and Kaplowitz, 1991) (Figure 20).

GSH. (De Leve and Kaplowitz, 1991)

L-g-glutamyl-L-cysteinyl-glycine, which is present in all
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Figure 20: Structures of reduced glutathione (GSH) and oxidized glutathione (GSSG). The GSH
tripeptide (glutamic acid-cysteine-glycine) can be reduced and two GSH molecules form GSSG,
as the thiol groups of cysteine are oxidized to from a disulphide bridge. (According to De Leve
and Kaplowitz, 1991 and Halliwell and Gutteridge, 1999).

It is synthesized predominantly in the liver based on the amino acids via two successive
adenosine triphosphate (ATP)-dependent steps, comprising enzymatic ligation of L-
glutamate and L-cysteine and the subsequent addition of glycine to the C-terminal end of
gamma-glutamylcysteine via glutathione synthetase. (Rebrin and Sohal, 2008; De Leve
and Kaplowitz, 1991)

GSH provides antioxidant protection as it can also directly reduce a number of ROS includ-
ing singlet oxygen, hydroxyl radical, and superoxide anion radical, whereby it is oxidized
to GSSG. The cysteine thiol moiety is essential for the antioxidant activity, as the thiol
groups are oxidized to form a disulphide bridge, joining two GSH molecules together
(Figure 20) (Halliwell and Gutteridge, 1999). As a result of oxidative stress, depletion of
the intracellular GSH pool occurs which can lead to increased oxidative cell injury. Gluta-
thione reductase has an important function in maintaining high intracellular ratios of
GSH/GSSG. GR reduces oxidized glutathione (GSSG) in the presence of NADPH in order to
regenerate GSH. This regeneration of GSH is also essential for its role as a co-substrate for
GPx-mediated action (Figure 19). (Meister and Anderson, 1983; Kelly et al., 1998)

If the ability of the cell to recycle GSH by GR is overcome due to severe oxidant stress, the
accumulated GSSG is actively transported out of the cell to maintain the redox state for
the cell. The export of GSSG was also reported in the liver. GSSG plasma levels thus well
reflect the intracellular redox state. (Sies et al., 1972; Lew et al., 1985). Unlike the plasma
membrane, the mitochondrium, which is under permanent physiological oxidant stress, is
unable to transport GSSG out of the compartment (Olafsdottir and Reed, 1988). Thus, the

organelle is considered to be susceptible to the consequence of a pro-oxidant shift.

The ratios of reduced to oxidized glutathione (GSH/GSSG) are the primary determinants
of the cellular redox state. Under physiological conditions in mammalian cells these

GSH/GSSG ratios are high, with high GSH concentrations in the liver (up to 7-8 mM in the
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rat liver) as the main target organ of the xenobiotic metabolism. (Halliwell and Gutte-
ridge, 1999)

Normally, in healthy cells more than 98% of intracellular total glutathione is present as
the reduced thiol form (GSH), termed as GSH status, since glutathione reductase will
rapidly reduce any oxidized glutathione (DelLeve and Kaplowitz, 1991). Oxidative stress
can lead to GSH depletion and affect the GSH status, leading to an imbalance in the anti-

oxidative capacity of the cells.

2.3.3. OXIDATIVE DNA DAMAGE IN CARCINOGENESIS

As a consequence of the formation of ROS, one human cell has been estimated to be
exposed to approximately 1.5x10° oxidative attacks every day (Beckman and Ames,
1997). Cellular damage resulting from ROS is called oxidative damage. Since ROS are con-
tinuously formed in living cells, cellular damage occurs if the antioxidant defense systems
cannot provide adequate protection (Halliwell and Gutteridge, 1999; Loft and Poulsen,
1996).

DNA is the most susceptible cellular target to one-electron oxidation processes by various
ROS and reactive nitrogen species. Moreover, it has been hypothesized that endogenous
DNA damage by ROS plays a major role in carcinogenesis, mutagenesis, and aging. The
DNA damage is challenged by endogenous and exogenous agents. Exogenous environ-
mental factors include nutritional components, pollutants, radiation, or chemicals that
affect DNA damage. (Loft and Poulsen, 1996; Collins, 1999; Cadet et al., 2000; Halliwell
and Gutteridge, 1999). As a result of DNA damage cells have several defense systems in
order to repair the damage or to eliminate the damaged cells. Damaged DNA can inter-
fere directly with cell signaling and growth (Cerutti et al., 1994). A DNA modification that
remains unrepaired or misrepaired can be fixed permanently when the cell undergoes
division. If this manifested DNA damage, i.e. mutation, is related to critical genes such as
oncogenes or tumor suppressor genes initiation and/or progression may result. Thus, ROS
may act at several steps in the multistage carcinogenesis process (Loft and Poulsen,
1996). DNA damage can cause a temporary arrest of cell cycle progression, allowing DNA
repair to take place prior to replication. There exist specific and non-specific repair me-
chanisms which can remove DNA alterations, thus restoring intact DNA (Wood et al.,
2005). Irreparable DNA damage can also be implicated in apoptosis (the programmed cell

death) as a further protective mechanism to prevent carcinogenesis. (Krokan et al.,1997)
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1997 and Collins, 1999). defense systems, and

tion to antioxidant

the protective repair
mechanisms that prevent mutations and increased levels of DNA lesions. Any change in
this steady state level of oxidative DNA modifications may elevate the mutation frequen-

cies and the cancer incidence. (Epe, 2002)

2.3.4. OXIDATIVE DNA BASE MODIFICATIONS

Various DNA base products of interaction with reactive oxygen and free radical species
have been identified (Cadet et al., 2002; Cooke et al., 2003).

Susceptible sites of DNA structure for oxidative damage include the purine and pyrimi-
dine bases and the sugar-phosphate backbone, whereas the reaction with the nitrogen-
ous bases dominates (Dizdaroglu et al., 2002). The different forms of DNA damage involve
modification of purine and pyrimidine bases as one of the major classes of oxidative DNA
damage, but also single-or double-strand DNA strand breaks (SSBs or DSBs), apurin-
ic/apyrimidinic sites (AP sites), and DNA cross-links (Valko et al., 2006). The hydroxyl radi-
cal ("OH) is the primary oxidant responsible for DNA damage, because neither H,0, nor
peroxyl radicals can directly react with DNA. The oxidation of DNA bases via hydroxyl
radical leads to hydroxylation, ring-opening, or fragmentation. OH-adduct radicals of DNA
bases are generated via an addition reaction to double bonds of DNA bases. Besides, "OH

reacts with the sugar moiety of DNA (2’deoxyribose, dRib) by abstracting an H-atom from
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each of the carbon atoms forming various sugar products, DNA strand breaks, and base-
free sites by a variety of mechanisms. Modified sugars are either released from DNA and
form a DNA strand break or remain bound to DNA with one or both phosphates. (Dizda-
roglu et al., 2002). The apparently most studied and abundant oxidative modification of
DNA bases involves the C-8 hydroxylation of guanine. The lesions most commonly used as
biomarkers are 8-hydroxy-2’-deoxyguanosine (8-OHdG, also called 8-oxo-dG) and 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) (Epe, 1995; Cadet et al. 1997).
Figure 22 illustrates the mechanism of formation of guanine products from the C8-OH
adduct radical, which is formed by attack of "OH to the C-8 position of guanine. 8-oxo-dG
is formed after addition of the hydroxyl radical to the C-8atome of guanosine, whereas
alternatively FapyGua is produced via opening of the imidazol ring. Analogous reactions
of adenine yield 8-hydroxyadenine (8-OH-Ade) and 4,6-diamino-5-formamidopyrimidine
(FapyAde). Both types of products are formed in the absence and presence of oxygen.
However, reducing agents increase the ring-opened products formamidopyrimidines,
whereas the formation of 8-hydroxypurines is preferred in the presence of oxygen. (Diz-
daroglu et al., 2002). 8-oxo-G gives rise to GC—>TA transversion as a consequence of sta-
ble mispairing with adenine (Wood et al., 1990; Cheng et al., 1992). This type of mutation
is found increased in bacteria and eukaryotic cells that are deficient in the repair of 8-oxo-
G (Klungland et al., 1999; Minowa et al, 2000). These lesions can be detected in the DNA
or assayed in urine. Specific analytical methods for the detection of the biomarkers of
oxidative damage after DNA acidic hydrolysis include the following techniques: HPLC-ECD
(high performance liquid chromatography with electrochemical detection), GC-MS (gas
chromatography mass spectrometry), or HPLC-MS/MS (ESCODD, 2002). Further examples

of typical oxidative DNA damages are shown in Figure 23.
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Figure 22: Reaction of 2’-deoxyguanosine with hydroxyl radical (OH) and formation of the common DNA
lesions 8-hydroxy-2’-deoxyguanosine (8-oxo-dG) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-
Gua). (According to Valko et al, 2006; Kelly et al., 1998; Dizdaroglu et al., 2002)
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Figure 23: Chemical structures of various DNA base modifications induced by ROS (ac-
cording to Epe et al., 1993).
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2.3.5. DNA REPAIR

There exist a number of specific and non-specific DNA repair systems in humans, which
are necessary to remove DNA lesions derived from endogenous and exogenous sources.
This is important, since even under normal cellular conditions a measurable amount of
cellular damage exists in mammalian cells. With respect to endogenous DNA damage, the
DNA is constantly damaged. It undergoes ‘spontaneous’ decomposition, such as loss of
purines, deamination of cytosine, hydrolysis, non-enzymatic methylation of DNA bases,
and oxidative DNA damage by ROS (Halliwell and Gutteridge, 1999).

As oxidative DNA modifications have mutagenic potential, intact and effective DNA repair
systems are essential to minimize toxic reactions (Wood et al., 1990). The high efficiency,
which is a prerequisite of the DNA repair systems, becomes more clear if one considers
that every human cell consist 6x10° base pairs which are distributed to 46 chromosomes
that have to be protected from DNA damage (Forth et al., 2005). Oxidative DNA base
modifications are thought to be predominantly eliminated by base excision (Krokan et al.,
1997; Hartwig and Schwerdtle, 2002). Since in the course of this study formation of oxida-
tive stress and oxidative DNA damage was investigated, the focus in the following will be

on the base excision repair (BER).
The most important repair mechanisms known to date are as follows (Wood et al., 2005):
= Direct Reversal of DNA damage repair:
= Repair via 06-methylguanine-DNA —methyltransferase (MGMT)

= Repair of 1-methyladenine or 3-methylcytosine via dioxygenases (ABH2
and ABH3) (Duncan et al., 2002)

=  Base excision repair (BER):
= Single-nucleotide BER (short-patch pathway)
=  Poly-nucleotide BER (long-patch pathway)
= Nucleotide excision repair (NER):
=  Global genomic repair
= Transcription-coupled NER
=  Mismatch Repair
= Double-strand break repair

= Homologous recombination
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= Non-homologous end joining (NHEJ)

2.3.5.1. BAsEe Excision REPAIR (BER)

Oxidative DNA lesions including DNA strand breaks and AP sites as well as other types of
spontaneous DNA base alterations are mainly eliminated by BER (Hartwig and
Schwerdtle, 2002; Krokan et al., 1997). There exist two base excision repair (BER) sub-
pathways in mammalian cells (Figure 24) that are characterized by the number of nucleo-
tides synthesized into the excision patch: the ‘single-nucleotide’ BER pathway (one nuc-
leotide incorporated) and the ‘poly-nucleotide’ BER (several nucleotides incorporated)
BER pathway (Forth et al., 2005). Both of these sub-pathways involve excision of a dam-
aged base and/or nearby nucleotides and DNA synthesis to fill the excision gap (Nilsen
and Krokan, 2001).
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Figure 24: Alternative BER pathways: short-patch and long-patch BER
(according to Slupphaug et al., 2003 and Forth et al., 2005).

The specificity of the BER system is determined by the enzymes that initiate the repair
pathway, the N-glycosylases. They act specifically on one substrate or a class of substrates
(McCullough et al., 1999). These N-glycosylases hydrolyze the N-glycosylic bond between
the target base and deoxyribose-phosphate backbone, thereby releasing a free base and

leaving an apurinic/apyrimidinic (AP) site in DNA (Barnes et al., 1993).

Single-nucleotide BER is suggested to be the major BER pathway in human cells, perform-
ing between 78 and 90% of all BER (Bennett et al., 1997; Sobol et al., 1996). During this

short-patch BER the abasic site is converted into a single-strand break via the human
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5’AP-endonuclease (HAP1, also called APE1), which is the major AP endonuclease (Nilsen
and Krokan, 2001; Barzilay and Hickson, 1995). The deoxyribophosphodiester moiety is
removed by the dRPase activity of Polf} (Deterding et al., 2000). Thereby a 3’-OH end is
generated which serves as a substrate for DNA polymerase [3 (Polf) and ligase Ill, which
reseal the single-strand nick in eukaryotic cells (Kubota et al., 1996). While Pold or Pole
have been shown to substitute for Polf3 with regard to DNA synthesis, no backup repair
exists for the dRPase activity of Polf} (Dianov et al., 1999). The X-ray repair cross-
complementing factor-1 (XRCC1) interacts as a scaffolding protein with Polf via its N-
terminal region, and with DNA ligase lll via its C-terminal region (Kubota et al., 1996; Nash
et al., 1997).

The long-patch BER, which repairs e.g. DNA single-strand breaks, involves replacement of
mainly 2 up to 8 nucleotides starting from the damaged site. In eukaryotes the short DNA
sequence is removed by flap endonuclease | (Fen1). Pold or Pole are involved in the re-
pair, and DNA ligase | reseals the open ends. (Nilsen and Krokan, 2001)

The proliferating cell nuclear antigen (PCNA) is implicated in the appropriate positioning
of Fen1 and stimulates its nuclease activity to release the oligonucleotide containing the
dRP moiety (Wu et al., 1996). Furthermore, PCNA is also involved in Pold or Pole —
dependent synthesis. Pold or Pole is dependent on PCNA and replication factor C (RFC)
(Stucki et al., 1998).

2.3.5.2. REMOVAL OF 8-0X0-G BY REPAIR GLYCOSYLASES

The known glycosylases directed against oxidized bases are all bifunctional (Slupphaug et
al., 2003). This means that they combine two enzymatic functions and exert both glycosy-
lase and AP lyase activity leading directly to a single-strand break. The analysis of the
repair of 8-OH-guanine in mammalian cell-free extracts showed that this DNA modifica-
tion is eliminated preferentially by the short-patch pathway of BER. However, long-patch
BER can substitute for it when the components of the short-patch are saturated or miss-
ing. (Fortini et al., 1999)

Among the repair enzymes the DNA glycosylase isolated from Escherichia coli (E.coli), the

formamidopyrimidine (Fapy)-DNA glycosylase (FPG), has been shown to recognize purines
with an opened imidazol ring. Besides Fapy, the FPG protein (also named MutM) in E. coli

catalyses the excision of further ring-opened purines and damaged purine bases such as

the oxidation products 8-oxo-dG from double-stranded DNA. (Boiteux et al., 1992)

E.coli FPG is a 30 kDa enzyme containing a zinc finger motif (O’Connor et al, 1993). In
addition to its N-glycosylase activity (abasic site nicking), this protein also has a deoxyri-

bose excising activity that cleaves both the 5’- and 3’-phosphodiester bonds at an AP site
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by successive b- and d-elimination reactions, resulting in a 1-base gap leaving both the 3’
and 5’ DNA ends phosphorylated (Bhagwat and Gerlt, 1996). Further processing requires
a 3’-phosphatase contributed by endonuclease IV (EndolV) to produce a primer for DNA
polymerase (Agnez et al., 1996). However, when adenine is misincorporated opposite 8-
ox0-G, the adenine-specific DNA glycosylase MutY is responsible for the removal of ade-
nine in an effort to avoid the G—=>T transversion mutation. The complete repair of the
lesion is not accomplished until dCMP pairs with 8-oxo-G and thus creates a substrate for
FPG. (Michaels et al., 1992)

FPG enzyme activity is not restricted to 8-oxo-guanine detection, which is probably the
most important biological substrate of FPG, or formamidopyrimidines (ring-opened pu-
rines). It possesses broad substrate specificity. FPG also catalyzes the excision of other
forms of DNA damage such as AP sites and ring-opened N-7 guanine adducts. (Epe et al.,
1993; Tchou et al., 1994; Li et al., 1997; Tudek et al., 1998; Speit et al., 2004)

Purified repair glycosylases such as the bacterial FPG protein are widely used for the
guantification of endonuclease-sensitive modifications. If the digestion is carried out on
intact cellular DNA such as carefully lysed cells, the single-strand breaks produced in cellu-

lar DNA can be measured using one of the following very sensitive techniques:
= The comet assay (Collins et al., 2004)
= The alkaline elution assay (Epe and Hegler, 1994)
= The alkaline unwinding assay (Hartwig et al., 1996)

Since the comet assay and the alkaline elution technique were performed in this study,

the techniques are described in more detail in Materials and Methods(see section 4).

Up to now there is no known sequence homolog for the bacterial FPG glycosylase in eu-
karyotic cells. However, functional homologs have been cloned from yeast and human
cells by several groups in 1997. The most important enzyme for the repair of 8-oxo-G in
mammalian cells is the 7,8-dihydro-8-oxoguanine-DNA glycosylase OGG1 protein. (Boi-
teux and Radicella, 2000; Bruner et al., 2000). OGG1 encodes a 43 kDa protein that lacks a
zinc finger domain, but contains a helix-hairpin-helix (HhH) motif similar to those in En-
dolll or MutY (Nash et al., 1996). It is a glycosylase with AP lyase activity, which is specific
for Fapy and 8-oxo-G:C and 8-oxo-G:T but does not cleave at 8-oxo-G:A (van der Kemp,
1996). The human OGG1 gene encodes two major isoforms of the enzyme, a-hOGG1 and
b-hOGG1, resulting from alternative mRNA splicing. Both isoforms contain mitochondrial
targeting signals, while only a-hOGG1 contains a nuclear localization signal (Nishioka et
al., 1999).

51



DOCTORAL THESIS |

Since specific inhibitors of the repair of oxidative DNA modification are not known, the
generation of 0GG1” knockout mice provide an interesting tool to analyze the effects of
decreased repair rates in vivo and in vitro (Klungland et al., 1999; Minowa et al., 2000).
Hence, the background level of 8-o0xo-G in the chromosomal DNA in the liver of untreated
0GG1” knockout mice was significantly higher than in that of wild-type animals (Minowa
et al., 2000). Furthermore, cells derived from 0GG1” mice showed no detectable 8-OH-G
glycosylase activity when measured using oligonucleotide substrates, implying that the
mammalian OGG1 protein is required to initiate the BER pathway (Klungland et al., 1999).
Inactivation of OGG1 in yeast resulted in increased spontaneous mutations, revealing a

spontaneous mutator phenotype (Thomas et al., 1997).

Taken together it is strongly suggested that base excision repair (BER) of 8-OH-G by the
FPG or OGG1 proteins protects the genome from the mutagenic action of endogenous

ROS in prokaryotes or eukaryotes respectively.
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3.PROBLEM DEFINITION AND OBIJECTIVES

It was hypothesized that TCDD interferes with the regulation of estrogens resulting in
reduced concentrations of circulating estrogens via enhanced metabolic activation of
estradiol by TCDD-induced enzymes, particularly CYP1A1 and CYP1B1. TCDD may lead to
the enhanced formation of ROS as an initiating event and subsequent oxidative DNA
damage indirectly via the redox cycling of the CYP-activated reactive main catechol estra-
diol metabolites, 4-hydroxyestradiol (4-OHE2) and 2-hydroxyestradiol (2-OHE2), that
possess themselves a genotoxic potential. The induction of CYP1B1 plays a key role in this
process as it preferentially forms the minor 4-OHE2, which exhibits greater carcinogenic
potency (Lee et al., 2003). Besides the induction of oxidative stress via enhanced E2 me-
tabolism, TCDD can directly lead to the induction of ROS via massive CYP induction, which
is believed to be associated with leakage of ROS during extensive induction of the CYP
mono-oxygenase system. Furthermore, the extensive evidence of TCDD to elicit anti-
estrogenic activity was associated with modulation of the ERalpha-mediated regulation
and a number of mechanisms were proposed to describe these AhR/ERalpha cross talk
mechanisms (Safe, 2001; Matthews and Gustaffson, 2006).

In the present study the indirect-genotoxic mechanism of TCDD and E2 was investigated
in light of a possible potentiating effect of both compounds on oxidative DNA damage.
The aim of this study was to further elucidate the mechanism of action of TCDD on E2
metabolism in liver cells using in vitro models. A better understanding in the way estradiol
is involved in the mechanism of TCDD-induced rat hepatocarcinogenesis should be pro-
vided.

In order to better understand the effects of E2 on TCDD-mediated toxicity and underlying

mechanisms, the following areas of concern were investigated:

®  Four different AhR-responsive liver cell models, rat H4lIE and human HepG2 he-
patoma cell lines and rat primary hepatocytes from male and female rats were
chosen to cover species- and sex-specific effects. The choice of hepatoma cells
lines versus primary hepatocytes cultures should enable to compare metabolic
capabilities and molecular mechanism between tumorigenic and non-

transformed liver cells.

=  The influence of TCDD and/or E2 in vitro on AhR-regulated CYP gene expression,

subsequent ROS formation, DNA damage, and the most important antioxidant
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defense systems (GSH and catechol-O-methyltransferase) were examined. Not
only the effects of single treatment, but also combined effects of both substances

should be examined after 20 h or 48 h treatment time.

In order to exclude possible cytotoxic effects of the test compounds in the differ-
ent cell types, a cytotoxicity assay was performed. The Alamar Blue Assay, also
known as the resazurin reduction assay, was chosen to obtain non-cytotoxic con-
centrations of TCDD, E2, or the co-treatments, as well as the catechol estradiols

2-OHE2 and 4-0OHE2 for use in further experiments.

An overview of expression levels of the major E2-metabolizing enzymes CYP1A1
and CYP1B1 was anticipated by performing quantitative (TagMan) real-time RT-
PCR, Western blot analysis, and EROD-activity assay to assess basal and induced

MRNA, protein levels, and CYP1A activity respectively.

The nuclear receptor status of AhR and ERalpha, which is responsible for the
TCDD-and E2-mediated signaling pathways, was determined by TagMan Real-
time RT-PCR or Western Blot analysis.

The fluorescence H,DCFDA assay in cracked cells was established in order to as-
sess the potential role of ROS formation by TCDD and/or E2 in cultured cells. The
possible correlation with induction of CYP enzymes was addressed as well, e.g. by
the additional use of a CYP1A inhibitor.

The elimination of reactive E2 metabolites by conjugation reactions was investi-
gated. Different approaches should determine the detoxification of E2 metabo-
lites: MRNA expression levels of COMT using real-time RT PCR method and cellu-

lar contents of total GSH (i.e. reduced and oxidized form).

It was planned to investigate the genotoxic potential of TCDD and/or E2 on the

formation of DNA strand breaks by performing the comet assay with and without
FPG to differentiate between oxidative DNA damage. In order to check if possible
oxidative DNA lesions are due to DNA base excision repair, the Unscheduled DNA

synthesis (UDS) assay was additionally performed.

The role of ERalpha in AhR- and ER—mediated transcription processes were eva-
luated in transient transfection assays using HepG2 cell line. Likewise, the role of

respective AhR and ER inhibitors had to be investigated.

Additionally, the role of the over-expression of ERalpha for some of the critical
endpoints such as gene expression profile and ROS formation also had to be in-

vestigated in HepG2 cells transiently transfected with ERalpha.



| PROBLEM DEFINITION AND OBJECTIVES

Accompanying the in vitro experiments, the relevance of TCDD on accumulation
and repair of oxidative DNA base modifications was planned to be assessed in vi-
vo in repair-deficient OGGl'/'/csbm”t/mut knockout mice after administration of a
single dose of TCDD. FPG-sensitive DNA modifications will be quantified by the al-

kaline elution technique.
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4. MATERIALS AND METHODS

If not otherwise indicated, standard reagents were purchased from Sigma-Aldrich,
Carl-Roth, Fluka, Merck, BioRad, or Invitrogen. Cell culture media and supplementations

were obtained from PAA Laboratories.

Consumables were purchased from Greiner, Eppendorf, BioRad, B. Braun Melsungen AG,

Thermo Fisher Scientific, VWR, Sarstedt, or Millipore.

Compositions of solutions and buffers as well as a list of equipment can be found in ap-

pendix 8.2.

4.1. CELL LINES

The hepatoma cell lines used for the experiments were obtained from ECACC (European
Collection of Cell Culture, UK). All cells used were adherent cell lines growing in a mono-

layer.

4.1.1. HEPG2 HuMAN HEPATOMA CELL LINE

HepG2 is a human-derived hepatocyte carcinoma cell line established from the tumor
tissue of a 15-year-old Caucasian Argentine boy with hepatocellular carcinoma in 1975.
The HepG2 hepatoma cell line is a widely used advantageous human-derived permanent
cell line, which resembles liver parenchymal cells and expresses a spectrum of certain
Phase 1 and Phase 2 drug metabolizing enzymes (Knasmidiller et al., 1998 and 2004;
Knowles et al., 1980; Sassa et al., 1987; Diamond et al., 1980). The cells were described to
not harbor a hepatitis B virus genome and to produce a variety of plasma proteins such as
albumin, alpha2-macroglobulin, alphal-antitrypsin, transferrin etc. With a doubling time
of ca. 50-60 h, the adherent cells take several days to form a confluent monolayer and

grow until then mainly in small aggregates (DSMZ GmbH, 2009).
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Figure 25: HepG2 cells in culture,
almost grown to confluence.

4.1.2. H4l1lE RAT HEPATOMA CELL LINE

HAIIE cells are adherent rat hepatoma cells that originate from Reuber H35 hepatoma
cells. This cell line was established in 1964 and has a doubling time of 18-22 h, exhibiting
high arylhydrocarbon hydroxylase inducibility. The cell line is useful for detecting picto-
gram-quantities of planar polychlorinated organic compounds in environmental samples
and food extracts. The cells have low basal CYP1A1 activity along with a high degree of
responsiveness towards planar halogenated hydrocarbons. (Pitot et al., 1964; LGC Stan-
dards, 2009)

4.2. RAT AND MOUSE STRAINS

Animals were purchased from Charles River Laboratories (Sulzfeld, Germany). Knockout
mice were kindly provided by Professor Dr. Bernd Epe (Institute of Pharmacy, Johannes
Gutenberg University of Mainz, Germany). Upon arrival in the animal housing, animals

were acclimatized for at least 4 days to get used to environmental conditions.

4.2.1. OuTBRED WISTAR RATS

Male and female Wistar rats were used for isolation of primary rat hepatocytes. The no-
menclature of the rat strain is CrL:WI. The white albino rats were originated by the Wistar
institute and given to Scientific Products Farm, Ltd. (predecessor of Charles River United
Kingdom, CRUK) in 1974. Charles River was provided with the rat strain by CRUK in 1975.

Wistar rats are a widely used rat model. (Charles River Laboratories, 2009)

4.2.2. INBRED C57BL/6 MICE

The nomenclature of the mice strain is C57BL/6NCrl. C57BL/6 was developed by C.C. Little
in 1921 from a mating of Miss Abby Lathrop’s stock that also gave rise to the strains
C57BR and C57L. The strains 6 and 10 were separated in 1937. Charles River was provided
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with the strain by the National Institutes of Health (NIH) in 1974. C57BL/6 mouse strain
finds a broad research application and is a general multipurpose model, particularly for
the generation of transgenic/knockout models. (Charles River Laboratories, 2009).

C57/BL6 mice were ordered at the same body weight range than the knockout mice.

4.2.3. 0GG1/ /csB"'"/™'" DousLE KNOCKOUT MICE

The generation of the homozygous 0GG17"/csb™Y™ knockout mice was perfomed at
Prof. Epe’s laboratory facilities as follows: homozygous 0GG1”" mice (Klungland et al.,
1999) were interbred with csb™Y™ " mice (van der Horst et al., 1997) to produce an
0GG17/csb™¥™* knockout mouse and F2 progeny was genotyped (Osterod et al., 2002).
The single knockout mice used for mating to develop the double knockout mice were
originally generated by DNA microinjection into blastocytes from C57BL/6J mice as de-

scribed in the above mentioned papers.

4.2.4. MICE TREATMENT

For the alkaline elution assay (see section 4.7.3) homozygous OGG1” /csb™¥™* knockout
(ko) mice and C57BL/6J wild-type (wt) mice aged between 3 and 7 months were treated
once by intraperitoneal (i.p.) injection with TCDD (1 pg/kg bw) or the vehicle control
(DMSO 0.5% (v/v)) in corn oil. After duration of 96 h mice were sacrificed and primary
hepatocytes isolated as described in section 4.3. Animals were chosen for the test groups
by randomized selection and housed in steel cages (2-5 animals/cage). Number of animals

assigned to the test groups in a randomized order are summarized in Table 5.

Table 5: Groups of animals and treatments.

Ko Wt
Vehicle |TCDD (1 ug/kg bw) Vehicle |TCDD (1 ug/kg bw)
Animal numbers 3 4 3 3

4.3. ISOLATION OF PRIMARY CELLS

4.3.1. PREPARATION OF RAT HEPATOCYTES

Primary rat hepatocytes were isolated for primary culture from individual male or female

Wistar rats (weighing 160-250 g) using a modification of the two-step in situ collagenase
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perfusion technique described by Seglen (1976). Cell culture conditions are described in

section 4.4.

Before the procedure, perfusion buffers were pre-warmed to 42°C in a water bath. The
rat was anesthetized by intraperitoneal (i.p.) injection with 300 uL/100 g bw phenobar-
bital (equivalent to 100 mg/kg bw). The abdominal cavity was opened and the liver was
exposed. A volume of 0.1 mL heparin solution (1000 U/mL) was injected into the vena
cava inferior to prevent early blood coagulation. Both the inferior vena cava and vena
porta hepatica were ligated for subsequent fixation of cannulae. A cannula was inserted
into the hepatic portal vein and fixed. Vena cava inferior was cut with surgical scissors to
allow blood and perfusion buffers to run off. In the first step, liver was perfused with
EGTA-perfusion buffer | (flow: 40 mL/min) for up to 10 minutes. By deprivation of Ca**
ions desmosomes, which bind liver cells to one another, are loosened. During this first
perfusion step, diaphragm was laid open and a second cannula was inserted into the
upper part of the vena cava superior. The cannula was equipped with a flexible tube to
allow flow back of the perfusion solutions after vena cava inferior was successfully
blocked by tightening the ligation. In a second step, liver perfusion is continued with Ca** -
containing collagenase perfusion solution Il (100 U collagenase/mL) for 5 to 10 minutes
(flow: 40 mL/min). After perfusion, the liver was cut out of the animal and the liver capsu-
la was removed. For this, complete liver was filtered through nylon filters of different
mesh size (first 250 UM and then 100 uM) by adding pre-warmed washing buffer

(200 mL). Cell suspensions were distributed to four 50 mL tubes and centrifuged (5 min,
350 rpm, room temperature). Supernatant was discarded and cell pellet resuspended in
100 mL washing buffer and three consecutive washing steps were performed. After the
last washing procedure, cells were resuspended in 20 to 40 mL of washing buffer and
kept at room temperature for cell counting and subsequent seeding. Only rat hepatocytes

with a cell vitality of greater than 85% were used for experiments.

4.3.2. PREPARATION OF MOUSE HEPATOCYTES

Primary hepatocytes from mice treated with TCDD or vehicle control as described in sec-
tion 4.2.4 were isolated using the modified two-step EGTA/collagenase perfusion tech-
nique (Seglen, 1976; Hengstler et al., 2000). Perfusion buffers were maintained at 37°C
and gassed continuously with carbogene. Carbogene contains 5% CO, (v/v). During carbo-
gene-equilibration, pH value drops down. Therefore, HEPES-buffer pH 8.5 is used for the
preparation of EGTA buffer and collagenase buffer, adjusting the pH of the perfusion

buffers to a value of 7.8.
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Treated wild-type mice and knockout mice were sacrificed by inhalation of excess isoflu-
rane in a saturated chamber. Immediately after expiration, the animal was prepared for
perfusion. The abdominal cavity was opened and the liver and hepatic portal vein ex-
posed. Cannulae were inserted into the hepatic portal vein and fixed with a ligation. Arte-
ria carotis was cut with surgical scissors and the liver was perfused with EGTA buffer for
15 minutes (flow: 1 mL/min). Subsequently, the buffer was changed and perfusion was
continued with collagenase-buffer (max. flow: 1 ml/min) for up to 30 minutes. At the end
of the perfusion, the gallbladder was carefully removed. The liver was then excised and
dissociated carefully in 10 mL of ice-cold suspension buffer by chopping it carefully into
smaller pieces with the help of tweezers. The loosened mass was filtered through gauze
(100 uM pore size) and centrifuged at 15xg for 10 min (4°C). The supernatant was dis-
carded and the resulting cell pellet resuspended in 30 mL of cold suspension buffer. The
washing step was performed twice again. Cells were stored on ice until further use. Fresh-
ly isolated hepatocytes were subjected to analysis by alkaline elution within 1 hour. Cell
viability was determined with trypan blue exclusion as described in section 4.4.3 and

ranged between 58-88%.

4.4. CELL CULTURE

4.4.1. CeLL CULTURE CONDITIONS

Hepatoma cell lines as well as primary rat hepatocytes were cultured in phenol red-free
Dulbecco’s Modified Eagle’s medium with glucose (1 g/L) supplemented with 10% fetal
bovine serum® (FBS®'), 1% penicillin/streptomycin (P/S; v/v), and 4 mM L-glutamine in
a humidified atmosphere at 37°C, 5% CO,, and 95% air. Hepatoma cell lines H4IIE (rat) and
HepG2 (human) were grown as a monolayer in 75 cm? cell culture flasks. Routine moni-
toring has shown the hepatoma cells to be mycoplasma-free using PCR and the Venor-

Gem Mycoplasma Detection kit (Minerva Biolabs).

4.4.2. MEDIUM RENEWAL AND CONTINUOUS CULTIVATION

Cultured cell lines were routinely maintained by subculturing them every seven days at
2.1*10°° HepG2 cells and 0.5*10°® H4IIE cells per 75 cm” cell culture flask. Culture medium
was changed every two to three days and in particular the day after subculturing. For this,
medium was removed from the culture flask (75 cm?) and cells rinsed with 2 mL of tryp-
sin/EDTA (1x) solution. Detachment solution was removed and an additional 1 mL of

trypsin/EDTA solution added to the flask and well distributed on the cell monolayer. Cells
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were incubated at 37°C for a few minutes (2-5 min) until the cells were detached from the
surface. Immediately, fresh culture medium containing 10% FBS (12-15 mL) was added in
order to inactivate the trypsin digestion reaction. Cells were individualized and suspended
by pipetting up and down at least 20 to 40 times and were dispensed into new culture
flasks.

4.4.3. DETERMINATION OF CELL NUMBER

Cell concentrations were determined via hemocytometer

using trypan blue exclusion test. Neubauer counting

chamber was used for cell lines and mice hepatocytes and

a Fuchs-Rosenthal cell chamber for rat primary cells. Ex-

emplarily, the Neubauer counting chamber is shown in

Figure 26.

Cell suspension of cell lines or mouse hepatocytes were

dissolved at a ratio of 1:2 with trypan blue (0.4%) solution Figure 26: Neubauer counting
and placed on the hemocytometer. Trypan blue colors chamber

dead cells blue and leaves viable cells uncolored. Uncolored cells in 4 large squares con-
sisting of 16 small squares were counted under the light microscope and the mean value
of cells of the 4 large squares was calculated. The number of viable cells per ml was de-

termined as follows:

cells u
= Z x; * DF x 10*

mL ;
i=1

x: mean of viable cells of 4 large squares
DF: dilution factor (generally DF = 2)
104: hemocytometer-specific factor of the Neubauer chamber

To determine the total cell number, the cell number per mL was multiplied with the re-

spective volume of the cell suspension. (Lindl, 2002)

Primary rat hepatocytes were counted in a Fuchs-Rosenthal cell chamber. Therefore, cell
suspension (10 pL) was diluted at a ratio of 1:100 with washing buffer. Three areas con-
sisting of 16 one square millimeter areas were counted and the total cell number was

calculated according to the following equation:

n*80* 1000 x DF
X

total cell number per mL =

n: total number of counted cells
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80: hemocytometer-specific factor of the Fuchs-Rosenthal chamber
DF: dilution factor (generally DF = 100)

Cell viability was assessed by trypan blue dye exclusion test. For this 150 uL of the diluted
cell suspension were mixed with 150 pL of the trypan blue solution (0.4%). Non-colored
viable cells were counted and the corresponding viability factor (VF) is determined as

follows:

viable cells
F J—

n
n: total number of cells (see above)
The percentage of viable cells was determined by dividing the number of living (unco-

lored) cells by the total number of cells and multiplying by the factor 100:

uncolored cells

% viable (uncolored) cells = 100

(colored + uncolored cells) *

The number of viable cells per mL is expressed as the multiplication of the total number

of cells per mL and the viability factor as follows:

total cell number
viable cells per mL = ( - ) xVF

(Lindl, 2002; Schmitz, 2009)

4.4.4. FREEZING AND THAWING OF CELLS

Cultured cells were frozen in special freezing medium containing DMEM medium supple-
mented with 10% FBS and 10% DMSO. DMSO was used as a cryoprotector agent and
permits the conservation of cell membranes integrity during the freezing process. Cells to
be frozen were detached from the flasks by trypsination, counted, and then centrifuged
(500 rpm, 5 min, room temperature). Approximately 2.5-4*10° hepatoma cells were sus-
pended in 0.5-1 mL freezing medium per cryo tube. In order to allow progressive freezing,
cryo tubes were first placed in a special cryo freezing-box containing cold 100% isopropa-
nol (at 4°C) and kept at -80°C overnight to permit cells to gently and steadily cool down
(about -1°C/min). The next day, cells were put in liquid nitrogen for storage. For thawing,
cells frozen in liquid nitrogen were rapidly put at room temperature and were immediate-
ly dissolved in 15-30 mL normal DMEM culture medium (10% FBS). Subsequently, cells
were centrifuged (3 min, 100 rpm, room temperature). Culture medium was removed
and the pellet resuspended in 2 mL of fresh DMEM medium (10% FBS) and distributed to

75 cm? flasks containing already 12-15 mL of culture medium.
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4.4.5. SEEDING OF CELLS

4.4.5.1. RAT HEPATOCYTES

Sterile, freshly isolated rat hepatocytes were seeded on collagenated well-plates or cell
dishes. Cell plates were precoated with rat tail collagen solution (0.5 mg/L) and left to dry
under UV light at sterile conditions overnight. Hepatocytes were seeded at a density of
0.1x10° cells per cm”in phenol red-free DMEM medium at 10% FBS supplemented with
P/S (1%), and L-glutamine (4 mM) and allowed to attach under normal culture conditions.
Four to 6 h after seeding, medium was replaced by fresh medium (DMEM 10% FBS), and
cells were kept in DMEM (10% FBS) overnight before treatment.

4.4.5.2. CeLL LINES

Hepatoma cells were seeded in normal cell culture medium (DMEM with 10% FBS) at the
appropriate cell density depending on the plate format. The exact cell concentration
seeded was chosen to achieve approximately 80% cell confluence at the end of the

treatment time in the respective plate format dependent on the experiment

The final seeding concentrations used for each assay for the different cell types are indi-
cated in Table 6.
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Table 6: Concentration of cells seeded according to assay, format, and cell type. In brackets, the time of treatment
is indicated.

Seeded cell concentration (10° cells/mL)
(treatment times in h)
Final vo-

Assay, Method,

format lume/well HepG2 H4IIE PH
Experiment

(mL)

Comet assay,
uDS, 96-well 0.1 0.5 (20) 0.015(20) |-
Alamar Blue
H,DCFDA, 0.175 (20) 0.1(20)

48-well 0.4 0.25 (20, 48)
Alamar Blue 0.15 (48) 0.075 (48)
EROD, Transfec- |5, ¢ 1 0,12 (48) 0,05(48)  |0.18 (20, 48)
tion
Comet assay,

6-well 2 0.4 (20) 0.25 (20) 0.5 (20, 48)
tGSH
Extraction of RNA
microsomes, 0.375 (20) 0,2 (20)

@ 60 mm 4 0.625 (20, 48)
homogenate, 0.45 (48) 0.25 (48)
tGSH
UDS 25 cm’ flasks |5 - - 0.5 (20)

4.4.6. TREATMENT WITH TEST COMPOUNDS

Twenty-four hours after seeding culture medium was removed and cells were treated
over a period of 20 h or 48 h with the test substance in phenol red-free DMEM medium
supplemented with 0.5% FBS (DMEM 0.5%).

Test substances were dissolved in either DMSO or ethanol (EtOH) and added to the se-
rum-reduced medium so that the final solvent concentrations never exceeded 0.25%

(v/v). Generally, cells were treated with concentrations of TCDD (1 nM and 10 nM; Pro-
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mochem), 17beta-estradiol (10 nM and 100 nM) or its metabolite forms 4- or 2-
hydroxyestradiol (10 nM, 100 nM, 1 uM, 3 uM, and 10 puM).

For co-treatments of TCDD with E2, both compounds were added simultaneously to the
culture medium. Solvent-treated cells served as the negative control. The solubility of
TCDD in EtOH 100% and the correctness of the concentration were checked analytically
by Okometric GmbH, Bayreuth. The final concentrations of solvent generally used for the
different experiments are presented in the legends of the figures displayed in the results
part (section 5). The respective positive controls, which respond to the different methods

used, are described for each method separately.

4.5. BIOCHEMICAL ASSAYS

4.5.1. CytoTtoXxICITY TEST: ALAMAR BLUE ASSAY

4.5.1.1. PRINCIPLE

The Alamar Blue (AB) assay, also termed resazurin reduction assay, was performed ac-
cording to the procedure described by O’Brien and co-workers (2000). It is a simple and
rapid test for in vitro measurement of cell proliferation and cytotoxicity based on meta-
bolic cell activity. Oxidized Alamar Blue (resazurin) is a water soluble, non-toxic, and non-
fluorescent blue colored dye. It is easily uptaken by cells and is reduced to a pink fluores-
cent dye (resorufin) in the medium by cell activity or mitochondrial enzymes (see Figure
27). (De Fries and Mistuhashi, 1995). There is a direct correlation between reduction of
resazurin in the growth media and the proliferation of living cells. The reduction rate of
Alamar Blue is dependent on the rate of metabolism of the cell line tested. Resorufin can
be further reduced to colorless hydroresorufin. It has not been resolved whether the
reduction reaction takes place intracellularly via mitochondrial enzyme activity, at the

plasma membrane surface, or extracellularly in the medium as a chemical reaction.

HO (o] (o] HO (0] (0]
= Reduction =
Na® —_—>
F V
ITI N
O-
Resazurin Resorufin

Figure 27: Reduction of resazurin (blue) to resorufin (pink). (According to O’ Brien et al., 2000).
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4.5.1.2. EXPERIMENTAL PROCEDURE

At the end of the cell treatment medium was removed, cells were rinsed with PBS, and
400 pL of AB solution (diluted 1/10 with DMEM without FBS) was added to each 48-well.
If other well-plates were used, the volume was adjusted accordingly (e.g. 1 mL per well
on a 6-well plate). After one hour incubation at 37°C in a humidified chamber fluores-
cence was measured at 540 nm excitation and 620 nm emission using Fluorescent Ascent
microplate reader. Treatment with 0.1% sodium dodecyl sulfate (SDS) over the whole
treatment time served as the positive control. A blank (non-cell control) was included in
each experiment. The blank value is subtracted from fluorescence intensities. The mean
of three replicates was then related to the negative control. The viability of cells was
expressed as a percentage of survival compared to control cells (DMSO-treated 0.1%-
0.25%).

4.5.2. CELLULAR ROS LEVELS: H,DCFDA FLUORESCENCE

ASSAY

4.5.2.1. PRINCIPLE

Since the use of the fluorogenic probe 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA) was first described by Keston and Brandt (1965) as a fluorometric assay of
hydrogen peroxide (H,0,), it has become a popular method for measuring formation of
reactive oxygen species (ROS) in a variety of cell types for spectrofluorometric and flow-
cytometric detection. The non-polar, non-ionic H,DCFDA can easily cross the cell mem-
brane (seeFigure 28). Once entered into the cell, cellular esterases hydrolyze its acetyl
groups to form non-fluorescent 2’,7’-dichlorodihydrofluorescein (H,DCF). Deacetylated
form of the probe is rapidly oxidized, generating the highly fluorescent product 2’,7’-
dichlorofluorescein (DCF). ROS formation is measured as increase in fluorescence which is

associated with oxidation of the probe. (Bass et al., 1983; LeBel et al., 1992)

Though H,DCFDA was originally used to detect H,0,, the probe is not specifically oxidized
by H,0, alone, but also by many other ROS forms. In fact, it remains unclear which ROS
are responsible for the oxidation of H,DCF. Apart from that, other constituents of the
assay (e.g. buffers or culture media) or artifacts such as compounds other than ROS may
be responsible for oxidation of H,DCF. (LeBel et al., 1992; Brubacher and Bols, 2001)

In addition to that aspect, ROS that are stable (such as H,0,) are also capable of freely
moving out of the cells. Thus, generation of DCF is not restricted to intracellular ROS
production (Henderson and Chappell, 1993). The fact that the probe must first be de-

acetylated in order to be susceptible to oxidation has also to be taken into account. As
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inherent esterase activities vary greatly between different cell types, low cellular esterase
activity may limit availability of H,DCF and underestimate ROS production. (Brubacher
and Bols, 2001)

In other words, up to date the assay is a simple, low cost fluorometric method which is
easy to perform in order to obtain first hints of ROS production in cells following treat-
ment with test compounds. Nevertheless, care has to be taken with interpretation of

results as far as the origin of the detected ROS is concerned.

H'*C“H’D \-.f 2' T'-dichlorodibydrofluorescein
o, O @ cH, diacetate (HDCFDA)
H

O COOH

deacetylation by

psterases
HO o, OH HO 0 0
(L e 99¢
i cl _H*
c " H i C

|
COOH 3
g CoaH Exc/Ermfilters 485520 nm
riicroplate reader
dichlorodibydrofluorescein (HaDCF)

; 2' -dichlorofluorescein (DCF)
nan fluroescent, intracellular

fluroescent, intracellular

Figure 28: Proposed mechanism of entry of H,DCFDA into cells. H,DCFDA penetrates cell membrane and is
deesterified to H,DCF, which in the presence of ROS is subsequently oxidized to the fluorescent DCF. (Accord-
ing to LeBel et al., 1992)

4.5.2.2. EXPERIMENTAL PROCEDURE

The assay was performed according to LeBel et al. (1992) and Wang and Joseph (1999)
with modifications. Following treatments for 20 h or 48 h, cells seeded in 48-well plates
(or 24 well plates for transfected cells) were washed twice with PBS and frozen at -80°C.
By means of three freezing/thawing cycles at -80°C and 4°C respectively, cell membranes
were cracked. The protocol was carried out in the dark. Until loading of cells, cells and

assay components were kept on ice.

For loading with the probe, cell membrane-cracked cells were incubated with a freshly
prepared reaction mixture consisting of PBS, H,DCFDA (5 uM/well) and esterases
(0.05 U/well) at 37°C for 5 min in a microplate reader (Ascent Fluoroskan). Detailed com-

position of the master mix for the different plate formats can be viewed in Table 7. Then,
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reaction was started by dispensing 10 uL/24-well of NADPH (33,5 uM/well) and fluores-
cence was measured in 5 min intervals for 30 min at 485 nm excitation and 538 nm emis-

sion.

Tert-butyl hydroperoxide (TBH) is an organic hydroperoxide and common pro-oxidant
used to evaluate the effects of oxidative stress in cell lines and primary cultures, which
was associated with rapid induction of glutathione (GSH), cellular lipid peroxidation,
NADPH depletion, and altered Ca** homeostasis (Alia et al., 2005; Martin et al., 2001; Park
et al., 2009). TBH was successfully shown to induce cellular ROS levels using the H,DCFDA
in colon carcinoma Caco 2 cell line (Bellion et al., 2008) and served as the positive control.
It was added at a final concentration of 250 uM to the well containing untreated cells and
the reaction mixture directly before the measurement in order to stimulate oxidative
activity. In order to assess NADPH-independent formation of DCF, a no-NADPH control
was always set up. Fluorescence intensities after 30 min (Ft30) were calculated as follows:
Ft30 of the blank (cell-free control) was substracted from Ft30 of the sample and then
related to an external calibration curve with DCF (ranging from 5 nM to 1 uM DCF/well).
Therefore, DCF solutions (400 times higher concentrated) were prepared, diluted with
reaction mixture accordingly in cell-free wells, and measured as described above. DCF
production is linear to fluorescence increase, which allows for an expression of relative
levels of ROS production in units of DCF fluorescence. Results are expressed as a percen-

tage of DCF production (in nM) obtained with the control cells.

Table 7: H,DCFDA reaction mixture prepared on ice for 48- or 24-well plates respectively.

MasterMix (per well) MasterMix (per well)
Reagent
48-well plate 24-well plate
PBS 388 L 776 L
H,DCFDA 2 mM 1pul 2L
Esterase 48.6 U/mL 9.5 uL 2 uL
NADPH 13.4 mM 10 puL 20 pL
Final volume/well 400 pL 800 pL
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4.5.3. 7-ETHOXYRESORUFIN-O-DEETHYLASE (EROD)

ASSAY

4.5.3.1. PRINCIPLE

For the determination of monooxygenase activities several substrates on the basis of
derivatives of phenoxazones are available to specifically assess CYP450 enzyme activities

in liver tissues and cells.

The method commonly used to measure CYP1A activity is the 7-ethoxyresorufin-O-
deethylase (EROD) assay. For this, the derivative of phenoxazone, namely 7-
ethoxyresorufin, is specifically dealkylated by CYP1A1, yielding the highly fluorescent
resorufin. Alkoxyresorufin-O-dealkylase substrates can be used to distinguish isoforms of
P450 induced by various types of xenobiotics. Consequently, monooxygenase activity can
be used as a marker for a given CYP450.

In the following protocol, EROD assay was performed in intact cells according to the me-
thod of Donato and co-workers (1993). Substrates are directly added to cultured cells to
be metabolized and the resorufin formed is fluorimetrically quantified in microplates.
Protein contents were determined in parallel by applying the fluorescamine assay. (Ken-
nedy and Jones, 1994; Kennedy et al., 1995).

Fluorescamine reacts rapidly and stoichiometrically at neutral pH with amino acids, pep-
tides, and proteins to the highly fluorescent derivatives. Fluorescamine itself as well as its
hydrolysis products of excess substrate are non-fluorescent. (Udenfried et al., 1972).
Reactions of 7-ethoxyresorufin and fluorescamine to fluorescent products are shown in

Figure 29.
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Figure 29: Reaction of ethoxyresorufin to resorufin by CYP1A (upper reaction) and reaction of protein with
fluorescamine (according to Kennedy et al., 1995).

4.5.3.2. EXPERIMENTAL PROCEDURE

After 48 h treatment of the cells in 24-well plates the treatment medium was removed
and cells were washed twice with PBS. The assay was started by adding a volume of

700 pL of the reaction mixture containing the substrates 7-ethoxyresorufin (EtRes)

(8 uM/well) and dicoumarol (10 uM/well) in the appropriate culture medium without FBS
(see Table 8). The addition of dicoumarol prevents further metabolism of the resorufin
formed by the cytosolic enzyme diaphorase. For the resorufin standard curve (see Table
9) wells containing no cells but reaction mixtures were used. TCDD 1 nM served as the
positive control for this test, as it is known to induce CYP1A activity at very low levels
(Hasspieler et al., 2006).
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Table 8: Reaction mixture for EROD assay.

Component Volume per well (uL)
EtRes 0.5 mM 11.2

Dicoumarol 2 mM 35

DMEM w/o phenol red w/o serum 685.3

Finale volume 700

Table 9: Scheme for pipetting resorufin standard curve per well.

Standard Resorufin Resorufin Resorufin MeOH
(pM/well/mL) 2.7 pM (uL) 27 uM (pL) (L)
Blank 0 0 - 200
1 5.4 2.2 - 197.8
2 135 5.5 - 194.5
3 27 11 - 189
4 54 22 - 178
5 108 44 - 156
6 270 - 11 189
7 540 - 22 178
8 1080 - 44 156

After incubation of cells at 37°C for 60 min under normal cell culture conditions, the reac-

tion medium from each well was transferred to a new 24-well plate. At this stage, the

well plate containing the medium supernatants could be further processed or kept at -

80°C. Subsequently, B-glucuronidase was added to the medium and incubated in a shak-

ing incubator at 37°C overnight in order to achieve hydrolysis of potential resorufin con-

jugates. The next morning, 200 pL of methanol was added per well to stop enzyme reac-

tion. A standard curve of resorufin was prepared by adding resorufin and methanol as

indicated in Table 9. EROD activity of supernatants was measured in 24-well plates using a

plate reader (Fluoroscan Ascent FL) with an excitation wavelength of 544 nm and an

emission wavelength of 590 nm for resorufin.
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After collecting supernatants for resorufin determination cells attached on the well plate
were washed twice with PBS and stored at -80°C until needed for determination of pro-

teins.

The cells were thawn and lysed with 200 pL of SDS 1% per well. Plates were incubated for
10 min on a shaker at room temperature. First Na-acetate buffer 50 mM (pH 8) was add-
ed to each well (700 pL/well). Then, fluorescamine solution 300 pg/mL was added

(300 pL/well) and cells were incubated in the dark for 15 min. Protein content was quanti-
fied at 405 nm excitation to 465 nm emission for fluorescamine. Total protein was quanti-
fied against a BSA calibration curve and a blank, which were performed simultaneously
using the wells without cells. Following addition of SDS, standards were prepared on the
48-well plate. Na-acetate buffer was added together with BSA standards as indicated in
Table 10, and after incubation time with fluorescamine the measurement was carried out
as described above. (Donato et al., 1993; Kennedy and Jones, 1994; Kennedy et al., 1995)

Table 10: Scheme for pipetting BSA standard curve per well.

Standard BSA BSA 1 mg/mL Na-phosphate
(ng/well) {T18) 50 mM, pH 8 (uL)
Blank 0 0 700
1 25 25 675
2 50 50 650
3 100 100 600
4 150 150 550
5 300 300 400
6 500 500 200

Contents of resorufin and protein were calculated according to the standard curves and

specific EROD activity per well in pM per minute and per mg was determined according to
the following equation:

pmresorufin per well
well reaction time (60 min.)

EROD activity = * mg protein per well
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4.5.4. DETERMINATION OF TGSH AND GSSG

4.5.4.1. PRINCIPLE

Oxidation of the tripeptide glutathione (y-glutamylcysteinylglycine, GSH) in cells leads to
the formation of glutathione disulfide (GSSG). Intracellular glutathione is effectively main-
tained in the reduced state by GSSG reductase linked to the NADPH/NADP" system. (Bak-
er et al., 1990)

GSH is conveniently assayed by an enzymatic recycling procedure in which GSH or GSSG in
the presence of glutathione reductase leads to the continuous reduction of 5,5’-dithiobis-
2-nitrobenzoic acid (DTNB) by NADPH. Detection of the chromophoric product 2-nitro-5-
thiobenzoic acid (TNB) can be monitored spectrophotometrically at 412 nm (see Figure
30).

COOH The reaction rate is
ozt proportional to the
s/s\@COOH HS\@“’OH concentration of total
NO, NO, GSH (tGSH, reduced
—— and oxidized gluta-
2GSH +|DTNB > GSSG +2[TNB] thione), since all the
GR ;
GSSG + NADPH + H*  —————— 2 GSH + NADP* other reaction com-
pounds are added in
GSH / GSSG ificati
NADPH + H* + DTNB éR 2 TNB + NADP* excess. Quantification

is achieved by parallel
Figure 30: Glutathione reductase-catalyzed reduction of sulfhydryl reagent 5,5’-

dithiobis-2-nitrobenzoic acid (DTNB) to the chromophoric product 2-nitro-5-
thiobenzoic acid (TNB) (according to Akerboom and Sies, 1981). standard curve of

measurements of a

known GSH concen-
trations. Because both GSH (reduced form) and GSSG (oxidized form) are measured by
this method, the data are usually expressed in tGSH = GSH + 2 GSSG. In order to selective-
ly quantify reduced and oxidized forms of glutathione, GSH can be masked and thus the
assay be made specific for GSSG. Therefore, reduced GSH is inactivated by the addition of
2-vinylpyridine (Griffith, 1980). Total Glutathione (tGSH) and GSSG are measured in a
kinetic assay as described in Akerboom and Sies (1981) with modifications according to
Gallagher et al. 1994. For tGSH determination in a 96-well plate, the assay was adapted as

mentioned in the protocol of Schaefer et al. (2006).

4.5.4.2. EXPERIMENTAL PROCEDURE

Cell suspensions grown in 60 mm petri dishes (at least three dishes per treatment) were

washed twice with PBS. Cells were trypsinized and reaction stopped by adding 1 mL of
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FBS (10%)-containing culture medium. Detached cells were transferred to a 15 mL tube
and centrifuged (10 min, 4°C, 1000 rpm). Supernatant was discarded. Pellet was re-
suspended in freshly prepared 2 mL of a phosphate buffer (solution A + B; sodium phos-
phate (125 mM) containing EDTA (6.3 mM), pH 7.5), then pipetted in a 2 ml microtube,
and centrifuged again (10 min, 4°C, 2000 rpm). The pellet was re-suspended in 370 uL
phosphate buffer (solution A + B). Aliquots (20 uL) were used for protein quantification in
the Bradford assay (as described in section 4.5.5) and could be kept at -80°C for at least
one week.

The remaining cell suspension (350 pL) was used for protein precipitation by adding an
equal volume of 5-sulfosalicylic acid (5-SSA, 10%). The precipitated solution was either
used immediately for glutathione quantification or stored at -80°C for seven days. Since
GSH oxidizes rapidly at pH values above 7.0, the samples were precipitated under acid
conditions in order to maintain proper disulfide redox status. In addition to that effect,
sample acidification also ensured cell lysis and subsequent release of free thiols and disul-
fides. (Gallagher et al., 1994)

For tGSH determination in a 96-well plate lysed cells were centrifuged (15 min, 4°C,
13000 rpm). Centrifugation supernatants (10 pL ) were added to 190 pL/well of a freshly
prepared reaction mixture containing 164 pL solution A + B, 20 uL DTNB (6 mM), 4 pL
NADPH (20 mM), and 2 pL GSR (50 U/mL) per well. TNB formation was measured at room
temperature in a microplate reader (MWG, Sirius HT injector) at 412 nm after 2 min reac-
tion time. GSH standard solutions (320 uM, 160 uM, 100 uM, 50 uM, 20 uM, 10 uM,

5 uM) were prepared by diluting in 5-SSA 5% starting from the GSH stock solution 1 mM.
A volume of 10 pL GSH standard solutions was used for measurements leading to the
following GSH concentrations per well: 16 uM, 8 uM, 5 uM, 1 uM, 0.5 uM, 0.25 pM. A
blank measurement lacking GSH (10 pL of 5-SSA 5%) was run in parallel and the back-
ground level of product formation was subtracted from all sample values. Each experi-

ment was performed in duplicate.

Prior to photometric determination of GSSG, 500 uL of supernatants were transferred
into a new 1.5 mL microtube. GSH was readily derivatized with 20 pL of 2-vinylpyridin and
100 L of triethanolamine (TEA) 50%. GSH was inactivated in a thermomixer at 26°C and
600 rpm for 1 h. The addition of 2-vinylpyridine followed by neutralization with TEA pre-
vented oxidation of GSH in the sample (Baker et al., 1990). Aliquots (20 pL) of GSH-
inactivated samples were assayed as described above (using 154 pL of phosphate buffer
(solution A + B appropriately) and submitted to photometric determination at 412 nm
and 25°C after 10 min reaction time. GSSG standards (1.25-40 uM) were prepared like-

wise in 5-SSA 5% from stock solution (1 mM) and aliquots of 20 pL for measurements led
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to the following GSSG concentrations per well: 4 uM, 2 uM, 1 uM, 0.5 pM. 0.25 uM, and
0.125 pM.

Each experiment was performed in duplicate. Sample contents of tGSH and GSSG were
determined by relation to the standard curve generated with known amounts of GSH or
GSSG and were expressed as pMol/mg protein normalized to solvent control. The total
GSH content of the sample (tGSH = GSH + 2 GSSG) was used to indicate the sum of freely
soluble GSH and GSSG, but did not reflect glutathione present as mixed disulfides. GSH

status was calculated as reduced GSH in percent of tGSH.

4.5.5. QUANTIFICATION OF PROTEINS: BRADFORD ASSAY

4.5.5.1. PRINCIPLE

Quantification of proteins with the method of Bradford (1976) involves the binding of an
acidic solution of Coomassie Brilliant Blug G-250 to protein. The color dye’s absorbance
maximum shifts from 465 nm (red form) to 595 nm (blue form) upon the binding of pro-
teins. It unspecifically binds basic and aromatic amino acid residues, especially arginine
(Compton and Jones, 1985). It is a very rapid assay, as the dye binding process is com-
plete after approximately 2 minutes and remains stable four 1 hour. Little or none inter-
ferences occur from cations such as sodium, potassium, or from carbohydrates. (Brad-
ford, 1976)

The method was carried out according to the Bio-Rad Protein Assay Technical Bulletin
with slight modifications (Bio-Rad, 1999).

4.5.5.2. EXPERIMENTAL PROCEDURE

Protein Assay Dye Reagent Concentrate (Bio-Rad) containing Coomassie Brilliant Blue G-
250, methanol, and phosphoric acid was prepared by diluting one part of the dye with
four parts of ddH,0. Six dilutions of the protein standard bovine serum albumine (BSA) in
concentrations ranging from 0-10 pg/well were prepared from BSA stock solution

(0,5 mg/mL) and pipetted into separate wells of a 96-well microplate as indicated in table
Table 11.

Samples were diluted 1/20 in ddH20 and 20 pL/well of each sample were used. Protein
solutions were assayed in triplicate. A volume of 200 uL of diluted dye reagent were add-
ed per well. The microplate was incubated at room temperature for at least 5 min but no
more than 1 h. The increase in absorption was monitored at 595 nm in a microplate read-
er (MWG, Sirius HT injector). The extinction value from the reagent blank was subtracted

from the extinction values of samples. The concentration of BSA was plotted against the
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corresponding absorbance resulting in a standard curve. Based on the standard curve, the

protein concentration (pug/uL) in unknown samples was calculated.

Table 11: Pipette scheme for preparation of BSA standard
curve for the Bradford assay.

protein/well (ug) | BSA 0.5 mg/mL |ddH,0
(L) (L)

0 0 100

1 10 90

2 20 80

4 40 60

6 60 40

8 80 20

10 100 0

4.6. MOLECULAR BIOLOGY

4.6.1. ToTAL RNA EXTRACTION

Most of the RNA is localized in the cytoplasm. Cytoplasmic RNA consists of ribosomal RNA
(rRNA, 71%), transfer RNA (tRNA, 15%) and to a lesser extent of messenger RNA (mMRNA,
3%). Total RNA was isolated from cells with the RNeasy Mini Kit from Qiagen according to
the manufactor’s instructions (RNeasy Mini Handbook, 2006). This method takes advan-
tage of the binding properties of RNA to a silica-based membrane in combination with the
speed of microspin technology. (Lottspeich and Engels, 2006)

The RNeasy isolation procedure results in purification of mRNA and is therefore an ap-
propriate method for its subsequent use in the real-time RT-PCR (see section 4.6.2). Since
most RNAs that are smaller than 200 nucleotides (i.e. 5.85 rRNA, 55 rRNA, and tRNAs,
which constitute 15-20% of total RNA) do not bind to the RNeasy silica membrane, they
are selectively excluded in the course of the extraction. RNA samples are easily contami-
nated or destroyed by the very stable and active enzyme ribonuclease (RNases) so that
some precautions have to be considered when working with RNA: wearing gloves, clean-
ing of benches and pipettes with RNase AWAY solution, use of sterile and RNase-free
plasticware, and the use of filter tips. All reaction steps were performed at room temper-

ature and all centrifugation steps were carried out at the same speed at > 8000xg

76



| MATERIALS AND METHODS

(=210 000 rpm). Medium was removed from the cells grown in 60 mm diameter cell cul-
ture dishes and cells were washed twice with PBS and stored at -80°C until RNA extrac-
tion. First, cells were lysed and homogenized in the presence of highly denaturating gua-
nidine-thiocyanate-containing buffer. For direct cell lysis 600 pL of buffer RLT (containing
1% (v/v) B-mercaptoethanol) were added to the cell culture dish. Therewith, RNases were
immediately inactivated to ensure purification of the intact RNA. Cells were harvested
with a sterile cell scraper and the cell lysate was directly pipetted onto a QlA-shredder
spin column and centrifuged for 2 min at maximum speed. Addition of a volume of 600 pL
ethanol 70% to the homogenized lysate provides appropriate binding conditions to the
spin column. The lysate is mixed well by pipetting. The sample (up to 700 uL at a time)
was then transferred to a silica-based membrane RNeasy Mini spin column and centri-
fuged for 15 s. Since total RNA was bound to the membrane, the flow-through was dis-
carded. The column was washed by adding 700 uL of Buffer RW1 to the RNeasy column
and centrifuged for 15 s. After that, the column was washed again twice by adding 500 pL
of Buffer RPE and centrifuged. At the last centrifugation step, the tubes were centrifuged
for 2 min in order to dry the RNeasy silica-gel membrane. The RNA was then eluted by
adding 32 pLof RNase-free water to the RNeasy column. After centrifuging for 1 min, the

total RNA was kept on ice and stored at -80°C for further use.

4.6.1.1. SPECTROPHOTOMETRIC QUANTIFICATION AND
DETERMINATION OF RNA QUALITY

The determination of the concentration of RNA or DNA is based on the absorption maxi-
mum of nucleic acids at 260 nm. The aromatic rings of the bases are responsible for their
absorption, which can be measured spectrophotometrically in the ultraviolet (UV) range.
An absorbance of 1 unit at 260 nm (A260) corresponds to 44 ug of RNA per mL at a neu-
tral pH. The purity of RNA can be estimated via the ratio of the absorption readings at
260 nm and 280 nm (A260/A280). Pure RNA has an A260/A280 ratio between 1.9 and 2.1.
Contaminations for example with proteins that absorb light in the UV spectrum can influ-
ence the ratio. RNA possessing ratios smaller than 1.8 are indicative of protein contami-
nations and affect high quality of the RNA. (RNeasy Mini Handbook, 2006; Lottspeich and
Engels, 2006). RNA samples were quantified with a NanoDrop 1000 spectrophotometer,
which enables highly accurate analyses by disposing only 1 pL of the sample (Thermo
Fisher Scientific Inc.). An A260/A280 ratio in the range of 1.8 to 2.3 was considered to be
of a good quality for RNA.
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4.6.1.2. RNA GEL ELECTROPHORESIS

In order to assess RNA integrity total RNA was separated according to its molecular
weight during denaturizing agarose gel electrophoresis. Intact RNA showed two promi-
nent bands, namely the ribosomal RNAs 28S and 18S, with a ratio of approximately 2:1.
RNA was degraded when the bands appeared as a smear. A 1.5% agarose gel was pre-
pared by melting agarose and RNase-free water in the microwave and adding 10% for-
maldehyde. Formaldehyde acts as a denaturation agent. The RNA (3 uL) was mixed with
the same volume of ethidium bromide-containing RNA loading buffer. The mixture was
heated for 20 min at 65°C to achieve RNA denaturation. The presence of 3-morpholino-1-
propanesulfonic acid (MOPS) buffer, formaldehyde, and formamide in the loading buffer
supports this effect. Samples were cooled on ice and then loaded into the pockets of the
agarose gel. MOPS buffer (1x) was used as the electrophoresis buffer. Gel electrophoresis
was conducted for 2-3 h at 80-90 V. Only intact total RNA, which resulted in sharp 28S
and 18S rRNA bands with a 2:1 ratio as shown in Figure 31, was subjected to cDNA syn-
thesis. (RNeasy Mini Handbook, 2006; Sambrook et al., 1989)
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Figure 31: Representative RNA gel of several RNA samples.

4.6.2. ReaL-TimE RT-PCR

4.6.2.1. PRINCIPLE

Since the Polymerase Chain Reaction (PCR) was invented in 1983 by Kary Mullis (Nobel
Price awarded in 1993) (Mullis and Faloona, 1987), the PCR method has become a widely
used technology with broad applications in fields such as molecular biology, diagnostics,
and forensic analysis in order to amplify a specific DNA fragment exponentially and selec-
tively (Holland et al., 1991). In general, the PCR procedure consists of three main reaction
steps of temperature cycling that are repeated up to 40-50 times: denaturation, anneal-
ing of primers, and elongation. The reaction is started by heating to 92-98°C. High tem-
perature is applied to separate the strands of the double helical DNA by disrupting the

hydrogen bonds between complementary bases, resulting in single-stranded DNA. Lower-
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ing the temperature to 50-60°C leads to hybridization of the primers (i.e. synthesized
oligonucleotides of 15-30 bases with complementary DNA sequences to the targeted
DNA) to the complementary base sequences of the single-stranded DNA template. During
extension step temperature is raised to its optimum of 72-75°C. The DNA polymerase
binds to the primer template and starts synthesis of the new DNA strand by incorporating
the deoxynucleotide triphosphates (dNTPs). Utilizing Thermus aquaticus (Taq) polyme-
rase, commonly an optimum temperature of 72°C can be used. Under optimum condi-
tions the amount of DNA target is doubled at each extension step, leading to exponential
amplification of the specific DNA fragment. (Kubista et al., 2006; Falbe and Regitz, 1995)

During conventional PCR the amplification is detected by DNA agarose gel electrophore-
sis, while during real-time PCR the amplification of nucleic acids is monitored in “real-
time”, i.e. when the reaction progresses, and is directly related to the starting number of
DNA copies. By means of fluorescence techniques, which permit to measure fluorescence
accumulation during the reaction, the real-time quantitative PCR (qPCR) detection was
developed. Fluorescent signals, which are proportional to the amount of PCR product, can
be generated by fluorescent dyes such as SYBR Green or by sequence-specific fluorescent

oligonucleotide probes. (Salmon, 2002)

SYBR Green (see Figure 32) is the most frequently

used intercalating dye and is capable of emitting

fluorescence when bound to double-stranded DNA

=
(dsDNA), but with a lack of specificity. Therefore, @,-5 nt -
@

4

amplification products have to be verified by the use A
of a melt curve after every SYBR Green experiment. ’j \L
(Becker-Follmann and Baas, 2004). SYBR Green can be

excited by blue light at a wavelength of 480 nm. It oM

emits light at a maximum of 520 nm. (Wilhelm and Figure 32: Molecular Structure of SYBR
Pingoud, 2003). TagMan (Double-Dye probes) are Green (Kubista et al,, 2006).
fluorophore-labeled oligonucleotide hybridization probes that are used for sequence-
specific detection and constitute a very specific detection method as PCR products can
only be detected if the probes hybridize to the appropriate amplification products.
Double-Dye oligonucleotides are coupled with a fluorescent reporter attached to the 5’
end of the probe and a quencher molecule attached to the 3’ end. Traditionally, FAM (6-
carboxy-fluorescein) was used as the fluorophore and TAMRA (6-carboxy-tetramethyl-
rhodamine) as the quencher. The fluorophore transfers its energy to the quencher and
the energy is released from the quencher as fluorescence of a higher wavelength. (Pfaffl,

2009; Eurogentec, 2007). During the so-called TagMan qPCR the 5'-3' exonuclease activity
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of the thermostable enzyme Taq DNA polymerase and TagMan probes are employed in
the polymerase chain reaction in order to generate a specific detectable signal (Holland et
al., 1991).

4.6.2.2. AMPLIFICATION CURVE

During PCR reaction exponential amplification occurs. The amplification plot obtained in a
real-time PCR reaction is shown in Figure 33. The PCR cycle number is shown on the x-
axis, and the detected fluorescence from the amplification reaction, which is proportional
to the amount of amplified product, is shown on the y-axis. In the initial phase, fluores-
cence remains at background levels, and exponential product accumulation is not yet
detectable (cycles 1-18 in Figure 33).The cycle at which the emission intensity of the sam-
ple rises above the background fluorescence is defined as CT (threshold cycle) and is
inversely proportional to the target sequence concentration. (Pfaffl, 2001). The higher the
target concentration, the lower the number of amplification cycles required to raise fluo-

rescence above baseline (Lie and Petropoulos, 1998).

In the case of a 100% PCR efficiency, the amount of PCR product doubles in each cycle
according to the following equation:
N =Ny, — 2"

N: number of amplified molecules
No: number of molecules prior to amplification
": cycle number.

During the exponential
- Exponential phase —» |4 Non- —P  phase amplified prod-

exponential
plateau ucts can be quantified.
phase

0.3

When the reaction

o
S

components become

limited, reaction slows

Fluorescence

C. value .
T and enters saturation

0.1
(plateau phase). In a

Threshold line typical real-time PCR

experiment all re-

sponse curves saturate
Cycle
at the same level.
Figure 33: Real-time PCR amplification plot (Bio-Rad, 2006).
/ plication plot( : (Pfaffl, 2004; Becker-

Follmann and Baas, 2004; Kubista et al., 2006)
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4.6.2.3. DNA DIGESTION AND REVERSE TRANSCRIPTION

Reverse transcription (RT) followed by real-time PCR is a highly sensitive and powerful
technique to analyze mRNA expression, even small changes and rare transcripts can be
quantified. For this application RNA has to be transcribed into DNA. The resulting DNA
strand is referred to as complementary DNA (cDNA). Extracted RNA samples (0.5 pg) were
reverse-transcribed according to the instruction manual of the iScript cDNA Synthesis Kit
(Bio-Rad) using oligo(dT) random hexamer primers. Prior to cDNA synthesis a DNA diges-
tion step was performed in order to avoid artifacts from DNA targets, i.e. genomic DNA
residual from RNA preparations. Deoxyribonuclease |, Amplification Grade (DNase |, Amp
Grade, Invitrogen) purified from bovine pancreas digests single- and double-stranded
DNA to oligodeoxyribonucleotides containing a 5’-phosphate. It eliminates DNA for RNA
purification procedures prior to PCR amplification. The RNA sample (0.5 pg) was added to
the reaction mix (see Table 12) and incubated for 15 min at room temperature. Higher
temperatures or longer incubation times can lead to Mg**-dependent hydrolysis of the
RNA. DNase | is inactivated by addition of 1 uL of EDTA 25 mM solution to the reaction
mixture. After heating for 10 min at 65°C the RNA samples were put on ice and further

subjected to reverse transcription.

Table 12: DNA digestion reaction mix (DNase |, Amp Grade, Invitrogen)  The RT-reaction was carried

Component Volume per reaction (uL) out using icript cDNA Syn-

thesis Kit (Bio-Rad) following
RNA sample 5 pg (0.0625 pg/uL) |8 .
the manufactor’s instruc-

DNase | Reaction Buffer (10x) 1 tions. A master mix was

DNase I, Amp Grade (1 U/uL) 1 prepared as listed in Table 13

and added to the RNA tem-
plate from the DNA digestion step. A no-reverse transcriptase control reaction consisting
of a non-RT-treated RNA sample (1 uL of nuclease-free water was added instead) was

always run in parallel to ensure efficiency of the reaction.
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Table 13: Master Mix Reverse Transcriptase reaction.

Component Volume per reaction (pL)
5x iScript Reaction Mix 4
iScript Reverse Transcriptase 1
Nuclease-free water 4

RNA template from DNA digestion step |11

Total Volume 20

The samples were put in the iCycler and the thermocycling program was started (see
Table 13).

Table 14: Thermocycling conditions for RT-
Reaction with iScript cDNA Synthesis Kit (Bio-

Rad).

Step |Temperature |Duration time
1 25°C 5 min

2 42°C 30 min

3 85°C 5 min

4 4°C Hold

Afterwards, the obtained cDNA was diluted to 12.5 ng/uL (at a final volume of 20 uL) and

was kept at -20°C for short-term storage and at -80°C for long-term storage.

4.6.2.4. REeAL-TimE PCR

Real-time PCR was performed in a total volume of 25 L per reaction on an iCycler iQ
Real-Time PCR Detection System with iCycler Software version 3.1 (Bio-Rad) using a 96-
well format. Each PCR reaction contained 25 ng (2 pL) of the diluted cDNA (12.5 ng/uL),
12.5 pl of AbsoluteTM QPCR SYBR® Green Fluorescein Mix (Thermo Scientific), 1 uL of the
5 uM primer mixes (forward and reverse primer 200 nM/well) and 9.5 puL of sterile pure
water. When a fluorogenic probe was used, the gPCR Master Mix no ROX (Eurogentec,
Belgium) with a primer mix containing the primer pairs (300 nM/well) and the fluorogenic
probe (100 nM/well) were added instead (see Table 15). A no-template control was run
for each primer pair. First, reverse transcribed cDNA was transferred to a 96-well PCR
Plate (Thermo Scientific) and then the adequate volume of the Master Mix was added.

PCR well plates were covered with optic seals and spinned down (1 min, 1000 rpm).
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Table 15: Master Mix for a PCR reaction (25 uL)

MasterMix MasterMix
Reagent 25ng cDNA | 50 ng cDNA
template template
SYBR Green Mix 2x or
12.5 uL 12.5puL
PCR MasterMix No ROX 2x
Primer Mix (5 uM) or
lpul 1pl
TagMan Primer Mix
Nuclease-free water 9.5 uL 7.5 uL
Final volume MM 23 ulL 21 L
cDNA (12,5 ng/uL) 2 ul 4L

The primers for h/r CYP1A1
were already validated and
used in the laboratory
previously. The other pri-
mer sets were designed
using the free software
primer 3 (Rozen and Ska-
letsky, 2000) and pur-
chased from Eurofins MWG
Operon. Fluorogenic
probes were designed and
obtained from Eurogentec.
Primer Sequences for each

gene are listed in Table 16.

The housekeeping gene 36B4 was used as an estradiol-independent control, which was

shown to not modify mRNA levels following estradiol treatment. The 36B4 mRNA is the

mMRNA for human acidic ribosomal phosphoproteine PO. (Laborda, 1991)

Optimized PCR consisted of 45 cycles at 95°C for 15 seconds followed by amplification at

58-60°C for 30 or 60 seconds. In the case of the ERalpha gene expression 50 cycles were

run and 50 ng of cDNA template were used to achieve appropriate CT detection. For real-

time PCR using SYBR Green fluorescein mix a melting curve emerging in a gradient, start-

ing at the respective annealing temperature up to 90°C in increasing steps of 0.5°C, veri-

fied the single PCR product. The real-time thermal cycling program and the optimized

annealing temperatures and annealing times of the different target genes are listed in

Table 17 and Table 18.
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Table 16: Overview of primer sequences, gene accession number, and amplicon size. FAM = 6-carboxy-fluoroscein,
TAMRA = 6-carboxy-tetramethyl-rhodamine.

Gene Primer sequence (5’-3’) Gene Bank Amplicon

Accession No. | size (bp)

hCYP1B1 sense: GCT AAA CCC GCT GTC CAT CC NM_000104 100
anti-sense: CCG CCT CCG TTG CCT CAG

probe: 6-FAM-ACC ACG CTC CTG CTA CTC CTG TCG G-TAMRA

rCYP1B1 sense: GAG TTG GTG GCA GTG TTG NM_012940 130

antisense: GCATCG TCG TGG TTG TAC

h/rCYP1Al |sense: CCT CTT TGG AGC TGG GTT TG NM_000499 227

anti-sense: CCT GTG GGG GAT GGT GAA NM_012540

h/rERalpha | sense: AAG ATC AAC GAC ACT TTG ATC CAC NM_000125 124

anti-sense: ATG CCT TTG TTACTCATG TGCC NM_012683

probe: 6-FAM-CTG GCC CAG CTC CTC CTC ATC CT-TAMRA

h/rAhR sense: TCCACA GTT GGCTTT GTT TGC NM_001621 108

anti-sense: TGT GAA GTC CAG TTT GTG TTT GG NM_013149

probe: 6-FAM-CTA CTC CAC TTC AGC CAC CGT CCATCCT-TAMRA

hCOMT sense: ACA GTG CTA CTG GCT GGC TGA CAA NM_007310 108

anti-sense: GGC TGT CTT GGA ACT CACTT

rCOMT sense: GAG TCA CAA GCT TTA CAG GT NM_012531 115

anti-sense: GGC TGT CTT GGA ACT CACTT

h36B4 sense: ACT TGC TGA AAA GGT CAA GG M17885 128

anti-sense: TTC CTT GGC TTC AAC CTT AG

r36B4 sense: TGC AGC TGA TAA AGA CTG GA X15096 127

anti-sense: CTG TAG ATG CTGCCATTG TC
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Table 17: Real-time PCR thermal cycling program.

Step Cycle Temperature (°C) time (min)
number

1) Enzyme activation 1x 95 15 min

2) Denaturation 45x/50x 95 15s

annealing temperature (58 — 60) 1 min
Annealing

3) Final denaturation 1x 95 30s
1x annealing temperature 30s

4) Melt curve 80x annealing temperature + 0.5 10s

5) Hold 1x 4 oo

Table 18: Optimized annealing temperatures and annealing time.

Gene Annealing Annealing time
temperature
hCYP1B1 60°C 1 min
rCYP1B1 60°C 1 min
h/r CYP1A1 58°C 1 min
h/r ERalpha 60°C 1 min
h/r AhR 60°C 1 min
h/r COMT 58°C 1 min
h 36B4 56°C 1 min
r 36B4 58°C 1 min

The comparative delta-delta CT method was used to determine relative expression levels
between treatments. The cycle number at which the transcripts of the gene of interest
were detectable (CT) was normalized to the cycle number of 36B4 detection, referred to
as ACT. Subsequently, mean ACT value of the controls was subtracted from ACT of the

treatment, providing the AACT value. The relative expression difference of a sample be-
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tween a treatment and control normalized to the house keeping gene (ratio) was calcu-
lated by the equation below. (Pfaffl, 2004)

ACT = CT target gene — CT HKG
AACT = ACT treatment — ACT control
ratio = 27AACT

Relative mRNA expression normalized to solvent control is useful to investigate treat-
ment-related fold-inductions. In order to assess the mRNA levels non-normalized to con-
trol, the CT value of the target gene was normalized to the CT value of the housekeeping

gene, but not related to control (2727).

4.6.2.5. PRIMER VALIDATION AND MELTING CURVE

Standard curves applying serial dilutions of starting cDNA for each test gene primer set
were generated to determine optimal annealing temperatures and times and to ensure
that the efficiency of the amplification of the test gene and the housekeeping gene were
approximately equal. The efficiency of a PCR assay has to be estimated for every primer

pair by means of a standard curve.

The PCR conditions were optimized by determining a standard curve of the corresponding
target cDNA. Serial dilutions (1:6) of a standard cDNA sample were performed starting
with 50 ng per reaction input cDNA. Cell- and species-specific cDNA from TCDD-treated
cells was used. Additionally, optimum annealing temperature for the primers had to be

determined (see Table 18).

According to the dilution steps, a standard curve was obtained during the real-time PCR
reaction. The concentrations of the cDNA were related to the CT cycles in a logarithmic
scale. From this, the corresponding PCR efficiency (E) can be calculated from the resulting

slope as follows:

1
E = 10_(slope)

Under optimum primer conditions PCR efficiency is at 100%, which corresponds to a value
of E = 2.0. (Pfaffl, 2001; Pfaffl, 2004)

When real-time PCR was performed using SYBR Green, a melting curve analysis was per-
formed subsequent to every PCR reaction in order to characterize the amplified se-

qguences with respect to their melting temperature (TM) (Wilhelm and Pingoud, 2003).
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4.6.3. PREPARATION OF MICROSOMES

4.6.3.1. PRINCIPLE

CYP enzymes are microsomal-type, integral membrane proteins that are bound to the
membrane of the endoplasmic reticulum (EndRet). CYP enzymes are located in the End-
Ret of many animal tissues and plant tissues (Halliwell and Gutteridge, 1999). Thus, the
microsomal fraction of cells was extracted for the investigation of protein levels of CYPs
such as CYP1B1 and CYP1A1l enzymes.

The isolated microsomal fraction contains two main components, i.e. the rough and
smooth microsomes. Rough microsomes arise from rough-surfaced EndRet; smooth mi-
crosomes derive mostly from the smooth EndRet, at least for liver tissues. Isolation of
crude microsomes consists of both elements. (Dallner and Ernster, 1968). The endoplas-
mic reticulum consists of a network of interconnected tubules, vesicles, and sacs, which
play a role in specialized cellular functions such as protein synthesis, sequestering of
calcium, production of steroids, storage and production of glycogen, and insertion of
membrane proteins. By definition microsomes are the parts of a tissue homogenate that
can be sedimented by ultracentrifugation from mitochondrial supernatant. Serial centri-
fugation steps include low speed centrifugation at 1000xg and medium speed centrifuga-
tion at 12 000xg, thereby removing nuclei, cell debris, mitochondria, and lipids to obtain a
post mitchochondria fraction. Ultracentrifugation of the supernatant at 100 000xg finally

results in microsomal preparation. (Dallner, 1974; Sigma Protocol, 2005)

4.6.3.2. EXPERIMENTAL PROCEDURE

Microsomes (crude EndRet) were easily purified by homogenization of cultured cells and
subsequent differential centrifugation following Sigma protocol for EndRet isolation with
modifications (Sigma Protocol, 2005). After treatment with compounds cells grown in

60 mm-diameter petri dishes were washed twice with ice-cold PBS, and were then ma-
nually scraped into a microtube with 1 mL PBS. All steps were conducted on ice. The sus-
pension was centrifuged (600xg, 5 min, 4°C). A volume of 500 L sucrose solution 0.25 M,
termed Isotonic Extraction Buffer (IEB 1x), containing 0.1% protease inhibitor cocktail was
added to the supernatant. IEB 1x was prepared just before use and protease inhibitor
cocktail containing selected protease and phosphatase inhibitors was added to prevent
degradation of proteins in the cell extract. Cells were homogenized using a needle homo-
genizer (10 s.). All fractionation and homogenization procedures were performed in IEB
1x, since liver microsomal vesicle is completely permeable to sucrose thus having a less
damaging effect on microsomal vesicles than many other suspension media under the

conditions of ultracentrifugation (Dallner, 1974). The obtained homogenate was centri-
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fuged at 1000xg for 10 min at 4°C and the resultant supernatants were then centrifuged
at 12 000xg for 15 min at 4°C. The post mitochondrial supernatant was transferred to a
special ultracentrifugation tube and subjected to ultracentrifugation (100 000xg, 60 min,
4°C). The crude pelleted ER was resuspended in 30-40 puL natrium phosphate buffer

(50 mM, pH 7.6) with the help of a needle sonicator. The microsomes were stored at -
80°C until further use. Protein concentrations for each sample of microsomes were de-
termined using the Bradford method (1976) (see section 4.5.5).

4.6.4. PREPARATION OF CELL HOMOGENATES

Whole cell extracts were prepared for nuclear receptor protein analysis. Cells were
washed twice with ice-cold PBS and were resuspended in 200 uL lysis buffer by scraping
cells off manually and transferring them to a 1.5 mL microcentrifuge tube. Cells were
incubated on ice for 30 min and homogenized using a needle sonicator (10 s). Cellular
debris was pelleted by centrifugation (12 000xg, 30 min, 4°C). The supernatants were
used for determination of protein by Bradford method (see section 4.5.5) and stored at -
80°C.

4.6.5. SEMI-QUANTITATIVE PROTEIN DETERMINATION

4.6.5.1. PRINCIPLE

Western Blot (protein immunoblot) analysis is used to detect specific proteins in samples
from whole tissue or cell culture. Homogenized subcellular protein fractions are sepa-
rated according to their molecular weight shape, or isolectric point using polyacrylamide
gel electrophoresis. In order to allow the proteins to migrate through the gel, they are
maintained in a denatured state (Laemmli buffer containing strong reducing agent) and
charged negatively by adding the anionic detergent sodium dodecyl sulfate (SDS) so that
proteins move to the positively charged electrode through the acrylamide mesh of gel.
The amount of bound SDS is relative to the size of the protein. After separation of the
protein components by electrophoresis they can be transferred to a polyvinylidene fluo-
ride (PVDF) or nitrocellulose membrane. This protein transfer is called blotting, and sub-
sequently proteins bound to membranes can be detected using polyclonal or monoclonal
antibodies specific to the protein of interest. The whole procedure of protein transfer and
immunodetection of proteins is called Western blotting, contrarily to Southern and
Northern blotting techniques, which are used to detect DNA and RNA respectively.
(Lottspeich and Engels, 2006)
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4.6.5.2. SDS-PAGE AND IMMUNOBLOTTING

Microsomal or homogenate samples were diluted (1/3) with Laemmli loading buffer (3x),
mixed, and centrifuged. Denaturated protein samples were carefully loaded into the lanes
of the polyacrylamide gels. One lane per gel is reserved for the marker protein, which is a
commercially available mixture of proteins with defined molecular weights and staining
to allow colored visible bands. The Precision Plus Kaleidoscope Protein standard (Bio-Rad)
was mixed with 3x Laemmli loading buffer as described for the samples and provided a 10
band ladder with colored bands ranging from10 kDa up to 250 kDa. Respective resolving
(10% acrylamide) and stacking (4% acrylamide) gels were prepared. Before loading of the
samples, 1x electrophoresis buffer was poured into the Western blot tank. Denatured
protein samples were electrophoretically separated in the polyacrylamide gels at a con-
stant voltage of 90 V until the samples have passed the stacking gel. The voltage was then
turned up to 120 V and the sample allowed separating. The run of the pre-stained mole-
cular weight marker is used to determine the endpoint of the electrophoresis (about

1.5 h). After protein separation by SDS polyacrylamide gel electrophoresis (SDS-PAGE)
separated proteins on the gels were transferred to a polyvinylidene fluoride (PVDF)
membrane using semi-dry blotting technique (Western Blot). Prior to blotting the PVDF
membrane was pre-wetted using 100% methanol for 10 min and the filter pads were
soaked in blotting buffer. The filterpad sandwich, consisting of two filter-
pads/membrane/polyacrylamide gel/two filterpads, was assembled and placed into the
semi-dry blotting apparatus. Blotting was performed at constant amperage (50 mA per
membrane) in the presence of 1x blotting buffer for 90 min. The completeness of the
protein transfer could be checked by staining the polyacrylamide gel using amido black
solution and a subsequent washing step (about 1 h) in distaining solution. Non-specific
binding sites were blocked by incubation of the PVDF membrane with 5% dried milk in tris
buffered saline (TBS) supplemented with Tween-20 (TBS-T 1x) in a 50 mL centrifuge tube
on a rotating mixer for 1 h (alternatively overnight at 4°C). After three washing steps for

5 min with TBS-T the membranes were incubated with the respective primary antibodies
diluted in TBS-T for at least 1.5 h at room temperature (alternatively overnight at 4°C).
The antibody was removed and three washing steps (5 min each) were performed with
TBS-T. The membrane is then incubated with a horseradish peroxidase (HRP)-labeled
secondary antibody (diluted in TBS-T) for up to 1 h at room temperature (details for the
use of antibodies see Table 19). The secondary antibodies were removed and membranes

were washed three times as described before.
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Table 19: List of primary and secondary antibodies and its optimized use conditions for Western Blot analysis.

. ) o . Secondary Lo . Mol.
Primary antibody | Dilution |Incubation . Dilution |Incubation .
antibody weight
) Goat anti-rabbit
Rabbit polyclonal
. IgG-HRP
anti-CYP1A1 (Santa- | 1/1000 1.5h ) 1/5000 1h 56 kDa
. (Santa-Cruz Bio-
Cruz Biotechnology )
technology)
Goat anti-rabbit
Rabbit polyclonal
lgG-HRP
anti-CYP1B1 (Santa- |1/1000 15h 1/5000 1h 57 kDa
) (Santa-Cruz Bio-
Cruz Biotechnology)
technology)
Goat anti-mouse
. 1gG-HRP
Overnight, &G
Mouse monoclonal . )
] 1/500 4°C; 1h (Santa-Cruz Bio- 1/5000 45 min 68 kDa
anti-ERalpha (Abcam) )
blocking technology)
) Goat anti-rabbit
Rabbit polyclonal
IgG-HRP
anti-CYP2D1 (Milli- 1/1000 1.5h 1/2000 1h 57 kDa

pore)

(Santa-Cruz Bio-

technology)

Several attempts were performed to optimize the conditions of the method. The parame-

ters chosen especially to improve detection of human CYP1B1 protein bands were as

follows:

= |Increasing amounts of microsomal protein sample per lane

= Use of two different first antibodies

= Dilutions of antibody (first and second antibody)

= |ncubation time of antibodies

= Blocking time

=  Exposure time to luminescence detection

= Different luminescence detection agents
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4.6.5.3. CHEMILUMINESCENCE DETECTION

The immobilized protein bands of interest conjugated with horseradish peroxidase were
detected using an enhanced chemiluminescence kit (CheLuminate-HRP Pico Detect, Ap-
pliChem). The chemiluminescent ready-to-use reagents were prepared just prior to use. A
volume of Solution A was mixed in a 1:1 ratio with Solution B (stable H,0, solution). Suffi-
cient solution to cover the membrane was added and equilibrated for at least 5 min. Blots
were placed protein side up on the lumi imager (Roche) and light intensity was detected
(generally over 5-20 s for CYP1A1, 20-45 s for CYP2D1, 30-60 s for CYP1B1, and 10-15 min
for ERalpha). HRP catalyzes the oxidation of luminol in the presence of H,0,. The inter-
mediate luminol reaction product is in an excited state decaying to the ground state by
emitting light. Enhancers such as phenolic compounds can amplify the light emission (see
Figure 34). (AppliChem Product Information, 2002)

Primary Antibody
Secondary Anfibody
/;J Luminol/Enhancer
Antigen T ‘ < HoO2
o gnt
Membrane Film

Figure 34: Principle of the protein detection procedure: HRP-linked proteins catalyze the oxida-
tion of luminol in the presence of hydrogen peroxide (H,0,) and an enhancer. Oxidized luminol
emits light by decaying back to the ground state. (AppliChem Product Information, 2002)

Densitometric analysis was performed using LumiAnalyst 3.1 (Roche) according to Boe-
hringer Light Units (BLU). The densitometric intensity of the bands is related to the bands

of the control protein (rat CYP2D1) and normalized against the DMSO solvent control

4.6.5.4. STRIPPING AND REPROBING OF MEMBRANES

Stripping the antibodies from the PVDF membrane allows the reuse of Western Blots for
detection of another specific protein e.g. for normalization against a control protein, i.e.

CYP2D1 for cells of rat origin to guarantee comparable loading efficiencies.

After the first chemiluminescent detection the membrane was kept in TBS-T buffer to
avoid drying of the membrane. Membranes were washed four times for 5 min in TBS-T
buffer. Then, it was subjected to 60 mL of the stripping buffer and incubated for 30 min at
50°C. Subsequently, the membrane was washed again in TBS-T (six times for 5 min). The
membrane was reused starting at the blocking step following the normal Western blot

protocol as described above.
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4.6.6. TRANSIENT TRANSFECTION AND LUCIFERASE

ACTIVITY

4.6.6.1. PRINCIPLE

Exogenous DNA can be taken up by eukaryotic cells under appropriate conditions. A wide
variety of transfection methods have been developed to facilitate this process. Most
commonly used transfection techniques include the use of calcium phosphate, liposome
fusion, diethylaminoetyhl dextrane (DEAE-dextrane), lipofection, retroviruses, electro-
phoration, and microinjection. However only a portion of the DNA becomes localized in
the nucleus and thus target genes can be expressed for several days (transient transfec-
tion). In general, one or two days after transfection process cells are lysed and reporter
gene products of the test promotor analyzed. This technique can also be used to obtain
stable expression of various genes after inclusion of the expression plasmid into chromo-
somal DNA. For selection of stably transfected cells the expression vector used has to
possess a resistance gene marker expressed in transfected cells. Nevertheless, the spon-
taneous entry of intact DNA into cells is a highly inefficient process dependent on the size
and charge of DNA, and the cell’s various enzymatic and membrane barriers. (Felgner et
al., 1987; Lottspeich and Engels, 2006)

ExGen 500 (Fermentas) is a non-viral,
H,N-(CH,-CH,-NH),-H

non-liposomal, gene delivery trans-

el e e Cytoplasm fection reagent. It consists of a linear
form of polyethylenimine, a cationic
- H,0 organic polymer that possesses a
om0/ DA \g ® ;\/\ P‘1igh cationic charge density pote|'1—
complexes / ~-7 \ tial. Thereby, the reagent can easily
® condense DNA and deliver genes. In
e .H:f{% ® Figure 35 the structure and mechan-
o ® ism of action is illustrated. ExGen500
nucleus

interacts with DNA and forms stable,
Figure 35: Structure of ExGen 500 B. Mechanism of action:

ExGen500/DNA complexes are endocytosed. ‘Proton-sponge’ highly diffusible complexes which
effect buffers endosomal pH by proton accumulation and
chloride influx. Induced endosomal swelling and rupture

leads to DNA translocation. (Ferrari et al., 1997 and Fermen- .
( Every third atom of the ExGen 500
tas Brochure, 2007)

enter the cytoplasm by endocytosis.

backbone is a protonable amino
nitrogen atom, which makes the polymeric association an effective ‘proton sponge’. This
property buffers endosomal pH by accumulation of protons and passive chloride influx to

the endosome containing the complexes. Subsequent osmotic swelling promotes endo-
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somal rupture, allowing translocation of DNA to the nucleus. This ‘proton sponge’ pro-
tects DNA from lysosomal degradation. (Behr, 1996; Ferrari et al., 1997; Fermentas Bro-
chure, 2007)

All transient transfection assays were performed in cooperation with Prof. Marie-
Christine Chagnon’s laboratory of Food Toxicology at the University of Burgundy in Dijon,
France. The effect of exogenous ERalpha on ER- or AHR-mediated signaling following
exposure to TCDD and/or E2 was determined using HepG2 cells transiently transfected
with hERalpha and an ER- or AhR-responsive luminescent reporter gene. In order to in-
vestigate AhR/ER cross talk the transfections were performed with and without hERalpha
and additionally selective inhibitors of AhR and ER function were applied. HepG2 cells

were transiently transfected using ExGen500 reagent (Fermentas).

4.6.6.2. REPORTER GENES AND EXPRESSION PLASMIDS

Plasmids pRST7-hERalpha and ERE-TK-Luc were kindly provided to the department of
Food Toxicology at the University of Burgundy (Dijon, France) by Dr. D. McDonnell (Ligand
Pharmaceutical, San Diego, USA). Control plasmids pCMV[3-Gal and pSG5 were kindly
provided by Dr. M. Cherkaoui-Malki (LBMC, University of Burgundy, Dijon, France). The
pCMVB-Gal contains the beta-galactosidase gene and is used to check transfection effi-
ciency, whereas pSG5 served as the vector control to obtain the same amount of DNA
concentration for each transfection process. The reporter gene plasmid pGL3-XRE-Luc
was constructed previously in the laboratory by Dr. J. Racky (Racky et al., 2004). The
pGL3-XRE-Luc reporter gene construct contains a 485 bp fragment of the rat CYP1A1 gene
including two XREs (Baumgart et al., 2005). The ERE-TK-Luc reporter plasmid contains a
single copy of the vitellogenin ERE fused up-stream of the Herpes simplex thymidine
kinase (TK) promoter sequence linked to the luciferase (Luc). The pRST7-hERalpha expres-
sion plasmid consists of a 1590 bp fragment of the human ERalpha-encoding sequence.
(Tzukerman et al., 1994).

4.6.6.3. EXPERIMENTAL PROCEDURE

For transient transfection assays HepG2 cells were seeded in 24-well plates and main-
tained in DMEM medium w/o PR supplemented with 10% dextrane-coated charcoal fetal
bovine serum (DCC-FBS). Cells were allowed to attach for 24 h. Each plasmid was diluted
in 0.15 M NaCl to a final concentration of 100 ng/uL. First, plasmid mixes were prepared
as follows: 100 ng ERE-TK-Luc or XRE-Luc, 100 ng hERalpha, 100 ng pCMV[-Gal, and pSG5
to a final concentration of 0.5 pug DNA. For transfections when hERalpha was omitted, the
amount of pSG5 was adjusted to 0.5 pg DNA accordingly. Plasmid mixes were vortexed
gently and 2 pl/well of Exgen500 diluted in NaCl 0.15 M (1/7.5) was added to DNA. After
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vortexing the microtubes were incubated for 10 min at room temperature. The Ex-
gen500/DNA mixture was then added to 9 volumes of Opti-MEM medium without phenol
red (Invitrogen) and pipetted to the wells (300 pL/well). In order to achieve even distribu-
tion of the complexes, the plate is gently moved back and forth and from side to side. The
microplate was then incubated at 37°C in a humidified atmosphere of 5% CO, for 1 h.
(Cabaton et al., 2009; Fermentas, 2004)

After incubation with transfection reagents and plasmids, Opti-MEM was removed and
replaced by 1 mL/well fresh DMEM medium (w/o DCC-FBS) containing the test sub-
stances or the solvent DMSO (max. 0.2%, negative control). E2 10 nM and TCDD 1 nM
served as the positive control for ERE- and XRE-mediated luciferase activity respectively.
At the end of the 20 h treatment medium was aspirated, the wells rinsed with PBS, and
cells lysed using 100 pL/well Reporter Lysis Buffer 1x (Promega). The microplate was then
frozen at -80°C for at least 30 min. After thawing attached cells were scraped from the
wells and transferred into microtubes. To ensure complete cell lysis cells were submitted
to three sequential freezing-thawing cycles in liquid nitrogen and at 37°C. Microtubes
were centrifuged (5 min, 10 000xg, room temperature) and the supernatant used for

further analysis. Centrifuged cell lysates were stored at -80°C. (Promega, 2006)

For determination of luciferase activity 10 uL of the lysate were pipetted into an opaque
white 96-well plate. A volume of 50 L luciferase assay reagent (Promega) was added to
each well. The plate is covered with an adhesive seal and immediately read in a micro-

plate luminometer (TopCountNT, Packard).

The B-galactosidase activity was determined using chlorophenol-red 3-D-
galactopyranoside (CPRG) (Roche). The cell lysate (10 pL/well ) was mixed with 190 pL of
the colored yellow dye in a 96-well plate and the chlorophenol red product was measured
with a microplate spectrophotometer at 570 nm (MRX Dynex) after 10-15 min. Protein
absorbance was measured using 2 pL of the lysate and 198 uL of Bradford reagent 1x
according to the Bradford method (see section 4.5.5) on a spectrophotometer at 595 nm
(MRX Dynex). (Bradford, 1976). Luciferase activity was normalized against 3-galactosidase

activity and protein contents, and related to the respective DMSO control.
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4.7. GENOTOXICITY

4.7.1. FPG-SENSITIVE COMET ASSAY

4.7.1.1. PRINCIPLE

The comet assay, also known as single-cell gel electrophoresis assay (SCGE assay), was
first introduced by Ostling and Johanson (1984) and is nowadays one of the standard
methods for assessing DNA damage and other DNA alterations at the level of a single cell.
Among short-term genotoxicity assays the comet assays is a very simple, sensitive, and
inexpensive method, used in many research areas such as human and environmental
biomonitoring, DNA repair, and genetic toxicology. Another great advantage is that theo-
retically any eukaryote cell can be used for genotoxicity testing in the SCGE assay. Moreo-
ver, cell lines (proliferating cells) as well as primary cells (non-proliferating cells) can be
used. However, non-proliferating cells may be less affected to false positive responses

associated with agents that interfere with DNA synthesis. (Tice et al., 2000)

The assay works upon the principle that negatively charged broken DNA migrates in an
electric field towards the anode as a result of relaxation of DNA supercoils at the brea-
kage site, whereas undamaged DNA migrates slower and remains within the nucleoid
when a current is applied. Intact DNA lacks free ends and the large size of the fragments
prevents migration. (Olive and Banath, 2006)

The assay owes its name due to the resulting structures of the DNA from an individual
resembling comet (Olive, 1989). The comet head contains the high-molecular-weight DNA
and the comet tail contains the leading ends of migrating fragments, which can be meas-
ured using special software in order to determine the extent of DNA damage (Olive et al.,
1990). For the procedure cells are embedded in agarose on an agarose-precoated micro-
scope slide and are lysed with detergent and high salt removing cell contents leaving the
nuclear material. Immobilized cells are treated with alkali buffer to unwind and denature
the DNA and are then submitted to electrophoresis, during which the comets are formed.
After neutralization the migrating DNA is quantified by staining with a fluorescent interca-
lating dye and by measuring the intensity of fluorescence with a microscope. (Singh et al.,
1988)

Under alkaline conditions increased DNA migration is associated with increased levels of
single-strand breaks (SSBs) and double-strand breaks (DSBs), as well as alkali labile sites
(ALS) (Tice et al., 2000). ALS are apurinic or apyrimidinic sites, that can be converted into
strand breaks. DNA strand breaks may either appear directly as an effect of a DNA-

damaging agent or occur as intermediates during nucleotide and base excision repair
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processes. (Collins, 2004). In addition to that, also interstrand cross-links can be identified
in the comet assay leading to less electrophoretic migration instead of more (Merk and
Speit, 1999).

As an additional step the repair enzyme FPG was employed for the detection of oxidative
DNA base damage, in particular 8-OH guanine, but also other damaged purines. Strictly
taken, the difference of DNA fragmentation introduced following FPG treatment of the
cells and the damage that occurred without applying the repair enzyme represents the

amount of a specific class of DNA damage which is due to the enzyme’s action.

4.7.1.2. COMET SCORING

Comet data are generally collected using image analysis techniques on individual cells.
Several software programs are available in order to quantify DNA migration. The simplest
method for collecting comet data is based on determining the proportion of cells with

altered migration.

Several parameters for image interpretation exist. ‘Tail migration’ considers the length of
migration. Another metric used more frequently is based on the percentage of migrated
DNA. ‘Tail intensity’ is the amount of DNA that moved during electrophoresis. The con-
cept of ‘tail moment’ (product of tail length and intensity) was introduced by Olive and

colleagues (1990) and takes those two effects into account.

It is also possible to
characterize comets
without sophisticated
image analysis pro-
grams by classifying
them into several
categories (generally

five classes) based on

the length of migra-
Figure 36: Images of comets (from lymphocytes), representing classes 0-4 as  tion and/or the per-
used for visual scoring (according to Collins, 2004). . .
ceived relative propor-
tion of the DNA in the tail (Gedik et al., 1992; Anderson et al., 1994). The human eye can
easily be trained to discriminate between different degrees of damage. A numerical value
is assigned for each migration class. Figure 36 shows the different kinds of comet catego-
ries ranging from 0 (no tail) to 4 (almost all DNA in tail) used for visual scoring. (Collins,

2004)

96



| MATERIALS AND METHODS

4.7.1.3. EXPERIMENTAL PROCEDURE

DNA strand breaks were analyzed by the comet assay as described by Valentin-Severin
and co-workers (2003). The inclusion of the digestion step with the bacterial enzyme
formamidopyrimidine glycosylase (FPG, purchased from A. Collins) was performed ac-
cording to Schaefer et al. (2006).

For the preparation of agarose-precoated slides 0.5% LMPA (low melting point agarose)
and 1.0% NMPA (normal melting point agarose) were heated in the microwave until the
agarose dissolved. NMP agarose was kept hot at 80°C in a water bath. Fully frosted slides
were dipped into the NMPA solution and the underside was wiped clean. Slides were
labeled prior to dipping using a diamond-tipped pen. NMPA-layered slides were air-dried
on a flat surface and kept at room temperature until needed. Before starting the experi-

ment the bottle with LMP agarose was equilibrated at 40°C in a water bath.

ol N I.)NA s Single C'eII After the treatm.ent of cells in
Rejoining-Repair Suspension 6-well plates (primary rat
‘l’ hepatocytes or hepatoma
; cell lines) or 96-well plates
Tfeaf;i!yf::?FPG) € ﬂtalll:ityf;s < Prepsalrigtelg nof (hepatoma cell lines) (see
nme section 4.4.5) cells were
l: rinsed twice with PBS and
Alkaline Alkaline Neutralization trypsinated. DMEM (10%
Un\:::lgmg —> Elezcst\rl?;:on:isw > oszlr:/::n;t;:::ss FBS) was added (500 il
/well) to stop cell detach-
v ment. The cells were gently
Flc?urescene pa Pl Stain removed. Using a hemocy-
Microscopy 75 WP, Sug/ml tometer, cell density was

Figure 37: Flowchart of the basic steps of the comet assay (according adjusted to about 7 x104 cells

to Comet Assay Forum, 2009; Tice et al, 2000).
per gel and the adequate

volume of cell suspension was transferred to a 2.0 mL microtube in a total volume of 1 mL
serum-containing DMEM. Cells were centrifuged (5 min, 200 xg) and the pellet was resus-
pended in PBS (50 uL/slide) and kept on ice to inhibit endogenous damage occurring
during sample preparation and repair of the unfixed cells. PBS must be calcium- and mag-
nesium-free to inhibit endonuclease activities. Aliquots of 50 pL of the PBS cell suspension
were rapidly mixed with 65 pL of LMPA 0.7% (37°C), and 68 pL of this mixture were pipet-
ted to the coated slide avoiding bubbles and covered with a coverslip. The slides were

placed at 4°C for 5 min until the agarose layer hardened.
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Coverslips were removed and slides submerged in a coplin jar containing freshly prepared
lysis solution (pH 10) and were lysed for at least one hour or overnight at 4°C to liberate
DNA. Subsequently, slides were washed three times for 5 min in cold FPG enzyme buffer
(1x) at 4°C. After the last washing step slides were put on a slide porter on ice and FPG
solution (300x diluted) or enzyme buffer (1x) alone as the control (50 pl/gel and two gels
per treatment) was gently pipetted on the slides. Incubation with the FPG enzyme was
optimized at 37°C for 30 min. Slides were put on a stand in a water bath. Following FPG
treatment coverslips were gently removed and slides were placed horizontally in an elec-
trophoresis chamber that was put on ice. Directly, slides were exposed to alkaline dena-
turation buffer (pH 13).The high pH allows unwinding of the DNA (20 min), DNA single-
strands are formed. Electrophoresis was conducted keeping the electrophoresis solution

in the chamber for 20 min at 300 mA (25 mV constant).

Slides were removed from electrophoresis chamber and neutralization was achieved by
rinsing 3 times for 5 min with cold neutralization buffer (Tris buffer 0.4 M, pH 7.5). Hence,
DNA double-strands are formed again. In addition to that, the washing steps remove
alkali which might interfere with the staining step. For conservation of DNA slides were
rinsed gently with cold ethanol (96%) and can thus be stored in a box at room tempera-

ture until staining.

DNA was stained with 40 pL/ gel of propidium iodide (PI) solution (5 mg/L). Fifty individu-
al comets per slide and two slides per concentration were evaluated under a fluorescence
microscope and analyzed using computerized image analysis system Comet IV (Perceptive
Instruments). The Olive tail moment (OTM) was chosen to characterise the DNA damage

in individual cells.

4.7.2. UNSCHEDULED DNA SYNTHESIS (UDS)

The UDS assay was performed in Prof. Marie-Christine Chagnon’s laboratory of Food

Toxicology at the University of Burgundy in Dijon, France.

4.7.2.1. PRINCIPLE

A good approach to assess genotoxicity is the indirect measurement of DNA damage by
monitoring DNA repair activity. Quantification of Unscheduled DNA synthesis (UDS) indi-
cates DNA repair synthesis in mammalian cells after excision and removal of the part of
the DNA strand containing the region of damage induced by a chemical or by physical
agents. The assay is based on the incorporation of tritium-labeled thymidine ([3H]-
thymidine) into the DNA of mammalian cells which are not undergoing replicative (sche-

duled) DNA synthesis. The uptake of [3H]-thymidine can be determined by autoradiogra-
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phy (AR) or by liquid scintillation counting (LSC) of DNA from treated cells. (OECD-
Guideline, 1986; Madle et al., 1994)

UDS detection is highly suitable for mutagenicity testing, since the repair of DNA by exci-
sion repair mechanisms (base excision repair and nucleotide excision repair) over the

entire mammalian genome is measured (Mitchell et al., 1983).

Routinely, UDS is measured by AR and cells undergoing repair are identified by increases
in the number of silver grains overlying the nuclei. In addition to that, AR analysis permits
to identify dead and abnormal cells and permits the distinction between grains occurring
over the nucleus and over the cytoplasm. (Madle et al., 1994)

In order to discriminate between UDS and normal semi-conservative DNA replication in
the LSC-based UDS method, scheduled DNA replication is reduced or inhibited by expos-
ing cultured cells to hydroxyurea (HU) (OECD-Guideline, 1986). HU depletes the pools of
dNTP by inactivating ribonucleotide reductase. Thus, the enzyme responsible for the
deoxyribonucleotide biosynthesis needed for scheduled DNA synthesis was inhibited.
(Skoog and Nordenskjold, 1971; Thelander and Reichard, 1979) Primary cultures (e.g. rat
hepatocytes) as well established cell lines can be used in the assay. In general terms,
hepatocytes are recommended for UDS testing, as they exhibit appropriate metabolism,
and the liver is often a prime target in rodent bioassays. Permanent cell lines and cells

from tissues other than liver may be useful for specific investigations. (Madle et al., 1994)

4.7.2.2. EXPERIMENTAL PROCEDURE

The detection of unscheduled DNA synthesis was performed in vitro using the LSC-based
method according to the protocol of Valentin-Severin (2002). HepG2 and HA4IIE cells were
seeded in 96-well plates and rat hepatocytes in 25 cm? cell culture flasks (see section
4.4.5). After 16 h treatment time hepatoma cell lines were pre-treated with hydroxyurea
(10 mM) in DMEM 0.5% FBS for 1 h in order to inhibit residual scheduled DNA synthesis.
Subsequently, test compounds were (re)-added to the cells together with [3H]-thymidine
(5 pCi/mL) in the presence of HU for another 4 h. In the case of practically non-
proliferating rat hepatocytes, incubation with HU was omitted and simultaneous expo-
sure of cultures to the test chemicals in the presence of [3H]-thymidine was performed. A
detailed treatment schedule for UDS assay using cell lines (20 h or 4 h treatment) or rat

hepatocytes (20 h treatment) is shown in Figure 38.
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Figure 38: Treatment schedule for UDS assay using cell lines and rat hepatocytes for 20 h or 4 h treatment
time with test compounds (according to Valentin et al., 2001).

Treatment with the known mutagens 4-nitroquinoline-N-oxide (NQO), methyl methane-
sulfonate (MMS), or 2-acetylaminofluorence (2-AAF) for 4 h or 20 h served as the positive
controls. At the end of the incubation time cells were washed twice with PBS. Afterwards,
the cells were lysed with lysis buffer (100 pL/well, 1 mL/25cm? flask) for 10 min at 37°C on
a shaker. Cell lysates of cell lines were straightly processed. In contrary to that, hepato-
cytes were first put at - 20°C overnight, because detached collagene from the flasks ren-
dered lysates too viscous for direct pipetting. Lysed samples (100 uL/well for cell lines,
125 uL/well for hepatocyte) were transferred to a 96-well microplate equipped with GF/C
glass filters (Whatman) prewetted with 100 uL/well of cold trichloroacetic acid (TCA,
20%). Another 100 pL/well of TCA was then added in order to optimize precipitation of
nucleic acids and proteins on the filter. The mixture of TCA with cell lysates was incubated
10 min and samples were then filtered with the help of a water-jet vacuum pump system
(Millipore) and washed twice with cold ethanol (96%, 300 uL/well). The plates were air-
dried overnight or put for 1 h at 50 °C in an incubator. For LSC a back seal was glued un-
der the microplate. Scintillator liquid (30 uL/well) was added, the plate covered with a top
seal, and the scoring was carried out directly in a microplate scintillation counter (Top-
CountNT, Packard). The radioactivity on the filter represents the quantity of incorporated
radioactive thymidine in the cells. An increase in the incorporation of [3H]-thymidine over
control levels (solvent control treated with HU) indicated the induction of UDS. Results
were expressed as cpm values. A no-HU control was always performed in parallel when
using continuous cell lines in order to assess the inhibition rate of scheduled DNA synthe-

sis. For every treatment and independent experiment at least 8 replicates were prepared.
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4.7.3. FPG-SENSITIVE ALKALINE ELUTION TECHNIQUE IN

MousE HEPATOCYTES

4.7.3.1. PRINCIPLE

Quantification of DNA modifications sensitive to FPG protein from E.coli was carried out
following the protocol of the alkaline elution assay according to Kohn et al. (1976) with
modifications as described by Pflaum and collegues (1997) and Epe and Hegler (1994).
The alkaline elution technique is a very sensitive in vitro method to quantify intracellular
DNA damage, in particular single-strand breaks, DNA-DNA, and DNA-protein cross-links.
In combination with various repair endonucleases such as FPG protein, alkaline elution
can be used to quantify steady-state levels of oxidative base modifications in various
types of mammalian cells. For this purpose prior to elution, the isolated DNA is incubated
with specific repair endonucleases that recognize base modifications and incise DNA at
specific sites generating additional single-strand breaks. The detection limit of the alkaline
elution assay corresponds to 0.05 lesions per 10° base pairs. (Pflaum et al., 1997) Follow-
ing the experimental procedure cells were lysed on a polycarbonate filter with the help of
alkaline lysis buffer containing SDS and Proteinase K. Thereby, cell constituents, cellular
proteins, and RNA are washed off the filter retaining double-stranded DNA on it. After
washing the DNA in order to get rid of the rests of lysis buffer, incubation with repair
endonuclease can be performed. Subsequently, double-stranded DNA is converted into
single-strands with elution buffer (pH 12.15), which starts elution. Dependent on the
molecule size DNA fragments pass the polycarbonate filter. Short DNA pieces elute more
rapidly than big ones, the latter representing less damaged DNA fragments. The eluted
DNA content and the amount of DNA retained on the filter is quantified fluorimetrically
after neutralization by bisbenzimide (Hoechst 33258). The elution rate is directly propor-
tional to the number of single-strand breaks and alkali-labile lesions of DNA and is calcu-
lated accordingly. For calibration, X-rays are used as reference damage, assuming that a

dose of 6 Gy generates 1 single-strand break per 106 bp. (Kohn et al., 1976).

4.7.3.2. EXPERIMENTAL PROCEDURE

For each experiment a 25 mL syringe was equipped with a polycarbonate filter. Cell sus-
pension and buffers were pipetted directly on the polycarbonate filter. The solutions
were passed through the syringe and filter by means of multichannel pump, and flows
into a trash bin. During elution fractions were collected. Polycarbonate filters were care-
fully filled with distilled H,0 to avoid air bubbles, and washed twice with 2.5 mL of PBS
CMF (Ca®*- and Mg**-free). Filter systems were equilibrated at 4°C in a water bath. Low

temperature avoids repair of DNA damage during processing of the samples. A total
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number of 0.5 x 10° fresh isolated mouse hepatocytes (protocol of isolation of mouse
hepatocytes and animal treatment is described in section 4.3.2) were applied to a poly-
carbonate filter (25 mm diameter, 2 UM pore size). After washing twice with 5 mL PBS
CMF the temperature of the water bath was raised to 25°C. Cells were lysed by first
pumping 2 mL of lysis solution through the filter at the maximum capacity and then
another 5 mL of lysis buffer containing proteinase K (concentration of 0.4 mg/mL) within
90 min. After lysis the temperature was adjusted to 37°C. Subsequent to seven washing
step with 25 mL buffer BE;, the DNA remaining on the filter was incubated with 2 mL of
freshly prepared repair endonuclease solution(1 pg/mL FPG protein in BE;/BSA buffer) for
50 min at 37°C. The incision by the enzyme at sensitive DNA modifications was shown to
be completed under these conditions. Quantification of direct strand breaks was deter-
mined in parallel in experiments without glycosylase treatment using 2 mL enzyme buffer
without BSA. The first mL was pumped through the filter system at maximum capacity.
Enzyme residues were rinsed off first with BE; buffer (2x 5 mL), then with washing buffer
(4 mL). During the washing steps the temperature of the water bath was dropped to 25°C.
Alkaline elution buffer (25 mL/filter) was pipetted on the filters and elution was started at
1.9 mL/h for 12 h. Fractions of approximately 3.8 mL were collected every 2 h and 6 frac-
tions were obtained. The supernatant of elution buffer that remained on the filters at the
end of elution was pumped through the filter and added to the sixth fraction. Filter and
frit were pooled together with the sixth fraction in a Coulter Counter™-tube and incu-
bated under continuous shaking for 2 h at 60°C in a water bath. Therewith, DNA retained
on the filters was dissolved. Eluted DNA was neutralized by adding equal amounts

(3.8 mL) of phosphate buffer pH 6.0 for 15 min in order to obtain double-stranded DNA.
The same volume of phosphate buffer pH 7.2/bisbenzimide (1.5 uM, Hoechst No. 33258)
was added and incubated again for 15 min in the dark. Emission intensity of the bisben-
zimide-DNA complex of each sample was measured in the fluorimeter (excitation at

360 nm; emission at 450 nm). The blank represents a mixture of elution buffer, phos-
phate buffer pH 6.0, and phosphate buffer pH 7.2/bisbenzimide (each 3.8 mL). The calcu-
lations are based on the fact, that the sum of fluorescence intensities of the single frac-
tions of one sample is proportional to the total amount of DNA of this sample. The
amount of DNA of the single fraction in a half-logarithmic scale was displayed in accor-
dance to the time course in a half-logarithmic diagram. The slope of the resulting curve
was proportional to the number of single-strand breaks. The numbers of modifications

per 10° bp were obtained from the slopes of the elution curves.
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4.8. STATISTICAL ANALYSIS

Statistical Analysis was performed using Graph Pad Prism Version 4.0. Results were ex-

pressed as mean * standard deviation (SD) from at least three independent experiments.

The difference between the control and the treatment or between different treatments

was determined using unpaired t-test two-tailed p value attained statistical significance

with at least p < 0.05. The One-way ANOVA with Dunnett’s post test was performed with

the Alamar Blue assay. Throughout the Results chapter (section 5) only significant effects

are assigned one or more asterisks (*p < 0.05; **p < 0.01; ***p<0.001).

4.9. SOFTWARE

Table 20: Software used for analysis.

Software

Distributor

Microsoft Office XP (Excel, Word, Power Point)

Microsoft Corporation

Nanodrop ND-1000, Version 3.1.0

Nanodrop

Ascent Software for Fluoroscan 2.6 FL

Thermo Fisher Scientific

iCycler 1Q, Version 3.1

Bio-Rad

Graph Pad Prism, Version 4.00

Graph Pad Software

Comet Assay IV

Perceptive Instruments

ACD/ChemSketch (Freeware), Version 11.02

ACD/Labs
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5.RESULTS

5.1. OPTIMIZATION OF CELL CULTURE CONDITIONS IN
HEPATOMA CELL LINES

Before starting with experiments and the assessment of CYP 450 induction in vitro using
hepatoma cell lines and primary rat hepatocytes, optimal cell culture conditions for the
different treatments with the estrogen E2 and the dioxin prototype substance TCDD had
to be established.

An initial series of experiments was undertaken to determine the appropriate cell culture
conditions for CYP 450 expression. Therefore, CYP1A enzyme activities of hepatoma cells
grown in Dulbecco’s modified Eagle’s medium (DMEM) (i.e. standard culture medium for
hepatoma cell lines and primary rat hepatocytes in the laboratory) were compared with
cells grown in minimum essential medium (MEM). Additionally, the presence of FBS in the
media during treatment with the test compounds was considered. Both supplementation
with 10% FBS and reduced serum concentrations (0.5% FBS) were utilized. In all cases,
media without addition of phenol red were used to prevent interference with effects by
the steroid E2. CYP1A activity was measured in intact cultured cells using the EROD assay
according to Donato et al. (1993) following protein quantification with the fluorescamine
assay as described in the Material and Methods section. Cells were treated with TCDD

(1 nM) or E2 (100 nM) over a period of 48 h.
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5.1.1. INFLUENCE OF CULTURE MEDIUM AND SERUM

SUPPLEMENTATION ON EROD AcCTIVITY

5.1.1.1. HerG2

In order to determine whether CYP1A drug metabolizing enzyme activity is modified by
different growth media or by the presence of FBS in the media during treatment with test

compounds, different culture conditions were tested.

It can be seen in
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Figure 39: EROD activity measured in HepG2 cells cultured in different media  medium with 0.5%
(DMEM and MEM without phenol red) and treated with TCDD and E2 under .

different serum conditions (0.5% and 10% FBS) for 48 h. DMSO (0.25%) served FBS. This effect was
as the solvent control. Mean +SD; n > 3. Unpaired t-test, two-tailed p value: only seen as a trend

statistically different from indicated treatment #p < 0.05.
in MEM. Concomi-

tant to induced EROD activities, also basal, i.e. solvent control EROD activities, were sig-

nificantly higher when cells were cultured for 48 h in 0.5% FBS.

Furthermore, it was tested whether CYP1A enzyme activity could be modified by different
growth media. The enzyme activity of cells grown in DMEM was compared with those of
cells grown in MEM, i.e. two commonly used culture media for HepG2 cell line. Cells
grown in DMEM generally showed lower induced EROD activities, while the cell culture in
MEM resulted in significantly higher TCDD-mediated EROD levels (1.6-fold and 2.2-fold)
for cells treated either under reduced FBS or high FBS conditions. However, basal enzyme
activities were not influenced by the culture media. Estradiol had no effect that could be

ascribed either to FBS concentration or to different culture media.
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5.1.1.2. HA4IIE

The effects of different growth media and FBS supplementation in rat H4IIE cell line are
presented in Figure 40. Increased EROD activities following exposure to TCDD 1 nM for
48 h were lower when cultured in DMEM than in MEM at high FBS concentrations, but
the effect marginally failed to be statistically confirmed. MEM medium conveyed 1.8-fold
higher TCDD-induced EROD activity at reduced FBS concentration, but the experiment
was only carried out once. Nevertheless, these results support favorable increasing ef-
fects of induced EROD activity levels by MEM. These observations were similar to those in
HepG2 cells (see Figure 39). Different media had no effect on basal enzyme activity. Expo-
sure to the solvent or E2 100 nM resulted in significantly higher EROD activities when
grown in DMEM at 0.5% FBS compared with the culture medium at 10% FBS supplemen-

tation.

H4I11E 48h

1009 mmm DMEM 0.5 % FBS
&2 DMEM 10 % FBS
mmm MEM 0.5 % FBS

1.8-fold

75+

EROD activity (pM/min*mg)

Control E2 100 nM TCDD 1nM

Figure 40: EROD activity measured in H4IIE cells cultured in different media (DMEM or MEM
without phenol red) and treated with TCDD or E2 under different serum conditions (0.5% or
10% FBS) for 48 h. DMSO (0.25%) served as the solvent control. Mean * SD. n > 3 if not
indicated otherwise above the bar. Unpaired t-test, two-tailed p value: statistically different
from indicated treatment #p < 0.05, ##p < 0.01.

5.1.2. ADOPTION OF OPTIMIZED CELL CULTURE

CONDITIONS

EROD activity could be significantly enhanced when cells were treated in MEM medium.

However, reduced serum conditions during treatments (0.5%) did not only lead to higher
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induced (by TCDD) but also higher basal EROD activities. Different growth media had no

influence on basal EROD levels.

Cell cultures in DMEM showed lower induced CYP1A activity. However, for further expe-
riments presented in this work, all treatments with the test compounds were carried out
using DMEM as the standard media at 0.5% of FBS. DMEM was kept as the established
standard medium for hepatoma cell lines and rat hepatocytes in the laboratory. Exclusive-
ly, culture medium without the addition of phenol red was used in order to exclude, that
possible estradiol-dependent effects may be overlapped. It was assumed that optimized
culture conditions during treatmentsin hepatoma cell lines can be bridged for culturing

primary rat hepatocytes.
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5.2. CYTOTOXICITY TESTING

In order to determine if the test substances induce a cytotoxic response, the viability of
HepG2 and H4IIE cells and rat primary hepatocytes following exposure to TCDD and/or E2
for 20 and 48 h were investigated in initial experiments. Additionally, the effects of the
two main estradiol metabolites 2-and 4-hydroxyestradiol on cytotoxicity following 20 h
treatment were tested. For this purpose, the resazurin reduction assay, also known as the
Alamar Blue assay, was performed aiming to define non-cytotoxic concentrations that can
be used for subsequent testing. Cell culture conditions for the treatments were adopted

as described in the preceding chapter.

5.2.1. CONCENTRATION-DEPENDENT EFFECTS BY TCDD

AFTER 20 H AND 48 H

Figure 41 shows the influence of TCDD on HepG2 cells and primary rat hepatocytes iso-
lated from male rats, which were exposed to concentrations ranging from 0.001 nM to
10 nM for 20 h and 48 h.

In HepG2 cell line there were no concentration-dependent effects observed at 20 h.
When considering the standard deviations, cell viability ranged from 87.2% to 91.4% of
the solvent control (EtOH 0.1%). At 48 h a significant reduction of cell viability was ob-
served starting at concentrations greater than 0.1 nM. The decrease was most prominent

at the highest concentration tested (10 nM: 74.0 £ 5.6%).
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Figure 41: Cytotoxicity
assay (resazurin reduction
test) in HepG2 and primary
hepatocytes from male
(PHm) Wistar rats after
exposure to various con-
centrations of TCDD rang-
ing from 0.001 to 10 nM
for 20h and 48 h. Cells
were treated in phenol red-
free DMEM culture me-
dium at reduced FBS
concentration (0.5%).

Results are normalized to
the respective  solvent
control (EtOH 0.1%) which
was set at 100%. The
horizontal  dashed line
represents  the solvent
control level. Mean + SD;
n23;, One-way ANOVA
with Dunnett’s post test:
significantly different from

time-matched solvent
control *p <0.05,
*¥p <0.01

At both treatment times, primary hepatocytes from male rats showed a concentration-

dependent decrease in the number of viable cells with increasing concentrations starting

at 0.1 nM onwards. Treatments with TCDD 1 nM and 10 nM significantly reduced cell

viability leading to about 80% of control at the highest concentration at 20 h. This effect

was even more prominent after 48 h treatment reaching approximately 60% of control.

Even though treatments with TCDD 1 nM and 10 nM affected cell viability in HepG2 and

PHm cells, it never fell below 60% at both treatment times.
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5.2.2. CONCENTRATION-DEPENDENT EFFECTS BY E2 AFTER
20 H AND 48 H

Concentration- and time-dependent effects of estradiol were investigated in HepG2 cell
line and PHm. Therefore, estradiol was tested at concentrations ranging from 0.01 to
20 uM (Figure 42).

In HepG2 cell line cell viability was not altered by E2 at low concentrations up to 100 nM.
A slight decrease was obtained at 1 uM, which was significantly confirmed only at 20 h. At
concentrations above 1 uM cell viability further decreased in a concentration-dependent
manner. E2 20 uM extensively reduced cell growth to 60.1 + 26.9% and 39.4 £ 13.5% at
20 h and 48 h respectively indicating a cytotoxic effect, which was more pronounced at

the longer treatment time.
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Figure 42: Cytotoxicity
assay (resazurin reduc-
tion test) in HepG2 and
primary hepatocytes
from male (PHm)
Wistar rats after expo-
sure to various concen-
trations of E2 ranging
from 0.01 to 20 uM for
20h and 48h. Cells
were treated in phenol
red-free DMEM culture
medium at reduced FBS
concentration  (0.5%).
Results were norma-
lized to the respective
solvent control (EtOH
0.1%) which was set at
100%. The horizontal
dashed line represents
the solvent  control
level. Mean +SD; n2> 3;
One-way ANOVA with
Dunnett’s post test:
significantly  different
from time-matched
solvent control
*p <0.05, **p <0.01.

Estradiol showed no effect on cell viability in PHm up to a concentration of 10 uM at both

treatment times. At the highest concentration tested (20 uM) a considerable reduction in

viable cells was observed which was statistically significant at 20 h leading to a 30% de-

crease. Overall, HepG2 cells were more sensitive to E2 than PHm and the cytotoxic effects

at the highest E2 concentration was more pronounced at 48 h.
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5.2.3. EFFECTS OF CO-TREATMENTS AFTER 20 H AND 48 H

In the following treatments with TCDD at concentrations of 1and 10 nM as well as with E2
at relatively low concentrations (10 and 100 nM) were chosen and comparative effects on
cell viability were investigated in all the four cell models after 20 h and 48 h treatment.
Additionally, the combinations of both compounds were tested in order to exclude possi-
ble cumulative effects on cell viability (Figure 43 and Figure 44). Treatment with sodium

dodecyl sulfate (SDS, 0.1%) served as the positive control and caused the death of all

cells.
Figure 43: Cytotoxicity assay (resa-
HepG2 zurin reduction test) in human and
14094 —20h rat hepatoma cell lines (HepG2 and
£=148h HA4IIE) after exposure to TCDD (T)
120+ and/or E2 at different concentra-
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Exposure with E2 and/or TCDD showed no effects on cell viability at 20 h. When the incu-
bation time was more than doubled up to 48 h, TCDD 1 and 10 nM displayed decreased
cell viability in all cell models. A decrease of viable cells was observed with TCDD 10 nM in
HA4IIE cells, but was not significantly confirmed. Thus, except for H4IIE, TCDD 10 nM re-
sulted in prominent significant decreases of cell viability after 48 h. This cytotoxic effect of
TCDD 10 nM was strongest in PHm resulting in a reduction of cell viability by approx-
imately 40% compared to solvent control. The other cell models were less responsive
reaching however approximately 70to 80% cell viability of the solvent control. Estradiol
alone had no effect at 48 h in all cell models. Most of the co-treatments of E2 (10 and

100 nM) with TCDD (1 and 10 nM) showed a decrease in viable cells, that was however
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not more severe than effects seen with TCDD alone. Consequently, reduced cell viability
seen with the co-treatments can be attributed to treatments with TCDD. For the co-
treated cells, the decrease in cell viability was again strongest for PHm, thus the same
order of sensitivity as for treatments with TCDD was obtained for the combination of
both test substances : PHm>HepG2 = H4IIE = PHf.

Overall, it can be concluded that treatment with TCDD and/or E2 did not affect cell viabili-
ty after 20 h. After 48 h TCDD resulted in moderate reduction of cell viabililty, which
however never fell below 60% of control. The co-treatments did not further enhance the
effects seen with TCDD alone. Rat hepatocytes from male rats were the most sensitive

cell model.

5.2.4. CONCENTRATION-DEPENDENT EFFECTS BY E2

CATECHOL METABOLITES AFTER 20 H

Hepatoma cell lines and rat hepatocytes isolated from male and female Wistar rat were
incubated with either 2- or 4-hydroxyestradiol at concentrations ranging from 0.01 to

10 uM for 20 h. The results on cell viability compared to control in the different cells
models are depicted in Figure 45 and Figure 46. It was clearly noted that for both metabo-
lites none of the concentrations tested had an effect different from solvent control viabil-
ity levels. Experiments with PHm were only performed once. However, it was assumed
that in the absence of cytotoxic effects by 2-and 4-OHE2 in at least three independent
experiments with the other three cell models, cytotoxicity for the concentration range

tested can be excluded.
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Figure 45: Cytotoxicity assay
(resazurin reduction test) in
human and rat hepatoma
cell lines (HepG2 and HA4IIE)
after exposure to various
concentrations of E2 cate-
chol  metabolites 2- and 4-
hydroxyestradiol (2- and 4-
OHE2) ranging from 0.01 to
10 uM for 20 h. Cells were
treated in phenol red-free
DMEM culture medium at
reduced FBS concentration
(0.5%). Results are norma-
lized to the respective sol-
vent control (EtOH 0.1%)
which was set at 100%. The
horizontal dashed line
represents the  solvent
control level. Means * SD;
n > 3; One-way ANOVA with
Dunnett’s post test.
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Figure 46: Cytotoxicity assay
(resazurin reduction test) in
primary  hepatocytes from
male (PHm) and female (PHf)
Wistar rats after exposure to
various concentrations of E2
catechol metabolites 2- and 4-
hydroxyestradiol (2- and 4-
OHE2) ranging from 0.01 to
10uM for 20 h. Cells were
treated in phenol red-free
DMEM culture medium at
reduced FBS concentration
(0.5%). Results are normalized
to the respective solvent
control (EtOH 0.1%) which
was set at 100%. The horizon-
tal dashed line represents the
solvent control level.
Mean + SD; n > 3 for PHf and
n=1 for PHm; One-way
ANOVA with Dunnett’s post
test.
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5.3. CYP1A1 AND CYP1B1 EXPRESSION

Induction of CYP1A1 and CYP1B1 by TCDD and E2 in the different liver cell models was
monitored on mRNA and protein level. Therefore, quantitative (TagMan) real-time RT
PCR method and semi-quantitative Western Blot analysis was used for mRNA and protein

expressing respectively.

The possible modulating effects of E2 on TCDD-induced gene expression were investi-
gated by the following co-treatments: E2 10 nM + TCDD (1 and 10 nM) and E2 100 nM +
TCDD 1 nM.

5.3.1. BASAL MRNA LEVELS

The levels of CYP1A1 and CYP1B1 mRNA content already present per se in the hepatoma
cell lines and rat hepatocytes, i.e. the basal levels, were assessed and calculated as ratios

of delta CT values of the solvent control.
Basal CYP1A1 mRNA

Real-time PCR demonstrated that among the four different liver-derived cell models
tested, the hepatoma cell lines H4IIE and HepG2 showed the lowest CYP1A1 expression at
both treatment times, which were up to 8-fold or one magnitude lower compared to
primary rat hepatocytes (Figure 47). At 48 h basal mRNA in HepG2 was even significantly
lower than in the rat cell line. Rat hepatocytes from female-rats exhibited highest basal
CYP1A1 levels, which were significantly higher than in male-derived hepatocytes at 20 h
and 48 h (about 2.8 to 3.8 —fold respectively). No difference in mRNA levels was noticed
between the two treatment times except for H4IIE cells, which showed significantly high-
er basal expression levels after 48 h. Interestingly, expression of ERalpha in transfected
HepG2 cell line (HepG2 + ERalpha) led to significantly elevated CYP1A1 basal mRNA levels
compared to wild-type HepG2 and reached an even higher level than PHm at 20 h.
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Figure 47: Real-time RT PCR analysis of basal CYP1A1 mRNA levels in hepatoma cell
lines HepG2 and H4IIE and rat hepatocytes from male (PHm) and female (PHf)
Wistar rats treated with DMSO (0.25%) over a period of 20 h and 48 h. Transiently
transfected HepG2 with ERalpha expression plasmid (HepG2 + ERalpha) were inves-
tigated at 20 h. Results were normalized against the housekeeping gene 36B4 and
expressed as ratios of delta CT values. Mean * SD; n > 3; unpaired t-test, two-tailed
p value: mRNA expression levels significantly different from time-matched HepG2
control (as indicated by the arrows =) at 20 h (*p <0.05, ***p <0.001) or at 48 h
("p<0.01, "p<0.001); mRNA expression levels significantly different between
20 h and 48 h ## p < 0.01; mRNA expression significantly different between PHm and
PHf °°p < 0.01.

Rank order basal CYP1IA1 mRNA

20h
48 h

PHf > HepG2+ERalpha > PHm > H4IIE = HepG2

PHf > PHm > HAIIE > HepG2

Basal CYP1B1 mRNA

Measurable basal levels of CYP1B1 mRNA were observed in all liver cell models (Figure

48). In HepG2 cell line control levels of CYP1B1 mRNA were only achieved using a specific

fluorogenic probe for TagMan real-time RT PCR, which enhanced specificity of the me-

thod and allowed detection of trace mRNA products.

HepG2 cell line clearly exhibited the lowest CYP1B1 basal levels, which were significantly

up to three magnitudes (480-fold) lower compared to the rat hepatoma cell line and rat

primary hepatocytes. Primary rat hepatocytes isolated from female rats showed highest
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basal CYP1B1 mRNA amounts but no statistical difference was observed compared to
male rat hepatocytes at both treatment times. CYP1B1 expression in H4IIE cell line was
comparable to rat hepatocytes and only slightly (1.8- to 3.9-fold) lower at 20 h and 48 h
respectively. There was no difference in basal levels between the two treatment times.
The presence of ERalpha in HepG2 cells led to significantly higher up to 2-fold CYP1B1

basal levels compared to wild-type HepG2.

Basal CYP1B1
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Figure 48: Real-time RT PCR analysis of basal CYP1B1 mRNA levels in hepa-
toma cell lines HepG2 and H4IIE and rat hepatocytes from male (PHm) and
female (PHf) Wistar rats treated with DMSO (0.25%) over a period of 20 h
and 48 h. Transiently transfected HepG2 with ERalpha expression plasmid
(HepG2 + ERalpha) were investigated at 20 h. Results were normalized
against the housekeeping gene 36B4 and expressed as ratios of delta CT
values. Mean # SD; n > 3; unpaired t-test, two-tailed p value: mRNA expres-
sion levels significantly different from time-matched HepG2 control (as
indicated by the arrows ->) at 20h (*p <0.05; **p<0. 01) or at 48 h
(‘p<0.05 “p<0.01; "p<0.001); MRNA expression levels significantly
different between 20 h and 48 h: not significant; mRNA expression signifi-
cantly different between PHm and PHf: not significant.

Rank order basal CYP1B1 mRNA
20h PHf = PHmM>H4IIE>>HepG2+ERalpha > HepG2

4h PHf = PHm > H4IIE >> HepG2

Comparison of Basal CYP1A1 and CYP1B1 Expression

Despite the differential expression of basal CYP1A1 and CYP1B1 among the hepatoma cell
lines and rat hepatocytes, it was observed that generally basal CYP1A1 levels are consi-
derably higher than basal CYP1B1 mRNA contents, with a difference of several (2 to 3)

magnitudes.

119



DOCTORAL THESIS |

5.3.2. CYP1A1 AnND CYP1B1 EXPRESSION AFTER
EXPOSURE TO TCDD AND/OR E2 IN HEPATOMA

CELLS

5.3.2.1. MRNA LEVELS IN HEPG2

Figure 49 displays the analysis of relative CYP1A1 and CYP1B1 gene expression in HepG2
cells. TCDD (1 and 10 nM) extensively induced CYP1A1 mRNA at both treatment times
without a concentration-dependent effect (61.91 + 37.15-fold and 68.48 + 34.02-fold for
1 nM and 10 nM at 20 h). There was no change observed in mRNA levels following E2
treatment (10 and 100 nM) at the two treatment times. The co-treatment of TCDD 1 nM
with E2 100 nM showed the highest relative expression level among the treatments
(132.9 £ 64.5-fold). It resulted in a twofold enhanced increase in CYP1A1 mRNA compared
to TCDD induction alone at 20 h. However, a high standard deviation was obtained with
this treatment at 20 h. The other combinations of TCDD with estradiol had no modulating
effect on marked TCDD CYP1A1 mRNA expression at 20 h and 48 h. There were signifi-
cantly higher TCDD-induced CYP1A1 mRNA levels observed for some of the treatments at

the longer treatment time compared to 20 h.
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Figure 49: Real-time RT PCR
analysis of HepG2 hepatoma cells
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As described before in section 5.3.1 HepG2 cells exhibited very low basal levels of CYP1B1
mRNA. Consequently, difficulties were met in detecting CT values following exposure to
the solvent control when using standard real-time PCR method with SYBR Green. Howev-
er, following exposure to TCDD, CYP1B1 CT values could be detected. Measurable basal
levels of CYP1B1 mRNA were only obtained with the use of a specific fluorogenic TagMan
probe as described in Materials and Methods (see section 4). Additionally, for hCYP1B1
MRNA real-time amplification cycle number was extended from standard 45 cycles to 50

cycles. The very low basal levels of the gene could also explain the great variances of CT
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values seen for solvent control CYP1B mRNA. Thus, induction of CYP1B1 mRNA following
TCDD treatment indicates that the gene is completely switched on by the potent dioxin

inducer.

Indeed, results of CYP1B1 expression in HepG2 cells (Figure 49) revealed that TCDD signif-
icantly induced hCYP1B1 mRNA (e.g. TCDD 1 nM at 20 h: 30.72 + 26.62-fold). Treatment
with E2 alone at the low concentration (10 nM) did not modify CYP1B1 induction com-
pared to solvent control levels. Contrarily to that, the highest E2 concentration of 100 nM
caused a significant decrease in CYP1B1 mRNA by 95% at 20 h. After 48 h treatment with
E2, CYP1B1 mRNA was at the same level as DMSO control. Two of the co-treatments
induced CYP1B1 mRNA above the level observed for TCDD alone. At 20 h the combination
of E2 10 nM + TCDD 10 nM significantly exceeded the increase of TCDD single treatment
by doubling the fold-induction leading to 33.59 + 9.01-fold. The highest induction level
was obtained by the co-treatment of E2 100 nM + TCDD 1nM at 48 h, which was at

117.1 £ 24.0. This co-treatment also further enhanced the CYP1B1 expression of the sin-
gle dioxin treatment. The other co-treatments did not show any further inductive effect
beyond that of TCDD 1 nM or 10 nM alone. Unfortunately, the treatment of E2 100 nM
with the high TCDD concentration was not performed in this test, but could have been
useful to investigate a possible concentration-dependent modulating effect of E2 on
induction byTCDD.

5.3.2.2. PROTEIN LEVELS IN HEPG?2

Immunoreactive CYP1A1 protein was considered to be present if a band at the correct
size (56 kDa) was demonstrated.There was no constitutive expression of CYP1A1 protein
observed in HepG2 cells (Figure 50). After exposure to TCDD (1 nM and 10 nM) the pres-
ence of CYP1A1 protein was clearly observed as a pronounced band leading to a

101.6 + 34.93 —fold (1 nM, 20 h) induction compared to DMSO control. There exists no
difference in protein induction via different TCDD concentrations. E2 alone did not induce
CYP1A1 protein. TCDD-induced CYP1A1 protein expression was not increased following
exposure to the co-treatments of TCDD with E2 in all the tested combinations. Thus, E2
had no modulating effect on TCDD-induced CYP1A1 protein increase. All the combina-
tions reached about the same induced protein level with no evident difference between

the two treatment times.
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Figure 50: CYP1A1 and CYP1B1
protein levels in HepG2 cell line
treated with TCDD (T) and/or E2
for 20 h and 48 h. Representative
Western Blots at 20 h with specific
protein bands are shown above.
Lanes from right to left were
loaded with microsomal prepara-
tions (30 ug for CYP1A1 and 50 ug
for CYP1B1) in the same order as
indicated below in the diagram.
Densitometric analysis is given in
the  histogram, representing
relative levels of CYP protein
found in  microsomal samples.
Boehringer Light Units (BLUs)
were normalized to the solvent
control (DMSO 0.25%), which was
set at 1. Mean +SD; n=3; (n=2
for CYP1B1 at 48 h)

Some difficulties were met in detection of CYP1B1 protein bands (57 kDa) in HepG2 cells
after exposure to TCDD at 20 h and 48 h (Figure 50). CYP1B1 protein in the HepG2 cell line

was detectable as a faint product at 20 h. After 48 h CYP1B1 protein was even less evi-

dent, therefore results of only two independent experiments could be used for represen-

tation of results. In general, it was very difficult to obtain visible bands that could be used

for densitometric analysis, even when using 50 pg of loading samples, which was an up to

2.5-fold higher amount than used for detection of CYP1B1 protein bands in the other cell

models investigated. Several attempts were undertaken to optimize the conditions of the

method. The parameters chosen to improve detection of CYP1B1 protein bands are

summarized in Materials and Methods (see section 4).
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Despite these time-consuming efforts taken, the Western Blot analysis did not turn out
satisfactorily in the course of this work. Nevertheless, a slight induction in protein intensi-
ty could be assumed after treatments with TCDD or its combinations with E2. In the den-
sitometric analysis TCDD 1 nM led to a weak induction of about 1.7-fold at 20 h and 2.0-
fold at 48 h compared to DMSO control. This evidence could possibly be interpreted as a
TCDD-dependent induction of CYP1B1 protein concomitant to similar results found in
real-time PCR in HepG2 (see section 5.3.2.1).

5.3.2.3. MRNA LEVELS IN H4IIE

The effects of TCDD and E2 on CYP1A1 transcription in H4IIE cells is presented in Figure
51. TCDD led to an extensive induction of relative CYP1A1 mRNA at both treatment times
(1 nM: 163.1 £ 98.7 —fold and 115.3 + 81.6 —fold at 20 h and 48 h respectively). E2 alone
did not modify CYP1A1 mRNA levels compared to control. The co-treatment of TCDD

1 nM + E2 10 nM significantly increased CYP1A1 expression compared to TCDD treatment
alone at 20 h, leading to an about 1.8-fold higher mRNA level. The other combinations
with estradiol had no additional effect on CYP1A1 induction. Comparisons between the
two treatment times showed that dioxin-induced expression levels were significantly
higher at 20 h for TCDD 10 nM and the respective co-treatment with E2 10 nM. Slightly
higher but not significantly confirmed mRNA levels at 20 h compared to 48 h were also

apparent for the other dioxin treatments.
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Figure 51: Real-time RT PCR
analysis of H4IIE hepatoma cells
on rCYP1A1 and rCYP1B1 gene
expression. Effects of TCDD (T)
and/or Estradiol (E2) on mRNA
levels were assayed following 20 h
and 48 h treatment. CYP450
expression is normalized to 36B4
expression and presented relative
to respective solvent control
(DMSO 0.25%). Mean + SD; n > 3;
unpaired t-test, two-tailed p
value: mRNA expression levels
significantly different from time-
matched solvent control
*¥p <0.01, ***p<0.001; MRNA
expression  levels  significantly
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treatments #p50.05,' MRNA
expression  levels  significantly
different  between  treatment
times 'p < 0.05, 'p < 0.01.

treatment at both treatment times with no difference between the two concentrations
(1 nM: 51.98 + 25.39-fold; 10 nM: 60.34 + 26.94-fold at 20 h). Treatment with E2 alone
did not exhibit changes in CYP1B1 mRNA levels different from that of solvent control. The

co-treatments of TCDD with estradiol induced gene expression to the same extent as

single TCDD treatments. Significantly higher induction levels after 48 h compared to 20 h

were observed for the treatments with TCDD alone (1 nM and 10 nM) and the combina-

tion of TCDD 1 nM with E2 100 nM.

5.3.2.4. PROTEIN LEVELS IN H4IIE

In HA4IIE cells CYP1A1 protein was induced following exposure to TCDD 1 nM leading to a

12-fold induction at 20 h and a more important 81-fold induction at 48 h (Figure 52)

without a concentration-dependent effect. E2 treatments did not increase protein levels

but a faint protein band similar to DMSO control was detected. Similar to CYP1A1 mRNA
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levels, E2 had no modulating effect on TCDD-induced CYP1A1 protein induction. TCDD-
mediated induction of CYP1A1 protein expression appeared to be more pronounced at 48

h, assuming a time-dependent increase in CYP1A1 expression.

CYP1A1 20h p————— Figure 52: CYP1A1 and CYP1B1
protein levels in H4IIE cell line

treated with TCDD (T) and/or E2
for 20 h and 48 h. Representative
Western Blots at 20h with
Eg: Em‘l'lg ig: specific protein bands are shown
100- above. Lanes from right to left
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Loading of the same amount of microsomal preparations (30 ug per lane) showed TCDD-
induced CYP1B1 protein. It is evident that TCDD-induced CYP1B1 induction is low and
weaker compared to CYP1A1 protein induction in rat H4IIE cell line (Figure 52). Treatment
with TCDD 1 nM at 20 h resulted in a 5-fold induction compared to DMSO control and

treatment with TCDD 10 nM reached the same protein level. Single E2 treatments did not
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show a protein product. Moreover, E2 had no modulating effect on TCDD-induced band

intensities. Different treatment times had no influence on CYP1B1 protein production.

5.3.3. CYP1A1 AND CYP1B1 EXPRESSION AFTER
EXPOSURE TO TCDD AND/OR E2 IN PRIMARY RAT

HEPATOCYTES

5.3.3.1. MRNA LEVELS IN PHm

Following exposure to TCDD for 20 h and 48 h, primary rat hepatocytes from male rats
revealed marked increase of CYP1A1 mRNA (1 nM at 20 h: 72.49 + 43.53—fold;10 nM at
20 h: 72.62 + 52.29 — fold) compared to control without a concentration pattern (Figure
53). E2-treated rat hepatocytes showed no changes in relative CYP1A1 mRNA expression
at both concentrations and treatment times. There was no difference observed between
the inductive effect of TCDD alone and the combinations with additional E2, indicating
that E2 has no modulating effect on CYP1A1 mRNA in rat primary hepatocytes from male
rats. Moreover, dioxin-dependent relative mRNA expression levels were comparable for

the two treatment times.
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Figure 53: Real-time RT PCR analysis of
primary rat hepatocytes from male
Wistar rats (PHm) on rCYP1A1 and
rCYP1B1 gene expression. Effects of TCDD
(T) and/or Estradiol (E2) on mRNA levels
were assayed following 20h and 48 h
treatment. CYP450 expression is norma-
lized to 36B4 expression and presented
relative to respective solvent control
(DMSO 0.25%). Mean +SD; n=23; un-
paired t-test, two-tailed p value: mRNA
expression levels significantly different
from  time-matched solvent control
*p<0.05, **p<0.01, ***p <0.001;
MRNA expression levels significantly
different between time-matched treat-
ments #p <0.05; mRNA expression levels
significantly different between treatment
times 'p < 0.05, 'p < 0.01.

TCDD also significantly increased CYP1B1 mRNA compared to control (Figure 53). Both

concentrations of TCDD reached a similar elevated expression level (1 nM at 20 h:
104.2 + 47.0-fold). E2 alone had a minor but significant increasing effect on CYP1B1

MRNA, which was only observed at the low concentration following 48 h treatment with a
high standard deviation (3.32 + 3,43 —fold). Co-treatments of TCDD with E2 had no addi-
tional increasing effect on TCDD-induced mRNA. Exposure with TCDD 1 nM + E2 10 nM at

20 h even significantly declined CYP1B1 expression level compared to single dioxin treat-

ment, showing a reduction by approximately 60% of the TCDD 1 nM induction.

For thetreatments of TCDD 1 nM and the combination of TCDD 1 nM with E2 100 nM

MRNA induction levels were significantly higher at 20 h compared to 48 h, whereas TCDD

10 nM + E2 10 nM —induced gene expression was found to be more pronounced at 48 h.

Thus, there was no consistent difference between the two treatment times.
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5.3.3.2. PROTEIN LEVELS IN PHMm

The presence of induced CYP1A1 protein in primary hepatocytes from male ratsfollowing
exposure to TCDD was demonstrated by strong protein bands equivalent to a 75- and 79-
fold induction for TCDD 1 and 10 nM respectively at 20 h compared to control (Figure 54).
Both TCDD concentrations induced protein levels to the same extent. CYP1A1 protein was
not detectable in the absence of the prototype inducer, i.e. treatments with solvent con-
trol and E2 (10 nM and 100 nM). The co-treatments with E2 had no modulating effect on
TCDD-induced levels. The protein inductions showed no difference between the two

treatment times.
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TCDD alone also highly induced CYP1B1 protein in male-derived primary rat hepatocytes
with no difference between 1 nM and 10 nM (Figure 54). E2 alone did not induce CYP1B1
protein at all. The co-treatments did not lead to any intensifying effects of TCDD-induced
CYP1B1 protein induction. A slight trend for higher induced protein levels beyond that of
TCDD single treatments could be seen at 48 h for the co-treatments of TCDD with E2
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10 nM. Induction levels of these combinations were almost 2-times higher, compared to
TCDD alone, i.e. 54.5-fold for TCDD 10 nM + E2 10 nM compared to 26.4-fold for TCDD

10 nM, but high standard deviations were obtained. Protein induction was observed to be

more pronounced at 48 h.

5.3.3.3. MRNA LEVELS IN PHF

Primary rat hepatocytes from female rats demonstrated highly increased relative CYP1A1
MRNA levels following exposure to TCDD 1 nM, resulting in a 25.90 + 11.34—fold induction
at 20 h and a 33.18 + 24.17-fold induction at 48 h (Figure 55). There was no concentra-
tion-dependent difference observed in expression levels. Treatments with E2 alone did
not change CYP1A1 mRNA compared to the control. Additionally, there was no effect
triggered by the co-treatments and different treatment times had no effect on induction

levels
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Figure 55 shows that TCDD (1 nM) extensively induced CYP1B1 mRNA in female-derived
rat hepatocytes (89.45 + 68.67-fold at 20 h and 114.5 + 44.1-fold at 48 h respectively)

with no concentration-dependent pattern.

E2 alone led to a small but significant 3.36 £ 2.19-fold increase of CYP1B1 mRNA following
exposure to the highest dose of 100 nM and only at 48 h. The co-treatment of TCDD 1 nM
+ E2 10 nM or E2 100 nM showed a significant decline in CYP1B1 expression by 70% and
60% respectively compared to single TCDD treatment at 48 h. There was no significant

difference of effects obtained between the two treatment times.
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5.3.3.4. PROTEIN LEVELS IN PHF

In female-derived rat hepatocytes CYP1A1 protein is extensively increased up to 59-fold
following exposure to TCDD (1 nM, 20 h) compared to solvent control (Figure 56). The
absence of protein bands following treatments with E2 indicated that CYP1A1 protein is
not induced by estradiol. There was also no effect observed by the co-treatments. There
was a tendency of slightly higher CYP1A1 induced levels (e.g. 112-fold induction for TCDD
1 nM) after 48 h exposure, which was probably due to high standard deviations.
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TCDD highly induced CYP1B1 protein after 20 h and 48 h treatment in hepatocytes from
female rats, though induction levels were lower than for CYP1A1 (Figure 56). The two
TCDD concentrations tested revealed no difference in induction, both leading to about
16-fold induction at 20 h. TCDD at 48 h resulted in higher protein levels, which ranged
between 46-fold (1 nM) and 32-fold (1 OnM). There was no protein band detected for
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single E2 treatments. Co-treatments with TCDD + E2 did not modify protein induction
observed for TCDD incubations. Co-treatments with E2 10 nM at 20 h appeared to be
lower compared to inductions with TCDD 1 and 10 nM, resulting in a reduction by 66% for
E2 10 nM/TCDD 1 nM at 20 h. Protein levels were slightly more pronounced after 48 h

exposure.

5.3.4. CYP1A1l AnD CY1B1 MRNA IN ERALPHA-

TRANSFECTED HEPG2

The involvement of ERalpha over-expression in CYP1A1 and CYP1B1 mRNA levels follow-
ing treatments with TCDD and/or E2 for 20 h was investigated in HepG2 cell line tran-
siently transfected with a human ERalpha expression plasmid compared to wild-type,

untransfected HepG2 cells (Figure 57).

Unlike higher absolute basal expression levels in ERalpha-transfected HepG2 (see section
5.3.1), relative TCDD—mediated induction of CYP1A1 and CYP1B1 mRNA was similar to
untransfected HepG2 cells with no concentration-dependent effect in the presence of
ERalpha after 20 h treatment.

E2 alone did not have an influence on CYP1A1 expression levels compared with the sol-
vent control. Additionally, E2 had no modulating effect on TCDD-induced expression.
Treatment with the combinations of TCDD with E2 10 nM or 100 nM significantly lowered
CYP1A1 mRNA in transfected HepG2 cells. However, the co-treatment of TCDD 1nM + E2
100 nM in wild-type cells exhibited a high standard variation.

Based on statistical analysis of CYP1B1 mRNA induction, there was no difference in re-
sponse of the prototype dioxin or the co-treatments between wild-type and transfected
HepG2. E2 alone did not induce CYP1B1 mRNA in transfected cells. However, a decrease
observed in normal HepG2 cells following exposure to E2 could be compensated in the
presence of ERalpha. Thus, treatment with E2 resulted in an ERalpha-dependent increase

of CYP1B1 mRNA levels to levels comparable with the solvent control.
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CYP1A1 Figure 57: Real-time RT PCR
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5.3.5. CYP1A ENzZYME ACTIVITY

Altered enzyme function of CYP1A1/2 was evaluated by its enzyme activity. Mixed func-
tion oxidases (MFO) activity was performed using the EROD assay according to Donato et
al. (1993) as described in Materials and Methods (see section 4). Cells were treated with
TCDD 1 nM and/or E2 10 and 100 nM over a period of 48 h.

5.3.5.1. SOLVENT-EFFECTS ON BASAL EROD ACTIVITIES IN
HepATOMA CELL LINES

In order to exclude a possible effect by the solvent DMSO on EROD activity, basal CYP1A1
enzyme activities of untreated cells and DMSO-treated cells were compared in rat und
human hepatoma cell lines following 48 h exposure (Figure 58). A final concentration of

DMSO 0.25% was chosen representing the maximum concentration used for the treat-
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ments conducted in this work. Additionally, the influence of serum concentrations was
investigated in parallel, performing treatments in the presence of 0.5% FBS and 10% FBS.

1 HepG2 48h, 0.5% FCS Results show that there was

HepG2 48h, 10% FCS
I H4IIE 48h, 0.5% FCS

no influence of DMSO on basal

us & HAIIE 48h, 10% FCS EROD activity in hepatoma

. cells either under reduced or
2 30 T high serum conditions. EROD
-*E 259 activities in the presence of
g 2.0 T high serum concentrations
g 1.5 -+ were lower compared low
§ 1.0 T serum conditions as already
% o) observed (see section 5.1).

0.0

DMSO 4
DMSO

Untreated 4
Untreated
Untreated
Untreated

Figure 58. EROD activity measured in HepG2 and H4IIE cells cultured
in DMEM without phenol red supplemented with 10% FBS or 0. 5%
FBS after 48 h treatment with solvent (DMSO 0.25%) compared to
untreated cells. Mean of up to 2 independent experiments with 3
replicates per treatment + SD.

5.3.5.2. EROD ACTIVITY AFTER EXPOSURE TO TCDD AND/OR E2

Results of the EROD bioassay following 48 h exposure to TCDD and the combination with
E2 in the hepatoma cell lines and primary rat hepatocytes from male and female rats
from at least three independent experiments are summarized in Figure 59. Basal EROD
levels in rat hepatocytes were significantly higher compared to hepatoma cell lines. Sol-
vent control showed an enzyme activity of 1.43 + 0.46 pM/mg*min in HepG2 which is 9 to
10 times lower than in PHm and PHf. EROD activity was significantly elevated in all tested
cells exposed to TCDD alone and to the co-incubation of TCDD with E2. E2 alone was not
able to induce CYP1A1 activity compared to control and the co-treatment with TCDD + E2
10 nM or E2 100 nM did not change the effect observed in cells exposed to TCDD alone.
Comparison of all cell models revealed that primary hepatocytes from male rats exerted
the highest EROD activity. Treatment with TCDD in PHm resulted in 97.8 £ 15.0
pM/mg*min, followed by human HepG2 hepatoma cell line (84.6 + 28.2 pM/mg*min),
whereas primary hepatocytes from female rats and rat H4IIE cell line showed lower levels

(68.9 £ 5.6 and 52.0 + 11.7 pM/mg*min respectively). Thus, the rank order of sensitivity
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of the cells towards TCDD in terms of EROD induction was as follows: male rat hepato-

cytes > HepG2 > female rat hepatocytes > H4IIE.
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Figure 59: Effects of TCDD and/or E2 on EROD activity measured in rat and
human hepatoma cell lines (HepG2 and H4IIE) and primary rat hepatocytes
from male (PHm) and female (PHf) Wistar rats after 48 h treatment in
DMEM (0.5% FBS). DMSO (0.25%) served as the solvent control. Mean * SD;
n 2 3; unpaired t-test, two-tailed p value: statistically different from control
**p <0.01, ***p < 0.001; treatment statistically different between different

cell types #p < 0.05, Wp <0.01, /Wp <0.001

Moreover, there was a
remarkable gender dif-
ference in CYP1A induc-
tion between hepato-
cytes derived from Wis-
tar rats. EROD activity of
hepatocytes from male
rats was significantly
increased compared to
hepatocytes from female
rats for all the TCDD-
treated and co-treated
cells. This remarkable
difference was not seen
for basal EROD levels, i.e.
following treatments of
DMSO (0.25%) and E2
100 nM. According to

the higher basal levels in

primary rat hepatocytes compared to hepatoma cell lines, fold-inductions relative to

control showed highest induction levels by TCDD in HepG2 cell line followed by H4IIE cell

line (see Table 21).

Table 21: Fold-inductions of EROD activity normalized to solvent control (DMSO 0.25%) of results presented in

Figure 59.

Fold-inductions of EROD activity

Control E2 100 nM TCDD 1 nM E210/T1 E2100/TCDD 1
HepG2 1.00 0.98 59.00 65.41 57.31
HAlIE 1.00 1.22 16.59 16.96 15.64
PHmM 1.00 1.07 7.37 7.70 7.72
PHf 1.00 1.05 5.46 5.42 5.79
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5.3.6. SUMMARY OF CYP INDUCTION

5.3.6.1. EFFeCTS OF TCDD AND/OR E2

In all cell models TCDD was able to induce both CYP1A1 and CYP1B1 levels significantly
after 20 h and 48 h treatment. A concentration of TCDD 1 nM was sufficient to lead to

remarkable increases that could not be further enhanced by 10 nM.

Estradiol alone 10 nM or 100 nM had no effect on CYP1A1 mRNA and protein levels. In
contrast, E2 alone was able to slightly increase CYP1B1 mRNA levels in rat hepatocytes
from male and female Wistar rats but only after 48 h exposure. In ERalpha-transfected
HepG2 cells E2 alone had no influence on CYP1B1 mRNA compared with solvent control.
However, a slight decrease of CYP1B1 observed in wild-type cells following treatment

with E2 re-increased to control levels in the presence of ERalpha.

Generally, co-treatments with E2 nM did not modulate TCDD-induced effects on CYP1A1
and CYP1B1 expression or CYP1A enzyme activity (after 48 h) Nevertheless, single occur-
rences of co-treatments showing enhancing effectson TCDD-mediated induction were
found at the transcript level in HepG2 and HA4IIE cells. In rat hepatocytes from both sexes
decreased CYP1B1 mRNA were observed for some of the co-treatments compared with
TCDD-mediated expression. Over-expression of ERalpha did not affect CYP induction
levels by treatments with TCDD or the combination of TCDD with E2 in transfected
HepG2.

5.3.6.2. CoMPARISON OF TCDD-MEDIATED INDUCTION

Among the different cell models, rat H4IIE cell line showed the highest increase in CYP1A1
MRNA induction by TCDD at 20 h but the lowest CYP1A1 protein induction. TCDD-induced
CYP1A1 mRNA levels were lowest in rat hepatocytes from female rats, which were about
2 to 2.5 times lower compared with male-derived hepatocytes and HepG2 cell line. TCDD-
induced CYP1A1 protein levels were highest in HepG2 cells followed by the rat primary

hepatocytes and rat hepatoma cell line.

Rat and human hepatoma cell lines showed low CYP1B1 mRNA induction by TCDD which
correlated well with protein levels. TCDD-mediated CYP1B1 mRNA induction was much
more pronounced in rat hepatocytes. Compared with high CYP1B1 mRNA induction levels
in rat hepatocytes, their corresponding protein levels were relatively low. Nevertheless,
female-derived hepatocytes showed highest CYP1B1 protein induction of all tested cell
models and at both treatment times. CYP1B1 protein levels of male-isolated rat hepato-

cytes increased to the same level as in PHf but only after 48 h.
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Generally TCDD-mediated CYP1A1 induction was higher than CYP1B1 induction in hepa-

toma cell lines.

5.3.6.3. COMPARISON OF THE TWO TREATMENT TIMES

Regarding the two treatment times, a slight trend towards more pronounced CYP expres-
sion levels at 48 h was not consistent, neither among treatments nor between transcrip-
tion and translation levels. HepG2 showed higher mRNA expression levels for some but
not all dioxin treatments at 48 h. This effect was not subsequently reflected in protein
levels. H4IIE cells showed higher TCDD-induced CYP1A1 mRNA levels at 20 h, whereas
protein levels were more pronounced at 48 h. In turn, induced CYP1B1 mRNA levels were
higher at 48 h in H4lIE, which was not reflected in respective protein levels. In rat hepato-
cytes there was no consistent difference in expression levels noted between the two
treatment times. Higher CYP1B1 protein levels were found in male rat hepatocytes at

48 h. In female rat hepatocytes, slightly higher TCDD-induced CYP1A1 and CYP1B1 protein

could be assumed at the longer treatment time.

5.4. EXPRESSION OF NUCLEAR RECEPTORS

5.4.1. BAsAL AHR MRNA LEVELS

The different cell models showed marked differential expression of the Ah receptor
MRNA at basal levels (Figure 60). At both treatment times basal AhR mRNA levels were
highest in PHm, which were significantly higher than in female-derived cells (up to 12-fold
at 48 h). H4IIE cells expressed the lowest basal AhR mRNA, which was significantly differ-
ent from HepG2 cell line. There was no difference in steady state AhR mRNA in HepG2
with or without transient expression of ERalpha. Different treatment times had no influ-

ence on AhR expression levels.
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Figure 60: Real-time RT PCR analysis of basal Ah receptor mRNA levels in hepatoma cell
lines HepG2 and HA4IIE and rat hepatocytes from male (PHm) and female (PHf) Wistar
rats treated with DMSO (0.25%) over a period of 20 h and 48 h. Transiently transfected
HepG2 with ERalpha expression plasmid (HepG2 + ERalpha) were investigated at 20 h.
Results were normalized against the housekeeping gene 36B4 and expressed as ratios
of delta ct values. Mean * SD; n > 3; unpaired t-test, two-tailed p value: mRNA expres-
sion levels significantly different from HepG2 control at 20 h (*p < 0.05, **p <0.01) or
at 48h ("p<0.01, "p<0.001); mRNA expression levels significantly different be-
tween 20 h and 48 h: not significant; mRNA expression significantly different between
PHm and PHf °°p < 0.01.

Rank order basal AhRR mRNA

20 h PHmM > HepG2 = HepG2 + ERalpha = PHf >H4IIE
48 h PHm > HepG2 > PHf > HAIIE
5.4.2. AHR MRNA EXPRESSION AFTER EXPOSURE TO

TCDD aAnND /OR E2

Quantitative Real-time RT PCR using a fluorogenic TagMan probe demonstrated AhR
mMRNA expression in the two hepatoma cells line as well as in primary rat hepatocytes
from male and female Wistar rats at both basal levels and following exposure to the test
substances TCDD and/or E2 (Figure 61 and Figure 62). There were no significant changes
in AhR mRNA obtained in HepG2 cells and in primary rat hepatocyte cultures following
treatments for 20 h and 48 h. Rat hepatoma cells significantly induced AhR mRNA follow-
ing exposure to TCDD 1 nM and 10 nM (2.81 + 1.17—fold and 3.87 + 1.56— fold respective-
ly) and the co-treatments of TCDD with E2 (e.g. TCDD 1nM/ E2 10 nM: 3.57 £ 0.95). These
inductions were only detected after 48 h with no difference in expression pattern be-

tween the treatments and different concentrations. Furthermore, a small but significant
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increase was also observed for E2 alone (10 nM) in the rat hepatoma cells at 48 h, result-

ingin a 2.04 + 0.18-fold expression.

. AhR Figure 61: TagMan real-time RT PCR
7 T HepG2 20h analysis of rat and human hepatoma cells
1 HepG2 48h

HepG2 and H4IIE on AhR gene expres-
sion. Effects of TCDD (T) and/or Estradiol
(E2) on mRNA levels were assayed follow-
ing 20 h and 48 h treatment. AhR expres-
sion is normalized to 36B4 expression and
presented relative to respective solvent
control (DMSO 0.25%). Mean * SD; n 2 3;
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- AhR Figure 62: TagMan real-time RT PCR
=3 PHm 20h analysis of primary hepatocytes from
[ PHm 48h

male (PHm) and female (PHf) Wistar rats
on AhR gene expression. Effects of TCDD
(T) and/or Estradiol (E2) on mRNA levels
were assayed following 20 h and 48 h
treatment. AhR expression is normalized
to 36B4 expression and presented rela-
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Primary hepatocytes from female rats showed slightly but significantly increased AhR
MRNA levels following exposure to TCDD 1 nM and the co-treatment of TCDD 1 nM + E2
100 nM at the 48 h time point.

In ERalpha-transfected HepG2 cellsAhR mRNA was slightly but significantly elevated after
exposure to TCDD 10 nM (2.1 + 0.5-fold) and the co-treatment of TCDD 10 nM + E2 10 nM
(Figure 63). Compared to wild-type HepG2 cells at 20 h, relative AhR mRNA levels were
significantly increased after E2 100 nM or TCDD 10 nM treatments in the presence of

over-expressed ERalpha.
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Figure 63: Real-time RT PCR analysis of transiently transfected
HepG2 cell line compared to normal HepG2 cell line on AhR gene
expression. Effects of TCDD (T) and/or Estradiol (E2) on mRNA levels
were assayed following 20 h. Cells were transiently transfected or
not with human ERalpha expression plasmid (pRST7-hERa). Co-
transfection with ERE-TK-LUC (containing a single copy of vitelloge-
nin-ERE), as well as pSG5 and pCMV[-Gal control vectors were
performed. AhR expression is normalized against the house keeping
gene h36B4 and presented relative to respective time-matched
solvent control (DMSO 0.25%). Mean + SD; n > 3; unpaired t-test,
two-tailed p value: mRNA expression levels significantly different
from time-matched solvent control: *p < 0.05; difference between
untransfected and transfected cells: #p <0.05.

5.4.3. BASAL ERALPHA MRNA LEVELS

ERalpha mRNA was not detectable in hepatoma cell lines usingTagMan Real-time RT PCR,
even after extension of cycle numbers in the temperature protocol or increase of amount
of cDNA template as described in section 4.6.2.4. Contrarily to hepatoma cell lines, low
measurable basal levels of ERalpha mRNA were detected in rat hepatocytes from male
and female Wistar rats as presented in Figure 64. There was no sex difference observed,
and treatment time had no influence either. Transient transfection of ERalpha in HepG2
cell line showed high basal ERalpha mRNA levels which were more than 500-fold higher
compared to rat hepatocytes. There was a difference in ERalpha contents of three orders

of magnitude.
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Figure 64: Real-time RT PCR analysis of basal Estrogen receptor alpha mRNA
levels in hepatoma cell lines HepG2 and H4IIE and rat hepatocytes from
male (PHm) and female (PHf) Wistar rats treated with DMSO (0.25%) over a
period of 20 h and 48 h. Transiently transfected HepG2 with ERalpha expres-
sion plasmid (HepG2 + ERalpha) were investigated at 20 h. Results were
normalized against the housekeeping gene 36B4 and expressed as ratios of
delta ct values. There was no mRNA detected for HepG2 and H4IIE
Mean *+ SD; n > 3; unpaired t-test, two-tailed p value: mRNA expression
levels significantly different from HepG2_ERalpha control at 20h
***p <0.001; mRNA expression levels significantly different between 20 h
and 48 h: not significant; mRNA expression significantly different between
PHm and PHf: not significant.

5.4.4. ERALPHA EXPRESSION AFTER EXPOSURE TO TCDD

AND/ OR E2

5.4.4.1. MRNA LEVELS

ERalpha mRNA levels were not affected by the treatments in male-derived hepatocytes
after 20 h and 48 h (see Figure 65). Female-derived hepatocytes showed decreased rela-
tive ERalpha mRNA levels following treatment with E2 10 nM and the co-treatment of E2
10 nM/TCDD 1 nM at 20 h. Moreover, ERalpha mRNA levels were also decreased follow-
ing exposure E2 100 nM, TCDD 1nM and the co-treatments of E2 10 nM and TCDD
1nM/10 nM at 48 h. All in all, there is a tendency of decreased ERalpha mRNA levels in
female-derived rat hepatocyte culture which was mainly mediated by single treatment

with E2 10 nM or the respective co-treatments with E2 10 nM.

. Over-expression of ERalpha in transfected HepG2 cells was not affected by treatments

with TCDD and/or E2 at the indicated concentrations at 20 h.
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ERalpha Figure 65: TagMan real-time RT
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5.4.4.2. PROTEIN LEVELS

ERalpha protein (68 kDa) could be detected in primary rat hepatocytes at both treatment
times as a faint band (see Figure 66). The treatments of TCDD and or/E2 had no effect on

nuclear receptor levels.
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Figure 66: Representative Western Blots of ERalpha protein levels in primary rat hepatocytes from male (PHm)
and female (PHf) Wistar rats treated with TCDD (T) and/or E2 for 20 h or 48 h at the indicated nanomolar
concentrations. Time-matched PHm and PHf samples were handled simultaneously throughout the whole
procedure of SDS-PAGE, immunoblotting and chemiluminescent detection and thus can be compared directly.
Lanes from right to left were loaded with respective homogenate samples (50 ug/lane) as outlined. DMSO
(0.25%) served as the solvent control. After detection of ERalpha immunoreactive protein, the membrane was
stripped and reprobed with CYP2D1 antibodies as the control protein.

5.5. EFFECTS OF ERALPHA ON XRE- AND ERE-
DEPENDENT TRANSCRIPTIONAL ACTIVITY IN HEPG2

The transactivation functions of estrogen receptor alpha on ER- and AhR-regulated target

genes were investigated in HepG2 cell line.

HepG2 cells were transiently co-transfected with a luciferase transporter under the regu-
lation of the human vitellogenin (ERE-TK-LUC) and co-transfected or not with a human
ERalpha expression plasmid (see Figure 67). Treatment with E2 10 nM for 20 h resulted in
a remarkable induction of reporter gene activity up to 84-fold above solvent control activ-
ity. When cells were co-treated with E2 10 nM and TCDD 1 nM, hormone-induced ERE-
mediated activity was significantly decreased to about half the activity of E2 alone (42-
fold). TCDD alone did not activate ERE-mediated transcription. The estrogenic action of E2
and the co-treatment was blocked by the pure estrogen antagonist ZK 191 703 (1 uM,
simultaneously added) and resulted in luciferase activity similar to that of solvent control.
In contrast, a known AhR antagonist, 8-methoxypsoralen (50 uM, simultaneously added)
to the test compounds did not affect ERE-dependent induction. Mono (ERE-TK-LUC)-
transfected HepG2 cells still resulted in a slight induction of reporter gene activity upon
E2 treatment, which could be dropped down using the pure anti-estrogen ZK 191 703.

However, co-treatment of E2 10 nM with TCDD 1 M had no effect in the absence of con-
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stitutively expressed ERalpha. Basal levels of ERE-mediated activity were not influenced

by transfection of ERalpha or solvent treatment.
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Figure 67: Effect of ERalpha on ER-mediated transcription. HepG2 cells were
transiently transfected with ERE-TK-LUC reporter gene (containing a single
copy of vitellogenin-ERE) and co-transfected or not with human ERalpha
expression plasmid (pRST7-hERalpha). Cells were treated with vehicle
control (DMSO 0.2% max.), TCDD (1 nM) and/or E2 (10 nM) or co-treated
with ZK 191 703 (1 uM) or 8-methoxypsoralen (MOP, 50 uM in the dark) for
20 h as indicated (+/-). Cells were transiently co-transfected with pSG5 and
pCMV[-Gal control vectors. Luciferase activity was normalized against [
galactosidase activity and protein contents and related to respective DMSO
control. Mean * SD; n > 3; unpaired t-test, two-tailed p value: significantly
**p <0.01,
**¥p <0.001; significantly different between treatments: #p <0.05,
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When HepG2 cells were
co-transfected with a
XRE-luciferase reporter
gene encoding for the
rat CYP1A1l in combina-
tion with ERalpha ex-
pression plasmid, TCDD
1 nM (20 h) induced the
reporter gene activity 9-
fold above solvent con-
trol (see Figure 68). Co-
treatment of TCDD 1 nM
with 10 nM E2 signifi-
cantly enhanced TCDD-
mediated transcriptional
activity via AhR resulting
in an up to 16-fold in-
crease. Though TCDD
effectively activated
transcription through
XRE, E2 alone did not. In
the presence of the anti-
estrogen ZK 191 703, the

XRE-driven increase by TCDD 1 nM was still observed (7-fold), but the co-treatment re-
sulted in about the same increase (8-fold) as that of TCDD alone. The AhR-mediated ac-

tion was inhibited by the AhR antagonist 8-MOP. In mono (XRE-LUC)-transfection experi-

ments without exogenous receptor ERalpha, TCDD stimulated (12-fold) XRE-mediated

transcription, but the co-treatment of both TCDD+E2 did not enhance this activation.

There was no statistical difference obtained between TCDD-induced luciferase activity in

the presence of the ER antagonist or in the absence of transfected ERalpha, alike for the

increase by the co-treatments. Basal levels of XRE-mediated activity were not influenced

by transfection of ERalpha or solvent treatment.
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Figure 68: Effect of ERalpha on AhR-mediated transcription. HepG2 cells were tran-
siently transfected with pGL3-XRE reporter gene (containing a fragment of the rat
CYP1A1 gene including 2x XREs) and co-transfected or not with human ERalpha ex-
pression plasmid (pRST7-hERalpha). Cells were treated with the vehicle control (DMSO
0.2% max.), TCDD (1 nM) and/or E2 (10 nM) or co-treated with ZK 191 703 (1 uM) or
8-methoxypsoralen (MOP, 50 uM in the dark) for 20 h as indicated (+/-). Cells were
transiently co-transfected with pSG5 and pCMV/[-Gal control vectors. Luciferase
activity was normalized against [-galactosidase activity and protein contents and
related to respective DMSO control. Mean + SD; n > 3; unpaired t-test, two-tailed p
value: significantly different from respective solvent control: *p <0.05, **p <0.01,
**%*p <0.001; significantly different between treatments: #pS0.0E, n.s.: non-
significant.

5.6. CELLULAR ROS LEVEL

In order to evaluate the formation of ROS in the different cell models, the H,DCFDA fluo-
rescence assay was performed in cracked cells in the presence of NADPH. For this pur-
pose, cells were treated over a period of 20 or 48 h with TCDD (1 and 10 nM) and /or E2
(10 and 100 nM).

5.6.1. BAsAL ROS LEVELS

Distinct basal levels in ROS formation were observed between hepatoma cell lines and rat

hepatocytes. Rat hepatocytes from male and female rats showed a similar response and
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exerted significantly higher ROS levels than rat and human hepatoma cell lines in DMSO
(0.1%)-treated cells at 20 h and 48 h (Figure 69). Basal levels of ROS formation were in the
same range for rat and human hepatoma cell line. Treatment with ethanol showed a
similar ROS formation pattern as DMSO. Even though the experimentswith ethanol were
not performed three times in H4IIE and rat hepatocytes from male rats it is however

suggested that ethanol has no effect on basal ROS levels different from DMSO.

65+ ] x Figure 69: Basal cellular ROS
60 measured as oxidation of
559 H,DCF in 0.1% solvent—
= i: treated  (DMSO,  EtOH)
§ 40 hepatoma cell lines HepG2
= ] and HA4IIE for 20 h and 48 h.
g 30- Results are presented as
2 254 T fluorescence intensities
<_‘=5 204 T proportional to dichlorofluo-
L 154 rescein  (DCF) formation.
104 NADPH was added just prior
f' to the reaction. Mean + SD

for experiments n>3; n=1
for incubation with EtOH
0.1% in H4IIE, PHm, and
DMSO 0.1% HepG2 (20 h); unpaired
t-test, two-tailed p value:
statistical significance

*p <0.05, **p <0.01.
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5.6.2. RELATIVE ROS LEVELS AFTER EXPOSURE TO TCDD
AND/OR E2

5.6.2.1. ROS FORMATION IN HEPATOMA CELL LINES

The effects of TCDD and/or E2 on cellular ROS levels in hepatoma cell lines HepG2 and
HA4IIE following 20 h or 48 h treatment are shown in Figure 70.

HepG2 Figure 70: Formation of cellular ROS
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3 7009 Ead 20 h and 48 h. Results are normalized
£ 3007 to the solvent control (DMSO 0.1%)
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In human HepG2 cells neither TCDD nor E2 alone induced ROS formation after 20 h
treatment. Only the co-treatments of TCDD with E2 100 nM slightly but significantly en-
hanced formation of ROS, leading to 112.1 + 4.5% forE2 100 nM/TCDD 1 nM and

119.5 £ 9.1% for E2 100 nM/TCDD 10 nM. After 48 h, no elevation in the cellular ROS

status was observed. There was a trend towards decreased ROS levels compared to con-
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trol, which was significantly decreased for the co-treatments of TCDD (both concentra-
tions) + E2 10 nM by up to 31% (E2/TCDD 10 nM: 68.8 + 27.1%).

In rat HA4IIE cells at 20 h TCDD 1 nM and the combination of TCDD 10 nM + E2 100 nM
significantly induced ROS formation, resulting in an up to 1.83-fold increase (Figure 70).
E2 alone showed no effect. Prolonged treatment time (48 h) further enhanced the oxida-
tive stress response by TCDD. Statistically significant elevated ROS levels were achieved
for all the treatments or co-treatments with TCDD without a concentration-dependent
effect. TCDD 10 nM led to induced oxidative stress of 139.4 + 18.2% and the highest ROS
level was obtained by the respective co-treatment TCDD 10 nM + E2 100 nM

(150.9 £ 19.93%). However, co-treatment effects did not statistically differ from single
TCDD treatments. There was no statistical difference obtained between the two treat-

ment times.

Tert-butyl hydroperoxide (TBH, 250 uM), used as the positive control, was efficient to
extensively and significantly increase ROS formation in hepatoma cell lines which was
approximately 5-fold more prominent in H4IIE (2210 + 1379%) cells than in HepG2

(448.8 £ 248.2%) at 20 h. Different exposure time had no effect on the response. General-
ly, TBH-induced alterations were about 4- (HepG2) to 12-fold (H4IIE) more effective in
inducing ROS than the test substances, suggesting that HepG2 cells are less sensitive.
NADPH-independent ROS formation did not differ from control levels at both treatment

times and for both cell lines.

5.6.2.2. ROS FORMATION IN ERALPHA-TRANSFECTED HEPG2

ROS formation following treatment with TCDD 1 nM and/or E2 10 nM for 20 h was also
determined in the presence of over-expressedERalpha, which was transiently transfected
into HepG2 cells (Figure 71). Control levels of basal ROS formation were not modified as a
consequence of ERalpha transfection. Additionally, no effect was observed following
treatments with TCDD 1 nM and the co-treatments with E2 10 nM in HepG2+ERalpha.

Solely E2 10 nM resulted in a slight significant decrease of ROS level compared to control.
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Figure 71: Formation of cellular ROS measured as oxidation of H,DCF in HepG2 cell line. Cells were transiently trans-
fected or not with human ERalpha expression plasmid (pRST7-hERalpha) and exposed to TCDD (T) and/or E2 for 20 h.
Co-transfections with ERE-TK-LUC (containing a single copy of vitellogenin-ERE), as well as pSG5 and pCMV[-Gal
control vectors were performed. Results are normalized to the untransfected solvent control (DMSO 0.1%) and pre-
sented in percent of dichlorofluorescein (DCF) formation related to an external calibration curve. The horizontal red-
colored line represents the untransfected solvent control level. Tert-butylhydroxyde (TBH) served as the positive
control and was initially added to the well of cracked untreated cells just before starting the incubation with the
fluorescent dye. NADPH-independent ROS formation (w/o NADPH) was also monitored. Mean + SD; n = 3; unpaired t-
test, two-tailed p value: statistically different from respective solvent control: *p < 0.05; difference between untrans-
fected and transfected cells: not significant.

5.6.2.3. ROS FORMATION IN PRIMARY RAT HEPATOCYTES

The production of ROS following treatments of TCDD and/or E2 in primary rat hepato-

cytes derived from both sexes after 20 h and 48 h exposure are presented in Figure 72.

Neither TCDD nor E2, or the combinations of both compounds at the tested concentra-
tions were able to modify ROS formation after 20 h in primary hepatocytes from male
rats. After 48 h incubation E2 alone at the high concentration (100 nM; 140.3 + 31.8%)
and the co-treatment of E2 100 nM with TCDD 1 nM (125.5 + 13.1%) were able to signifi-

cantly increase ROS production.
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PHm Figure 72: Formation of cellular ROS
37004 == 20h measured as oxidation of H2DCF in
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For female-derived rat hepatocytes the situation was similar. Only at the longer treat-

ment time of 48 h, ROS formation was significantly enhanced following exposure to E2
100 nM (131.9 + 24.1%) or TCDD 1 nM (130.8 + 20.9%). The combination of both com-
pounds also resulted in an increase (E2 100/TCDD 1: 141.8 + 18.6%) which reached the

same level as the single compound treatments.

TBH-induced ROS production resulted in an about 6.5-fold increase in hepatocytes from
male rats. Its ROS formation was approximately 2 times higher in PHm (653 £ 329%) than
in PHf (324 + 87%) at 20 h. Similar results were obtained after treatment over 48 h.
NADPH-independent formation of ROS was significantly decreased in rat hepatocytes

derived from both sexes, i.e. by up to 25-47% in PHf and PHm respectively.
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5.6.3. EFFeECTS OF CYP1 INHIBITION ON ROS FORMATION

The interaction of the furocoumarin 8-methoxypsoralen (8-MOP) on ROS formation was
investigated in hepatoma cells and rat primary hepatocytes. 8-MOP is known to be a
potent inhibitor of CYP1A1 activity. Cell treatment conditions for the inhibitor were
adapted according to Baumgart and co-authors (2005). Cells were treated simultaneously
with the test substances TCDD and/or E2 in the presence 8-MOP (50 uM) over a period of
20 h and 48 h under exclusion of light. ROS formation was monitored in the H,DCFDA

fluorescence assay.

5.6.3.1. ROS FORMATION IN 8-MOP-TREATED HEPG2

In general, no alterations of ROS levels were observed in HepG2 cells with and without
treatment with the CYP1 inhibitor 8-MOP at 20 h and 48 h (see Figure 73). The slightly
induced ROS formation by the co-treatment of E2 10 nM/TCDD 10 nM seen at 20 h was
significantly decreased by 8-MOP. A slight but significant decrease by 8-MOP was also
observed for the co-treatment of E2 10 nM/TCDD 1 nM.
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5.6.3.2. ROS FORMATION IN 8-MOP-TREATED H4IIE

In a more general term, all incubations with 8-MOP decreased ROS levels in H4IIE cell line
to a level of about 60-70% of solvent control without 8-MOP at 20 h and 48 h (Figure 74).
The different treatments had no impact on 8-MOP-mediated ROS levels.

Thus, all TCDD-mediated induced ROS levels at both treatment times were reduced to

basal ROS levels for 8-MOP treatment.

Since ROS induction in H4IIE was more pronounced following 48 h treatments with TCDD
or the co-treatments, the 8-MOP-dependent decrase was statistically significant for near-

ly all the treatments that showed a significant increase in the absence of 8-MOP.
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For example, ROS induction evoked by TCDD 1nM after 48 h (147.5 + 38.4%) was com-
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Figure 74: Formation of cellular
ROS measured as oxidation of
H,DCF in rat hepatoma cell line
H4IIE exposed to TCDD (T) and/or
E2 for 20 h and 48 h in the absence
or presence of 8-methoxypsoralen
(8-MOP, 50 uM). Results are
normalized to the solvent control
without 8-MOP (DMSO 0.1%) and
presented in percent of dichlorof-
luorescein (DCF) formation related
to an external calibration curve.
Control level (100%) is indicated as
a red line. Tert-butylhydroxyde
(TBH) served as the positive control
and was initially added to the well
of cracked untreated cells just
before starting the incubation with
the fluorescent dye. NADPH-
independent ROS formation (w/o
NADPH) was also monitored.
Mean + SD; n > 3; unpaired t-test,
two-tailed p value: statistically
different from solvent control:
*p <0.05, **p < 0.01,

**%p < 0.001; significantly different
from respective treatment with 8-
MOP: *p < 0.05

pletely diminished down to 60.18 + 36.44% in the presence of 8-MOP. These observations

indicated that TCDD-induced oxidative stress was prevented by applying a potent inhibi-

tor of CYP1A activity.
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5.6.3.3. ROS FORMATION IN 8-MOP-TREATED RAT HEPATOCYTES

FROM MALES

Modulation of 8-MOP on cellular ROS level in primary rat hepatocytes are summarized in
Figure 75 and Figure 76. In male-derived rat hepatocytes after 20 h, 8-MOP was able to
significantly decrease basal ROS levels about one third down to 70.47 + 4.39% solvent
control without 8-MOP (DMSO 0.1%). The different treatments in the presence of 8-MOP

caused no effect compared to 8-MOP control.
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Figure 75: Formation of cellular
ROS measured as oxidation of
H,DCF in primary hepatocytes
from male Wistar rats (PHm)
exposed to TCDD (T) and/or E2
for 20 h and 48 h in the absence
or presence of  8-metho-
xypsoralen  (8-MOP, 50 uM);
Results are normalized to the
solvent control without 8-MOP
(DMSO 0.1%) and presented in
percent of dichlorofluorescein
(DCF) formation related to an
external calibration curve. Con-
trol level (100%) is indicated as a
red line. Tert-butylhydroxyde
(TBH) served as the positive
control and was initially added to
the well of cracked untreated
cells just before starting the
incubation with the fluorescent
dye. NADPH-independent ROS
formation (w/o NADPH) was also
monitored. Mean +SD; n2>3;
unpaired t-test, two-tailed
p-value: statistically  different
from solvent control: *p <0.05,
**p<0.01, ***p<0.001; signifi-
cantly different from respective
treatment with 8-MOP: #p <0.05,
"5 <0.01

At the longer treatment time the reduction of basal ROS formation triggered by 8-MOP
was slightly more pronounced compared to 20 h, leading to 8 decrease by about 40%
compared to normal solvent control (without 8-MOP).

The CYP1A inhibitor was able to significantly diminish the induced ROS production by E2
100 nM (140.3 £+ 31.76%) and the co-treatment of E2 100 nM / TCDD 1nM
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(125.5 £ 13.11%) resulting in 61.13% and 67.83% respectively. Thus, the CYP1A inhibitor

prevents E2 and TCDD from ROS formation normally seen after treatment over 48 h in

PHm.

5.6.3.4.

FROM FEMALES

In primary rat hepatocytes from female rats (Figure 76) there was no difference in the

ROS FORMATION IN 8-MOP-TREATED RAT HEPATOCYTES

presence or absence of 8-MOP on basal ROS levels at both treatment times. Additionally,

the treatments in the presence of 8-MOPdid not change basal ROS formation. However,
ROS-inducing effects by several treatments with E2 100 nM and/or TCDD 1 nM after 48 h
were decreased in the presence of 8-MOP. For example, the effect of ROS induction seen
with TCDD 1nM was significantly reduced to 80.37 + 3.61% when the inhibitor was added.
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Figure 76: Formation of cellular ROS
measured as oxidation of H,DCF in
primary hepatocytes from female
Wistar rats (PHf) exposed to TCDD (T)
and/or E2 for 20h and 48 h in the
absence  or presence  of 8-
methoxypsoralen (8-MOP, 50 uM);
Results are normalized to the solvent
control without 8-MOP (DMSO 0.1%)
and presented in percent of dichlorof-
luorescein (DCF) formation related to
an external calibration curve. Control
level (100%) is indicated as a red line.
Tert-butylhydroxyde (TBH) served as
the positive control and was initially
added to the well of cracked un-
treated cells just before starting the
incubation with the fluorescent dye.
NADPH-independent ROS formation
(w/o NADPH) was also monitored.
Mean +#SD; n=23; unpaired t-test,
two-tailed p value: statistically differ-
ent from solvent control: *p <0.05,
**p <0.01, ***p <0.001; significantly
different from respective treatment
with 8-MOP: *p < 0.05, #p < 0.01

159



DOCTORAL THESIS |

5.7. DEFENSE MECHANISMS AGAINST OXIDATIVE
STRESS

5.7.1. CELLULAR GSH AND GSSG LEVELS

The antioxidant status of the cells was assessed by its intracellular glutathione levels.
Total GSH (tGSH) and oxidized GSH (GSSG) were determined following treatment of TCDD
and/or E2 at 20 h in hepatoma cells and rat hepatocytes using the method of reduction of
5,5’-dithiobis-2-nitrobenzoic acid (DTNB) by NADPH. Menadione (MD), a known redox

cycler, served as a reference substance for the induction of oxidative stress.

5.7.1.1. SOLVENT-EFFECTS ON BASAL TGSH LEVELS

In initial experiments, influence of two solvents ethanol and DMSO on basal total gluta-
thione (tGSH) was investigated in hepatoma cells and rat hepatocytes. The effects of
EtOH at a final concentration of 0.1% and of DMSO at 0.25%, representing the respective
maximum final concentrations used in experiments, were compared with untreated cells.
Absolute basal tGSH levels of hepatoma cell lines and rat hepatocytes after 20 h showed
no significant difference between the solvent-treated and untreated cells (Table 22).
Thus, both EtOH and DMSO can be used as the solvent control for tGSH measurements.
Concomitant to comet assay experiments (see section 5.8.1), test substances were dis-

solved in EtOH and treated at a final concentration of 0.1%.

Table 22: Influence of different solvents on basal tGSH levels in hepatoma cell lines and primary rat hepato-
cytes from male (PHm) and female (PHf) Wistar rats. Cells were treated with EtOH (0.1%) or DMSO (0.25%)
or kept in normal DMEM culture medium (0.5% FBS) over a period of 20 h. Total GSH levels are determined
as a reduction of 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) by NADPH and expressed in uM per mg protein.
Mean + SD; n > 3.

tGSH (uM/mg)

Untreated EtOH (0.1%) DMSO (0.25%)
HepG2 40.30 +13.9 49.05+24.4 40.97 +19.2
HAIE 72.83£40.5 72.65 £ 26.2 59.29+17.5
PHmM 75.83 £ 185 60.07 £ 28.4 65.31+38.6
PHf 35.18+4.5 49.88+25.3 62.79 £23.3
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5.7.1.2. GSH STATUS

In order to evaluate the contribution of GSH in percent of tGSH contents, the GSH status

is presented. Table 23 summarizes the GSH status of control cells, which gives an impres-

sion of the balance between the oxidized and reduced form of glutathione. GSH status

ranged between approximately 80 — 93% in the cell models, indicating that the majority

of GSH is present in the reduced form. Highest GSH status was found in male-derived

primary rat hepatocytes, exerting more than 92.8% of the reduced glutathione form. In

rat hepatocytes from female rats GSH status was slightly below 80%. However, no statis-

tical difference in the GSH status was observed between hepatoma cell lines and rat he-

patocytes.

Table 23: GSH status in % of control (EtOH 0.1%) in hepatoma cell lines and rat primary hepatocytes at

20 h. Mean + SD; n > 3.

Hepatoma Cell Line

Primary Rat Hepatocytes

HepG2

H4IIE

PHmM

PHf

G5H Status 87.5+7.3%

(Solvent Control)

85.9 +4.6%

92.8+1.2%

78.8 £13.1%
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5.7.1.3. TGSH LEVELS IN HEPATOMA CELL LINES

In human HepG2 cells (Figure 77) tGSH levels showed a tendency of increase following
treatments with TCDD (1 and 10 nM) and the co-treatments with E2 (10 and 100 nM). The
co-incubation of TCDD 1 nM + E2 10 nM resulted in a significant elevation of tGSH com-
pared to solvent control (160.8 + 25.0%). E2 alone did not cause any visible changes in
tGSH levels. The trend for an increase in tGSH appeared to correlate with significantly
elevated reduced GSH but not GSSG levels. Menadione (3 uM and 10 uM) decreased
tGSH levels, even if the drop of tGSH marginally failed to be statistically confirmed.
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In the rat hepatoma cell line H4IIE, tGSH levels were not statistically different from con-

trol by the different treatments (Figure 77). However, a slight increase of intracellular

162



| RESULTS

tGSH levels was observed following exposure to TCDD 1 nM and the co-treatment of
TCDD 10 nM + E2 10 nM, but high standard deviations were obtained. Similar to HepG2
cell line, menadione at concentrations of 3 and 10 uM decreased tGSH fraction after 1 h
treatment, suggesting consumption of the GSH pool as a result of an important oxidative
stress response. Concentrations of MD greater than 10 uM were cytotoxic in both hepa-

toma cell lines as confirmed visually under the light microscope.

5.7.1.4. TGSH LEVELS IN PRIMARY RAT HEPATOCYTES

Male-derived rat primary hepatocytes showed no statistically significant difference in GSH
levels following exposure to TCDD and/or E2 (Figure 77). However, a trend for a slight
increase subsequent to treatments with E2 or TCDD alone and co-treatments with the
low E2 concentration of 10 nM was observed. Treatment with E2 10 nM reached a tGSH
level of 191.2 + 50.9% and E2 10nM/TCDD 1nM resulted in 199.3 + 103.9%, but high stan-
dard deviations were obtained. This alteration was accompanied by a non-significant
increase of the fractions of both redox partners, GSH as well GSSG. Menadione tested at
the highest concentration (20 uM) led to a decrease in tGSH, which was not statistically

confirmed.
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Likewise, in female-derived rat hepatocytes tGSH levels were not affected by treatments
with E2 and/or TCDD at 20 h (Figure 77). The only hint for an elevation was observed
following exposure to the co-treatment E2 10 nM + TCDD 1 nM (171.8 + 72.02%). The
redox cycler menadione (20 uM) induced a tGSH decrease, which failed to be a statistical-

ly significant effect.

5.7.2. COMT EXPRESSION
The possible involvement of COMT was examined by detection of mRNA levels.

5.7.2.1. BASAL LEVELS oF COMT MRNA

All hepatoma cell lines and primary rat hepatocytes of both sexes proved to have mea-
surable basal COMT mRNA after 20 h and 48 h (Figure 79).
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Basal COMT mRNA levels were significantly lower in hepatoma cells compared to rat
hepatocytes at 20 h (decrease by 3.2-fold). At 48 h, expression levels were lowest for
HepG2. H4IIE cells showed a significant increase in COMT expression at 48 h, which
reached comparable basal COMT mRNA levels as for rat hepatocytes. Except for H4IIE
cells, basal mRNA levels of the other cell models were significantly lowered at 48 h toa-
bout half the level compared to 20 h. There was no sex difference in basal expression
levels detected for rat hepatocytes. Additionally, the presence of ERalpha in transfected
HepG2 cells, which was examined at 20 h, had no remarkable influence on basal levels of

the estradiol-methylating enzyme, though a slight but not significant increase was as-

sumed.
Basal COMT
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Figure 79: Real-time RT PCR analysis of absolute basal COMT mRNA levels
in hepatoma cell lines (HepG2 and H4IIE) and rat hepatocytes from male
(PHm) and female (PHf) Wistar rats treated with DMSO (0.25%) over a
period of 20 h 48 h. HepG2 transiently transfected with ERalpha expression
plasmid (HepG2+ ERalpha) were investigated at 20 h. Results were norma-
lized against the housekeeping gene 36B4 and expressed as ratios of delta
ct values. Mean +SD; n > 3; unpaired t-test, two-tailed p value: mRNA
expression levels significantly different from time-matched HepG2 control
(as indicated by the arrow =) at 20 h (*p <0.05; **p <0.01) or at 48 h
(‘p<0.05 "p<0.01); mRNA expression levels significantly different
between 20 h and 48 h: # p <0.01; ## p <0.01; mRNA expression signifi-
cantly different between PHm and PHf : not significant

Rank order of basal COMT mRNA
20 h PHf = PHm >> HepG2_Eralpha = H4IIE = HepG2

48 h PHf = PHmM = H4IIE >> HepG2
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HepATOMA CELL LINES

COMT MRNA AFTER EXPOSURE TO TCDD AND/OR E2 IN

Real-time RT PCR demonstrated hCOMT mRNA expression in human HepG2 cell line ex-

amined at both basal levels and following exposure to TCDD and/or E2 at two different

treatment times (Figure 80).

Treatment with TCDD at 20 h showed a significant decrease in relative COMT gene ex-

pression, which was even more important at the higher concentration tested (TCDD

10 nM: 0.38 + 0.31 —fold). Exposure to E2 alone also showed a significant about 8-fold

decline in COMT mRNA, which was only observed at the high E2 concentration of 100 nM.

With regard to the co-treatments, expression levels of E2 100 nM + TCDD 1 nM also sig-

nificantly dropped down COMT mRNA expression levels compared to DMSO control but

to a lesser extent than for E2 100 nM alone.
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Figure 80: Real-time RT PCR analysis of
human and rat hepatoma cell lines
HepG2 and H4IIE on COMT gene expres-
sion. Effects of TCDD (T) and/or Estradiol
(E2) on mRNA levels were assayed follow-
ing 20h and 48 h treatment. COMT
expression is normalized to 36B4 expres-
sion and presented relative to time-
matched solvent control (DMSO 0.25%).
Mean + SD; n > 3; unpaired t-test, two-
tailed p value: mRNA expression levels
significantly different from time-matched
solvent control *p<0.05, **p<0.01,
**%p <0.001, mRNA expression levels
significantly different between time-
matched treatments #p <0.05,
###p_<0.001; MRNA expression levels
significantly different between treatment
times *p < 0.05, “'p < 0.01, "p < 0.001.
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After 48 h exposure, there was no decrease of relative COMT mRNA observed whatever
the treatment. Contrarily to that, there was a tendency of increased mRNA. This increase
was statistically significant following exposure to the co-treatments of TCDD 10 nM + E2
10 nM (1.97 + 0.35-fold) TCDD 1 nM + E2 100 nM (2.00 £ 0.19), nearly doubling the COMT
MRNA levels compared to control. COMT mRNA levels in HepG2 cell clearly showed a
difference of response between the two treatment times. Whereas decreased expression
levels were observed for E2, TCDD, and some of the co-treatments at 20 h, treatment-

mediated increased expression was found at 48 h.

In HAIIE cells at 20 h and 48 h, there was no difference of COMT expression observed
between DMSO control and treatments with E2, TCDD, or the respective combinations of

both substances (Figure 80).

5.7.2.3. COMT MRNA AFTER EXPOSURE TO TCDD AND/OR E2 IN
PRIMARY RAT HEPATOCYTES

Relative COMT gene expression levels in cultured hepatocytes from male and female
Wistar rats are presented in Figure 81. In hepatocytes from male rats exposure to TCDD
and/or E2 displayed similar levels of COMT mRNA as DMSO control at 20 h. After 48 h
incubation TCDD 10 nM resulted in a significant about 2-fold increase of COMT mRNA
(1.94 £ 0.70—fold). Likewise, E2-treated hepatocytes significantly induced COMT gene
expression, but only at the lower concentration of 10 nM (2.23 + 1.13-fold). Consistent
with the increase observed for these single treatments, the combination of both com-
pounds E2 10 nM + TCDD 10 nM showed significantly elevated COMT mRNA levels
(2.10 + 0.63-fold), which did however not further enhance the effect of the test sub-

stances alone.

In female-derived rat hepatocytes relative COMT expression was significantly declined by
a quarter (0.75 £ 0.29-fold) following treatments with TCDD 1 nM and 10 nM for 20 h.
There was no significant difference observed for the other treatments with E2 alone or
the co-treatments. Similarly, at 48 h the only significant effect was a decrease by TCDD
10 nM (0.66 + 0.26-fold). A slight trend for decreased levels of COMT mRNA could be
anticipated for the co-treatments at 48 h, which was however not statistically confirmed.
There were no differences in relative expression levels observed between effects at the

two treatment times.
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Figure 81: Real-time RT PCR
analysis of primary hepato-
cytes from male (PHm) and
female (PHf) Wistar rats on
rCOMT gene expression.
Effects of TCDD (T) and/or
Estradiol (E2) on mRNA
levels were assayed follow-
ing 20h and 48 h treat-
ment. COMT expression is
normalized to r36B4 ex-
pression and presented
relative to respective sol-
vent control (DMSO 0.25%).
Mean + SD; n 2 3; unpaired
t-test, two-tailed p value:
mRNA  expression levels
significantly different from
time-matched solvent
control *p <0.05,

**p <0.01;, mRNA expres-
sion levels  significantly
different between treat-
ment times “p < 0.05.
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5.7.2.4. COMT MRNA AFTER EXPOSURE TO TCDD AND/OR E2 IN

ERALPHA-TRANSFECTED HEPG2

COMT mRNA levels were also monitored after transient transfection of an ERalpha ex-

pression plasmid in HepG2 cell line following 20 treatment and were compared with

effects of wild-type HepG2 cell line (Figure 82).
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Figure 82: Real-time RT PCR analysis of transiently transfected HepG2
cell line compared to normal HepG2 cell line in COMT gene expression.
Effects of TCDD (T) and/or Estradiol (E2) on mRNA levels were assayed
following 20 h. Cells were transiently transfected or not with human
ERalpha expression plasmid (pRST7-hERa). Co-transfection with ERE-
TK-LUC (containing a single copy of vitellogenin-ERE), as well as pSG5
and pCMV[3-Gal control vectors were performed. COMT expression is
normalized to h36B4 expression and presented relative to respective
time-matched solvent control (DMSO 0.25%).Mean +SD; n > 3; un-
paired t-test, two-tailed p value: mRNA expression levels significantly
different from time-matched solvent control: *p <0.05, **p <0.01,
**%p < 0.001; difference between untransfected and transfected cells:
"n<0.05,""p <0.01.

In transfected cells there
was no influence on COMT
mMRNA levels after exposure
to TCDD (1 and 10 nM) and
E2 (10 and 100 nM), though
a slight increase was noted.
The co-treatments of E2 at
both concentrations with
TCDD 1 nM demonstrated
significantly enhanced COMT
mRNA in ERalpha-
transfected HepG2 cells. In
general, the decreasing
effects of COMT mRNA le-
vels, that were observed for
wild-type HepG2 cell line at
20 h (see section 5.7.2.2),
were overcome by rather
increased COMT mRNA
levels in the presence of
over-expressed ERalpha. This

difference in response be-

tween transfected and untransfected HepG2 cells was statistically significant for most of

the treatments.
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5.8. GENOTOXICITY TESTING

The genotoxic potential of TCDD as well as estradiol and its metabolites in the liver cell
models was investigated by means of two genotoxicity assays, which are also commonly
used in standard genotoxicity testing. First, DNA damage was monitored directly by de-
tecting DNA strand break formation with the comet assay. Secondly, DNA damage was
determined indirectly by measuring DNA repair with the Unscheduled DNA synthesis
(UDS) assay. The specificity of the comet assay was increased by formamidopyrimidine
DNA glycosylase (FPG). The bacterial repair enzyme initiates the base excision repair of 8-
oxo-G and other related purine modifications, thus additionally forms DNA strand breaks

which are mainly indicative of oxidative DNA damage.

5.8.1. FPG-SENSITIVE DNA DAMAGE IN THE COMET

ASSAY

The impact of exposure to E2 (10 and 100 nM), TCDD (1 and 10 nM), and the combination
of both compounds for 20 h on DNA strand break formation was investigated in hepato-
ma cell lines and rat primary hepatocytes. Additionally, the direct effects of the two main
estradiol metabolites 2-and 4- hydroxyestradiol (2- and 4-OHE2, 10 nM — 10 uM) were
assessed in the comet assay after 20 h treatment. Effects on DNA damage were investi-
gated with and without addition of FPG.

During initial experiments carried out to optimize FPG treatment for the different cell
models the commonly used solvent DMSO at final concentrations as low as 0.1% was
found to still cause remarkable DNA fragmentation. Consequently, DMSO could not be
used as an adequate negative control representing comets that fit into scoring class 0 or
1. For this reason, test compounds were solved in ethanol. EtOH 0.1% did not cause FPG-

sensitive DNA damage neither in hepatoma cell lines nor in primary rat hepatocytes.

5.8.1.1. EFFECTS OF TCDD AND/OR E2 IN HEPATOMA CELL LINES

The potential effects of TCDD and/or E2 on DNA damage with or without FPG application
in HepG2 cells are presented in Figure 83. Under normal alkaline assay conditions, i.e.
without the use of FPG treatment, solvent control cells (EtOH 0.1%) resulted in very low
OTM values lower than 1 (0.59 + 0.33) representing comets of class 0 score. In the ab-
sence of FPG, neither TCDD or E2 alone nor the co-treatments resulted in DNA fragmen-
tation. OTM levels never exceeded a value 2 for all the treatments and no DNA damage

was manifested after visual observation of the DNA in the microscope. The positive con-
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trols MMS 50 uM (20 h) and menadione (MD, 10 uM, 1 h)significantly increased DNA
strand break formation (OTM MMS: 22.62 £ 18.11) to the same extent.

HepG2 20h After FPG digestion, basal
C—Iwio fpg levels of DNA damage were
ez with fpg
gg significantly increased com-
§8 pared to cells treated with the
3 enzyme buffer. OTM levels of
204
solvent control were 12-fold
Z 151 higher in the presence of the
o

specific repair glycosylase,
reaching an OTM value of
5.41 + 2.94. TCDD 1 nM signif-

icantly increased OTM levels

.

T T £ 28 835 2 r- 2 ¢ (10.02 + 3.89) compared to
E g =28 5§ 28 8535 £ 5 &
S g 3 8 2 9 y e 8 g FPG-treated control cells.

= 2 o8y TCDD 10 nM did not lead to

Concentration (nM)

significantly elevated FPG-
Figure 83: DNA damage (comet assay) in HepG2 cell line exposed to
TCDD (T) and/or E2 for 20 h in the absence (w/o) or presence of FPG
repair enzyme. Results are presented as olive tail moments (OTMs) — wise, E2 alone or the combi-
for treatments with and w/o FPG. EtOH (0.1%) represents the nega-
tive control. Treatments with MMS (50 uM, 20 h) and menadione
(MD, 10 uM, 1 h) served as the positive controls. Mean + SD; n 2> 4; compound had no effect on
unpaired t-test, two-tailed p value: significantly different from sol-
vent control *p <0.05, **p <0.01, ***p <0.001; significant differ- FPG-sensitive strand breaks
ence between treatment with and without FPG #p <0.05, ##p <0.01. compared to FPG-control. The

sensitive DNA damage. Like-

nations of E2 with the dioxin

remarkable damaging effect of MMS seen already under normal alkaline conditions were
doubled following FPG protein application (OTM: 51.47 + 13.07). Menadione (10 uM, 1 h)
led to extensive DNA fragmentation, which was nevertheless not dependent on the use of

the FPG enzyme.

Results for the rat hepatoma cell line are shown in Figure 84. H4IIE cells did not show any
DNA-damaging effects by E2 and/or TCDD after 20 h in the alkaline version of the comet
assay. All treatments showed low OTM levels comparable with solvent control

(0.53 £ 0.09) and comets were categorized into class 0 (no tail) by microscopic observa-
tion. Treatment with MMS 70 uM for 20 h and menadione 15 uM for 1 h extensively
increased DNA damage (OTMs: 13.40 + 1.82 and 32.24 + 24.03 respectively). This induc-

tion was about 2.5-fold more induced for menadione compared to MMS.

171



DOCTORAL THESIS |

H411E 20h

Cwlo fpg
with fpg

OTM™M

MMS 70pM
TCDD 10
E210/T1
E2100/T1
E2100/T10

Concentration (nM)

Figure 84: DNA damage (comet assay) in H4IIE cell line exposed
to TCDD (T) and/or E2 for 20 h in the absence (w/o) or presence
of FPG repair enzyme. Results are presented as olive tail mo-
ments (OTMs) for treatments with and w/o FPG. EtOH (0.1%)
represents the negative control. Treatments with MMS (70 uM,
20 h) and menadione (MD, 15 uM, 1 h) served as the positive
controls. Mean + SD; n > 4; unpaired t-test, two-tailed p value:
significantly  different from solvent control **p<0.01,
***p <0.001; significant difference between treatment with and

without FPG *p < 0.05,""p < 0.01, ***p < 0.001.

5.8.1.2.

MALE AND FEMALE RATS

Enzyme-linked comet assay en-
hanced basal induction levels
significantly about 11-fold (OTM
EtOH 0.1%: 5.52 + 2.44). Howev-
er, none of the treatments with
TCDD and/or E2 resulted in a
significantly enhanced level of
FPG-dependent DNA damage
compared to respective FPG-
control. The positive control MMS
70 uM clearly induced DNA dam-
age which was about 4.6-fold
further enhanced by FPG

(61.99 + 17.92) compared to
normal strand break induction.
DNA-damaging effect of mena-
dione was not more pronounced

with FPG (OTM: 45.08 + 19.55).

EFFECTS OF TCDD AND/OR E2 IN HEPATOCYTES FROM

OTMs of male-derived primary rat hepatocytes (PHm), used as a measure of DNA damage

in the comet assay with and without detection of FPG-sensitive sites, are summarized in

Figure 85. In the normal alkaline comet assay the response was similar to hepatoma cell
lines. Treatment with TCDD, E2, or the co-treatments for 20 h failed to induce DNA

strand-breaks. Tail moment values were relatively low ranging between 0.4 and 1.5 (e.g.
OTM solvent control: 0.41 £ 0.32). The positive controls MMS (70 uM, 20 h) and Mena-

dione (20 uM, 1 h) significantly induced DNA damage.
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Figure 85: DNA damage (comet assay) in rat primary hepatocytes from
male Wistar rats (PHm) exposed to TCDD and/or E2 for 20 h in the
absence (w/o) or presence of FPG repair enzyme. Results are pre-
sented as olive tail moments (OTMs) for treatments with and w/o FPG.
EtOH (0.1%) represents the negative control. Treatments with MMS
(70 uM, 20 h) and menadione (20 uM, 1 h) served as the positive
controls. Mean + SD; n > 4; unpaired t-test, two-tailed p value: signifi-
cantly different from solvent control *p<0.05 **p<0.01,
**¥p <0.001; significant difference between treatment with and

without FPG "p <0.01, ***p < 0.001.

Application of the bacterial
repair enzyme FPG signifi-
cantly enhanced basal levels
of DNA fragmentation result-
ing in OTM levels of

7.48 £ 5.01 for solvent con-
trol cells. The obtained in-
crease by FPG did however
not result in severe DNA
damage for negative con-
trols. TCDD (1 and 10 nM)
significantly enhanced DNA
strand-break formation
compared to FPG-control
without a concentration-
dependent effect. Likewise,
exposure to E2 led to a sta-
tistically significant increase
in DNA migration (OTM E2
10 nM: 23.53 £10.72). The
extent of DNA damage was

comparable among the dif-

ferent E2 concentrations up to 1 uM. The co-treatments did not modulate the damaging
effects observed for single treatments with TCDD or E2. Via the action of FPG MMS-
induced DNA migration could be further enhanced about 2.6-fold (OTM FPG:

47.78 £ 13.13). The use of FPG had no influence on menadione-mediated DNA damage
(OTM: 28.88 + 11.34). Strand break formation of menadione, TCDD, E2, or the co-

treatments was comparable after application of FPG.

Detection of DNA strand breaks with and without the lesion-specific FPG enzyme in pri-

mary rat hepatocytes from female Wistar rats (PHf) showed similar results to those ob-

served for male-derived rat hepatocytes (Figure 86). There was no DNA damage found

with TCDD, E2 or the co-treatments in the alkaline comet assay; OTM levels remained low

(OTM negative control: 0.37 + 0.55). For treatments with E2 10 nM or respective co-

treatments slightly elevated OTM levels were found, which were even statistically signifi-
cant for the co-treatment of E2 10 nM with TCDD 1 nM (2.51 + 2.93). However, standard

deviations for these treatments were high and the observed increase did not reflect a
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DNA-damaging effect. The positive controls MMS 70 uM and menadione 10 uM (1 h)
exerted strong DNA-damaging effects (OTM MMS: 20.60 + 17.05).
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Figure 86: DNA damage (comet assay) in rat primary hepato-
cytes from female Wistar rats (PHf) exposed to TCDD (T)
and/or E2 for 20 h in the absence (w/o) or presence of FPG
repair enzyme. Results are presented as olive tail moments
(OTMs) for treatments with and w/o FPG. EtOH (0.1%)
represents the negative control. Treatments with MMS
(70 uM, 20 h) and menadione (10 uM, 1 h) served as the
positive controls. Mean + SD; n > 4; unpaired t-test, two-tailed
p value: significantly different from solvent control *p < 0.05,
**p<0.01, ***p<0.001; significant difference between
treatment with and without FPG #p_<0.05, MpSO.Ol, e
"n <0.001.

Modification of the comet assay
with FPG increased basal OTM
levels significantly (OTM FPG-
control: 4.58 + 2.43). Female-
derived hepatocytes showed clear
induction of DNA migration by
TCDD and E2 treatments. TCDD
significantly increased DNA strand
break formation with no difference
between the concentrations used
(OTM 1 nM: 20.88 £ 6.42). E2

10 nM showed the highest increase
in OTM level which was about 7-
fold elevated compared to FPG-
control, but high standard devia-
tions were obtained (OTM:

32.18 + 21.15). There was a trend
towards a concentration-
dependent decrease in OTM levels
with increasing E2 concentrations

up to 1 uM. E2 at concentrations

above 10 nM did not significantly induce FPG-sensitive strand break formation. The co-

incubations of TCDD with E2 highly significantly increased DNA fragmentation compared

to control but did not modulate the effects of the single treatments.

The strongest damaging effects in PHf were obtained with MMS (70 uM) which was about
3-fold further enhanced following FPG treatment (OTM: 59.56 + 21.16). Exposure to me-
nadione (10 uM, 1 h) displayed a prominent DNA-damaging effect which was irrespective
of FPG application. The menadione-dependent significant increase reached the same
OTM levels as E2 10 nM, TCDD, and the co-treatments. OTM levels following FPG applica-
tion were significantly higher than in the absence of the specific repair enzyme with the

exception of treatments with menadione.
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5.8.1.3. EFFECTS OF E2 METABOLITES IN HEPATOMA CELL LINES

The effects of direct treatment with the two main E2 metabolites 2- and 4- hydroxyestra-
diol after 20 h treatment in HepG2 cell line with or without FPG digestion are presented
in Figure 87. Under normal alkaline comet assay conditions the OTM of the negative con-
trol (EtOH 0.1%, without FPG) was very low at 0.98 + 0.82. For none of the two E2—
catechols at the tested concentrations ranging from 0.01 to 10 uM a statistical difference

was observed compared to solvent control.

HepG2 20h Following application of FPG,
C—w/o fpg
ZZ3 with fpg formation of basal strand

breaks was generally signifi-
cantly elevated compared to
the treatments without FPG.

Both catechol estrogens did

= 15.0+
1254 . not lead to significant induc-
b e " tions of DNA migration. As
7.5 #

already seen earlier in the

comet assay experiments with

é?\ § & Joot 04 1 3 10 |00t 04 1 3 10 HepG2, both positive controls
s & 3§ : —
§°’ S 20HE2 (M) 4OHE2 (uM) gave rise to significant DNA
§

strand break induction with

Figure 87: DNA damage (comet assay) in human hepatoma cell line .
and without FPG.

HepG2 exposed to the main E2- metabolites, 2-hydroxyestradiol (2-
OHE2) and 4-hydroxyestradiol (4-OHE2) at concentrations ranging

from 10nM to 10 uM for 20 h in the absence (w/o) or presence of
FPG repair enzyme. Results are presented as olive tail moments
(OTMs) for treatments with and w/o FPG. EtOH (0.1%) represents
the solvent control. Treatments with MMS (50 uM, 20 h) and mena-
dione (MD 10 uM, 1 h) served as the positive controls. Mean + SD;
n 2 3; unpaired t-test, two-tailed p value: significantly different from
solvent control *p<0.05, **p<0.01, ***p<0.001; significant
difference between treatment with and without FPG #p <0.05,
"h <0.01.

The results in rat H4IIE cell line
subsequent to exposure to E2
catechols are displayed in
Figure 88. 2-and 4-
hydroxyestradiol had no effect
on OTM levels compared to

control. Following treatment

with repair enzyme, the extent of basal DNA strand breaks was significantly enhanced.

Solvent control led to OTM levels of 5.05 + 2.46, which was about 6.7-fold elevated com-

pared to control without FPG. No DNA damage was detected in cells treated with 2-OHE2
and 4-OHE2 for 20 h with or without FPG. The highest OTM level was found for 4-OHE2

3 uM (8.37 + 4.57). There was neither a concentration-dependent effect nor a clear dif-

ference between the 2-hydroxylated and the 4-hydroxylated isomers observed.
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Figure 88: DNA damage (comet assay) in rat hepatoma cell line H4IIE
exposed to the main E2- metabolites, 2-hydroxyestradiol (2-OHE2) and
4-hydroxyestradiol (4-OHE2) at concentrations ranging from 10nM to
10 uM for 20 h in the absence (w/o) or presence of FPG repair enzyme.
Results are presented as olive tail moments (OTMs) for treatments with
and w/o FPG. EtOH (0.1%) represents the solvent control. Treatments
with MMS (50 uM, 20 h) and menadione (MD 10 uM, 1 h) served as the
positive controls. Mean + SD; n 2 3; unpaired t-test, two-tailed p value:
significantly different from solvent control *p <0.05, **p<0.01,
***p <0.001; significant difference between treatment with and with-

out FPG *p < 0.05, "p < 0.01, ™p < 0.001.

5.8.1.4. EFFECTS OF E2-METABOLITES IN HEPATOCYTES FROM
MALE AND FEMALE RATS

In primary rat hepatocytes it was interesting to see whether the FPG-sensitive DNA dam-
age produced by E2 itself in the comet assay (see section 5.8.1.2) could be attributed to

the main E2 metabolites.

Effects in rat hepatocytes from male Wistar rats following 20 h exposure to 4-OHE2 and
2-OHE2 (Figure 89) revealed that under normal alkaline comet assay conditions (without
FPG) the hydroxylated estradiol forms were not able to induce DNA strand breaks. Basal
OTM levels without FPG were very low and could be significantly enhanced following FPG
application without causing manifested DNA damage. In contrast to that, the catechols
2-OHE2 and 4-OHE2 were able to induce FPG-sensitive DNA strand break formation.
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Figure 89: DNA damage (comet assay) in primary rat hepatocytes
from male Wistar rats (PHm) exposed to the main E2- metabolites, 2-
hydroxyestradiol (2-OHE2) and 4-hydroxyestradiol (4-OHE2) at con-  doses. However, there was
centrations ranging from 10 nM to 10 uM for 20 h in the absence
(w/0) or presence of FPG repair enzyme. Results are presented as olive
tail moments (OTMs) for treatments with and w/o FPG. EtOH (0.1%)  induced OTM levels between
represents the solvent control. Treatments with MMS (70 uM, 20 h)
and menadione (20uM, 1h) served as the positive controls. the two isomers at the same
Mean # SD; n 2 3-4; unpaired t-test, two-tailed p value: significantly
different from solvent control *p <0.05,**p <0.01,***p <0.001;
significant difference between treatment with and without FPG ~ considered more active me-

*n<0.05,,%p <0.01, "p < 0.001. . .
P P o F tabolite 4-OHE2 did not
cause a concentration-dependent induction. The strongest increase in FPG-sensitive DNA

migration was caused by 4-OHE2 3 uM (27.74 + 10.19), being about 3-fold elevated com-

trations even at the low

no statistical difference in

concentration levels. The

pared to FPG-control. Significant FPG-dependent DNA-damaging effects seen in PHm
were comparable with OTM levels of MMS 70 uM without FPG (20.79 £ 7.61).

In female-derived rat hepatocytes the catechol metabolites showed effects only after
FPG-treatment (Figure 90). Both catechol metabolites induced FPG-sensitive DNA damage
already at the low concentrations of 10 nM and 100 nM (OTM 2-OHE2 and 4-OHE2 10nM:
17.90 £ 9.67 and 14.43 + 6.97 respectively), representing a 3-fold induction compared to
FPG-control. There was no concentration-dependent increase in DNA strand break forma-
tion. Thus, DNA-damaging OTM levels at the higher concentrations reached the same
OTM level. (e.g. 2-OHE2 10 uM:19.74 £ 9.00). Additionally, there was no difference in

reactivity towards DNA strand break formation observed between 2-and 4-OHE?2.
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Figure 90: DNA damage (comet assay) in primary rat hepatocytes from
male Wistar rats (PHm) exposed to the main E2- metabolites, 2-
hydroxyestradiol (2-OHE2) and 4-hydroxyestradiol (4-OHE2) at concen-
trations ranging from 10nM to 10 uM for 20 h in the absence (w/o) or
presence of FPG repair enzyme. Results are presented as olive tail
moments (OTMs) for treatments with and w/o FPG. EtOH (0.1%)
represents the solvent control. Treatments with MMS (70 uM, 20 h)
and menadione (20 uM, 1h) served as the positive controls.
Mean + SD; n 2> 3; unpaired t-test, two-tailed p value: significantly
different from solvent control *p <0.05 **p<0.01, ***p<0.001;
significant difference between treatment with and without FPG

"p<0.05,"p <0.01, "™ p < 0.001.

5.8.1.5. ComPARISON OF E2 AND E2 METABOLITES

In the following, the effects of E2 and 2-and 4-OHE2 on DNA damage at the same concen-

trations (10 and 100 nM) in the comet assay with FPG were compared.

As described before, in hepatoma cell lines E2 and its metabolites were unable to induce
DNA fragmentation in the comet assay with and without FPG. Consequently, in the ab-
sence of FPG no significant difference was observed between effects of DNA migration by
E2 or 2-and 4-OHE2 at the concentrations of 10 nM and 100 nM respectively. However,
with FPG 2-OHE2 (10nM) resulted in a significant reduction compared to the parent com-
pound (E2 10nM) in HepG2, and a similar yet not significant trend was also observed at
10 nM in H4IIE cells.

In order to assess whether E2 damaging effect in FPG-sensitive comet assay in primary

hepatocytes from male and female rats can be ascribed specifically to one of the two
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metabolites, treatments with E2, 2-and 4-OHE2 at the low concentration of 10 and

100nM for 20 h are assorted in Figure 91.

In male primary hepatocytes E2-induced DNA strand breaks (10 nM) reached about the

same OTM levels than 4-hydroxyestrol 10 nM, whereas the 2-hydroxylated metabolite

resulted in significantly reduced DNA fragmentation compared to E2. At the high concen-

tration (100 nM) the difference between treatments with E2 and 20HE was no longer

evident. In female-derived primary rat hepatocytes there was no clear difference in re-

sponse seen between E2 and its two major metabolites.
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Figure 91: Overview of FPG-
sensitive  DNA-damaging effects
(comet assay) in rat primary
hepatocytes from male (PHm) and
female (PHf) Wistar rats exposed
to E2 and the main E2- metabo-
lites, 2-hydroxyestradiol and 4-
hydroxyestradiol (2-OHE2 and 4-
OHE2) at 10 nM and 100 nM for
20 h. Results are presented as
olive tail moments (OTMs) for
treatments with FPG digestion.
EtOH (0.1%) represents the nega-
tive control. Mean +SD; n23;
unpaired t-test, two-tailed p
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5.8.2. SUMMARY OF FPG-SENSITIVE COMET ASSAY

The effects of the treatments with TCDD and/or E2 or with E2 metabolites for 20 h in all

the four cell models are compiled in Table 24 and Table 25. Since in the absence of FPG

no DNA strand break induction was observed only FPG-sensitive effects on DNA damage
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are listed. The absolute mean OTM levels and significant effects compared to the respec-
tive solvent control in hepatoma cell lines and primary rat hepatocytes isolated from both

sexes are highlighted.

There was no E2- or TCDD-mediated increase in oxidative DNA damage observed in hepa-
toma cell lines (Table 24). In HepG2 cells TCDD 1°nM resulteded in a statistically signifi-
cant effect, but the increase was of minor relevance because no DNA damage was mani-

fested.

Primary rat hepatocytes from both male and female Wistar rats (Table 24) resulted in
pronounced FPG-sensitive strand break formation following single treatments of the test
compounds. The co-treatments did not further enhance this effect. There was no concen-
tration-dependent difference in DNA damage after exposure to TCDD. The increase by E2
reached the same OTM level as by TCDD alone. The strongest DNA-damaging effect was
observed following exposure to E2 10 nM in PHf, which was almost 7-fold higher than
FPG-control.However, standard deviations were very high for both PHm and PHf and a
tendency of a concentration-dependent decrease was obtained with increasing E2 con-

centrations.
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Table 24: Overview of genotoxic effects by TCDD (T) and/or estradiol (E2) after 20 h treatment in hepatoma cell
lines and rat primary hepatocytes from male (PHm) and female (PHf) Wistar rats as determined in the alkaline
comet assay following application of the repair enzyme FPG. Mean absolute olive tail moment values (OTM) of at
least 3 independent experiments are shown. Control levels are presented for the solvent control (C, EtOH 0.1%)
and the positive controls (MMS 50-70 uM, 20 h; menadione (MD) 10-20 uM, 1 h). Red up arrows stand for a
significant induction compared to solvent control. Significantly different from respective solvent control *p < 0.05,
**p <0.01, ***p < 0.001; significantly different between different E2 and TCDD treatments: not significant.

FGP-sensitive DNA strand breaks (OTM level)
Controls
ol = = o a o o N | S| R | R
< O =) =) = = = = = =
n o o (9] o o (<) o o
() — = =~ =~
= o — -
= =
o
Hepatoma cell lines
5.4 51.5 343 10.02 8.3 7.2 9.1 7.4 5.7 8.0 7.3
HepG2 1\ 4\ /P
*kk EX 23 *
55 62.0 45.1 6.5 6.5 7.8 8.9 4.2 4.7 3.7 6.7
H4IIE 1\ 1\
%k %%k
Primary rat hepatocytes
7.5 47.8 28.9 25.2 24.0 23.5 18.6 17.2 |15.3 |13.2 | 183
PHM o N I A e T T~ o O I A B M I
%k * %k %% * %k * % * %% * * * %
4.6 59.6 31.1 20.9 23.7 32.2 14.5 25.7 [23.7 |15.2 |17.2
PHF o N I A e T T o O I A B M I
%k * Kk %k %k * %k * % %k %k * %k * * %

None of the tested cell models showed induction of DNA fragmentation by the two main
E2 metabolites (2-OHE2 and 4-OHE2) in the normal alkaline comet assay after 20 h treat-
ment. The effects of E2 metabolites on FPG-dependent DNA migration are depicted in
Table 25.
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Table 25: Overview of genotoxic effects by E2 catechol metabolites 2- and 4-hydroxyestradiol (2- and 4-OHE2)
after 20 h treatment in hepatoma cell lines and rat primary hepatocytes from male (PHm) and female (PHf)
Wistar rats as determined in the alkaline comet assay following application of the repair enzyme FPG. Mean
absolute olive tail moment values (OTM) of at least 3 independent experiments are shown. Control levels are
presented for the solvent control (C, EtOH 0.1%) and the positive controls (MMS 50-70 uM, 20 h; menadione (MD)
10-20 uM, 1 h). Red up arrows stand for a significant induction compared to solvent control. Significantly different
from respective solvent control *p <0.05, **p <0.01, ***p <0.001, significantly different between different
treatments with 2- and 4-OHE2: not significant.

FGP-sensitive DNA strand breaks (OTM level)

Controls 20HE2 ( uM) 40HE2 ( pM)

C |[MMS |MD |[0.01 |01 |1 |3 |10 [0.01(01 |1 |3 |10
(1h)

Hepatoma cell lines

5.4 |53.9 363 |3.6 47 |36 |44 |73 |67 |66 |58 |70 |81

HepG2
*kk *
5.1 {60.0 39.9 4.9 5.5 5.1 5.9 59 7.1 6.4 |6.7 84 |79
H4IIE

™~

* % *

Primary rat hepatocytes

8.2 |55.2 30.2 |76 12.8 |22.1 (18.0 |17.1 (199 |19.8 |22.2 |27.7 |23.2

PHm
> 1 T o M I A I A I A
* %k * % * * % * % * % * % *
PHf 5.5(51.2 29.8 179 |15.8 |15.1 |12.7 |19.7 |144 |15.6 |21.4 |21.2 |205

(A N A N A I o I I A I I

%%k %k * %k * * ¥ * * * *

Both catechol estrogens clearly showed genotoxic activity only in primary rat hepato-
cytes. In male-derived hepatocytes, 4-OHE2 was more responsive to DNA fragmentation
than the 2-hydroxylated isomer. 2-OHE2 only exhibited DNA damage at concentrations of
3 uM and above. Compared to PHm, female-derived hepatocytes were more sensitive to
DNA damage induced by 2-OHE2, which enhanced DNA migration already at the low

concentrations of 10 and 100 nM. However, comparison of absolute mean OTM values
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demonstrated no significant sex-specific difference in response by 2-and 4-OHE in rat

hepatocytes.

The positive controls MMS (50-70 uM, 20 h) highly damaged DNA to the same extent for
the different cell models leading up to 10-fold inductions (see Table 24 and Table 25).
Male-derived rat hepatocytes and H4IIE cells were less sensitive towards menadione
treatment for 1 h, because a higher concentration was needed (15 pM) compared to
HepG2 and PHf (10 uM) to obtain the same level of DNA damage.

5.8.3. DNA REPAIR IN THE UDS AssAY

The identification of induced DNA repair activity by the test substances TCDD and/or E2 in
the different liver cell models after 4 h (HepG2) or 20 h (all cell models) exposure was
measured by the Unscheduled DNA synthesis (UDS) assay in vitro. The UDS test is based
on the incorporation of the radiolabelled nucleoside [3H]-thymidine into the DNA of cells
that are not undergoing scheduled (i.e. S-phase) DNA synthesis. The existence and degree
of DNA damage is inferred from an increase in [3H]-thymidine incorporation into the DNA
compared to untreated cells and was quantified by applying liquid scintillation counting
(LSC) as described by Naji-ali et al. (1994) and Valentin-Séverin (2002). Hepatoma cell
lines were additionally incubated with hydroxyurea (HU) to minimize residual replicative

DNA synthesis as described in the experimental protocol (see section 4.7).

5.8.3.1. BACKGROUND LEVELS OF DNA REPAIR ACTIVITY

DNA repair background levels varied a lot among the different liver cell models and are
presented in Table 26.
Table 26: Background levels of DNA repair activity (UDS assay) in hydroxyurea-treated hepatoma cell lines and

primary rat hepatocytes from male and female Wistar rats (PHm and PHf). Control levels (DMSO 0.1%, 20 h)
are expressed in com.

uUDS Hepatoma cell line Primary rat hepatocytes

HepG2 H4IIE PHm PHf
Background 1543 + 104 328+ 90 5470 + 3373 9665 + 415
levels (cpm)

Highest background levels were obtained in female-derived hepatocytes, which were
about 1.8-fold higher than in male-derived hepatocytes, though standard variations in

PHm were very high. Hydroxyurea-inhibited replicative DNA synthesis in hepatoma cell
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lines led to lowest background levels in H4IIE cells, which were about 4.7-fold lower than

in HepG2 cells.

5.8.3.2. DNA REPAIR ACTIVITY AFTER EXPOSURE TO TCDD
AND/OR E2 IN HEPATOMA CELL LINES

Liquid Scintillation counting measurements of the level of [3H]-thymidine uptake by
HepG2 under conditions that inhibit scheduled DNA synthesis are demonstrated in the
presence of TCDD and/or E2 at the indicated concentrations after 4 h and 20 h treatment
(Figure 92).

Following 4 h exposure, control cells without HU supplementation resulted in excessive
[3H-thymidine uptake (16079 + 1203 cpm). Treatment of solvent control with HU caused
measurable but considerably lower radionucleotide-incorporation (1394 + 105 cpm).
Inhibition of replicative DNA synthesis by hydroxyurea was efficient, blocking approx-
imately 91% of the [3H]-thymidine uptake. None of the treatments with TCDD and/or E2
tested showed a significant difference in radionucleotide incorporation compared to HU-
solvent control. Treatment with the positive control 4-nitroquinoline N-oxide (NQO)
yielded a statistically significant increase of the UDS response (2512 + 221), which was
about 1.8-fold higher than background levels of HU-control. Thus, NQO 2 uM was used as

a positive control for 4 h in the HepG2 cell line.
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After 20 h treatment UDS activity in HepG2 response was similar. Solvent-treated cells
supplemented with HU showed [3H]-thymidine uptake at a level of 1543 + 104 cpm,
which corresponded to an inhibition of replicative DNA synthesis by approximately 92%.
This enabled to adequately monitor possible DNA repair. Even after prolongated treat-
ment time, neither TCDD or E2 nor their combinations were able to induce DNA repair in
HepG2 cells. The positive control NQO 2 uM resulted in a significant 1.6-fold increase of
UDS activity compared to HU control. The results at both treatment times clearly showed
that DNA repair is not enhanced in human HepG2 cell line when treated with TCDD
and/or E2 whatever the concentration used suggesting the absence of unscheduled DNA

synthesis.

In H4IIE cell line a series of optimizationexperiments were undertaken to determine UDS

repair activity (Figure 93). Dose-response relationships for two known mutagens, namely
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NQO and MMS, were examined to check the most appropriate positive control for H4IIE

in the UDS assay.

5001 Figure 93: [3H]-thymidine
incorporation (UDS assay)
into H4IIE cells following

O\(‘;\ exposure to known muta-
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at various concentrations in
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r r r r r minute (com). DMSO (0.1%)

0 1 2 3 4 5 supplemented with 10 mM

NQO (uM) hydroxyurea (HU)

represents the negative
700+ * control  for unscheduled

DNA synthesis. The dashed

line displays the level of

500 solvent control cells with

HU. Mean +SD; n>22, n=1

400+

cpm

2004

o

o -
~

6004

;E,_ 400+ HAIIE 4h MMS when error bars are miss-
° T control level ing; unpaired t-test, two-
3004 tailed p value: significantly
200 different  from  solvent
control *p < 0.05.
100+ H411E 20h MMS
I YT
- - ~N N (2] [zl < < n wn (=) o ~ ~ o
MMS (uM)

Highest UDS activity was observed in the presence of MMS 250-500 uM after 4 h expo-
sure, which was up to 1.7-fold increased compared to control with HU. A concentration-
dependent increase was missing. At the highest dose of MMS 700 uM (4 h) the UDS re-
sponse slightly decreased, possibly indicating cytotoxicity. Following 20 h treatment, the
low MMS concentration (100 uM) did not modify UDS activity, whereas the highest con-
centration tested (250 uM) yielded a depression of the UDS response, hinting at cytotoxic
effects. Treatment with NQO 1-4 uM for 20 h did not induce UDS activity in H4IIE cells. At
the highest concentration of NQO 6 uM UDS response was significantly diminished. Mi-
croscopic observations confirmed that the cell layer was slightly affected at the highest
concentrations for both compounds. Consequently, MMS 100-500 uM at 4 h can be used

as an appropriate positive control for the LSC-based method in H4IIE cells.
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Figure 94: [3H]-thymidine incorporation (UDS assay) into H4IIE cells
following exposure to TCDD (T) and/or E2 for 20 h in the presence of
hydroxyurea (HU, 10 mM, 1 h). Results are presented as counts per
minute (cpm). DMSO (0.1%) supplemented with HU (10 mM, 1 h)
represents the negative control (Control HU) for unscheduled DNA
synthesis. DMSO (0.1%) without hydroxyurea (Control w/o HU)
represents incorporation of unscheduled and replicative DNA syn-
thesis. Three experiments using either treatment with MMS 250 uM
or 500 uM after 4 h exposure were exploited as the positive control.
Mean + SD; n 2> 3; unpaired t-test, two-tailed p value: significantly
different from solvent control with HU **p < 0.01, ***p < 0.001.

Results of the DNA repair
assay in rat H4IIE cell line after
20 h treatment with TCDD
and/or E2 are presented in
Figure 94. The highest UDS
increase was demonstrated in
control cells without addition
of HU (28373 + 4182 cpm).
Supplementation with HU led
to a low radionucleoside-
uptake in HU-control (329 + 90
cpm) resulting in about 98.8%
inhibition of replicative DNA
repair.There occured no DNA
repair induction following
treatment with TCDD, E2, or
respective combinations for
20 h. The chosen positive
control MMS 250 or 500 uM
after 4 h treatment resulted in

a significant about two-fold

higher [3H]-thymidine uptake (545 + 89 cpm) compared to the negative control with HU.

5.8.3.3. DNA REPAIR ACTIVITY AFTER EXPOSURE TO TCDD

AND/OR E2 IN PRIMARY RAT HEPATOCYTES

The optimization experiments for the use of a positive control in male rat hepatocytes are

shown in Figure 95. For this purpose, three different potential mutagens, MMS, NQO, and

2-acetylaminofluorene (2-AAF) were tested at various concentrations for 4 h or 20 h.
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Despite of great variations, NQO resulted in a significant 3.7-fold induction compared to
background levels at the highest concentration tested (4 uM). MMS tested after 4 h (200
and 300 uM) and 20 h treatment (70, 100, 150 uM) significantly increased [3H]-thymidine
incorporation. MMS 200 uM (4 h) reached the maximum UDS activity and resulted in a
4.2-fold increase above HU-control (23070 + 2407 cpm). However, there was no signifi-
cant difference between the different MMS concentrations. Following 20 h incubation,
MMS showed a clear positive response (about 3.0-fold induction), which was significantly
lower than the induction achieved by MMS 200 uM after 4 h, but there was no concen-
tration-dependent effect. 2-Acetylaminofluorene did not increase [3H]-thymidine incor-
poration in male rat hepatocytes at all the concentrations tested after 4 h (100, 250,

500 uM). The highest concentration tested, 2-AAF 500 uM, represented the limit concen-
tration with respect to solubility in DMSO (0.1%).

Tritium-labeled thyimidine uptake into the DNA of male rat-hepatocytes following expo-
sure to TCDD and/or E2 for 20 h is shown in Figure 96.

188



| RESULTS

350000 — PHM 200

300004

250004

200004

cpm

15000+

= IRITIAEREY

Concentration (nM)

MMS 70 uM
Control
E210
E2100
TCDD 1
TCDD 10
E210/T1
E210/T10
E2100/T1
E2100/T10

Figure 96: [3H]-thymidine incorporation (UDS assay) into primary
rat hepatocytes from male (PHm) Wistar rats following exposure
to TCDD (T) and/or E2 for 20 h. Results are presented as counts
per minute (com). DMSO (0.1%) represents the negative control.
Treatment with MMS 70 uM served as the positive control.
Mean # SD; n = 4; unpaired t-test, two-tailed p value: significantly
different from solvent control ***p < 0.001.

Background levels of unsche-
duled DNA synthesis were rela-
tively high in primary rat hepa-
tocytes. Solvent control levels
from male-derived hepatocytes
yielded 5470 + 3373 cpm. There
was no significant difference in
DNA repair action observed for
all the TCDD and/or E2 treat-
ments compared to solvent
control. A tendency to induce
DNA repair activity could be
demonstrated for single expo-
sure withE2 10 and 100 nM
(about 1.7-1.8 fold) or with
TCDD 1 and 10 nM (1.5-fold).

However, these effects were not

statistically significant due to high standard variations. The alkylating agent MMS 70 uM

resulted in a highly significant positive response of UDS induction at 20 h (3-fold in-

crease). The testing of several potential positive compounds for the LSC-based UDS assay

in primary rat hepatocytes from female rats is compiled in Figure 97. None of the tested

positive controls, MMS, NQO, and 2-AAF, showed a positive response under the exact

conditions and at the same concentrations that were used for PHm (see Figure 95). DNA

repair activity was even significantly lowered for most of the treatments performed. 2-

AAFsignificantly diminished UDS activity with increasing concentrations to about half of

the solvent control level. Possible cytotoxic effects on adherent cell monolayer cultures

were at least not observed under the light microscope. Treatments with 2-AAF and NQO

were not performed after 20 h. Consequently, there was no appropriate positive control,

which could be exploited in female rat hepatocytes in the course of these experiments.
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The effects of TCDD and/or E2 in female rat hepatocytes are shown inFigure 98. UDS
activity in PHf exerted high background levels for the solvent control. TCDD did not modi-
fy DNA repair activity compared to control. Contrary to that, exposure to E2 10 nM and
100 nM resulted in a statistically significant increase (1.3-fold) in [3H]-thimidine incorpo-
ration compared to solvent control. There was no concentration-dependent effect ob-
served and the co-treatments showed no effect either. However, the interpretation of
these results is difficult because of the lack of a positive control in the LSC-based UDS

assay in female rat hepatocytes.
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Figure 98: [3H]-thymidine incorporation (UDS assay) into primary
rat hepatocytes from female (PHf) Wistar rats following exposure
to TCDD (T) and/or E2 for 20 h. Results are presented as counts
per minute (cpm). DMSO (0.1%) represents the negative control.
Treatment with MMS 70 uM served as the positive control..
Mean * SD; n = 4; unpaired t-test, two-tailed p value: significantly
different from solvent control *p < 0.05, ***p < 0.001.

5.8.3.4. SUMMARY OF GENOTOXICITY TESTING

The effects of TCDD and estradiol in the comet assay (normal alkaline conditions and
application of FPG) as well as the UDS DNA repair assay of the liver cell models are sum-
marized in Table 27. Since there were no significant concentration-dependent effects
observed, the treatments with E2 10 nM, TCDD 1 nM, and the respective co-treatment

were chosen as the representative treatments.

In the normal alkaline comet assay (without FPG), neither E2 nor TCDD or the co-
treatments were able to induce DNA strand breaks in all the liver cell models tested. In
the presence of the FPG protein basal DNA migration was enhanced significantly com-
pared to OTM control levels without FPG. There was no induction of FPG-sensitive DNA
damage observed in HepG2 cells and H4IIE cells by E2, TCCD, or the combinations, except
for TCDD 1 nM in HepG2. Single treatments with TCDD or E2 induced repair enzyme-
specific DNA fragmentation only in rat hepatocytes. The co-treatments enhanced DNA
migration to the same extent as the single treatments. The highest DNA damage relative
to FPG-solvent control was observed after exposure to E2 10 nM (7.0-fold) in female-
derived hepatocytes, which was about 2 times more pronounced compared to male-

derived hepatocytes. However, there was no significant sex difference obtained.

Detection of DNA repair activity using the LSC-based UDS assay showed no effects by the

treatments in rat and human hepatoma cell lines. Rat primary hepatocytes did not result
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in clear DNA repair induction following treatments of the test compounds for 20 h. In
PHm there was a minimal tendency of an increasing effect observed by TCDD or E2 single
treatments, which was not statistically significant. Cultured female rat hepatocytes
showed a small but significant increase in DNA repair activity following exposure to E2

10 nM and 100 nM. However, as there was no adequate positive response obtained in
PHf in the UDS assay, the interpretation of the marginal significant response by E2 is
difficult.

Table 27: Overview of genotoxic effects by TCDD (1 nM) and/or E2 (10 nM) after 20 h treatment in hepatoma
cell lines and rat primary hepatocytes from male (PHm) and female (PHf) Wistar rats in the alkaline comet
assay (with and without FPG) and in the UDS DNA repair assay. Fold inductions compared to respective solvent
controls are indicated in the table. Red up arrows stand for a significant induction, the size of the arrow re-
flects the importance of the damaging effect; (—) indicates no effect compared to solvent control; significantly
different from respective solvent control *p < 0.05,**p < 0.01,***p < 0.001.

Fold-inductions relative to control
Hepatoma cell line Primary rat hepatocytes

Treatment HepG2 H4IIE PHm PHf

(nM)

E2 10 — — — —
comet assay
(without TChD1 - - - -
FPG) Co — — — —

E2 10 — — 3.1x 7.0x

¢ * % ¢ %%

TCDD 1 1.9x — 3.4x 4.6x

comet assay
*

(with FPG) T A Ao

Co - - 2.3x 5.6x

¢ * % ¢ * Kk
E2 10 — — 1.8x 1.3x
II\*

UDS (L5C) TCDD 1 — — 1.5x —

Co — — — —
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5.9. FPG-SENSITIVE DNA MODIFICATIONS IN TCDD-
TREATED REPAIR-DEFICIENT MICE

The alkaline elution technique was used to quantify the basal levels of FPG-sensitive mod-
ifications in the chromosomal DNA of cells isolated from liver of wild-type versus homo-
zygous 0GG1”"/csb™Y™ mice 96 h after a single administration of TCDD (i.p., 1 pg/kg
bw). The experiments were carried out in cooperation with the Institute of Pharmacy of
Prof. Bernd Epe’s working group (University of Mainz, Germany), who also kindly pro-
vided the knockout animals. Knockout and wild-type mice were aged between 3 and 7
months. The viability of the isolated hepatocytes ranged between 58-88%, which was in
the acceptable range according to former experiments performed in the lab. Two animals
had to be excluded from the measurements (one ko animal of the TCDD-treated group
and one wt animal of the vehicle control group) because of problems during isolation of

hepatocytes.

Steady-state (background) levels of FPG-sensitive modifications in hepatocytes of 0GG1”
/csb™Y™ knockout mice (0.66 modifications/10° bp) were 2.0-fold higher than in wild-
type mice (see Figure 99). Likewise, the occurrence of single-strand breaks was also 2.0-
fold more elevated in repair-deficient mice (0.10 modifications/10° bp) than in wt ani-
mals. Thus, DNA modifications were increased to the same extent in 0GG1” /csh™¥mut
compared to wild-type mice. However, FPG-sensitive DNA modifications were significant-
ly increased in both knockout mice (about 6-fold) and wild-type animals (about 3-fold)
compared to the FPG-independent single-strand break levels. There was no significant

difference between the treatment with TCDD and the vehicle control.
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Figure 99: FPG-sensitive DNA modifications (FPG) and single-strand
breaks (SSB) in hepatocytes isolated from 0GG1” /csb™"™ mice and
wild-type (wt) animals treated once with TCDD (1 ug/kg bw) and
vehicle control (DMSO 0.5%) in corn oil for 96 h. Mean + SD; n = 3 if
not indicated otherwise. Unpaired t-test, two-tailed p value: FPG
modifications significantly different from SSB Wp SO.Ol,Wﬁp <0.001.

ko mice significantly different from wt-mice **p < 0.01,***p < 0.001.

As DNA modifications can be
dependent on the quality of
the hepatocytes, the correla-
tion between steady-state
levels of FPG-sensitive mod-
ifications and the viability of
the isolated hepatocytes
determined by trypan blue
exclusion is demonstrated
(Figure 100). Generally hepa-
tocyte viability of the animals
was higher than 70%. Espe-
cially in the wild-type ani-
mals, cell viability was about
or above 80% (80-88%),
whereas in the knockout

mice only one animal

reached a level of 81%. Hepatocyte viability of the other knockout mice ranged between

58-76%. This relatively reduced viability compared to the wild-type animals might be

associated with higher background levels particularly observed for FPG-independent DNA

strand breaks. The increase in single-strand breaks is an artifact caused by variable cellu-

lar damage during the isolation procedure. Hence, relatively reduced hepatocyte viability

in TCDD-treated knockout mice, where 2 out of 3 animals had viability even below 70%,

might be responsible for the significant increase in SSB compared to wt mice (compare

Figure 99).
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Figure 100: Correlation of
the levels of FPG-sensitive
modifications (upper
diagram) and  single-
strand  breaks (lower
diagram) in  primary
hepatocytes isolated
from  0GG1” /csb™"™"
knockout mice and wild-
type animals treated
once with TCDD and
vehicle control (DMSO
0.5% in corn oil) with the
viability of the hepato-
cytes as determined by
trypan blue exclusion.
Animals with hepatocyte
cell viability below 80%
are encircled (red line).

Allin all, the experiment demonstrated an accumulation of oxidative DNA modifications

detected in isolated hepatocytes from 0GG1”/csb™™ knockout mice, whereas treat-

ment with TCDD over 96 h did not increase the level of FPG-sensitive DNA modifications.

Increased levels of single-strand breaks in knockout mice were in accordance with re-

duced hepatocyte viability and were rather an artifact caused during isolation procedure.
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6.DISCUSSION

6.1. OPTIMIZATION OF CELL CULTURE PARAMETERS

6.1.1. CELL CULTURE MEDIUM AND SERUM

SUPPLEMENTATION

The choice of appropriate cell culture medium is essential when investigating enzyme
activities and expressions in vitro. During this study, different liver cell models, perma-
nent hepatoma cell lines and freshly isolated rat hepatocytes, known to retain endogen-
ous bioactivation and detoxification capacities (Phase 1 and Phase 2 metabolizing en-

zymes), were used for the investigation of CYP enzyme expression and genotoxicity test-
ing.

The HepG2 hepatoma cell line is a widely used advantageous human-derived permanent
cell line, which resembles liver parenchymal cells and expresses a spectrum of certain
Phase 1 and Phase 2 metabolizing enzymes (Knasmiller, 1998; Knowles et al., 1980; Sassa
et al., 1987; Diamond et al., 1980). However, it has been well documented that drug me-
tabolizing enzymes are unstable and vary greatly in cultured cells. Primary hepatocyte
cultures from humans and rodents have been improved over the years, but they lose
their drug metabolizing capacity during isolation procedure (Bissel and Guzelian, 1980) or
rapidly during the first days if maintained in monolayer culture (Butterworth et al., 1989;
Grant et al., 1985). After 24 h in culture about 50% of the aryl hydrocarbon hydroxylase
(AHH) activities were lost in rat hepatocytes from Fischer rats, but still high enzyme activi-
ties were conserved (Croci and Williams, 1981). Likewise, in cell lines such as HepG2
changes of enzyme activities during one growth period after passaging was reported
(Doostdar et al., 1990). Cultured hepatocytes are usually allowed to attach as a monolay-
er on collagen-coated dishes in order to differentiate. Hepatocytes cultured in a sandwich
culture between two layers of gelled extracellular matrix proteins not only prolonged the
time of culture but also maintained the cell-specific functions up to several weeks (Tuschl
and Miiller, 2006).

A number of reports suggest that drug metabolizing enzyme activities depend on the

standard culture medium used and the amount of serum addition (Doostdar et al., 1988;
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Nakama, 1999; Tuschl and Mueller, 2006). With regard to media, particularly CYP activi-
ties and to a lesser extent the activities of the conjugating enzymes UDPGT and GST, were
shown to be affected by the use of different available standard media (Doostdar et al.,
1988). The lowest MFO activities were obtained in cells grown in DMEM medium, whe-
reas cultures in MEM medium increased EROD, methoxyresorufin O-dealkylase (MROD),
benzyloxyresorufin O-debenzylase (BROD), and pentoxyresorufin O-dealkylase (PROD)
activities considerably after 7 days in culture (Doostdar, 1988). This was consistent with
EROD results in H4lIE and HepG2 cells in the present work, which revealed that culturing
in MEM medium was favorable towards increasing induced-EROD levels compared with
DMEM. It has to be noted that MEM is also recommended as the appropriate medium for
the hepatoma cell lines HepG2 and H4IIE according to the supplier (Health Protection
Agency, 2009). Furthermore, MEM is known to be the most effective medium for main-
taining CYP contents of cultured rat hepatocytes (Grant et al., 1985). Still, despite the
favorable effects of the MEM medium, DMEM medium was kept for the experiments in
the present work since it has constituted the well-established standard medium for hepa-

toma cell lines and primary rat hepatocyte cultures in the laboratory over years.

In addition, medium supplementation, i.e. the addition or omission of serum or specified
hormone mixtures has great influence on the morphological development and cell surviv-
al of hepatoma cells and hepatocytes in culture. It is well known that serum supplementa-
tion enhances the surface attachment of hepatocytes and stimulates cell growth (Wil-
liams et al., 1977). Serum added to cell culture medium contains various components
such as growth factors, hormones, adhesion molecules, cytokines, amino acids, and vita-
mins, which exert growth promoting effects for the in vitro cultures (Schmitz, 2009).
Therefore, cells were seeded in serum-containing medium (10% FBS) for attachment and
during the first 24 h of culture before treatment. Nevertheless, reduced serum or serum-
free culture was shown to be most applicable for long-term treatments and maintenance
of Phase 1 enzyme-inducing potential such as CYP in rat hepatocytes monolayer culture
(Tuschl and Mdiller, 2006). It was also demonstrated that the induction of EROD activity
by 3-methylcholanthrene (MC) in HepG2 cells cultured in serum-free medium was about
twice as high as in cells cultured in serum-supplemented medium (Nakama et al. 1995).
Likewise, in the present work reduced serum conditions (0.5% FBS) during the treatment
time did not only lead to higher induced (by TCDD) but also higher basal EROD activities.
Thus, reduced FBS serum concentrations (0.5% FBS) were used during the treatments.
Additionally, phenol red-free medium was chosen for continuous cell culturing through-
out the present work. Usually, phenol red is used as a pH indicator in cell culture media,

but it bears a structural resemblance to some non-steroidal estrogens. It exhibits signifi-
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cant estrogenic activity at the concentrations at which it is present in culture media.
Moreover, it stimulates cell proliferation in ERalpha-containing cells. (Berthois et al.,
1986). Generally, it is difficult to evaluate the effects of E2 on cellular metabolism in the
presence of serum and phenol red since both factors reduce the degree to which exogen-
ous E2 is able to stimulate responses. For example, different sera containing different
amounts of E2 were able to modulate ERalpha expression and inducibility of CYP1A1 and
CYP1B1 expression (Spink et al., 2003).

Taken together, medium composition and serum supplementation have great influence
on the drug metabolizing activities, which has to be taken into account when comparing
characterizing gene expression profiles or enzyme activities between different cell mod-

els.

6.1.2. CYTOTOXICITY

Under the optimized culture conditions there were no effects on cell viability observed by
the concentrations of TCDD, E2, or the respective co-treatments used in the present
study. Likewise, the 2-OHE2 and 4-OHE2 metabolites did not show any cytotoxic effects at
the concentrations applied in the comet assay. Thus, based on the results in the Alamar
Blue Assay it can be excluded that effects observed in the experiments were due to a

cytotoxic effect.

6.2. CYP1A1 AND CYP1B1 EXPRESSION

One proposed mechanism of AhR/ER cross talk is the enhanced metabolism of E2 by
TCDD-mediated induction of CYP1A1 and CYP1B1 (Safe and Wormke, 2003) (Figure 101,
mechanism 1). Both enzymes are implicated in the activation of E2, and the resulting
catechol estradiol metabolites may undergo redox cycling, thus producing ROS and DNA
damage (Spink et al., 1990 and 1994).

TCDD, the prototype substance for CYP1A1 induction via the AhR signaling pathway
(Whitlock, 1996), highly induced CYP1A1 mRNA, protein, and EROD activity in human
HepG2 and rat H4IE hepatoma cell lines, as well as in primary hepatocytes from male and
female rats. There was no concentration-dependent effect observed, suggesting that
TCDD 1 nM was sufficient to maximize the effect. TCDD is known to be a high affinity AhR
agonist in the nanomolar range (Denison and Nagy, 2003). Estradiol 10 and 100 nM did
not change CYP1A1 expression at all detection levels (transcription, translation, and activ-

ity) in none of the liver cell models tested in the present study. Likewise, E2 did not mod-
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ulate TCDD-induced CYP1A1 during co-treatments. The observed low basal expression of
CYP1B1 and therefore potentially high magnitude of induction by TCDD can be relevant
for E2 metabolism. CYP1B1 has a crucial role for the specificity of the production of the
more reactive and genotoxic E2 metabolite 4-OHE2 (Lee et al., 2003; Shou et al., 1997).
Basal and induced CYP1B1 expression levels were higher in primary rat hepatocytes than
in hepatoma cell lines. Additionally, even E2 was able to slightly induce CYP1B1 mRNA in

rat hepatocytes, suggesting an important role for this enzyme.

6.2.1. BASAL CYP EXPRESSION LEVELS

In the present work CYP1A1 and CYP1B1 were constitutively detected at the transcript
level in all liver cell models. Generally, basal CYP1B1 mRNA was found to be considerably
lower expressed compared to CYP1A1 mRNA. In extrahepatic tissues the major PAH-
inducible CYP, CYP1A1, is normally not expressed constitutively, whereas CYP1A1 mRNA
and protein can be detected in human liver with highest levels in hepatocytes and in the
lung (McLemore et al., 1990; McKinnon et al., 1991). Contrarily, CYP1B1 expression is very
low in normal human tissues. CYP1B1 is mainly expressed constitutively in extrahepato-
cellular (hormone-dependent) organs including the adrenal glands, ovaries, prostate, but

also kidney and lung. However, it is inducible by PAHs in the liver. (Shimada et al. 1996)

Significantly higher basal CYP1A1 and CYP1B1 mRNA levels and CYP1A activity were ob-
served in rat primary hepatocytes compared with hepatoma cells. This was consistent
with a general finding that activity and expression of Phase 1 enzymes, especially CYPs,
were demonstrated to be extremely low in HepG2 cells compared to primary hepatocytes
(Wilkening et al., 2003; Wilkening and Bader, 2003). However, the lower endogenous
metabolic activities in HepG2 or H4IIE cell line may be either due to original transforma-
tion of the hepatocytes to tumor cells or perhaps also in part be a result of inappropriate
culture conditions (Doostdar et al., 1988) (see section 6.1). It was reported that rat hepa-
tocytes showed a similar pattern of Phase 1 and Phase 2 enzymatic activities compared to
intact rat liver (Croci and Williams, 1981). Thus, human and rat primary hepatocytes are
considered to reflect the natural metabolism in the liver more closely than hepatoma cell
lines (Croci and Williams, 1981; Wilkening et al., 2003).

Among the different liver cell models, HepG2 showed extremely low basal CYP1B1 levels.

Detection of CYP1B1 was difficult in this cell line. However, structural genes for CYP1A1 as
well as CYP1B1 have been described to be present in HepG2 cell line (Kress and Greenlee,
1997). Measurable basal levels of CYP1B1 mRNA were only obtained in HepG2 when a

specifically designed TagMan probe was applied during real-time RT PCR. Moreover, a
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RNA extraction method resulting in purified mRNA was chosen to improve RNA quality.
The high CT values obtained for solvent-treated HepG2 cells revealed that only traces of

CYP1B1 mRNA were detected, which could also explain the high standard deviations.

Transient transfection of ERalpha in HepG2 cells led to a significant increase in absolute
basal CYP1A1 and CYP1B1 mRNA levels compared to wild-type HepG2 cells, suggesting a
role for ERalpha in the modulation of CYP status. Similar results of increased CYP1A1
MRNA were observed after over-expression of ERalpha in T47D human breast cancer cells
(Matthews et al., 2007). The endogenous expression of ERalpha in the primary rat hepa-
tocytes may correlate with higher basal CYP levels compared with ERalpha-negative hepa-

toma cells (see section 6.5 mRNA).

In the present work CYP1A1 basal levels were found to be considerably higher than
CYP1B1 basal mRNA levels, whereas no constitutive protein expression was detected.
Similarly, in the liver of female Sprague Dawley rats measurable basal CYP1B1 and CYP1A
mMRNA levels were detectable using real-time RT PCR, though CYP1B1 basal levels were
considerably lower and in contrast to CYP1A1 protein, no CYP1B1 protein was detected in

the control animals (Tritscher et al., 1996).

6.2.2. EFFECTS OF TCDD AND/OR E2 TREATMENT

6.2.2.1. CYP1A1 AND CYP1B1 EXPRESSION IN HEPG2

In spite of low basal mMRNA levels HepG2cells highly induced CYP1A1 mRNA, protein, and
activity after TCDD treatment, being almost as efficient as rat hepatocytes. Previously
performed experiments already showed considerably increased CYP1A1 protein or mRNA
levels (Northern Blot analysis) in TCDD-treated (1 and 10 nM, 48 h; 2 nM, 20 h) HepG2
cells but not in control cells (Zeiger et al., 2001; Knerr et al., 2006).

E2 alone was not able to change CYP1A1 levels and did not modulate TCDD-induced ex-
pression levels. Likewise, Coumoul and co-workers (2001) demonstrated that E2 10 nM
did not modify TCDD-induced mRNA levels after 24 h incubation as detected by Northern
Blot analysis. However, in their study E2 was able to decrease TCDD-induced EROD activi-
ty after, suggesting a post-transcriptional effect (Coumoul et al., 2001). (EROD results see

section 6.3)

HepG2 cells showed extremely low basal CYP1B1 mRNA, but TCDD clearly induced
CYP1B1 levels. Surprisingly, after 20 h treatment E2 alone dose-dependently decreased
CYP1B1 mRNA resulting in a significant decrease at the highest E2 concentration of

100 nM. Two of the co-treatments with E2 10 nM and 100 nM were able to enhance
TCDD-induced CYP1B1 mRNA level, but without a time- and dose-related effect. Very low
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CYP1B1 mRNA correlated with weak immunoreactive CYP1B1 protein bands. A minimal
induction by TCDD and the co-treatments could possibly be interpreted as a TCDD-
dependent induction of CYP1B1 protein.

Reports of of CYP1B1 expressionin the HepG2 cell line are inconclusive. Very often
CYP1B1 mRNA was not detected in both control and dioxin-treated HepG2 cells using RNA
hybridization analysis. In several independent studies basal levels of CYP1A1 and CYP1B1
mRNA could not be detected in HepG2 using Northern Blot analysis, but TCDD increased
levels of CYP1A1 but not CYP1B1 mRNA (Coumoul et al., 2001; Kress and Greenlee, 1997;
Spink et al., 1994). Additionally, the expression pattern of CYP1A1 and CYP1B1 protein
reflected the expression of the respective mRNAs in TCDD-treated (10 nM, 24 h) cells
(Kress and Greenlee, 1997). Using RT-PCR method, CYP1B1 mRNA was sometimes found
to be constitutively expressed and inducible by TCDD in HepG2 cells (Li et al., 1998; Lekas
et al., 2000), while others were not able to detect basal CYP1B1 mRNA levels (McFadyen
et al., 2003). Spencer and co-workers (1999) found a clear dose-dependent CYP1B1 mRNA
induction in HepG2 exposed to TCDD (0.1 — 10 nM, 72 h) using classic RT-PCR. However,
the levels of CYP1B1 expression were stated to be much lower in HepG2 cells than in
human breast cancer MCF-7 cells, the latter are well known to express CYP1B1 (Spencer
et al., 1999). With the use of the nowadays commonly used very sensitive real-time RT
PCR method basal and AhR ligand-induced CYP1B1 mRNA levels were detected after
treatment with the low affinity AhR ligand 3-MC (McFadyen et al., 2003). Taken together,
the failure of the expression of CYP1B1 in HepG2 cell line often described in the literature
was rather due to the low sensitivity of the method used. It is suggested that CYP1B1
expression is very low in HepG2 and probably below the level of detection for Northern
Blot analysis. The more sensitive method of real-time RT PCR was found to be more ap-
propriate to detect such trace mRNA levels. Other reasons for the inconsistency in the
published results may be differences in the quality of purified mRNA (extraction method)

or different cell culture conditions.

Several studies focusing on differences in CYP1A1 and CYP1B1 expression have been
performed with HepG2 cell line in comparison with ER-positive MCF-7 breast cancer cells.
Basal and induced levels of both genes were only detected in MCF-7 cell, but TCDD in-
creased CYP1A1 mRNA but not CYP1B1 in HepG2 (Coumoul et al., 2001). Significant levels
of basal CYP1B1 mRNA and dose-dependent induction of CYP1B1 mRNA by TCDD can
easily be detected in MCF-7 by Northern blot analysis (Hayes et al., 1996). Using real-time
RT PCR analysis, the breast cancer cell line showed higher basal and 3-MC-induced
CYP1B1 mRNA levels than HepG2 cells, which was also reflected in Western Blot analysis,
since CYP1B1 protein could only be detected in 3-MC-treated MCF-7 but not in HepG2
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cells (McFadyen et al., 2003). However, CYP1A1 mRNA was induced to a lower extent in
MCF-7 cells compared to HepG2 cells (Spink et al., 1994; McFadyen et al., 2003). Higher
basal and induced levels of CYP1B1 in human MCF-7 cells may partly be explained by the
high levels of ERalpha in breast cancer cells. Indeed, in the present study HepG2 cells
transiently transfected with ERalpha resulted in higher basal CYP1A1 and CYP1B1 levels
compared with normal HepG2 cells. Over-expression of ERalpha did however not change
relative CYP1A1 and CYP1B1 mRNA levels induced by TCDD and the co-treatments com-
pared with wild-type HepG2 cells. Nevertheless, the slight decrease in CYP1B1 mRNA
observed with E2 in normal HepG2 cells was compensated in the presence of ERalpha

(see also transfection results section 6.6).

6.2.2.2. CYP1A1l AND CYP1B1 EXPRESSION IN H4IIE

Rat hepatoma H4IIE cell line exerted highest CYP1A1 mRNA inductions by TCDD among
the different cell models tested. H4IIE cells were reported to induce CYP1A1 mRNA, pro-
tein, and EROD activity after TCDD (0.001-8 nM, 24 h) treatment (Lai et al., 2004 and
2006). The protein synthesis inhibitor cycloheximide was shown to block the TCDD-
induced degradation of the activated AhR/ARNT complex resulting in CYP1A1 mRNA su-
perinduction in H4IIE and mouse hepatoma Hepa 1c1c7 (Lai et al., 2004; Ma et al., 2000).
Normally, TCDD-mediated AhR activation is counteracted by a reduction of the nuclear
AhR through degradation, which is mediated by the 26 S proteasome and involves ubiqui-
tination of the AhR protein (Pollenz et al., 1994; Ma and Baldwin, 2000). In the present
work, the high CYP1A1 mRNA induction levels after 20 h treatment in H4IIE cells were
assumed to be associated with subsequent AhR degradation and may also account for a
compensatory increase in AhR mRNA levels observed after 48 h treatment. Likewise,
higher TCDD-mediated CYP1A1 protein at 48 h compared to 20 h may be associated with
higher AhR mRNA levels at 48 h (see section 6.4).

The co-treatments of TCDD with E2 had no modulating effects on TCDD-induced CYP1A1
MRNA or protein expression. These results were not in accordance with the reported
down-regulation of TCDD-induced (1.6 nM) CYP1A1 mRNA, protein, and EROD activity
after co-treatment with E2 (50-100 uM) for 24 h (Lai et al., 2004). This E2-mediated sup-
pressive effect could not be blocked by a protein synthesis inhibitor or by ER antagonists,
suggesting the process being independent of a post-transcriptional way and not depen-
dent on ER (Lai et al., 2004). Since considerably high E2 levels were used in the study of
Lai and co-workers (2004) compared with the low concentrations used in the present
work, the reported effects are considered to be rather due to cytotoxic effects. Moreo-
ver, the presence of ERalpha in H4IIE was not confirmed in this work as ERalpha mRNA

was not detected (see section 6.5).
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TCDD also induced CYP1B1 mRNA and protein levels in H4lIE. There was no effect on
CYP1B1 levels observed for E2 alone, nor did it have a modulating effect on TCDD-induced
levels. Lai and colleagues (2006) demonstrated that TCDD (1.6 nM) slightly increased
CYP1B1 mRNA in H4IIE cells with no clear time-dependent relation (4, 8, 12, 24 h expo-
sure). TCDD-dependent CYP1B1 mRNA increase was much lower than CYP1A1 induction

(Lai et al., 2006), which was consistent with the results in the present study.

6.2.2.3. CYP1A1 AND CYP1B1 EXPRESSION IN RAT HEPATOCYTES

In primary rat hepatocytes TCDD-induced CYP1B1 mRNA expression was higher than
CYP1A1 mRNA expression, which was however not evident in protein levels. Relatively
high TCDD-mediated CYP1A1 mRNA increase was reflected in well-induced protein levels.
This suggests that CYP1B1 protein may be less stable than CYP1A1 or that post-

transcriptional processes play a role.

In vivo experiments showed parallel induction of CYP1A1 and CYP1B1 mRNA in the livers
of intact and ovariectomized Sprague Dawley rats chronically exposed to TCDD (100 ng/kg
bw/d, 30 weeks) as detected by RT-PCR (Tritscher et al., 1996). Higher induced CYP1A1
MRNA and protein levels compared with CYP1B1 were observed in the liver of female
Sprague Dawley rats, that were chronically administered TCDD (up to 125 ng/kg bw, 30
weeks,) (Walker et al., 1999). Sprague-Dawley rats treated with a single oral dose of TCDD
(25 pg/kg bw) showed increased CYP1B1 mRNA after 72 h in various tissues with the
highest levels in the liver (Walker et al., 1995). These reports all indicate that despite low
constitutive levels, CYP1B1 is well inducible by TCDD in the rat with the liver as the major

target site.

Moreover, CYP1B1 mRNA but not CYP1A mRNA was found to be induced sex-specifically
with higher levels in the livers and kidneys of TCDD-treated female Sprague Dawley rats
(Walker et al., 1995). Likewise, results in rat hepatocytes from Wistar rats in the current
study revealed higher induced CYP1B1 mRNA and protein levels in female-derived hepa-
tocytes compared with male-derived cells (at least after 20 h) treated with TCDD and/or

the co-treatments.

In the present work E2 alone was not able to induce CYP1A1 in rat primary hepatocytes.
In contrast, CYP1B1 mRNA but not protein was slightly but significantly induced following
treatment with E2, but only after 48 h treatment. Tsuchiya and co-investigators (2004)
were the first to demonstrate that E2 alone (10 nM, 12 h) induced expression of human
CYP1B1 mRNA in ER-positive MCF-7 breast cancer cells, which was found to be mediated
by the direct interaction of ERalpha with an ERE in the 5’regulatory region of the human
CYP1B1 gene. Likewise, E2 alone (100 nM) was reported to slightly but significantly in-
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crease CYP1B1 mRNA but not CYP1A1 in ER-rich MCF-7 cells (Beischlag and Perdew,
2005). Based on findings of minimal induction of CYP1B1 by E2 in rat hepatocytes only
after 48 h treatment in the present study, it can be suggested that E2 stimulates its own
metabolism via induction of CYP1B1 and that a rather long treatment time is required. In
concordance with that, the levels of CYP1A1 and CYP1B1 mRNA in TCDD-treated MCF-7
cells were shown to be lower and increased in cells maintained over several passages in
normal E2-containing (i.e. 10 % FBS) medium compared to E2-deprived medium condi-
tions. Additionally, this described E2-mediated effect was difficult to be observed after

48 h in culture under the same conditions. (Spink et al., 2003).

The co-treatments had no modulating effect on TCDD-induced CYP1A1 and CYP1B1 ex-
pression levels in rat hepatocytes. In in vivo experiments TCDD but not E2 induced
CYP1A1 protein and activity in the liver of intact and ovariectomized Long Evans rats.
TCDD-mediated CYP1A1 induction could be enhanced when the animals were exposed to
a single dose of TCDD and E2 for several days. (Sarkar et al., 2000). This suggests en-

hancement of TCDD-mediated CYP induction after repeated dose of E2 in vivo.

Apart from the above described regulation of CYP1B1 by ERalpha, the control of CYP1B1
mMRNA expression could involve transcriptional and post-transcriptional factors. Investiga-
tion of the upstream region of the 5’-flanking region of the human CYP1B1 gene, which
contains basal regulatory elements and XREs, revealed the existence of positive and nega-
tive regulatory elements (Wo et al., 1997). Additionally, both mouse and rat CYP1B1 have
been reported to be also regulated by cyclic AMP (cAMP)-mediated pathways. However,

it is unclear if the same mechanism is present in human cells. (Brake and Jefcoate, 1995)

6.3. INDUCTION OF CYP1A ENZYME ACTIVITY

The EROD assay was used to determine CYP1A activity in order to evaluate the influence
of estrogen on TCDD-inducible effects subsequent to gene expression. All three CYP1
enzymes exhibit EROD activity with the order of specific activities being CYP1A1 > CYP1A2
> CYP1B1, so that in the presence of CYP1A1 EROD activity primarily CYP1A1 activity is
reflected (Doostdar et al., 2000).

Higher basal EROD levels were observed in primary rat hepatocytes than in hepatoma cell
lines. These results were in accordance with former results (Knerr et al., 2006). According-

ly, EROD activities in HepG2 were also reported to be lower than in freshly isolated hu-
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man adult hepatocytes (Grant et al., 1988), suggesting lower basal enzyme activities in

tumorigenic cells.

In the current study treatment time for the EROD assay was set at 48 h, because results
previously obtained in the laboratory showed that exposure to TCDD 1 nM reached its
maximal efficacy after48 h treatment time in male rat hepatocytes, H4IIE, and HepG2 cell
line (Zeiger et al. 2001).

High TCDD-mediated mRNA and protein induction levels in the different liver cell models
were confirmed in induced EROD activity. Highest induced EROD activities were observed
for male rat hepatocytes and HepG2 cell line. Concomitant to the results obtained with
real-time RT PCR and Western Blot, E2 alone did not change CYP1A activity and the co-

treatments had no effect on TCDD-induced enzyme activities.

In contrast to the results presented here, previously performed EROD studies in the la-
boratory demonstrated that TCDD-induced (1 nM) EROD activity was considerably higher
in primary hepatocytes from male Wistar rats compared to HepG2 cells after 48 h treat-
ment (Zeiger et al., 2001; Knerr et al., 2006). The difference in induced EROD levels be-
tween cells of human and rat origin was also found in human hepatocytes compared to
rat hepatocytes, with the latter exhibiting higher TCDD-dependent EROD activity and
CYP1A1 mRNA and protein expression (Xu et al., 2000). These differences compared to
the results in the present study may be explained by different cell culture conditions. In
the above stated studies treatments were performed in medium with high serum con-
tents (10-20 %), wherea sin the current work the use of reduced serum conditions was
shown to result in higher EROD activities in HepG2 cell line (see section 6.1). Additionally,
Zeiger and colleagues (2001) as well as Knerr and colleagues (2006) treated the freshly
isolated hepatocytes on the day of isolation, whereas in the present study hepatocytes
were allowed to attach to collagenated plates overnight before the addition of test com-
pounds. Moreover, the use of different EROD methods, and whether the test was per-
formed in homogenized cells (Knerr et al., 2006) or in intact cells, as in the present study,

may account for different inducibilities.

A gender difference was observed in the induction of CYP1A activity between hepato-
cytes from male and female Wistar rats. Hepatocytes from male rats showed significantly
higher TCDD-induced but not basal EROD activities than female-derived hepatocytes. In
fact, several studies indicated that mixed function oxidase activities are sex-dependent in
the rat following induction, with males having higher activities than females (Croci and
Williams, 1985; Probst and Hill, 1987; McQueen et al., 1986) (see also section 6.11.2).

Determination of Phase 1 oxidative activities in hepatocytes from young adult male or
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female Fischer F344 rats showed that basal liver activities of aryl hydrocarbon hydrox-
ylase (AHH) was 5-fold higher in the male than in the female hepatocytes, with this dif-
ference being preserved during hepatocyte isolation process and during subsequent cul-
ture. Likewise, CYP contents in the male liver were higher than in the female liver. (Croci
and Williams, 1985)

In the liver of female Long Evans rats, which were treated with a single doses of TCDD
(100, 300, 1000 ng/kg bw), induced EROD activity were detected in both intact and ova-
riectomized female rats, and the highest dose of TCDD was able to decrease E2 serum
levels in intact rats (Sarkar et al., 2000). A similar decrease in E2 levels by TCDD was also
reported in the serum of female Holtzman rats (Chaffin et al., 1996) and in MCF-7 cell
culture (Spink et al., 1990), and was attributed to enhanced hydroxylation of E2 to the
respective 2-OHE2 and 4-OHE2 metabolites following CYP induction by TCDD. Using a low
single dose of TCDD, which did not influence E2 serum levels, the co-treatment of E2
(administered daily for 11 days) and then TCDD in a single dose potentiated TCDD-
induced CYP1A1 protein and activity, but E2 alone had no effect (Sarkar et al., 2000).This
potentiation of CYP1A enzyme activity showed that E2 after repeated dose is able to
affect the transactivation of the CYP1A1 gene in response to TCDD in order to stimulate
its own metabolism. In contrast to the reported potentiating effect, E2 10 nM significantly
reduced both basal and TCDD-induced (10 nM) CYP1A1 activity after 24 h in ER-rich MCF-
7 breast cancer cells and to a lesser extent in HepG2 cells. These results confirmed that
the hepatoma cell line is less sensitive to E2 than MCF-7 cells, which may be because of
the lack of functional ERalpha in HepG2. (Coumoul et al., 2001). Overall, the different
effects by the co-treatments are inconclusive. However, modulating effects by E2 are

reported, which may depend on the origin of the cell type and culture conditions.

6.4. AHR MRNA STATUS AND TREATMENT EFFECTS

Since TCDD exerts most if not all of its carcinogenic effects via activation of the aryl hy-
drocarbon receptor signal transduction pathway followed by altered gene expression
(Mimura and Fujii-Kuriyama, 2003), the effects on the receptor status in the four liver cell
models were assessed by TagMan real-time RT PCR. The findings clearly showed that Ah
receptor mRNA was differentially expressed in the cells examined. Primary hepatocytes
from male rats exhibited a higher constitutive level of AhR than rat hepatocytes from

females, and HepG2 and H4IIE hepatoma cell lines after 20 h and 48 h in culture.

Higher AhR basal levels found in male rat hepatocytes compared to human and rat hepa-

toma cells may be due to a loss of natural receptor levels during cell transformation and
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also correlated well with the lower CYP expression levels observed in hepatoma cells,
showing that CYP expression is regulated according to AhR expression (see section 6.2).
At the same time, it was reported that nuclear AhR levels in TCDD-treated rat hepato-
cytes were approximately 4 times higher than in TCDD-treated human hepatocytes, sug-
gesting a species difference (Xu et al., 2000). However, binding affinity of tritium-labeled
TCDD to nuclear AhR from rat and human hepatocytes was comparable (Xu et al., 2000).
The observed sex difference with female-derived hepatocytes exhibiting lower basal AhR
levels did not correlate with basal CYP expression, but may be related to lower induced
CYP1A activities that were observed in females following possibly post-transcriptional

changes after induction by an AHR agonist (see section 6.3).

Following treatments the results in the present work were generally in agreement with
other groups that found that AhR mRNA was not changed by treatment with TCDD 2 nM
or low affinity AhR agonists such as 3-MC (0.1 and 25 uM) after 48 h treatment in human
HepG2 or mouse Hepa-1 hepatoma cell lines (Giannone et al., 1998; Mc Fadyen et al.,
2003). In HAIIE cells, which expressed lowest basal AhR mRNA levels, TCDD and the co-
treatments increased AhR mRNA levels, but only after 48 h exposure and without a dif-
ference in induction levels by the different treatments. This increase was suggested to be
a time-dependent compensating effect for the relatively low basal AhR levels avoiding the
AhR to become the limiting factor for CYP expression in this cell line. Moreover, also E2
alone at the low concentration of 10 nM induced AhR expression in H4IIE after 48 h
treatment. A similar response was reported in MCF-7 cells treated with E2 1 nM for 72 h,
but only when cells were cultured over several passages in E2-containing medium, i.e.
medium supplemented with serum (Spink et al., 2003). This may imply a possible role for
E2 on AhR responsiveness under certain cell culture conditions, possibly also suggesting a
role for ERalpha. However, in the case of H4IIE cells the observed increase in AhR mRNA
cannot be explained by the presence ERalpha, as H4IIE cells were not found to possess
ERalpha mRNA (see section 6.5). Still, slightly increased AhR mRNA was also found in ER-
positive female-derived rat hepatocytes after 48 h treatment with TCDD 1 nM and the co-
treatment TCDD 1 nM/ E2 100 nM. Taken together, it is suggested that the increase in
AHR might be subsequent to treatment with an AhR ligand to stimulate mRNA expres-
sion, which could be a response to compensate for AHR protein degradation processes
often observed in cultured cells as a regulation of AHR following its activation (Ma and
Baldwin, 2000).

Investigation of the AhR mRNA status in ERalpha-transfected HepG2 showed significantly
increased AhR mRNA following treatments with TCDD 10 nM and the co-treatment TCDD
10 nM/E2 10 nM. Moreover, relative induction levels following treatment with E2 100 nM
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or TCDD 10 nM were significantly enhanced in transfected HepG2 compared with wild-
type HepG2 cells. Basal AhR mRNA levels were not affected by the presence of ERalpha in
HepG2, indicating a treatment-dependent effect on AhR mRNA. Likewise, endogenous
AhR protein and mRNA expression of AhR and ARNT was reported to be unaffected by
over-expression of ERalpha in HUH7 human hepatoma cell line (MacPherson et al. 2009).
The occurrence of enhanced relative AhR mRNA following treatment may correlate with
enhanced CYP1B1 mRNA amounts in ERalpha-transfected HepG2 as described before (see
section 6.6), supporting the role for ERalpha in the regulation of AhR.

In ER-positive MCF-7 cells (Spink et al., 2003) and ER negative mouse Hepa-1 cells (Gian-
none et al., 1998; Pollenz et al. 1994) TCDD treatment caused a reduction in immunoreac-
tive AhR protein levels, which could be explained by AHR degradation. In vivo results
showed that AhR protein levels in the liver of E2- and/or TCDD-treated intact and ovariec-
tomized female Long Evans rats after single dose were not changed (Sarkar et al., 2000).
As the focus of this study was on the implicated effector molecules of the AhR activation

pathway, the levels of receptor protein were not investigated.

6.5. ERALPHA STATUS AND TREATMENT EFFECTS

In order to better characterize the effects of CYP1A1 and CYP1B1 induction and possible
E2-mediated effects, it was important to determine the ERalpha status in the different
liver cell models. There was no measurable ERalpha mRNA detected in rat H4IIE and hu-
man HepG2 cell lines using the sensitive TagMan qPCR method. In contrast, rat primary
hepatocytes exhibited low but measurable ERalpha mRNA levels with no sex-difference.
In the course of a research internship extremely low but measurable mRNA levels of the
ERbeta subtype were detected in rat hepatocytes from male rats (female rats were not
performed), but ERbeta was expressed at much lower rates (two magnitudes lower) than
ERalpha. The presence of both ER subtypes reflects the physiological situation of the liver
(Pearce and Jordan, 2004). As expected transfection of ERalpha in HepG2 showed consi-
derably high basal mRNA receptor levels and was used as a good model to compare ef-
fects of high ERalpha levels compared to rat hepatocytes with low ERalpha levels. HepG2
cells did not express functional ERalpha, but low expression evels of ERbeta mRNA were
detected in HepG2 cells (lwanari et al., 2002).

Treatments with TCDD and/or E2 did not alter mRNA receptor levels in male-derived rat
hepatocytes and in transiently transfected ERalpha HepG2 cells. In contrast, female-
derived rat hepatocytes showed decreased mRNA levels after treatments with E2 10 nM

and the corresponding co-treatments of E2 10 nM with TCDD, which werehowever not
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confirmed in translation processes. ERalpha protein levels were not changed by treat-
ments with TCDD and/or E2 in rat hepatocytes. Similarly, in in vivo experiments the
amount of constitutive nuclear ER was not affected in the liver of E2- and/or TCDD-
treated (single dose) intact female Long-Evans rats, whereas in ovariectomized rats ER
protein was increased upon single E2 treatment and the co-treatment, suggesting a stabi-
lizing effect of E2 on hepatic ER levels (Sarkar et al., 2000).

Contrary to the liver tissue, TCDD-dependent antagonizing effects on estradiol-mediated
increased uterine ER protein levels weres observed in rats after single dose treatment
with E2 and/or TCDD (Romkes and Safe, 1988) and may be associated with enhanced
regulation of AhR responsiveness to regulate E2 levels via CYP-mediated metabolism.
Furthermore, from numerous investigations in ER-rich human breast cancer cell lines or
endometrial carcinoma cells it was reported that TCDD did not affect changes of ERalpha
at transcription processes, but down-regulated nuclear ERalpha protein levels (Jana et al.,
1999 and 2001; Wang et al., 1993; Harris et al., 1990). The decrease in ERalpha levels was
described to be due to a a rapid proteasome-dependent degradation of ERalpha protein
induced by TCDD as observed in T47D, ZR-75, and MCF-7 human breast cancer cells (Safe
et al., 2000). This antagonizing effect by TCDD was postulated as a possible mechanism of
dioxin-related anti-estrogenic effect (Wormke et al., 2003). In turn, E2-deprivation in
cultured MCF-7 cells was shown to increase ERalpha levels but reduce AhR mRNA levels.
This was known as as negative feedback mechanism in the regulation of ERalpha expres-

sion in hormone-dependent tissues. (Pink and Jordan, 1996; Jeng et al., 1998)

6.6. OVER-EXPRESSION OF ERALPHA

6.6.1. ESTRADIOL-ENHANCED AHR-MEDIATED

TRANSCRIPTIONAL ACTIVITY VIA ERALPHA

Activation of over-expressed ERalpha acted as a modulator of AhR activity and enhanced
AhR-mediated transcriptional activity. HepG2 cells transfected with a XRE luciferase re-
porter encoding for rat CYP1A1 induced TCDD-dependent reporter gene activity in the
absence and in the presence of the human ERalpha expression vector. Co-treatment of
TCDD 1 nM with E2 10 nM further increased AhR-regulated transcription only in the pres-
ence of constitutively expressed ERalpha, suggesting a role of ERalpha in the enhance-
ment of AhR signaling. E2 alone had no effect on AhR-mediated transcriptional activity. 8-
Methoxypsoralen (8-MOP), a binding inhibitor of activated AhR/ARNT complex (AhRC) to

dioxin response elements, was able to completely inhibit TCDD-induced XRE-driven lucife-
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rase activity (Jin et al., 2004). Thus, activated AhRC was required for these transactivation

processes.

Thes results in the present study were consistent with reports from other research
groups. Accordingly, induction of luciferase by TCDD (20 nM, 18 h) in HepG2 cells trans-
fected with pXREs-luc was decreased when cells were co-transfected with respective
silencing siRNAs for AhR and ARNT. Moreover, expression of the target protein CYP1A1
was also decreased. (Abdelrahim et al., 2003)

As previously described, TCDD (10 nM) -bound AhR recruited ERalpha to CYP1A1l and
CYP1B1 promotor occupancy shortly after ligand addition (60-120 min), which could be
enhanced by additional treatment with E2 10 nM in ERalpha- and AhR-positive MCF-7 and
T47D human breast cancer cells. In these experiments, E2 alone (10 nM) had no effect on
promoter occupancy of ERalpha at CYP1A1, suggesting that the recruitment was depen-
dent on both activated AhR and activated ERalpha (Matthews et al., 2005). Indeed, co-
treatment of TCDD 1 nM with E2 10 nM further enhanced AhR-regulated transcription
only in the presence of constitutively expressed ERalpha, suggesting a role of ERalpha in

the enhancement of AhR signaling in HepG2.

The importance of the presence of ERalpha for AhR-mediated transactivation has been
widely reported in breast cancer cells and hormone-related cancer cell lines. Vickers and
co-workers were the first who pointed out that for a series of ER-positive and ER-negative
breast cancer cell lines only the former cells were Ah-responsive as determined by the
induction of CYP1A1 gene expression by TCDD (Vickers et al., 1989). ER-negative MDA-
MB-231 cells restored TCDD-dependent (10 nM, 48 h) gene expression after transient
transfection with ERalpha and the increase in transcriptional activity was more pro-
nounced than the slight induction observed in non-ERalpha-transfected MDA-MB-231
cells. In return, down-regulation of the ER in MCF-7 cells by the anti-estrogen ICl 164,384
was accompanied by loss of Ah responsiveness. (Thomsen et al., 1994). Human uterine
endometrial carcinoma KLE cells, that are defective in translocating ER into the nucleus
but express high levels of AhR, could only induce CYP1A1 by TCDD after transient trans-
fection of normal ERalpha expression plasmid along with TCDD-responsive pGL3-XRE-LUC,
suggesting that nuclear translocation of ER was essential for CYP1A1 induction (Jana et
al., 1999).

Similar effects to those observed in ERalpha-transfected HepG2 cell line in the current
work were obtained by other research groups in human hepatoma cell line HuH7 after ER
was transfected (Matthews et al., 2005; McPherson et al., 2009). Just like HepG2 cells

HuH7 are responsive to AhR but do not possess ERalpha. Increasing amounts of ERalpha
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expression plasmid in HUH7 cells resulted in a dose-dependent potentiation of TCDD-
induced luciferase reporter gene activity after 24 h co-treatment of TCDD with E2 1 nM or
10 nM. Opposite to ERalpha-dependent effects, the expression of ERbeta did not affect
AhR activity in HuH7 cells, suggesting ER subtype selectivity. (Matthews et al., 2005). This
finding is important since HepG2 cells do not possess ERalpha, as confirmed in the lack of
ERalpha mRNA, but were reported to have ERbeta (Iwanari et al., 2002). A recent study
investigated the effects of stable siRNA-mediated knockdown of ER subtypes on CYP
MRNA expression in HC11 mouse mammary epithelial cells (Wihlén et al., 2009). Suppres-
sion of ERalpha reduced, but knockdown of ERbeta enhanced TCDD-induced CYP1A1
expression in the non-tumorigenic HC11 cells. TCDD-induced CYP1B1 mRNA expression
was reduced at either ERalpha or ERbeta knockdown in the mouse cell line. In turn, siR-
NA-mediated knockdown of ERalpha in MCF-7 breast cancer cell line had no effect on the
transcription of CYP1A1 or CYP1B1 genes. (Wihlén et al., 2009). Consequently, the role of
ER subtype in AhR-mediated regulation of target genes may be species-specific or depend
on the origin of the cell type with respect to non-tumorigenic versus tumorigenic cells. In
human breast cancers co-expression of both ERalpha and ERbeta was associated with
lower aggressiveness of breast tumors (Jarvinen et al., 2000), since generally ERbeta inhi-
bits most but not all of ERalpha-mediated signaling to balance proliferative action via
ERalpha (Williams et al., 2008; Matthews et al., 2003). Additionally, in the context of AHR-
regulation ARNT was recently reported to function as a potent ERbeta co-activator (Ruegg
et al., 2008). This highly interesting finding suggested an AhR/ERbeta cross talk, which
may serve as an alternative mechanism for AhR-signaling via competing for limited pools
of ARNT (Wihlén et al., 2009).

In the present work, despite the enhanced TCDD-induced CYP1A1 luciferase activity by E2
in ERalpha-transfected HepG2 cells, neither TCDD-induced CYP1A1 nor CYP1B1 mRNA and
protein was considerably affected by the co-treatments (TCDD 1 nM/10 nM + E2

10 nM/100 nM). Relative inductions of CYP1A1 and 1B1 mRNA by the co-treatments or
TCDD alone were not different in ERalpha-transfected HepG2 cells compared with non-
transfected HepG2. This suggested that post-transcriptional changes may occur. Similarly,
other reports showed that co-treatment with E2 increased the recruitment of ERalpha to
CYP1A1 and CYP1B1 promotors without having an effect on the transcription of those
genes in HC11 cells (Wihlén et al., 2009). In contrast, ERalpha expression increased the
AhR regulation of TCDD-induced CYP1A1 and CYP1B1 mRNA expression in transiently
transfected HuH-7 cells compared to control vector cells (MacPherson et al., 2009). Whe-

reas there was no TCDD-mediated increase in relative expression levels observed for
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CYP1A1 and CYP1B1 mRNA, at least the absolute amounts of CYP1A1 and CYP1B1 mRNA

were elevated when ERalpha was over-expressed in HepG2 cells in the present work.

The observed potentiation of TCDD-induced transcriptional activity via E2 in transfected
HepG2 cells might occur through protein/protein interactions between ERalpha and AhR
as a proposed mechanism of AhR/ER cross talk (Figure 101, mechanism 3). Ligand-
activated or unliganded ERalpha was reported to modulate AhR transcriptional activity by
occupying AhR-responsive promotors and thus potentiate AhR-transcriptional activity.
Chromatin immunoprecipitation (ChIP) assays confirmed the ability of TCDD to induce
recruitment of ERalpha to the AhR target genes CYP1A1 and CYP1B1 in transiently ERal-
pha-transfected HuH7 cells (MacPherson et al., 2009). Additionally, the binding of ERal-
pha to these two CYP isoforms was even observed in control cells, but the occupancy of
ERalpha to AhR target genes could further be increased in response to TCDD treatment.
Deleting the functional ERalpha AF-1 domain had no effect, whereas an ERalpha AF-2
mutant did not increase the promotor occupancy at CYP1A1 and CYP1B1. The implication
of the AF-2 domain in TCDD-induced recruitment of ERalpha to AHR-regulated target
genes could further be supported in HuH7 using the selective anti-estrogens 4-
hydroxytamoxifen (40HT), preferentially inhibiting AF-2, or ICI 182,780 (ICl), which inhi-
bits the activity of both functional domains. In their study TCDD alone further enhanced
transcriptional activity of pCYP1A1-Luc and pCYP1B1-Luc, the latter to an even greater
extent, in the presence of co-transfected wild-type ERalpha in HuH7 cells compared to
vector control cells. There was no impact on TCDD-mediated increase reported in HuH7
cells transfected with either ERalpha AF-1 mutant or ERalpha AF-2 mutant, implicating the
role of both domains of ERalpha for increased AhR-mediated CYP1A1 and CYP1B1 gene

expression. (Mac Pherson et al., 2009)

The ERalpha-dependent and TCDD-mediated increase seen with HuH7 (MacPherson et
al., 2009), but not with HepG2 in the present study is assumed to be due to cell-specific
differences in responsiveness of AHR signaling, including AHR-dependent expression of

other proteins.

Since the enhanced response in HuH7 cells was more pronounced for CYP1B1, further
experiments of CYP1B1-dependent transcriptional activity should be examined using
HepG2 cells. Furthermore, a species-specific difference may also play a role since tran-
scriptional activity in the present study was investigated using rat CYP1A1-Luc reporter
gene whereas human-regulated CYP1B1- and CYP1A1-plasmid constructs were used in

the study conducted by MacPherson and colleagues. In agreement with the present work
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using HepG2 cells, basal levels of CYP1A1l-dependent luciferase activity were not influ-

enced by the expression of ERalpha in HuUH7 cells.

However, the expression of ERalpha significantly increased basal levels of the CYP1B1
luciferase activity levels in HuH7 cell line, supporting the role of ERalpha in the regulation
of the human CYP1B1. (MacPherson et al., 2009). Moreover, the enhanced recruitment of
ERalpha by the co-treatment (TCDD 10 nM + E2 10 nM) was found to be about 6-fold
higher to the CYP1B1 promotor than to the CYP1A1 promotor in MCF-7 cells after 60 min
treatment (Matthews et al., 2005). The increased CYP1B1 promotor occupancy may in
part be explained by E2-dependent recruitment of ERalpha to a hERE located in the prox-
imal promotor region of CYP1B1 (Tsuchiya et al., 2004). Tsuchiya and co-investigators
demonstrated that E2 alone (10 nM, 12 h) induced the expression of human CYP1B1
MRNA in ER-positive MCF-7 cells but not in ER-negative MDA-MB-435 human breast can-
cer cells or human endometrial carcinoma Ishikawa cells. In the present work, there was
no increase in CYP1B1 mRNA observed by E2 alone (10 and 100 nM, 20 h) in hERalpha-
transfected HepG2 cells. However, the E2-induced concentration-dependent decrease of
CYP1B1 mRNA in wild-type HepG2 was compensated by over-expressionof ERalpha.
Moreover, rat primary hepatocytes, exhibiting low levels of ERalpha compared to ERal-
pha-rich MCF-7 cells, showed a slight induction of CYP1B1 mRNA but not CYP1A1 mRNA
following exposure to E2 only after 48 h, supporting the role of CYP1B1 as a key enzyme
in ERalpha-dependent AHR-regulation.

However, the ER-dependent potentiating effect by the co-treatment observed in the
luciferase activity assay was not reflected in CYP1A1 and CYP1B1 mRNA levels in ERalpha-
transfected HepG2 cells, nor in mRNA, protein, and CYP1A activity (only measured after
48 h) levels in primary rat hepatocytes from male and female rats, which express low
levels of ERalpha. In order to address the role of CYP1B1 regulation via endogenous and
over-expressed ERalpha, it appears essential to further examine the effects of TCDD

and/or E2 on CYP1B1 activity in HepG2 cells and rat hepatocytes.

Moreover, TCDD and/or E2 did not modify ERalpha mRNA expression levels neither for
transiently transfected HepG2 cells at 20 h, nor for male rat hepatocytes. Contrarily, in
female rat hepatocytes decreased ERalpha mRNA levels were observed, which were asso-
ciated with E2 10 nM treatment and respective co-treatments with TCDD. The slight
changes in ERalpha mRNA in female rat hepatocytes were however not reflected in pro-
tein levels. The redirection of ERalpha protein to AhR target genes is used as a regulation
system of AhR and ERalpha signaling. In this context, the investigation of luciferase activi-

ty in primary rat hepatocytes bearing low endogenous levels of ERalpha are strongly rec-
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ommended to clarify if the potentiating effect of the co-treatment is due to over-
expressed ERalpha levels or may also be observed in the presence of low endogenous

receptor levels.

In the literature there are conflicting results regarding ERalpha modulation of the AhR-
mediated transcription, which may be dependent on the cell-type and cell culture condi-
tions. Apart from potentiating effects of co-treatments, also repressive effects or no ef-
fects by the co-treatment of TCDD and E2 were reported. In human embryonic kidney
HEK-293 cells transfected with CYP1A1 promotor-driven luciferase co-transfected with
both AhR and ERalpha expression plasmids, TCDD (2 nM, 20 h) activated CYP-dependent
transcription, which could be diminished in the presence of E2 100 nM (Beischlag and
Perdew, 2005). In another study, TCDD (1 nM, 24 h) caused a robust increase of CYP1A1
MRNA levels and CYP1A1 reporter gene activity, which could both significantly be de-
creased by co-treatment with E2 in ERalpha-transfected Hepa-1 and MCF-7 cells. Inhibito-
ry effects on AhR transcription were suggested as an inhibitory effect of E2—bound ER
dimer by blocking the binding of TCDD-AhR complex to the XRE. (Kharat and Saatcioglu,
1996). HepG2 and human breast cancer MCF-7 cells induced transcriptional activity of
CYP1A1 but not CYP1B after treatment with TCDD 10 nM for 24 h, and a weak regression
of this inductive effect was observed after the co-treatment with E2 10 nM. Additionally,
E2 10 nM alone decreased CYP1A1 but not CYP1B1 promotor activity in MCF-7 cells, whe-
reas in HepG2 cells only a trend towards a decrease was obtained by single E2 treatment.
(Coumoul et al., 2001). MCF-7 cells and mouse hepatoma Hepalclc? cells transiently
transfected with an Ah-responsive plasmid containing the 5’-regulatory region of the
human CYP1A1 gene significantly induced chloramphenicol acetyltransferase (CAT) activi-
ty after treatment with TCDD 10 nM for 24 h, whereas co-treatmentwith TCDD 10 nM +
E2 1 nM did not affect the response. (Hoivik et al., 1997)

Effects of ERalpha recruitment to AHR target genes are also dependent on the specificity
of AhR ligands. No effect of E2 on induced AhR-activation by AhR ligands other than TCDD
has been reported. Accordingly, the weaker AhR ligand 3-methylcholanthrene (3-MC,

1 nM) effectively activated AhR-dependent transcription through XRE reporter plasmid
transfected into MCF-7 cells, whereas the co-treatment of both 3-MC and E2 (10 nM) did
not potentiate XRE-mediated transcription of 3-MC alone. In this case, 3-MC induced the
recruitment of AhR/ARNT but not ERalpha to the CYP1A1 promotor XRE. (Ohtake et al.,
2003). TCDD is a very stable AhR agonist that persistently activates AhR, whereas 3-MC
has a lower binding affinity to the AhR and is susceptible to metabolism (Denison and
Nagy, 2003). Different agonist properties explain distinct reaction patterns accordingly.

The co-planar prototype AhR ligand PCB 126 recruited ERalpha to AhR regulated promo-
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tors whereas the non-co planar PCB 104, which does not activate AhR, did not enhance

promotor occupancy of ERalpha at CYP1A1 in T47 D cells (Matthews et al., 2007).

Altogether, the reported conflicting results of the effect of TCDD + E2 on TCDD-induced
AhR-mediated gene expression can possibly be influenced by cell type and culture condi-
tions. Results of the present work in HepG2 cells suggest that ERalpha with its ligand E2
plays a crucial role in mediating the effects on AhR transcription. The variability in AF-1
and AF-2 activity among different cell lines may contribute to the variability in the re-
ported effects of ERalpha and E2 on the regulation of TCDD-induced CYP1A1 gene expres-
sion. The cofactor composition of ERalpha may also exhibit cell type specificity causing
distinct changes in AHR-complex mediated transcription. Proteins that interact with AF-1
or AF-2 region of ERalpha may be important topics for future investigations of the ERal-
pha-mediated enhancement of AhR activity. In the present study, using HepG2 hepatoma
cells, the proposed recruitment of ERalpha by TCDD to CYP1A1 and its enhancement by
E2 is assumed to represent a feedback mechanism in estrogen signaling, since the induc-
tion of CYP1A1 as well as CYP1B1 result in the rapid oxidative metabolism of E2 (Figure
101, mechanism 1). Enhanced E2 metabolism has been shown to be associated with the
tumorigenic potential of E2, as the formed main hydroxylated metabolites have a geno-

toxic potential via direct and indirect mechanism (Cavalieri et al., 2006).
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Figure 101: Proposed mechanisms of AhR/ERalpha cross talk via dioxin-mediated interaction of ER with AhR.
Mechanisms: 1) Enhanced oxidative E2 metabolism via induction of CYP1A1 and CYP1B1. 2) Redirection of
liganded or unliganded ERalpha from ER regulated genes to AhR regulated genes by the activated AhR serving
at the same time as a regulation for ER protein levels. 3) Regulation of AhR-mediated transcription by recruit-
ment of liganded or unliganded ER to AhR target genes. 4) Proteasomal degradation of ER. 5) Inhibition of E2-
induced genes via inhibitory iXREs. 6) Competition for shared co-activators becoming limiting factors for target
gene expression (according to Safe and Wormke, 2003; Matthews and Gustaffson, 2006)

6.6.2. TCDD-REPRESSED E2-MEDIATED ERALPHA

SIGNALING

Transient co-transfection in HepG2 cells with vitellogenin-ERE-luciferase reporter and
ERalpha expression vector showed that TCDD 1nM was able to significantly reduce lucife-
rase activity induced by E2 10 nM. Data are consistent with results observed in breast
cancer cells such as MCF-7, which expresses both ER and AhR receptors endogenously
(Kharat and Saatcioglu, 1996; Ohtake et al., 2003). The less stable AHR agonist 3-
methylcholanthrene (3-MC, 1 uM) decreased ERE-mediated transcription in the presence
of E2 (10 nM) without binding directly to ERalpha or ERbeta in MCF-7 (Ohtake et al.,
2003). The same anti-estrogenic response was also reported in mouse hepatoma Hepa-1
cells transiently transfected with ERalpha. The sequential treatment with TCDD and E2
resulted in a decrease in vitellogenin-ERE-mediated E2-induction. In turn, a mutant Hepa-

1 cell line lacking functional AhR failed to exert an effect on E2-dependent ER signaling
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pathway by TCDD. (Kharat and Saatcioglu, 1996). The co-treatment of different TCDD
concentrations (10 nM — 0.01 nM) with E2 decreased E2-induced pERE;-mediated lucife-
rase activity in a concentration-dependent manner in ERalpha- and AhR-positive ZR-75
human breast cancer cells (Wormke et al., 2003). In general, TCDD is strongly anti-
estrogenic in cells in which the levels of ER cannot be down regulated due to the constitu-
tive expression of this receptor e.g. due to a transfected ER expression vector. It was
reported that the subdomains of the transactivation domain of the AhR are responsible
for the repressing E2-induced estrogen receptor transcriptional activity (Reen et al.,
2002).

Several studies have shown that TCDD-activated AhR inhibited E2-induced reporter gene
activity in cells transfected with an ERE-containing construct. Similarly, the expression of
E2-induced genes/proteins and their related activities, such as plasminogen activator
(Gierthy et al., 1987), cathepsin D (Krishnan et al., 1995), c-fos (Duan et al., 1999), or pS2
(Zzacharewski et al., 1994) was decreased in a number of breast and endometrial cancer
cells. Several mechanisms for inhibitory AhR/ERalpha cross talk have been proposed (Safe
and Wormke, 2003; Matthews and Gustaffson, 2006). A functional AhR complex, that can
translocate to the nucleus and inhibit the ERE binding activity of ERs, is required for the
anti-estrogenic action of TCDD (Kharat and Saatcioglu, 1996). A further plausible explana-
tion of the anti-estrogenic results of TCDD in the presence of E2 was suggested to be the
direct interaction of the AhRC with critical promotor regions of E2-responsive genes, the
so called inhibitory XREs (iXREs), thus resulting in the inhibition of ER target genes(Figure
101, mechanism 5). Functional iXREs have been identified, e.g. in the pS2, cathepsin D,
and c-fos promotors (Safe and Wormke, et al., 2003; Gillesby et al., 1997; Krishnan et al.,
1995; Duan et al., 1999)

In hormone-dependent tissues expressing high ER levels, such as breast and endome-
trium, treatment with E2 was associated with increased cell proliferation. In MCF-7 cells
E2 10 nM induced several genes, proteins, or related activities that are involved in cell
cycle progression, e.g. cyclin D1, E2F1, cyclin-dependent kinases-2, -4, and-7 activities
(Wang et al., 1998). Exposure to E2 is accompanied by an increased percentage of cells in
S phase and a decreased percentage in GO/G1 phase. It was shown that hormone-induced
effects on cell cycle progression could be reversed by TCDD, so that the AhR/ER inhibitory
cross talk may play an important role in inhibiting proliferative activity by E2 in hormone-
dependent tissues. (Safe et al., 2000). In rat hepatocytes E2 showed a co-mitogenic effect
on DNA synthesis stimulated through various growth factors, such as epidermal growth
factor (EGF) or hepatocyte growth factor (Ni and Yager, 1994). However, estrogens were

found to enhance the co-mitogenic actions of TCDD in rat hepatocytes (Schrenk et al.,
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1992). This indicates a different mechanism in the liver than in hormone-dependent tis-
sues, which may depend on tissue-specific ER receptor levels. The role of endogenously
expressed ERalpha on ERE-mediated transcriptional activation in the liver has to be

checked in further experiments using rat hepatocytes from male and female rats.

The inhibitory cross talk between AhR and ERalpha was explained to be an outcome of
the enhancement of AhR-mediated proteasomal degradation of ERalpha after E2/TCDD
co-treatment (Figure 101, mechanism 4) in order to limit the levels of available ERalpha
(Wormke et al., 2003; Ohtake et al., 2009). Thus, in breast cancer cell lines co-treatment
of E2/TCDD could induce a decrease of ERalpha protein levels. Decreased ERalpha protein
was also observed in cells treated with the pure anti-estrogen ICI 182 780, which itself
also induced proteasome-dependent degradation of ERalpha (Wijayaratne et al, 2001).
Western blot analysis of three ER-positive human breast cancer cell lines (ZR-75, MCF-7,
and T47D) showed that treatment with TCDD and the co-treatment of TCDD + E2 in-
creased the proteolytic degradation of ERalpha and AhR. E2 alone only induced degrada-
tion of ERalpha but not of AhR. Transfection of ZR-75 cells with siRNA for AhR inhibited
TCDD-induced but not E2-induced degradation of ERalpha protein, showing that AhR is
required for TCDD-induced ERalpha degradation. (Wormke et al., 2003)

The recruitment of liganded or unliganded ERalpha to AhR target genes as described in
section 6.6.1 (Figure 101, mechanism 3) supports AhR-induced inhibitory effects on ER
signaling. Consequently, when ERalpha acts as a co-regulator of AhRC activity the pool of
receptors regulating estrogen-responsive promotors may be reduced. This interaction is
also associated with a time-dependent reduction in the recruitment of ERalpha to estro-
gen target gene promotors (Figure 101, mechanism 2). ERalpha may then be targeted for
degradation via enhanced formation of ubiquinated forms of ERalpha and subsequent
proteasomal degradation (mechanism 4, Figure 101) (Wormke et al., 2003). Whatever the
mechanisms involved, the results in the present study in HepG2 cell line support the no-
tion that TCDD is not a direct ERalpha antagonist but induces the inhibitory cross talk
between liganded AhR and ERalpha. It is suggested that activated AhRC is directly in-

volved in the anti-estrogenic action of TCDD.

However, TCDD alone did not induce transcriptional activity through ERE when ERalpha
was constitutively expressed in HepG2. Contrarily, it was already shown that AhR agonists
alone, i.e. 3-MC (100 nM and 1 uM), beta-naphthoflavone (100 nM and 1 uM), and TCDD
(10 nM and 100 nM), were able to induce ERE-mediated transcription in MCF-7 cells (for
3-MC) and in Ishikawa cells for all three compounds) when ER (ERalpha or ERbeta) and
AhR/ARNT were transiently co-expressed (Ohtake et al., 2003). Others reported that
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TCDD (30 nM) exhibited estrogenic activity only in MCF-7 cells transfected with AhR siR-
NA (Abdelrahim et al., 2003). The authors concluded that due to the high affinity for AhR
TCDD acts like an ERalpha agonist only in AhR-deficient cell context or in cells with high
ERalpha/AhR protein ratio as obtained in ERalpha-transfected HepG2 cells. Likewise, this
AhR/ERalpha inhibitory cross talk was not observed in AhR-deficient MCF-7 cells after
TCDD treatment (Moore et al., 1994). However, AhR agonists with low receptor affinity
such as 3-MC or PCBs were shown to directly activate ERalpha independent from AhR.
(Abdelrahim et al., 2003 and 2006). Matthews and co-workers were unable to show direct
activation of ERalpha by TCDD in competitive binding assays using baculovirus-expressed
ERalpha proteins (Matthews et al., 2007). Thus, another possible mechanism for the re-
ported activation of ERalpha by TCDD was proposed to be via indirect mechanisms involv-
ing kinase activation or other signal transduction pathways, which lead to increased ERal-

pha activity (Mac Pherson et al., 2009).

The functional association of activated AhRC with the two transactivation functions of
ERwere examined with specific ER mutants. Experiments with ER-negative human endo-
metrial cancer Ishikawa cells, which were transfected with ER mutants selectively inhibit-
ing functional domains AF-1 or AF-2, revealed that AF-1 regions of ERalpha and ERbeta
were required for the changes of ERE-mediated transcription by AhR/ARNT. There was no
modulation of the AF-2 function detected. Furthermore, the ligand-bound AhR/ARNT
complex modulated unliganded ERs (ERalpha and ERbeta) by association with its N-
terminal A/B regions. Transfection assays with an ERalpha mutant lacking these AhR-
interacting regions revealed that responsiveness for AhR/ARNT and for E2 addresses

different regions of the estrogen receptor AF-1 function. (Ohtake et al., 2003)

In the present study in HepG2 TCDD-mediated decrease in E2-induced ERE-dependent
signaling was reversed by the pure anti-estrogen ZK 191 703. ZK 191 703 modulates ER
signaling by preventing interaction with the two activation functions AF-1 and AF-2 within
the ERalpha and ERbeta structure. Additionally, the pure anti-estrogen destabilizes ER
and induces its degradation (personal communication with K.H. Fritzemeier, Bayer Scher-
ing). Taken together, these results suggest an activation of estrogen receptor pathway
and exclude a non-genomic pathway. The weak increase of luciferase activity induced by
E2 treatment in ERalpha-negative HepG2 cells was inhibited by the ZK 191 703 anti-
estrogen and may be explained by low endogenous levels of ER protein. ERalpha mRNA
was not detected in HepG2 in the present work. Therefore, it was suggested that HepG2
cells express low levels of functional ERbeta. Iwanari and co-workers reported that HepG2
cells express ERbeta but not ERalpha mRNA (Iwanari et al., 2002). Thus, the role of ERbeta

in HepG2 will have to be elucidated in further experiments.
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The AhR antagonist 8-methoxypsoralen, applied under conditions that were shown to
inhibit TCDD-mediated CYP1A EROD activity (Baumgart et al., 2005), did not affect E2-
induced activity or its decrease by the co-treatments in the current work. 8-MOP is
known to prevent binding of the ligand-activated AhR/ARNT complex to the respective
AHR-dependent XREs but does not downregulate AHR protein (Jin et al., 2004). Contrary-
ly, alpha-naphthoflavone, another widely used AhR antagonist, successfully blocked the
estrogenic action of 3-MC in Ishikawa cells transiently transfected with ERalpha and AhR
expression plasmids, suggesting that AhRC is involved (Ohtake et al., 2003). Alpha-
naphthoflavone was shown to act as a partial antagonist of TCDD-induced CYP1A1 gene
expression by directly competing for cytosolic receptor binding sites (Merchant et al.,
1990). The effects of alpha-naphthoflavone in the mechanism of inhibition of TCDD in E2-
induced ERE-mediated transcriptional activity have to be further investigated in HepG2

cells to clarify the role of AhR.

The exact molecular mechanisms of action of the inhibitory AHR/ER cross talk still need to
be defined, but they may certainly include competition for common nuclear co-regulatory
proteins that between ER and AHR transactivation functions comprising e.g. p300, ARNT,
CBP, or members of the p160 family (Figure 101, mechanism 6) (Matthews and Gustafs-
son, 2006). There are some co-regulatory proteins that have been reported to be re-
cruited by both AhR and ER such as the p300/CRB co-activator. P300 was recruited to
ERalpha only in the presence of E2. Furthermore, p300 also associated with3-MC-bound
AhR/ARNT and unliganded ERalpha to form a complex in MCF-7 cells. (Ohtake et al.,
2003). The role of competition for common nuclear regulatory proteins including co-
activators and co-repressors depend on the cell-context and the expression of the co-

regulatory proteins that interact with ER and AhR.

220



| DISCUSSION

6.7. TCDD- AND E2-MEDIATED ROS FORMATION
LINKED TO CYP INDUCTION

Persistent expression of CYP via AhR-mediated mechanism was linked to induction of
oxidative stress which is one plausible mechanism contributing at least partly to TCDD-
induced carcinogenesis (Senft et al., 2002b; Chen et al., 2004). There is established evi-
dence of an association between induction of CYP activity and ROS formation, which
results from the catalytic site of the CYP mono-oxygenase system via uncoupling as de-
scribed in section 2. Superoxide anion radicals are predominantly released, which can
dismutate to H,0,. Subsequent increased ROS generation may result in the induction of
oxidative DNA damage. (Kuthan and Ullrich, 1982). Even in the absence of a substrate,
CYP reductase was reported to serve as a relevant source of ROS (Kuthan and Ullrich,
1982; Bosterling and Trudell, 1981; Wyde et al., 2001). Using reconstituted membrane
vesicle systems containing purified rabbit liver microsomal NADPH-CYP reductase and CYP
enzymes such as CYP2E1, generation of superoxide, hydrogen peroxide, and hydroxyl

radical was observed (Ingelman-Sundberg and Johansson, 1984).

TCDD-induced CYP1A1 activity was associated with increased leakage of oxygen radicals
in the mouse hepatoma cell line Hepalclc7 (Park et al., 1996). Single administration of
TCDD induced production of superoxide anion by peritoneal lavage cells in AhR-
responsive C57BL/6J mice and in female Sprague-Dawley rats but not in AHR-defective
mice (Alsharif et al., 1994b). Moreover, the AhR-mediated induction of oxidative stress
was correlated with the potency of AHR ligands, revealing that TCDD-mediated ROS pro-
duction was more pronounced compared to AhR ligands with lower potency such as PCB
(Sawyer and Safe, 1982; Alsharif et al., 1994b).

E2-dependent ROS generation may arise during its metabolism via catalyzed redox cycling
between the catechol estrogens and their corresponding quinone forms (Liehr et al.,
1986; Li et al., 1994). Since the formation of the respective catechol estrogens is catalyzed
by CYP1A1 and CYP1B1, it was hypothesized that TCDD-mediated CYP induction may

further elevate ROS production via enhanced E2 metabolism in the presence of E2.

In the present study ROS formation was determined in the H,DCDA fluorescence assay.
Basal levels of ROS were significantly higher in rat hepatocytes compared to the hepato-
ma cell lines, which may correlate with generally higher basal CYP1 levels in the primary

rat hepatocyte culture (see section 6.2.1).

HA4IIE cells constituted a good cell model to investigate ROS formation induced by TCDD In

contrast to rat hepatoma cell line HepG2 cell line. TCDD and the co-treatments but not E2
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alone considerably induced ROS formation in rat H4IIE. Increased ROS formation by the
co-treatments did not differ from single TCDD treatments, indicating a TCDD-mediated
increase. The positive control TBH extensively increased ROS formation in all cell models,

but was most prominent in H4IIE.

In human HepG2 cell line TCDD alone did not show any effect on ROS levels. However, a

minor increase was observed following exposure to two co-treatments after 48 h.

Female-derived rat hepatocytes were able to induce ROS only after 48 h following expo-
sure to TCDD, E2, or the respective co-treatment. It may be speculated that the lack of
any oxidative stress response mediated by single treatment with TCDD in male-derived
cells can be attributed to higher endogenous E2 concentrations in the hepatocytes from
female rats. Anyway, in hepatocytes from both sexes E2 alone at the highest concentra-
tion of 100 nM and the respective co-treatment of TCDD 1 nM with E2 100 nM gave rise
to significantly enhanced ROS production, but only at the longer treatment time of 48 h.
Thus, increased ROS production by E2 may correlate with induced CYP1B1 mRNA by E2 in
rat hepatocytes after 48 h treatment, indicating that the E2-mediated effect may be a

long-term treatment effect in vitro.

Results in HepG2 were consistent with previously obtained studies that reported the
failure of TCDD (1 nM, 48 h) to increase ROS levels. However, contrary to the results in
the present work, male hepatocytes from Wistar rats were shown to significantly increase
ROS formation after treatment with TCDD. (Knerr et al., 2006). Knerr and co-workers
(2006) measured ROS formation in microsomes, whereas in the present work cracked
cells were used, suggesting that oxidation reactions during processing of cells may have
an impact. Moreover, different cell culture conditions may account for the different re-
sponse in PHm. In the previously performed study phenol red-containing medium was
used and cells were kept in medium supplemented with 10% FBS even during treatments
over 48 h. This standard culture in FBS-rich medium, thus E2-containing medium, may
have had a positive effect in the stimulation of ROS. Based on the minimal E2 standard
culture conditions used in the present work (see section 6.1), it is noteworthy that ele-
vated oxidative stress response was found only after exposure to E2 100 nM and the co-
treatment of TCDD 1 nM with E2 100 nM, suggesting a role of long-term E2 treatment in
the formation of ROS in vitro. Likewise, in vivo results showed enhanced H,0, generation
in isolated liver microsomes after sub-chronic administration of E2 to Wistar rats (Barth et
al., 2000).

The results of studies in breast-cancer cell lines, which attempted to ascribe a role of

ERalpha to TCDD and/or E2-mediated effects on ROS production, were inconsistent. The
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effects were rather cell model-specific and appeared to depend on the experimental
conditions used. Non-tumorigenic human mammary epithelial cells (MCF-10A) showed
TCDD-mediated (10 nM, 72 h) induction of CYP1A1 and CYP1B1 protein and mRNA, which
was related to increased ROS generation. Moreover, in MCF-10A cells E2 alone did not
influence intracellular ROS levels, but the co-treatment dramatically enhanced TCDD-
mediated ROS accumulation. (Chen et al., 2004). Enhanced ROS formation after exposure
to TCDD (0.001-10 nM 48 h) was detected in ER-negative MDA-MD 231 cells and in ER-
positive MCF-7 cells only in the presence of an ER antagonist, supporting a protective role
of ERalpha in TCDD-mediated oxidative stress (Lin et al., 2007). In contrast, in another
study MCF-7 cells but not ER-negative MDA-2231 showed increased sensitivity towards
E2-mediated (10 nM, 18 h) oxidative DNA damage, which could be blocked by an anti-
estrogen (Mobley and Brueggemeier, 2004).

The role of ERalpha-dependent ROS formation in transiently transfected HepG2 cells was
compared with non-responsive ER-negative HepG2 cells in the present work. Even though
over-expression of ERalpha in HepG2 cells was found to be responsible for increased
basal CYP1A1 and CYP1B1 mRNA levels, none of the treatments with TCDD and/or E2 for
20 h influenced ROS formation compared to non-transfected cells. These results sug-
gested that ERalpha is not implicated or at least is not the only determinant in human
hepatoma cells. Thus, the non-responsiveness of human hepatoma cells compared to
rodent cells towards ROS formation may also be a species-specific effect. Human hepato-
cytes should be tested in future experiments to rule this out. Furthermore, the effects of
over-expressed ERalpha in HepG2 cell line on ROS production should also be investigated
after 48 h treatment to be in line with ROS-inducing effects observed in primary rat hepa-

tocytes.

The CYP1 inhibitor 8-MOP efficiently blocked all TCDD- and E2-induced elevated ROS
levels in all cell models, supporting the link between CYP1 induction and ROS increase.
However, since EROD activity was well induced by TCDD in both HepG2 and HA4IIE cell line,
TCDD-dependent ROS formation in H4IIE but not in HepG2 cannot be solely explained by
CYP1A1l induction. It is noteworthy, that HepG2 cell line exerted the lowest basal and
induced CYP1B1 mRNA and protein compared to the cells of rat origin. Measurements of
specific CYP1B1 activity to compare with CYP1A1 activity results will further elucidate the
implication of CYP1B1 as a key enzyme in E2 metabolism. Since even control levels of ROS
where diminished by the inhibitor 8-MOP, it can be assumed that CYP1 expression also
influenced steady state levels of ROS in the liver cell models. Similarly, in human breast
cancer cell lines MCF-7 and MDA-MB-231 TCDD-induced (10 nM, 2-72 h) oxidative stress,
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as determined by the H,DCFDA assay, was almost completely blocked in the presence of
alpha-naphthoflavone (0.15 uM), another AhR inhibitor (Lin et al., 2007).

Overall, these experiments suggest that the status of AhR and its mediated gene expres-
sion modulate TCDD-induced ROS formation in hepatoma cells and primary rat hepato-
cytes. The effects of E2 alone in rat hepatocytes cannot completely be explained by me-
tabolic conversion of E2 via CYPs. E2 did not induce CYP1A1 and only induction of CYP1B1
MRNA but not protein was observed. The impact of CYP1B1 activity will help to better
identify its role in the oxidative stress response. Moreover, it is also hypothesized that
estradiol induces changes in antioxidant status via ER-mediated cell proliferation. In this
proposed mechanism a controlled increase in ROS accompanied by increasing sensitivity
to DNA damage may act to potentiate cell growth. (Davies, 1999; Mobley and Bruegge-
meier, 2004)

6.7.1. RoLE oF NADPH IN ROS FORMATION

In the present study the role of NADPH, which is the obligatory cofactor needed for
NADPH-CYP-reductase-mediated single electron transfer onto the CYP protein, was inves-
tigated. The chemical reductive processes for the formation of ROS are primarily me-
diated by reduced pyridine nucleotides such as NADH and NADPH (Shen et al., 2005). For
this reason, ROS formation in cells with and without the addition of the reducing agent
NADPH was investigated in the H,DCFDA assay.

In hepatoma cells NADPH-independent ROS formation did not differ from control levels,
suggesting that NADPH is a negligible factor for the induced ROS formation observed in
HAIIE cells. Contrarily, NADPH-independent formation of ROS was significantly decreased
in rat hepatocytes derived from both sexes. In the rat primary culture, NADPH may play
an important role in the activation of the CYP mono-oxygenase system. It was reported
that the expression of human NADPH-CYP reductase in cultured V79 Chinese hamster
cells increased basal levels of oxidative DNA damage after depletion of GSH (Heine et al.,
2006). Therefore, it would additionally be interesting to investigate the role of NADPH-
CYP reductase as a stimulator of ROS formation in the liver cell models in order to fully
elucidate the role of the mono-oxygenase system in the TCDD- or E2-induced oxidative

stress response.
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6.8. CELLULAR TGSH LEVELS

GSH is the major antioxidant molecule occurring in all mammalian cell types and function-
ing as a redox buffer. It is also implicated in the detoxifying reactions during the oxidative
E2 metabolism. (Cavalieri et al., 2006). It was important to investigate alterations of tGSH
(oxidized and reduced form) in order to understand its role in the TCDD and/or E2-

dependent oxidative stress response (see section 6.7).

6.8.1. GSH sTATUS

The maintenance of an optimal GSH redox state is essential for limiting the level of oxida-
tive cell damage. Variations in GSH can thus have critical consequences in numerous cell
processes and steady state levels of ROS would rise. (Rebrin and Sohal, 2008). In mamma-
lian cells under physiological conditions more than 95% of the intracellular glutathione is
present as the reduced thiol form (GSH), termed as GSH status, since glutathione reduc-
tase will rapidly reduce any oxidized glutathione (DeLeve and Kaplowitz, 1991; Gallagher
et al., 1994). In the present work GSH status ranged between 85% and 93% in hepatoma
cell lines and male-derived rat hepatocytes, the latter showing the highest GSH status.
The lowest GSH status, which was slightly beneath 80%, was found in female-derived rat
hepatocytes, indicating a slight shift to a pro-oxidative redox state or a general stress
response in these primary cultured cells. The availability of GHS to various tissues is pre-
dominantly determined by its synthesis in the liver. Therefore, GSH concentrations in the
liver are very high, up to 7-8 mM in the rat liver. (Halliwell and Gutteridge, 1999). The
different liver cell models revealed relatively high basal tGSH levels after 20 h cell culture,

ranging from about 35 to 75 uM/mg protein.

6.8.2. TGSH LEVELS AFTER TREATMENTS

Following treatments with TCDD and/or E2 for 20 h there were no significant modifica-
tions of tGSH levels observed in all four cell models, except for increased tGHS levels in
HepG2 after exposure to the co-treatment of E2 10 nM + TCDD 1 nM. This increase was
associated with significantly increased GSH levels, whereas GSSG levels remained un-
changed. In the absence of other statistically significant changes, only a trend for increas-
ing tGSH levels after treatment with TCDD and the co-treatments was observed in HepG2

cells, and occasionally also in the other liver cell models.

Treatments with the known reference compound menadione for 1 h showed a trend for a
decline in tGSH levels, which might be indicative of depleted GSH depots. Menadione is a

redox cycler resulting in oxidative stress in isolated rat hepatocytes after 30 min treat-
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ment (Morrison et al., 1984; Di Monte et al., 1984). Menadione was observed to deplete
GSH without an increase in the levels of GSSG, a mechanism of action which was predo-

minantly mediated by arylation rather than oxidative stress (Seung et al., 1998).

Elevated GSH levels following dioxin treatment have been reported in mammalian sys-
tems, suggesting that TCDD evokes a reducing thiol status (e.g. Senft et al., 2002a; Shert-
zer et al., 1998; Lin et al., 2007). Dioxin-treated female C57BL/6 mice (15 pg/kg bw, 3
consecutive days) showed increased H,0, production in the liver which was associated
with elevated mitochondrial GSH levels, whereas GSSG levels did not change. Additional-
ly, mitochondrial GPx and GR were increased in parallel in the liver of dioxin-treated fe-
male mice, thus explaining the lack of GSSG increase (Senft et al., 2002a). In contrast, in
another in vivo study exposure of female C57 BL/6J mice to a low dose of TCDD (5 pg/kg
bw, 3 consecutive days), which still resulted in increased CYP1A1 activity, led to a pro-
oxidant shift (Shertzer et al., 1998). In rats the depletion of GSH has been shown to result
in increased PAH-induced oxidative liver damage in rats (Vuchetich et al., 1996). A single
low dose of TCDD was sufficient in Sprague Dawley rats to induce ROS production, inhibit
cytosolic GPx activity, and decrease mitochondrial tGSH (Stohs et al., 1986; Stohs et al.,
1991). Additionally, TCDD was shown to induce GSTYa and GSTP activity in HepG2 cells
and liver parenchymal cells from Wistar rats respectively (Rushmore et al., 1990; Aoki et
al., 1992).

Estradiol was also associated with changes in GSH levels, mainly producing a reducing cell
environment. During oxidative estradiol metabolism the correspondent quinone forms
can undergo conjugation with GSH alone or catalyzed by GSTP1, thus reducing the level of
reactive DNA-damaging E2 quinones (Hachey et al., 2003; Parl et al., 2009). Exposure to
E2 increased GSH contents in the liver of male and female mice. These effects were asso-
ciated with increased activities of GR and glutathione synthetase, indicating that in-
creased recycling of oxidized GSSG and increased GSH synthesis contribute to it. (Liu et
al., 2004). Treatment with E2 10 nM for 18 h increased GPx enzyme activity as well as
SOD isoforms in ER-positive MCF-7 human breast cancer cells as a response of E2-

mediated oxidative DNA damage (Mobley and Brueggemeier, 2004).

Besides ROS generation, which can occur during E2 metabolism, E2-induced changes in

antioxidant status were also hypothesized to be part of a controlled redox-sensitive me-
chanism to stimulate cell proliferation via ER-mediated signaling. (Davies, 1999; Mobley
and Brueggemeier, 2004;) However, the relevance for estrogen receptor in E2-mediated

oxidative stress response is not yet much elucidated, but ER appears to be involved in
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intracellular changes due to oxidative stress. Thus, the effects of TCDD and/or E2 in tran-

siently transfected HepG2 cells on GSH levels may be further investigated.

In other cell lines such as human breast cancer MCF-7 and MDA-MB-231 breast cancer
cells, GSH depletion was observed during the first 1-5 h of treatment with TCDD (Lin et
al., 2007). The short lack of GSH depletion at 20 h in the hepatic cell models in this study
may be due to the long treatment time. It is speculated that monitoring of GSH and GSSG
levels at shorter treatment times than 20 h would perhaps have shown a transient de-
crease in the reducing agent, which then stabilizes over time resulting in increased GSH
levels as a defense against persisting oxidative stress associated with CYP induction (see

section 6.7).

Under the conditions of the assay in the present study the trend of TCDD or E2-mediated
increased tGSH levels most probably associated with increased reduced form of GSH was
consistent with the majority of the available in vitro and in vitro studies in the liver. How-
ever, in order to be able to fully assess the mechanism of ROS formation in TCDD- or E2-
treated cells, activities of GR, GPx, and GST should be investigated in future experiments
to better clarify the role of GSH in TCDD-induced E2 metabolism in the different liver cell
models. The effects of GSH deficiency by the use of GSH-depleting chemicals are an addi-
tional possibility to evaluate the influence of high tGSH levels in the liver cells, particularly
with regard to ROS formation and also oxidative DNA damage. GHS-deficient mouse
models are also a good tool to investigate the role of GSH in TCDD- and/or E2-treated

animals in vivo (Dalton et al., 2004).

6.9. EFFECTS OF TCDD AND/OR E2 ON COMT
EXPRESSION

The most common detoxification pathway in E2 metabolism is the methylation of CEs by
COMT, which preferably methylates 2-OHE2 and thus prevents the production of the
genotoxic estrogen quinones (Ball and Knuppen, 1980; Goodman et al., 2002). Differential
expression of COMT may play a role in differences of activation for oxidative DNA dam-

age.

In the present study primary rat hepatocytes possessed much higher basal mMRNA COMT
levels compared to hepatoma cell lines, as detected by qPCR. The over-expression of
ERalpha in transfected HepG2 cells did not have an influence on basal COMT mRNA com-
pared to normal HepG2 cells. Differences in expression levels between primary and tumo-

rigenic cells may be due to the fact that higher COMT levels are conserved in normal
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tissues compared to cancer cells. In the breast for example COMT is less expressed in
human breast carcinoma tissues than in normal female breast tissue (Rogan et al. 2003;
Singh et al., 2005; Wen et al., 2007). Generally, COMT mRNA expression levels in the liver
were at least ten-fold higher compared to normal human mammary gland and MCF-7
breast cancer cell line (Lehmann and Wagner, 2008). In normal human liver the expres-
sion profile of E2 detoxifying enzymes showed that mainly COMT was expressed, but also
GST yielded high expression levels. Less frequent E2-metabolizing enzymes in the human
liver were UDPGTs, SULTs, and low amounts of QR. (Lehmann and Wagner, 2008)

In the present study it was important to elucidate if E2 stimulates its own methylation or
whether TCDD, which induced the CYPs responsible for E2 activation, concomitantly in-
duced Phase 2 enzymes for detoxification. In HepG2 cells COMT mRNA was significantly
decreased following exposure to E2 100 nM, TCDD, and the co-treatment of E2 100 nM
with TCDD 1 nM for 20 h. COMT decrease could be related to the decreased CYP1B1
mMRNA levels observed after 20 h, suggesting interplay of both genes to regulate E2 meta-
bolism. After 48 h this diminishing effect was reversed and significantly induced COMT
MRNA levels were observed for most of the co-treatments. H4lIE cells showed no treat-
ment-dependent effects on COMT mRNA. In male rat hepatocytes a stimulation of COMT
mMRNA by both E2 10 nM and/or TCDD 10 nM was observed after 48 h. In contrast, in
female rat hepatocytes TCDD resulted in a significant decrease in COMT after 20 h and
48 h and a general trend for a decrease could be observed for all the co-treatments. Thus,
in female-derived rat hepatocytes inhibitory effects triggered by TCDD could be pre-

sumed.

HepG2 cells were reported to possess extensive metabolic capacities for the deactivation
of catechol estrogens. The detoxification systems were shown to be more complex in
HepG2 than in breast cancer MCF-7 cells. Therefore, HepG2 cells were protected from 4-
OHE2-mediated oxidative DNA damage. (Gerstner et al., 2008). COMT was shown to
mainly catalyze the formation of 2-methoxy E2/1 in both HepG2 and MCF-7 cell line.
However, in contrast to MCF-7 cells, HepG2 cells were also able to preferentially glucu-
ronize 4-OHE2/E1. (Gerstner et al., 2008). The most active UDPGT for the elimination of 4-
OHE2/E1 in human liver is UDPGT2B7 isoenzyme (Pfeiffer et al., 2006).

Catechol metabolites of PCBs were shown to be potent inhibitors of COMT protein and
activity in MCF-7 cells and are likely to contribute to reduced clearance of estradiol cate-
chol metabolites. The effect of PCB metabolites on reduction of COMT expression is hy-
pothesized to run via interaction with the ER, since the effect was abolished by the anti-

estrogen ICl 182 780. (Ho et al., 2008). It was also speculated that enhanced formation of

228



| DISCUSSION

CE after exposure of liver cells to TCDD and E2may inhibit COMT expression via interac-
tion with ERalpha. Therefore, it was interesting to investigate the effects of ERalpha on
COMT expression in transiently transfected HepG2 cells compared to wild-type HepG2
cells after 20 h treatment. In contrast to the above reported results, COMT-decreasing
effects were observed in ER-negative HepG2 cells by treatment with the high E2 concen-
tration and/or TCDD. This decrease was compensated in the presence of ERalpha. The co-
treatments even resulted in slightly increased COMT mRNA levels in transfected HepG2
cells. Thus, the amount of COMT mRNA was induced by TCDD+E2 when ERalpha was

over-expressed.

Consequently, in human HepG2 cells the presence of remarkable amounts of ERalpha
protein was associated with the activation of COMT mRNA, providing a good basis for
detoxification of CYP-mediated CE metabolites. Treatment-related COMT induction was
also observed in PHm, which possess low ERalpha levels, but also in ER-negative HepG2
after 48 h. This implies that parallel to CYP1A1 and CYP1B1 mRNA expression, COMT can
be induced also independent of ERalpha status. Additionally, TCDD-dependent decrease
of COMT mRNA in female-derived hepatocytes cannot be solely explained by ERalpha
status, but may also be due to a sex difference. Furthermore, ERbeta could be implicated

in the regulation of COMT expression.

Based on these results it can concluded that COMT mRNA levels cannot be taken as the
only measure of investigation. The enzyme activity of COMT has to be investigated in
future studies to fully characterize the effects of TCDD and E2 on the major Phase 2 en-
zyme in E2 metabolism in the liver cell models. Moreover, examination of the expression
profile and enzymatic activities of the other major enzymes involved in the metabolism of
catechol estrogens such as GSTs or UDPGTs will allow to better characterize the antioxi-

dant status of the different liver cell models.

6.10. INDUCTION OF FPG-SENSITIVE DNA STRAND
BREAKS IN THE COMET ASSAY

6.10.1. EFFECTS OF TCDD AND/OR E2 AND
E2-METABOLITES

In all liver cell models TCDD, E2, and the co-treatments did not induce DNA strand break
formation in the alkaline comet assay after 20 h treatment. The application of the exci-

sion repair glycosylase FPG enabled to provide evidence for DNA repair process based on
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oxidative DNA modifications, which may have occurred but are not repaired by the intrin-

sic repair systems (Collins, 2004).

Basal DNA migration was significantly enhanced after the use of FPG. This finding was not
surprising, since basal levels of endogenous oxidative DNA base modifications such as 8-
ox0-G have been observed in all types of untreated mammalian cells (ESCODD, 2002).
They reflect a steady state between a continuous generation of ROS-mediated modifica-

tions during cellular oxygen metabolism and DNA repair processes (Epe, 2002).

In the presence of FPG, TCDD or E2 caused a significant increase in DNA strand break
formation only in primary rat hepatocytes. Pronounced FPG-sensitive DNA strand breaks
following single treatments of TCCD or E2 occurred without a significant concentration
dependency. The co-treatments did not further enhance this effect. Consequently, TCDD-
and E2-induced DNA strand breaks in primary rat hepatocytes are mainly indicative of

oxidative DNA damage.

There are no studies available in the literature using comet assay with FPG in liver cell
models after exposure to TCDD or E2. However, in breast cancer cell lines TCDD was
shown to induce DNA strand breaks in the alkaline comet assay. This effect was asso-
ciated with increased ROS formation. (Lin et al., 2007)

Regarding the liver, a number of in vitro and in vivo studies in liver cells or tissue investi-
gated the role of oxidative DNA modifications by quantification of the 8-oxo-dG as the
most important biomarker for oxidative DNA damage. Consistent with our results at 20 h,
it was reported that TCDD 1 nM (48 h) induced 8-oxo-dG in genomic DNA of primary rat
hepatocytes from male rats but not in DNA of HepG2 cells. A slight increase in HepG2
cells did not reach statistical significance and was not considered relevant. (Knerr et al.,
2006). Park and colleagues (1996) reported increased excretion of 8-oxo-G following
treatment of mouse hepatoma Hepalclc7 cells with TCDD (0.5 nM, 48 h).

In vivo results revealed that long-term treatment of intact Sprague Dawley rats but not
ovariectomized rats over 30 weeks with TCDD resulted in increased 8-oxo-dG levels in
liver nuclear DNA. This increase was even more pronounced in DEN-initiated animals,
suggesting the role of TCDD as a liver tumor promoter and supporting the hypothesis that
estrogens may lead to increased oxidative DNA damage via increased metabolism of

endogenous estrogens to catechols. (Tritscher et al., 1996)

Likewise, supplementation of E2 to ovariectomized rats enhanced the formation of 8-oxo-
dG adducts in TCDD-treated DEN-initiated rats (Wyde et al., 2001). Consequently, ovarian

hormones like estrogens have been linked to increase the tumor-promoting actions of
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TCDD in female Sprague Dawley rats compared to ovariectomized rats (Lucier et al.,
1991). Hence, the induction of 8-oxo-dG by TCDD appears to occur via chronic, sex-
specific, and estrogen-dependent mechanism. Since CYP1B1 mRNA was reported to be
more enhanced in the livers of female Sprague Dawley rats than in those of male rats
(Walker et al., 1995), the mechanism of TCDD-increased estrogen metabolism may mainly
depend on the metabolic activation of E2 to 4-OHE?2.

Moreover, there may be a link between TCDD-induced oxidative DNA damage and apop-
tosis. The induction of oxidative stress and related oxidative DNA damage triggers tran-
sient cell cycle arrest as a defense mechanism. The temporary growth arrest via induction
of the tumor-suppressor protein p53 enables the cell to eliminate damaged bases via
DNA repair or to undergo programmed cell death. (Krokan et al., 1997). TCDD was re-
ported to inhibit apoptosis, thus enhancing liver tumor formation and DNA-damaging
effects. The prototype dioxin markedly reduced the rate of apoptosis in preneoplastic rat
liver (Stinchcombe et al., 1995). Likewise, inhibition of UV- or 2-AAF-induced apoptosis by

TCDD was observed in rat hepatocytes in vitro (Worner and Schrenk, 1996).

In the current study E2 alone also increased FPG-sensitive DNA damage in rat hepatocytes
but not in the hepatoma cell lines. This increase may result from DNA adduct formation
or free radical formation following redox cycling of the estradiol metabolites (Cavalieri et
al., 2006). Likewise, the direct effects of the two main E2 metabolites showed induced
DNA fragmentation only in rat hepatocytes and only after FPG application. Induction of
FPG-dependent DNA lesions predominantly represent oxidized DNA bases, which may
arise from redox cycling between the catechol estrogens and the respective quinone

forms, thus damaging the cells (Cavalieri et al., 2006).

E2 and its two main metabolites induced FPG-sensitive DNA damage to the same extent
after 20 h treatment. Thus, both 4-OHE2 and 2-OHE2 contribute to E2-mediated ROS and
oxidative damage. This was consistent with the finding that in primary rat hepatocytes E2
also induced ROS formation in the H,DCFDA assay. However, the effects of E2 cannot
completely be explained by metabolic conversion of E2 via CYPs, because E2 did not in-
duce CYP1A1, and CYP1B1 mRNA induction was only observed following 48 h treatment.
The impact of CYP1B1 activity will help to better identify its role in DNA damage. It was
hypothesized that E2 induces changes in antioxidant status via ER-mediated cell prolifera-
tion. In this mechanism a controlled increase in ROS accompanied by increasing sensitivity
to DNA damage may act to potentiate growth (Davies, 1999; Mobley and Brueggemeier,
2004). The effects of E2 and the E2 metabolites in the comet assay using HepG2 cells
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transiently transfected with ERalpha would be a good tool to further investigate the role
of ERalpha.

ER-rich MCF-7 cells showed induced DNA damage after exposure to E2 as low as 0.1 nM
and 10 nM in the comet assay even without FPG (Rajapakse et al., 2005; Yared et al.,
2002). MCF-7 cells treated with the catechol metabolites 2- and 4-OHE2 showed in-
creased tail moments in the normal comet assay starting at concentrations of 100 nM.
The 4-OHE2-mediated effect at 100 nM was slightly more pronounced than the effect by
E2 at the same concentration, whereas 2-OHE2 100 nM increased mean tail moments to
the same extent as E2. (Rajapakse et al., 2005). Similar findings were obtained in the ER-
negative MDA-MB-231 cells in the normal comet assay, indicating that the ERalpha status

is not relevant to these effects. (Rajapakse et al., 2005)

The genotoxic effects of the catechol estrogens are dependent on the cell’s metabolic
capabilities. In accordance with the results in the present study, there was no induction of
FPG-sensitive DNA strand breaks observed in HepG2 cells after 2 h treatment with the
catechol estrogens 2-OHE2 and 4-OHE2, determined in the alkaline unwinding assay in
the absence of FPG (Gerstner et al., 2008). In MCF-7 cells 4-OHE2 but not 2-OHE2 slightly
induced DNA strand breaks in the alkaline unwinding assay. This effect was assumed to be
due to the lack of UDPGT2B7, which specifically glucurinates the reactive 4-OHE2 in
HepG2 (Pfeiffer et al., 2006; Gerstner et al., 2008). Accordingly, in E2-treated MCF-7 cells
the inhibition of COMT led to an increase in oxidative DNA damage mediated by the cate-
chol estrogens (Lavigne et al., 2001). Likewise, COMT inhibitors led to higher levels of
catechol estrogens, resulting in increased formation of the CE-mediated depurinating
DNA adducts 4-OHE2-1-N3Ade and 40HE2-1-N7Gua (Lu et al., 2007).

More complex activities of Phase 2 enzymes in the hepatoma cell line, which may have
occurred due to the cell transformation, may also be responsible for the differences in
oxidative DNA damage between hepatoma cells and the primary rat hepatocytes and will

have to be further investigated.

Though E2 alone and TCDD alone were able to induce FPG-sensitive DNA damage in rat
hepatocytes, no potentiating effect and no sex-specific response could be observed in rat
hepatocytes in the present work. Lu and co-investigator showed that induction of CYP1B1
by pre-treatment with TCDD dramatically increased E2 metabolism in human ER-negative
MCF-10F breast epithelial cells, which led primarily to the 4-hydroxylated metabolite. In
MCF-10F cells, which were only treated with E2, the metabolism of E2 was very low (Lu et
al., 2007). Thus, another experimental design, i.e. pre-treatment with TCDD and subse-

quent treatment with E2 instead of simultaneous treatment with both compounds, might
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enable to better investigate the effects of preceding TCDD-mediated CYP induction on

metabolic activation of estradiol.

6.10.2. EFFECTS OF MMS AND MENADIONE

FPG protein is known for its high sensitivity for detecting 8-oxo-G and other damaged
purines, but it also detects AP sites and ring-opened N-7 guanine adducts (Collins et al.,
1996, 1997; Epe et al., 1993; Tchou et al., 1994; Li et al., 1997).

In the present study the methylating agent MMS was used as a positive control in the
comet assay. For all the liver cell models the FPG digestion step strongly enhancedMMS-
induced DNA damage, confirming the alkylating agent as a substrate for FPG-sensitive
sites. A close relationship between the FPG-dependent enhancement of DNA-damaging
effects in the comet assay and the amount of N-7 alkylation was observed for the alkylat-
ing agents MMS, ethyl methanesulfonate, and ethylnitrosourea (Speit et al., 2004). The
predominant adduct in double-stranded DNA resulting from MMS exposure is 7-
methylguanine. The N7 position of guanine possesses the highest nucleophilic potential in
DNA and is the preferential site of action of the electrophilic methylating agents. (Wyatt
and Pittman, 2006). Comparison of effects between H,0, and MMS showed that the
enhancement of MMS-induced FPG-sensitive DNA damage was even stronger than the
enhancement of the reactive oxygen compound, determined in whole blood samples or
isolated human lymphocytes. Alkali treatment of 7-methylguanine during lysis step may
result in ring-opened derivatives which can be repaired by the bacterial FPG repair en-
zyme. (Speit et al., 2004). In mammalian cells N-7-guanine-alkylated DNA is recognized by
MPG (methylpurine DNA glycosylase), which is a DNA glycosylase that initiates BER
(Wyatt and Pittman, 2006).

The second positive control used in the present study, menadione, led to extensive DNA
fragmentation in the comet assay, which was nevertheless not further increased by FPG.
Menadione is a representative quinone that resulted in a concentration-dependent in-
duction of DNA strand breaks after treatment of rat primary hepatocytes (1-50 uM,

30 min) (Morrison et al., 1984; Di Monte et al., 1984). Quinones exert their toxic effects
by two major mechanisms, i.e. oxidative stress as a consequence of ROS formation due to
enzymatic redox cycling or decreased GSH levels due to sulfhydryl arylation (Thor et al.,
1982; Rossi et al., 1986). In platelets prepared from plasma of Sprague Dawley rats me-
nadione depleted GSH preferably via arylation, without an increase in the levels of GSSG.
This effect indicated that menadione-mediated GSH decrease is predominantly mediated

by arylation rather than oxidative stress (Seung et al., 1998) if GSH is available. Based on
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these reported effects, the preference of menadione towards arylation in the presence of
high amounts of GSH (see section 6.8.1) is suggested. Thus, the results of the present
study support the idea that oxidative stress is not the primary mechanism for menadione

toxicity in the rat liver cell models.

Generally, the enhanced DNA effects in the comet assay with FPG after exposure to geno-
toxic agents should not be regarded per se as evidence for the presence of oxidative
damage. The mode of action of the agent should be considered as an important determi-

nant for interpretation of FPG-sensitive DNA damage.

6.11. DNA REPAIR ACTIVITY IN THE UDS ASSAY

6.11.1. EFFecTS OF TCDD AND/OR E2

DNA repair activity induced by oxidative DNA modifications is predominantly performed
by excision repair mechanism (mainly BER), which can be measured with the UDS assay.
Using the LSC technique, hydroxyurea (HU) has to be used as an inhibitor of the sche-
duled DNA synthesis. The use of HU is indeed recommended in the OECD Guideline of the
UDS assay in vitro (No. 482) in dividing cultures (OECD-Guideline, 1986).

In the present study lower UDS background activity in hepatoma cells compared with
primary rat hepatocytes can be explained by the additional treatment with hydroxyurea.
Primary rat hepatocytes are practically non-dividing and less than 0.05% of the cells enter
the S phase of the cell cycle (Mitchell et al., 1983). However, the relatively high back-
ground level of incorporated tritium-labeled thymidine in rat hepatocytes and high stan-
dard deviations in PHm may reflect this minimal rate of replicative DNA synthesis. This
may be checked in further experiments applying HU in appropriate non-toxic concentra-
tion to primary hepatocyte cultures. Under the same conditions used HU inhibited replic-
ative DNA synthesis more efficiently in H4IIE cells than in HepG2 cells, leading to 99% and
91% inhibition respectively. HU depletes the pools of dNTP by inactivating ribonucleotide
reductase, an enzyme needed for scheduled DNA synthesis (Skoog and Nordenskjold,
1971; Thelander and Reichard, 1979). HU itself can exert genotoxic effects. Treatment
with HU concentration of 10 mM for 1 h was found to be non-genotoxic in HepG2 cell line
and effectively inhibited DNA replication. (Severin et al., 2003). In general terms, hepato-
cytes are recommended for UDS testing, since they exhibit appropriate metabolism, and

the liver is often a prime target in rodent bioassays (Madle et al., 1994).
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The treatments with TCDD and/or E2 showed no induction in DNA repair activity in hepa-
toma cells in the present study. These results were consistent with the negative results in

the comet assay with and without FPG.

Rat primary hepatocytes did not result in a clear DNA repair induction following treat-
ments. There was a slight tendency of an increasing effect observed in PHm, leading to a
minimal non-statistical increase in repair activity for E2 or TCDD single treatments. Fe-
male-derived rat hepatocytes showed a significant increase following exposure to E2.

However, this statistical effect represents only a small increase.

Studies on the induction of UDS in cultured hepatocytes from male Holtzman rats (with
HU) resulted in a weak positive response after treatment with E2 at high doses in the
range from 1 uM to 10 mM for 18 h (Althaus et al., 1982). Negative results in rat hepato-
cytes (with HU application) from male Fischer F.344/N rats have also been reported after
16 h exposure to E2 (Blakey and White, 1985). Unpublished results from Organon were
reported to exert a positive UDS response in female-rat hepatocytes treated with E2
(Joosten et al., 2004).

Generally, the evaluation of a positive result in the UDS assay with strong and known
carcinogens was identified as the increase over the negative control levels of [3H]-
thymidine. Suggestions were also offered how to distinguish a marginally positive result
from a negative result. In this context it was considered that a dose- or concentration-
related increase in UDS is acceptable evidence of a positive response. (Williams, 1976).
Others interpreted positive responses as those in which a reproducible, statistically signif-
icant increase in the [3H]-thymidine incorporation above that of the negative control
could be demonstrated for at least one concentration of the test chemical (Martin et al.,
1978). Optimally it was recommended that both criteria should be met to consider a test
substance-related effect in UDS induction (Mitchell et al., 1983).

Accordingly, the obtained results in PHm showed very high variability in the four inde-
pendent experiments. Further experiments in PHm are required to be able to demon-
strate a reproducibility of the results. Currently, the trend for increased UDS activity by
TCDD and E2 observed in PHm in the present study was not considered to be test sub-
stance-related. Likewise, in order to be able to draw a valid conclusion from the statisti-
cally significant increases in [3H]-thymidine incorporation by E2 10 and 100 nM observed
in PHf, a dose-response relationship over at least 3 concentrations also in a wider range
of concentrations should be carried out. Additionally, the influence of HU in rat hepato-
cytes culture on DNA activity following exposure to TCDD or E2 needs to be checked and

to be compared with current results.
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Contrarily to male-derived hepatocytes, female-derived hepatocytes failed tu induce a
positive response with reference compounds. A sex-specificity in genotoxic response has
often been reported in the UDS assay. This occurrence was presumably due to a different
expression of enzyme systems catalyzing metabolic activation and detoxification of indi-
rect mutagens and is further discussed in section 6.11.2. That is also the reason why male
rat hepatocytes are generally recommended to be used in the in vivo standard genotoxici-
ty testing (Madle et al., 1994). However, hepatocytes from female rats may be more
appropriate for certain classes of chemicals, e.g. steroid hormones (Topinka et al., 1993;
Martelli et al., 2003).

The LSC-based UDS variant is less sensitive than the autoradiography approach. In the
autoradiography-based UDS assay S-phase cells can easily be recognized (extremely high
numbers of nuclear silver grains) and excluded from counting (Mitchell et al., 1983; Fautz
et al.,, 1991; Madle et al., 1994). This can be important for minimal numbers of S-Phase
cells present in rat hepatocytes, because they can yield high background incorporation
rates, lowering the sensitivity in LSC-based UDS testing, especially when the effect of
weak DNA repair inducing agents shall not be missed. In future experiments the autoradi-
ography UDS variant should be performed to better characterize the effects of TCDD

and/or E2 on DNA repair mechanisms.

6.11.2. EFFECTS OF DIRECT AND INDIRECT GENOTOXINS

For the purpose of obtaining appropriate positive controls in the UDS assay, several geno-
toxic agents with a direct damaging mechanism or requiring metabolic activation were
tested. The known mutagen 4-nitroquinoline N-oxide (NQO) and the alkylating agent
methyl methanesulfonate are often used as appropriate positive controls in the UDS
assay, because they do not require metabolic conversion of cells (Mitchell et al., 1983;
Wyatt and Pittman, 2006).

In the present study NQO was found to be an appropriate positive control for the LSC-
based UDS assay in HepG2. HepG2 cells have been reported to induce NQO-mediated
UDS activity in a dose-dependent manner with its maximum at 2 uM (Naji-Ali et al., 1994).
In their study cytotoxicity was starting at a concentration of 2.5 uM after 24 h treatment
in HepG2 cells. The human hepatoma cell line was also reported to induce UDS activity
after 24 h treatment with MMS at concentrations up to 50 uM (Naji-Ali et al., 1994),
which also induced strand breaks in the comet assay in the present study. HepG2 cell line

is a useful tool for the detection of genotoxins and has been widely used in genotoxicity
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testing and toxicology screening as an alternative to human hepatocytes (Valentin-
Severin et al., 2003; Knasmidiller et al., 1998; Naji-Ali et al., 1994).

In rat H4IIE cell line NQO failed to induce UDS activity, which was even diminished at
concentrations above 4 uM most probably due to cytotoxic effects. Secondly, the alkylat-
ing agent MMS was only able to show a positive response after 4 h treatment. In the
Alamar blue Assay (data not shown) MMS 100 uM did not appear to affect cell viability
after 20 h and 48 h treatment up to 200 uM in H4IIE cells. Nevertheless, MMS 100 uM
may have altered the integrity of the cells over time possibly by affecting the intrinsic
DNA repair system. This may explain the different response of MMS in the UDS and the
comet assay in H4IIE cells. The unchanged DNA repair level by MMS at the longer 20 h
exposure time may indicate that enzymatic DNA repair systems are already saturated

over time. Alternatively, DNA lesions may have formed but are no longer repaired.

Both NQO and MMS were able to considerably increase [3H]-thymidine incorporation in
male-derived rat hepatocytes. However, various concentrations of the hepatic carcinogen
2-actylaminofluorene (2-AAF) failed to induce UDS activity at 4 h. This indicates that pos-
sibly a longer treatment time may be necessary for metabolic activation of 2-AAF by CYP
1A2 (Edwards et al., 1990). Treatments with 2-AAF for 18 h were reported to induce DNA
repair in male rat hepatocytes from Wistar rats in the autoradiography-based UDS
(Schehrer et al., 2000). 2-AAF also gave a strong positive response in the LSC-based UDS
assay with male rat hepatocytes from different strains (e.g. Wistar and Sprague-Dawley).
However, the range of the positive response with 2-AAF was observed to be variable
among different rat strains, probably due to strain variation in the capacity for biotrans-
formation. (Fautz et al., 1991). Since the lowest observed effective concentrations for 2-
AAF were lower in the autoradiography-based UDS assay, it was suggested that this me-

thod was slightly more sensitive than the LSC assay (Fautz et al., 1991).

Moreover, a sex-specific response in UDS activity was apparent in the present study.
Several kinds of positive controls did not affect DNA repair activity in female-derived
hepatocytes. Treatment with MMS at the concentration resulting in FPG-sensitive DNA
fragmentation in the comet assay did not change DNA repair levels. Higher concentra-
tions of MMS after 20 h (100-150 uM) as well as different concentrations of MMS, 2-AAF,
and NQO after 4 h even significantly reduced UDS activity. The reduction most probably
indicated either a cytotoxic response in these cells, effects on cell integrity thus affecting
intrinsic repair enzymes, or the inappropriateness of these cells to exert DNA repair for
certain kinds of test compounds. Nevertheless, female rat hepatocytes from three differ-

ent strains (Fischer F344, Lewis, DA) were shown to induce UDS after treatment with 2-
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AAF (18-20 h). Generally, exposure to 2-AAF 100 mM was toxic in all three strains and
resulted in a stable or diminished UDS induction. However, sensitivity towards cytotoxic

effects varied between the different rat strains. (Mc Queen and Way, 1991)

Reports are available showing lower sensitivity in response in female-derived rat hepato-
cytes in the DNA repair assay. Hepatocytes from Sprague Dawley and Fischer F344 rats
treated with different concentrations of 2-AAF for 20 h showed lower UDS activity in
female rat hepatotcytes than in male rat hepatocytes. Additionally, the response dimi-
nished with increasing age in both sexes. (Probst and Hill, 1987). Lower DNA repair activi-
ty with 2-AAF in female rats was associated with lower activities of a sulfotransferase,
which is required for the formation of the reactive DNA-binding intermediate (Beland et
al., 1982; Irving, 1975; Probst and Hill, 1987; McQueen et al., 1986). In Fischer F344 rats
the activities of Phase 1 aryl hydrocarbon hydroxylases were shown to be lower in liver

and hepatocytes from females than in those from males (Croci and Williams, 1981).

Consequently, in the present study there was a sex-dependent difference in response in
the UDS assay in rat hepatocytes. This effect was predominantly obvious as a lack of in-
duction by various reference compounds in PHf, while a positive response was found in
PHm. Thus, the interpretation of the UDS results in hepatocytes from Wistar rats is diffi-
cult and the use of appropriate positive controls in the female rat hepatocytes will have

to be investigated in more detail in this rat strain.

Taken together, the lack of clearly induced UDS activity by TCDD and E2 and the co-
treatments in all cell models would be consistent with negative results observed in the
normal alkaline comet assay. The induced formation of strand breaks by TCDD and/or E2
in rat hepatocytes of both sexes in the comet assay with FGP was not reflected in the UDS
assay. The exogenous addition of the bacterial FPG repair enzyme to the DNA of the cells
in the comet assay allows detection of specific DNA modifications, which remain unre-
paired by the intrinsic repair system and can then be converted into additional DNA
strand breaks subsequent to excision of the respective DNA stretch. The DNA repair
measured in the UDS assay reflects directly the endogenous repair. It is assumed, that the
intrinsic repair enzymes may be the limiting factor to repair the oxidative lesions ob-

served in the comet assay.

In order to gather more insights into the genotoxic action of TCDD and/or E2 via indirect
metabolic mechanisms, other DNA strand break assays such as the alkaline unwinding or
alkaline elution technique may be performed. These assays can also be carried out by

adding additional steps of specific DNA repair enzymes such as FPG (Hartwig et al., 1996;

Pflaum et al., 1997). Together with the comet assay or the UDS assay, these tests have in
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common that they are not restricted to certain cell lines or cell systems but can be used
for measuring genetic damage in various target organs in vitro and in vivo (Kasper et al.,
2007; ICH, 2008).

6.12. FPG-SENSITIVE DNA MODIFICATIONS IN REPAIR-
DEFICIENT MICE AFTER SINGLE TCDD EXPOSURE

The effects of a single exposure of TCDD on 8-oxo-G formation and the implication of
BER-mediated DNA repair processes were observed in repair-deficient 0GG1”/csb™"™
mice compared to wild-type C57BL/6 mice. OGG1 protein is the mammalian repair en-
zyme initiating the base excision repair of the oxidative 8-oxo-G DNA modifications and
related purine modifications (Klungland et al., 1999; Minowa et al., 2000). The cockayne
syndrome B (csb) protein is involved in the transcription-coupled nucleotide excision
repair and is part of a backup repair mechanism for 8-oxo-G (Osterod et al., 2002). Oxida-
tive DNA modifications contribute to the mutagenic potential of cells and the efficiency of
the DNA repair systems may play a major role in the initiation steps of carcinogenesis.
Oxidative DNA damage dependent on the acute exposure to the environmental contami-
nant TCDD in the light of BER-mediated DNA repair pathway was further elucidated by

means of the alkaline elution technique modified with an additional FPG treatment step.

FPG-sensitive background levels of DNA modifications were about 2-fold increased in the
repair-deficient mice compared to the wild-type mice, suggesting a role for this repair
mechanism by preventing accumulation of endogenous 8-oxo-dG in the liver. Previous
results obtained in Prof. Epe’s laboratory showed increased background levels of FPG-
sensitive oxidative DNA modifications in 0GG1”/csb™Y™ which was about 3.4-fold
higher than the 2-fold increase in 0GG1” mice (Osterod, 2002). The combined defect of
0OGG1 and csb gave rise to the highest level of FPG-dependent oxidative DNA modifica-
tions, pointing out the importance of the csb protein in the pathways involved in the

repair of these lesions (Osterod et al., 2002).

According to the age of the mice (3-7 months) used in the present study, the steady state
levels of FPG-sensitive DNA modification in primary hepatocytes isolated from repair-
deficient and wild-type mice were in the same range as with the results obtained in the
course of a previously performed age-dependent investigation of FPG-sensitive DNA
modification (Osterod et al., 2002).

Nevertheless, a single dose of TCDD (1 pg/kg bw) did not have any effect on FPG-sensitive

DNA modifications in hepatocytes 96 h after exposure, neither in repair-deficient animals
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nor in wild-type animals compared to control animals. Hence, it is assumed that following
single exposure to TCDD, no TCDD-mediated oxidative DNA base modifications were
formed. Further experiments following long-term exposure to TCDD in the repair-

deficient mice need to be investigated in order to check if it is a repeated dose effect.

Female B6C3F1 mice were administered TCDD once by gavage (0.001, 0.01, 0.1, 1, 10, or
100 pg/kg bw) and sacrificed 7 days later (Slezak et al., 2000). Hepatic production of supe-
roxide anion, measured as the reduction of cytochrome ¢, demonstrated a significant
increase of oxidative stress, but only at the higher dose levels of 10 or 100 ug/kg TCDD.
Furthermore, tGSH was increased at both of these dose levels. Significant increases in
TBARS (Thiobarbituric Acid Reactive Substances), another parameter of oxidative stress
measuring lipid peroxidation, were observed only at the highest dose of 100 pg/kg TCDD.
(Slezak et al., 2000)

Shertzer and co-workers (1998) reported that acute TCDD exposure (5 pg/kg bw i.p., 3
consecutive days) produced a sustained oxidative stress response in female C57BL/6)
mice. This was determined by elevated urinary excretion of 8-oxo-dG, a repair by-product
of oxidative DNA damage, and persisted for at least 8 weeks after administration. Signifi-
cant increases in the ratio of oxidized to reduced hepatic glutathione (GSSG/GSH) were
also reported 1 week and 8 weeks after administration. This prolonged oxidative stress
response may be related to the elevated CYP1 levels that persisted over the time course

of 8 weeks after the high-dose acute exposure to TCDD. (Shertzer et al., 1998)

TCDD-treated female C57BL/6 mice (15 pg/kg bw i.p., 3 consecutive days) showed ele-
vated mitochondrial H,0, production 1 week up to 8 weeks after exposure. Moreover,
dioxin treatment augmented mitochondrial GSH but not GSSG, which may be explained

by increased glutathione reductase (GR) activity. (Senft et al., 2002a)

AhR('/'), Cyplal('/'), and Cyplaz"/') knockout mice of the C57BL/6J background were admi-
nistered TCDD (15 ug/kg bw, i.p., 3 consecutive days) and were sacrificed after 1 week.
CYP1A1 ('/"), CYP1A2 ("/"), but not AhR " knockout animals showed increased GSH and GR
activities as a consequence of TCDD administration, implicating a role of AhR function in

the TCDD-dependent oxidative stress response.(Senft et al., 2002b)

The investigation of the role of CYPs in TCDD-induced oxidative stress was further investi-
gated in CYP1A1"" and CYP1A2""” knockout mice after single administration of TCDD

(5 ng/kg bw, sacrifice after one week). CYP1A1") mice displayed markedly lower levels of
H,0, production in both induced and non-induced liver microsomes compared with those

from wild-type mice and CYP1A2) mice. CYP1A2 was suggested to act as an electron
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acceptor by preventing the uncoupled electron transfer from NADPH to O,. (Shertzer et
al., 2004b)

Likewise, it was demonstrated that the induction of hepatic 8-oxo-dG adducts by TCDD in
Sprague Dawley rats were only observed following chronic exposure but not acute expo-
sure. Single dose treatment with TCDD (1000 and 3000 ng/kg bw) at doses resulting in

liver burden showed no difference in 8-oxo-dG adducts between the control and treated

female Sprague-Dawley rats 4 days after exposure. (Wyde et al., 2001)

Taken together, based on the reported mouse studies a dosing protocol of high acute
TCDD doses such as higher than or equal to 5 pg/kg bw or administration over 3 consecu-
tive days and sacrifice of the animals 1 week after exposure has been shown to be suffi-
cient to intensify the dioxin-mediated oxidative stress response. The lack of response in
the present study in the repair-deficient mice as well as wild-type mice following a single
dose of 1 pg/kg bw TCDD suggested that the dioxin dose was probably too low to result in
a manifested oxidative stress and FPG-sensitive DNA modifications. Further experiments
with the same knockout mouse models and applying the well described dosing protocols
in a concentration-dependent manner will have to be performed to better elucidate the
role of the BER repair in the TCDD-mediated induction of oxidative DNA base modifica-

tions.

Thus, it is suggested that a single low dose of TCDD does not result in oxidative DNA mod-
ifications, but a threshold level has to be achieved. The lack of oxidative DNA damage in
the presence of a single low dose of TCDD in the present study cannot be explained by
the fact that DNA BER repair pathway is sufficiently working, since no modulating effect
was seen in the repair-deficient mice either. High dose or low dose subchronic exposure
appears to be necessary to detect increased dioxin-mediated oxidative stress responses

in the liver.
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7.SUMMARY AND CONCLUSION

There is extensive evidence that TCDD-activated AhR elicits anti-estrogenic activity by
interfering with the regulation of estrogens and the estrogen-mediated ERalpha signaling
pathway. Furthermore, TCDD and estradiol have been implicated in the induction of ROS
as an initiating event and subsequent oxidative DNA damage, which could contribute to

carcinogenesis.

The present study was conducted to shed light on the hypothesis that enhanced activa-
tion of estrogens by TCDD-induced CYP enzymes, mainly CYP1A1 and CYP1B1, leads to

oxidative DNA damage in liver cells.

It was the first time that the effects on four different AhR-responsive liver cell models, rat
HA4IIE and human HepG2 hepatoma cell lines and primary hepatocytes from male and
female rats, were investigated to elucidate the possible species- and sex-specific effects
of TCDD-mediated CYP expression and subsequent oxidative DNA damage and its possible

modulation by estradiol.

The effective induction of CYP1A1 and CYP1B1 by TCDD was demonstrated in all liver cell
models. Despite of low basal levels in rat H4lIE and human HepG2 cell lines, CYP1A1 ex-
pression and activity was highly inducible in hepatoma cells. In contrast, basal and TCDD-
induced CYP1B1 expression was more pronounced in cells of rat origin, and most pro-
nounced in rat primary hepatocytes. Thus, rodent cells and especially non-tumorigenic
liver cells appear to be better at stimulating the estradiol metabolism via the more reac-
tive pathway involving the CYP1B1-mediated formation of the genotoxic 4-

hydroxyestradiol.

CYP-dependent induction of ROS was only observed in rodent cells. Estradiol induced ROS
only in rat hepatocytes, which was associated with a weak CYP1B1 mRNA induction. Thus,
E2 itself was suggested to induce its own metabolism in primary rat hepatocytes resulting
in the redox cycling of catechol estradiol metabolites leading to ROS formation. It was
speculated that longer treatment times would be favorable to enhance this E2-mediated

induction.

In this study, the role of TCDD and E2 on oxidative DNA damage was investigated for the

first time in vitro in the comet assay in combination with FPG using liver cells. Both TCDD
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and E2 were shown to induce FPG-sensitive oxidative DNA base modifications only in rat
hepatocytes. Additionally, the direct oxidative DNA-damaging effect of the two main E2
metabolites, 4-OHE2 and 2-OHE2, were only observed in rat hepatocytes and revealed
that E2 damaged the DNA to the same extent. The induction of oxidative DNA damage by
E2 cannot completely be explained by the metabolic conversion of E2 via CYPs as E2 did
not induce CYP1A1 and a weak CYP1B1 mRNA induction was only observed following 48 h
treatment. The impact of CYP1B1 activity will help to better identify its role in this par-
ticular DNA damage. Moreover, other mechanisms of E2-induced changes in antioxidant
status, possibly also involving ER-mediated cell proliferation, are interesting domains of

further research.

The intrinsic base excision repair activity, which is responsible for the elimination of oxid-
ative DNA base modifications, was not affected by the treatments in the hepatoma cell
lines using the LSC-based UDS assay. Inconclusive results obtained with primary rat hepa-
tocytes may be checked with the more sensitive autoradiography UDS variant to better
characterize the effects of TCDD and/or E2 on DNA repair mechanisms. Furthermore, it is
of interest to perform other DNA strand break assays in vitro such as the alkaline unwind-

ing or alkaline elution technique in combination with FPG.

In an in vivo experiment, a single low dose of TCDD did not have an effect on FPG-
sensitive oxidative DNA modifications 4 days after exposure, neither in wild-type nor in
repair-deficient 0GG1”/csh™Y™* mice using the alkaline elution technique. This corrobo-
rates the theory that repeated dose exposure is necessary to detect a dioxin-mediated
oxidative stress response in the liver. However, the in vitro results in the FPG-sensitive
comet assay support that TCDD and also E2 possess a genotoxic potential through the

indirect mechanism of oxidative DNA damage.

The high antioxidant status of GSH in the liver cells was not changed by exposure to TCDD
and/or E2. Generally, there was a trend towards increased tGSH levels in all cell models,
which was most probably associated with increased GSH levels and unchanged GSSG

levels, creating a rather reducing cell environment.

The detoxification of catechol estrogens by COMT is the most common pathway to pre-
vent the production of the genotoxic estrogen quinone forms. Higher amounts of basal
COMT mRNA in rat hepatocytes than in hepatoma cell lines suggest a favorable expres-
sion in non-tumorigenic cells. The investigation of COMT-activity and those of other en-
zymes involved in the metabolism of catechol estrogens such as GPx, GST, or UDPGT will
have to be carried out in the future to allow to fully characterize the metabolic capabili-

ties of the liver cell models.
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As a crucial point, the expression of low levels of endogenous ERalpha in rat hepatocytes
and the lack of ERalpha in hepatoma cell lines was identified. Therefore, the effects of
interference of ERalpha with AhR was examined in HepG2 transiently transfected with
ERalpha. E2 enhanced the AhR-mediated transcriptional activity, which was dependent
on ERalpha over-expression. This further increase of the co-treatment may be due to an
ERalpha activity switching on AhR target genes in order to regulate E2 levels. In turn,
TCDD reduced E2-mediated ERalpha signaling, which confirmed the anti-estrogenic action
of TCDD. A modulation of the combined effects of TCDD with E2 was not observed in any
of the other experiments. Thus, the role of low endogenous ERalpha levels has to be
investigated in transfection experiments using rat primary hepatocytes to clarify whether
the enhancement of AhR regulation by the co-treatment is due to an over-expression of
ERalpha. The exact mechanisms of the AhR/ER cross talk are not yet fully understood and
other unknown molecular mechanisms such as competition for common co-regulatory

proteins are certainly a promising field for future investigations.

A sex-difference was observed. Lower TCDD-induced EROD activities and a lack of positive
response in DNA repair activity in the presence of known genotoxins were noticeable in
female rat hepatocytes. However, CYP1A1 and CYP1B1 expression and oxidative DNA
damage was comparable between both sexes. Lower levels of Phase 1 enzyme activities
implicated in the metabolic activation of certain compounds in female rat hepatocytes
may explain these differences in response and should motivate to better characterize the
sex-differences of Phase 1 enzyme activities, particularly CYP1B1 activity as a key enzyme

in estradiol metabolism.

A general comparison between the responses observed in the different liver cell models
revealed that the hepatoma cell lines were less responsive. The rat H4IIE data proved the
cell line to be a good model for investigating TCDD-mediated ROS formation, which did
however not result in FGP-sensitive oxidative DNA modifications. There were no E2-
mediated effects observed in human and rat hepatoma cell lines, which both lacked ERal-
pha. In the human HepG2 cell line no oxidative DNA damage was found with either
treatment condition. However, in HepG2 cells CYP1A activities were greatly induced being
similar to the activities in male rat hepatocytes. Human hepatocytes may be used to
check whether differences between human HepG2 cell line and rat hepatocytes were due

to species-specific differences or the transformation of the cells to tumor cells.

Overall, rat primary hepatocyte cultures turned out to be the more adaptive cell model to
investigate metabolism in the liver, reflecting a more realistic situation of the liver tissue.

However, long-term culture effects would be very interesting especially with regard to
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investigating the impacts of tumor promotors to better point out the effects of long-term
exposures of estradiol in combination with TCDD in vitro. Furthermore, hepatoma cell
lines can be used to permit to better examine molecular mechanisms. Indeed, during this
work a cross talk between ERalpha with AhR was shown for the first time using human

hepatoma HepG2 cell line by transiently transfecting ERalpha.
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8.APPENDICES

8.1. SOLUTIONS AND BUFFERS

8.1.1. GENERAL SOLUTION

PBS (phosphate buffered saline, Ca>* and Mg**-free), pH 7.4

Na,HPO,
KH,PO,
NaCl

KCl

ddH,0

Adjust to pH 7.4, sterile filtration, store at room temperature

8.1.2. CeLL CULTURE MEDIA

DMEM 10% FBS

DMEM w/o phenol red

FBS

Penicillin/streptomycin 100x
L-Glutamine 200 mM

store at 4 °C, prewarm at room temperature before use

DMEM 0.5% FBS

DMEM w/o phenol red

FBS

Penicillin/streptomycin 100x
L-Glutamine 200 mM

store at 4 °C, prewarm at room temperature before use

DMEM 0.5% FBS + hydroxyurea 10 mM
DMEM w/o phenol red

FBS

Penicillin/streptomycin 100x

L-Glutamine 200 mM

Hydroxyurea

store at 4 °C, prewarm at room temperature before use

0.923 g (6.5mM)

0.204 g (1.5 mM)
8.006 g (137 mM)
0.201 g (2.7 mM)

ad1lL

87 mL

10 mL (10%)
1 mL (1%)

2 mL (4 mM)

97 mL

0.5 mL (0.5%)
1 mL (1%)

2 mL (4 mM)

97 mL

0.5 mL (0.5%)
1 mL (1%)

2 mL (4 mM)
76 mg (10 mM)
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DMEM w/o FBS

DMEM w/o phenol red
Penicillin/streptomycin 100x
L-Glutamine 200 mM

store at 4 °C, prewarm at room temperature before use

DMEM DCC FBS 10%
DMEM w/o phenol red

DCC FBS
Penicillin/streptomycin 100x
L-Glutamine 200 mM

store at 4 °C, prewarm at room temperature before use

8.1.3. TREATMENT SOLUTIONS

For dissolving test chemicals in DMSO or Ethanol high quality anhydrous DMSO or EtOH

p.a. were used.

TCDD stock solution 10* M
MW
TCDD

17beta- Estradiol (E2) stock solution 20mM
MW
E2

2-Hydroxyestradiol (2-OHE2) stock solution 13.8 mM

MW
2-OHE2
Store at-20 °C

4-Hydroxyestradiol (2-OHE2) stock solution 13.8 mM

MW
4-OHE2
Store at -20 °C

8-Methoxypsoralen (8-MOP) stock solution 100 mM

MwW
8-MOP in DMSO
prepare protected from light, store at 4 °C

97 mL
1 mL (1%)
2 mL (4 mM)

87 mL

10 mL (10 %)
1 mL (1%)

2 mL (4 mM)

322¢g/L
10*Mm

272.39 g/L
5.45 mg/mL

288.4 g/L
4 mg/mL

288.4 g/L
4 mg/mL

216.2 g/L
21.62 mg/mL
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ZK°191°703 stock solution 10 mM

MW 623.782 g/L
ZK°191°703 in DMSO 6.238 mg/mL
store at 4 °C

2-Acetylaminofluorene (2-AAF) stock solution 1 M
MW 223.3g/L
2-AAF in DMSO 223.3 mg/mL

4-Nitroquinoline-N-oxide (NQO) stock solution 100 mM

MW 190.16 g/L
4-NQO in DMSO 19 mg/ mL
store at —20 °C

Methyl methanesulfonate (MMS)

MW 110.13 g/L
density 1.3 g/mLat 25°C
prepare freshly on the day of use

8.1.4. PREPARATION OF RAT HEPATOCYTES

Heparin
1000 U/mL in 0.9% NacL

Pentobarbital solution

pentobarbital 33 mg
ddH,0 ad 1 mL
Prepare prior to use

HEPES
HEPES 23.83 g
ddH,0 ad 100 mL

Adjust to pH 7.4
sterile filtration

Perfusion buffer |

Na ClI 31.5g (0.1 M)
KCl 1.6 g (4 mM)

MgS0,7H,0 1.35 g (1 mM)
KH,PO, 0.75 g (1 mM)

(
NaHCO, 9.05 g (20 mM)
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HEPES

Glucose

EGTA

ddH,0

Adjust to pH 7.4
sterile filtration

Perfusion buffer Il
HEPES1 M, pH 7.4
DMEM/Ham’s F12 (1:1)

Washing buffer
HEPES 1 M, pH 7.4
Penicillin1000 U /Streptomycin 10 mg/L

FBS
DMEM/Ham’s F12 (1:1)

Glutamine solution, pH 7.6
L-Glutamin 48 mM

Sterile filtered and aliquoted
Stored at —20 °C

Insulin solution

Insulin (1-5500)

Dissolved in dist. H,0 by addition of 1 drop of 1 M NaOH
Adjusted to pH 7.6 by 1 M HCI

Sterile filtered and aliquoted

Stored at —20°C

EGTA solution

EGTA 125 mM

Dissolved in dist. H,0 by addition of 1 drop of 1 M NaOH
Adjusted to pH 7.6 by 1 M HCI

Sterile filtered and aliquoted

Stored at —20°C

17.9 g (15 mM)
7.5g (8 mM)
0.19g (0.1 mM)
ad 5L

5 mL (10 mM)
ad 500 mL

5 mL (10 mM)
5mL (100 U/0.1
mg/mL)

100 mL (20%)
ad 500 mL

7 g/L

2g/L

47.5g/L
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8.1.5.

PREPARATION OF MOUSE HEPATOCYTES

If not noted otherwise, solutions were prepared in bidistilled H,O and autoclaved.

Glucose solution, pH 10

D (+) Glucose x H,0

Krebs-Henseleit-buffer
NaCl 1000 mM

KCl 24 mM

KH,PO,; 12 mM

Adjusted to pH 7.6 with NaOH

HEPES-buffer pH 8.5
HEPES (free acid) 250 mM

Adjusted to pH 8.5 with NaOH when used carbogen

Amino acid solution
L-Alanine 3.0 mM
L-Aspartit acid 1.0 mM
L-Asparagine 3.0 mM
L-Citrulline 1.5 mM
L-Cysteine 0.8 mM
L-Histidine 6.4 mM
L-Glutamic acid 6.8 mM
L-Glycin 13.3 mM
L-Isoleucine 3.0 mM
L-Leucine 6.1 mM
L-Lysine 7.1 mM
L-Methionine 3.7 mM
L-Ornithine 3.8 mM
L-Phenylalanine 3.3 mM
L-Proline 4.8 mM
L-Serine 6.2 mM
L-Threonine 11.3 mM
L-Tryptophan 3.2 mM
L-Tyrosine 3.0 mM
L-Valine 6.8 mM
Dissolved in distilled H20

After stirring (20 min), pH was adjusted to 11 by addition of 10 N NaOH.
Thereafter, (10 min stirring) pH was adjusted to 7.6 by 37% HCI.
Solution was sterile filtered and kept at 4 °C for 2-3 months.

9 g/L (50 mM)

60 g/L
1.75 g/L
1.6 g/L

60 g/L

0.27 g/L
0.14 g/L
0.40 g/L
0.27 g/L
0.14 g/L
1.0 g/L

1.0g/L

1.0g/L

0.40g/L
0.80g/L
1.30g/L
0.55g/L
0.65 g/L
0.55g/L
0.55 g/L
0.65 g/L
1.35 g/L
0.65 g/L
0.55 g/L
0.80 g/L
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Glutamine solution, pH 7.6
L-Glutamin 48 mM

Sterile filtered and aliquoted
Stored at —20 °C

Insulin solution

Insulin (1-5500)

Dissolved in dist. H,0 by addition of 1 drop of 1 M NaOH
Adjusted to pH 7.6 by 1 M HCI

Sterile filtered and aliquoted

Stored at —20°C

EGTA solution

EGTA 125 mM

Dissolved in dist. H,0 by addition of 1 drop of 1 M NaOH
Adjusted to pH 7.6 by 1 M HCI

Sterile filtered and aliquoted

Stored at —20°C

CaCl, solution
Caclz x 2H,0

MgSO, solution
MgS0, x 7H20

EGTA Buffer

Glucose solution
Krebs-Henseleit buffer
HEPES buffer

Amino acid solution
Glutamine solution
Insulin solution

EGTA solution

Vi

7 g/L

2g/L

475 g/L

129 mM

100 mM

62 mL
10 mL
10 mL
15 mL
ImL

0.5mL
0.4 mL
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Collagenase buffer
Glucose solution
Krebs-Henseleit buffer
HEPES buffer

Amino acid solution
CaCl, solution
Glutamine solution
Insulin solution
Collagenase

Collagenase was dissolved in the prewarmed mixture immediately before use.

CaCl, was added shortly before use.

Suspension buffer
Glucose solution
Krebs-Henseleit buffer
HEPES buffer

Amino acid solution
Glutamine solution
Insulin solution

CaCl, solution

MgSO, solution

BSA

Alkaline Elution

PBSCMF pH 7.5 (autoclaved)
NaCl

KCl

NaH,PO,

KH,PO,

BE;-buffer pH 7.5 (autoclaved)
NacCl

Tris/HCI

Na,EDTA

BE,/BSA-Puffer pH 7.5 (autoclaved)
NaCl

Tris/HCI

Na,EDTA

BSA

vii

77.5mL
12.5mL
12.5mL
19 mL
5mL
1.25 mL
0.6 mL
62.5mg

310 mL
50 mL
50 mL
75 mL
5mL
2.5mL
4 mL
2mL

lg

137 mM
2.7 mM
8.3 mM
1.5mM

100 mM
20 mM
1mM

100 mM
20 mM
1mM
0.50 g/I
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Lysis buffer pH 10.0 (with proteinase K)
Glycin

Na,EDTA

SDS

Adjust pH with 2 N NaOH

(400 mg/| proteinase K)

Washing buffer pH 10.0 (autoclaved)
Na,EDTA
Adjust pH with 2 N NaOH

Elution buffer pH 12.15
EDTA
Adjust pH with Tetraethylammoniumhydroxid (TEAH)

Bisbenzimide (Hoechst No. 33258)
stock solution

Ad dist. H,0

aliquoted and stored at -20°C

Phosphate buffer pH 6,0 (autoclaved)
NaH,PO,
Na,HPO,

Phosphate buffer pH 7,2 (autoclaved)

NaH,PO,

Na,HPO,

with bisbenzimide (1 % (v/v) stock solution)

bisbenzimide stock solution is added immediately before use

viii

100 mM
20 mM
2%

20 mM

20mM

0.15mM

68.1 mM
15.8 mM

21.7 mM
93.0 mM
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8.1.6. CytoTtoxICITY TEST: ALAMAR BLUE ASSAY

Resazurin stock solution (440 mM)

Resazurin

DMF

Store at 4°C for 1 week
Exclude from light

NaCl/P;-Puffer
KH,P0O, 1.1 mM
NaCl 154 mM
Na,HPO, 3.7 mM
ddH,0

Store at 4°C

Resazurin-NaCl/Pi solution (4401M)
Resazurin stock solution

NacCl/Pi-Puffer

Store at 4°C for up to 6 weeks

Exclude from light

Resazurin working solution

110.5mg
in1lmL

0.144 ¢
9g

0.528 g
upto 1l

100pL
999.9 mL

Dilute Resazurin - NaCl/Pi solution and phenol red-free DMEM (without supplementation of FBS) in

the ratio 1:10 (v/v).

Prepare just before use and prewarm at room temperature.

Exclude from light.

8.1.7. CELLULAR ROS LEVELS: H,DCFDA FLUORESCENCE

ASSAY

H,DCFDA stock solution (80 mM)
H,DCFDA

Store at —20°C under dry nitrogen
Protect from light and oxygen

H,DCFDA working solution (2 mM)
Dilute stock solution (80 mM) 1/40
H,DCFDA 80mM

DMSO

Prepare freshly on the day of experiment

38.98 mg/ 1mL
DMSO

25 plL
975 uL
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Borate buffer (10 mM), pH 8.0 (esterase enzyme buffer)

Boric acid 0.6183 g
ddH,0 uptollL
Store at 4°C

Esterase (48.6 U/ mL)

Esterase 27 U/mg 9mg
Borate buffer 10mM 5mL
Keep on ice

Store at 4 °C for two weeks

Na-phosphate buffer (50 mM), pH 8.0
47.4 mM Na,HPO,; NaH,P0O, 2.6 mM

Na,HPO,-2H,0 8.437 g
NaH,PO, H,0 359 mg
dd H20 uptollL

storeat 4 °C

NADPH (13.4 mM)

Nas- NADPH 1g
Na-phosphate buffer 89.23 mL
Keep on ice

Store at —80°C or at 4 °C after first thawing
protect from light

DCF standard solutions

Prepare the following solutions ins DMSO:
400x 5 nM, 10 nM, 25 nM, 50 nM, 100 nM, 250 nM, 500 nM, 1000 nM
Store at4 °C

Tert-butylhydroperoxide (TBH) (400x250 uM)

TBH aqueous solution (70%) 13.7 pL
PBS 986.3 uL
Prepare freshly on the day of experiment

keep on ice
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8.1.8. 7-ETHOXYRESORUFIN-O-DEETHYLASE (EROD)
ASSAY
NaOH (0.1N)
NaOH 04g
ddH,0 100 mL

Na-acetate buffer (0.1 M), pH 4.5
Na-acetate trihydrate
ddH,0

Dicoumarol (2 mM) in NaOH (0.1 N)
Dicoumarol
NaOH (0.1N)

B-Glucuronidase (1000 U /mL) 574 000 U/g
B-Glucuronidase

Na-acetate buffer (0.1 M)

store at —20°C

7-Ethoxyresorufin (ER) stock solution (0.5 mM)
ER

Methanol

Prepare 1 mL aliquots

Protect from light

Store at -20°C

Resorufin stock solution (10 mM)
Resorufin sodium salt

Methanol

store at 4°C

Resorufin solutions (27uM and 2.7 uM)

Dilute resorufin stock solution (10 mM) 1/370,4: 13,5 puL /5 mL MeOH
Dilute resorufin solution (27 uM) 1/10: 100 pL + 900 uL MeOH

store at 4°C

xi

1.361g
100 mL

33.629 mg
50 mL

34.8 mg
20 mL

5mg
41.459 mL

23.5mg
10 mL
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Na-phosphate (Napi-) buffer (50 mM), pH 8.0
Na,HPO4 47.4 mM; NaH,P0,4 2,6 mM:

Na,HPO, 2H,0 8,437¢g
NaH,PO, H,0 359 mg
ddH,0 uptollL

store at 4 °C

Fluorescamine solution (300 pg/mL)
fluorescamine 100 mg
acetonitrile 333.33mL

protect from light
store at 4°C

BSA stock solution (1mg /mL)
BSA 10 mg/10 mL ddH,0
store at —20°C

8.1.9. DETERMINATION OF TGSH AND GSSG
Solution A
KH,PO, 85¢g
Na,-EDTA 1.170¢g
ddH,0 up to 500 mL

store at 4 °C

Solution B

K,HPO,4 10.875¢g
Na,-EDTA 1.170g
ddH,0 up to 500 mL

storeat 4 °C

Phosphate buffer (solution A + B) pH 7.5

Solution A 15 mL
Solution B 85 mL
prepare freshly daily

NaHCO; 0.5% (w/v)

NaHCO; 500 mg
ddH,0 up to 100 mL
store at4 °C

Xii
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NADPH (20mM) in NaHCO3 0.5%

NADPH

prepare freshly daily
store on ice

DTNB (6mM)
DTNB

prepare freshly daily
protect from light

Glutathione reductase (GSR) (50 U /mL)
phosphate buffer (Solution A+B)

prepare freshly daily
store on ice

vortex shortly prior to addition to reaction mixture

5-Sulfosalicylic acid (5-SSA)

5-SSA 10% (w/V)
5-SSA 5% (w/v)
store at 4 °C

Triethanolamine (TEA) (50 %)

TEA
ddH,0

store at room temperature

8.1.10.

BSA stock solution(0.5mg /mL)

BSA
store at —20 °C

xiii

18 mg/ mL

2.4 mg / mL phos-
phate buffer (solu-
tion A + B)

0.5 U/10 uL

10 g/100 mL ddH,0
5g/ 100 mL ddH,0

10 mL
10 mL

QUANTIFICATION OF PROTEINS: BRADFORD ASSAY

0.5 mg/mL ddH’O
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8.1.11. PREPARATION OF CELL HOMOGENATES

Lysis buffer

Tris 50mM 1.212¢g
Na, EDTA 2H,0 15 mM 1.116¢g
NaCl 150 mM 0.438¢g
Triton X-100 0.1% 200 pL
dd H20 up to 200 mL

Adjust to pH 8.0
Store at 4°C

8.1.12. SEMI-QUANTITATIVE PROTEIN DETERMINATION

Isotonic Extraction Buffer 5x (IEB), ph 7.8

HEPES 50 mM 595.8 mg
sucrose 1.25 M 214¢g
EGTAS5 mM 95.1g
KCI5 mM 465.9 mg
ddH,0 up to 50 mL
Sterile filtration

Store at 4°C

Isotonic Extraction Buffer 1x

Dilute IEB 5x 1/5 with dd H20

IEB 5x 100 plL
ddH,0 400 pL
Add protease-inhibitor cocktail 0.1 % (v/v) just before use: 0.5 uL / 500 uL

Prepare freshly on the day of experiment

Keep on ice

Na-phosphate (NaPi-) buffer (50 mM), pH 7.6

Na,HPO,-2H,0 (1M) 42.25 mL
NaH,P0,-H,0 (1M) 7.75 mL
dd H,0 uptollL

Xiv
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8.1.13. SDS POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS

PAGE) AND IMMUNOBLOTTING

Electrophoresis buffer (10x)
Glycine 2M

Tris 250 mM

SDS (20% solution) 1% (v/v)
ddH20

Adjust to pH 8.4

Tris/HCI (1.5 M)
Tris

ddH,0

Adjust to pH 8.8

Tris/HCI (0.5M)
Tris

ddH,0

Adjust to pH 6.8

Laemmli loading buffer (3x)
Tris/HCI (0.5 M, pH 6.8)

SDS

Glycerine

Bromphenol blue
B-Mercaptoethanol

ddH,0

store at-20 °C

Polyacrylamide gels

Acrylamide (30%)
ddH20

Tris (1.5 M, pH 8.8)
Tris (0.5 M, pH 6.8)
SDS (10 %)

APS (10 %)

TEMED

XV

Resolving gel (10%)
1.64 mL

2.0mL

1.23 mL

49.2 uL

24.6 uL

2.46 uL

720 g
150g
250 mL
up to 5L

182 ¢
up to 100 mL

6.1g
up to 100 mL

25 mL

0.62g

20 mL

0.08g
2.5mL

up to 100 mL

Stacking gel (4%)
0.25mL

1.2mL

0.5mL

20 pL

20 pL

2 uL
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Blotting buffer

Glycine 39 M

Tris 48 mM

SDS (20% solution) 0.037%
Methanol 20%

ddH,0

TBS (20x)

NaCl 2.6 M
Tris/HCl 0.4 M
ddH20
AdjusttopH 7.4

TBS-T (1x)
TBS 1x
Tween-20 0.3%

Stripping buffer

Tris HCI (1M, pH 6.8) 62.5 mM
SDS (20% solution) 2%
B-mercaptoethanol 100 mM
ddH,0

Blocking buffer
TBS-T 1x
Powdered milk 5%

Amido Black solution
Amido black 0.1% (v/v)
Isopropanol 25% (v/v)

Destaining solution
Isopropanol 25% (v/v)
Acetic acid 10% (v/v)
ddH,0

XVi

58g
116g
3.75mL
400 mL
upto2L

304¢g
97¢g
upto2L

2L
6 mL

1.25mL
2mL

142 pL

up to 20 mL

100 mL
58

100 mg
25mL

25 mL
10 mL
up to 100 mL
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8.1.14. TRANSIENT TRANSFECTION AND LUCIFERASE

ACTIVITY

Reporter Lysis Buffer (RLB) 1x

RLB 5x

ddH,0

equilibrate 1x lysis buffer to room temperature before use
protect from light

Luciferase Assay Reagent
store at —80 °C

use at room temperature
protect from light

CPRG

CPRG

MgCl, 100x

Na-phosphate buffer 0.1 M

Na-phosphate buffer 0.1 M
Na,HPO,4 0.2M

NaH,PO,

ddH,0

1 volume
4 volumes

0.4 pL
2L
187.6 pL

41 mL
9mL
50 mL

8.1.15. CoMmET AssAY (OxIDATIVE DNA DAMAGE)

If not indicated otherwise, all solutions for comet assay were prepared with autoclaved

bidistilled water.

Lysis buffer, pH 10
NacCl

Na2-EDTA

Tris

Adjust to pH 10
NaOH

Na Lauryl Sarcosinate
ddH,0

Store at 4 °C

Lysis solution
Lysis buffer
DMSO

XVii

146.4 g (2.5 M)
37.2 g (100 mM)
1.2 g (10 mM)

83g
10g
1L

135 mL
15 mL
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Triton X-100 1.5mL
Prepare freshly on the day of the experiment.

Denaturation and electrophoresis stock solutions

NaOH 40g/ 100mL (10N)
EDTA 2Na 7.4 g/ 100mL
(200mM)

Store at room temperature

Denaturation and electrophoresis Buffer, pH13

NaOH 10nM 30 mL (300mM)
EDTA 2Na 200 mM 5 mL (ImM)
ddH20 up to 1 litre

Prepare freshly on the day of the experiment with cold ddH20.

Neutralization Buffer

Tris 48.5 g (0.4M)
Adjust to pH 7.5 with concentrated HCL
ddH,0 upto1l litre

store at 4 °C

Propidium iodide (PI) stock solution
DMSO 200 mg/mL
store at -20

Pl working solution (5mg/L)
dilute stock solution 1/40 in ddH,0
store at -20 °C

NMP Agarose (0.5 %) (w/v)
Agarose nMP 500mg
PBS w/o Ca and Mg 100mL

heat in microwave oven, maintain at 80 °C in a water bath to prepare nMP agarose layer
storeat 4 °C

LMP agarose (0.7 %) (w/v)

LMP agarose 700mg
PBS w/o Ca,+ and Mg,+ 100mL
heat in microwave, maintain at 37 °C in a water bath to prepare LMP agarose layer
storeat 4 °C
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FPG enzyme buffer stock solution (10x)
Hepes

KCl

EDTA

BSA

ddH,0

adjust to pH 8 with KOH

store at-20 °C

FPG enzyme buffer (1x)
dilute buffer stock solution 1/10 with cold ddH,0

FPG enzyme stock solution (100x)

95 g (400 mM)
74.6 g (1 M)
1.96 g (5 mM)
2 g (2 mg/mL)
upto 1L

dilute FPG 1x 1/100 with FPG enzyme buffer (1x) with addition of 10 % glycerol:

FPG enzyme 1x

glycerol

FPG enzyme buffer 1x

prepare aliquots of 25 uL or 40 pL
store at —80 °C

do not refreeze after thawing

FPG enzyme working solution (3000x)

dilute FPG aliquot (100x) 1/30 with enzyme bufferlx
keep on ice until added to the gels

do not refreeze working solution

keep at 4°C for 1 day

XiX

10puL
100uL
uptolmlL
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8.1.16. UNSCHEDULED DNA sYNTHESIS (UDS) AssAY

Thymidine, [methyl] =3H

1 mCi /1 mL aqueous solution (37 MBq)
20.0 Ci /mmol (740 GBg/ mmol)
acitivity: 1uCi/uL

Lysis buffer, pH 8

Tris (10 mM)

NaCL (40 mM)

EDTA (1 mM)

SDS (2 %)

Proteinase K (30 pg/mL)

ddH,0

add proteinase directly before experiment
store at 4°C

TCA 20%

TCA

ddH,0

Reagents Distributors
Thymidine, [methyl] —3H- Perkin Elmer
Trichloroacetic acid (TCA) ICN Biochemicals
NaCL Carl-Roth

SDS Sigma, Applichem
Proteinase K Sigma-Aldrich
Hydroxyurea Sigma Aldrich
Ethanol p.a. Merck
Microscint-O Perkin Elmer

XX

0.06055 g
1.1685¢g
0.1461 g
10g

15mg

up to 500 mL

20g
100 mL
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8.2. EQUIPMENT

Consumables/Equipment

Distributor

Camera Marlin F-046B

Allied Vision Technologies

Cannula Brauniile Vasocan 14G

B. Braun Melsungen AG

Centrifuge Beckman GS-6R

Beckmann, Minchen

Centrifuge for microtubes Sigma 1K15 Sigma
Clean bench Flow Laboratories, BDK
coplin jar Fisher

Coulter Counter

Modell N Industry (Coulter Electronics LTD,
Beds., England)

Eagle Eye Il Stratagene
Electrophoresis chamber (horizontal) Bio-Rad Sub | Bio-Rad
cell GT Basic

Electrophoresis power supply Bio-Rad Power Pac | Bio-Rad

300

Filterholder (Alkal. Elution)

Swinnex SX 2500 (Millipore, Schwalbach)

Filters (Alkal. Elution)

Isopore Membranfilter, 2 cm, 25 mm,
(Millipore, Schwalbach)

Filtration unit and vacuum pump

Millipore

Fluorescene microscope Axio Il, c-0.5x

Zeiss

Fluorimeter

TKO 100, DNA Fluorimeter (Hoefer Scientific
Instruments, San Francisco, USA)

Freezer Liebherr

Frigerator Liebherr

Hemocytometer Carl-Roth

Homogenizer ultrasonic needle B. Braun Melsungen AG
icycler Bio-Rad

Immobilon-P Transfer (PVDF) membrane Millipore

Incubator Steri-Cult Incubator, Forma Scientific
Light Micrsoscope DM IRB Leica

Lumi-lmager Roche

Luminometer TopCountNT Packard

Micro plate reader Fluoroscan Ascent FL, Thermo Scientific, Labsystems
Micro plate reader MWG, Sirius HT injector MWG

Microplate Scintillation and Luminescence Coun-
ter

TopCount NXT

Microplate spectrophotometer

MRX Dynex

Microscope Coverslide (24x24mm)

Menzel-Glaser

Microscope slides one side fully frosted (76x26

Menzel-Glaser

mm)

Omnifix-F 1mL B. Braun Melsungen AG
pH-Meter 300 Beckman

Pipet aid Hirschmann Laborgerate

Pipettes (2.5, 10, 20, 100, 1000, 5000 pL)

Eppendorf, Gilson, Labnet

Power supply blotting: Power Pack P25

Biometra

XXi
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Power supply SDS-PAGE: Mini Protean Il Bio-Rad | Bio-RAD

Power Pack

Pump BVP Ismatec

Refrigerator at 4° C Liebherr

Scales Sartorius

Semi-Dry Blotter TE77 Hoefer

Shaker and incubator Heidolph Titramax 100
Shaker S4 Elmi

Sterican 26G 0.45x12mm

B. Braun Melsungen AG

Sterile filters, 0,22 + 0,44 cm

Schleicher & Schiill, Dassel

Syringes (Alkal. Elution)

Becton Dickinson, Heidelberg

Thermoblock

Eppendorf

Thermostate T mA 6

Laudo, Dr. R. Wobser GmbH& Co. KG

Tubes for ultracentrifugation 2.0mL

Sarstedt

Ultracentrifuge Optima TL

Beckman

Water baths

Kottermann Labortechnik; Fisherbrand FBH
612
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8.3. FIGURES

Figure 1: Chemical structure of the PCDD 2,3,7,8-tetrachlordibenzo-p-dioxin (TCDD) and the PCDF 2,3,7,8-
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Figure 2: Mechanism of transcriptional activation by AhR and negative feedback regulation by AhRR. __ 16
Figure 3: Schematic functional domains of AhR. 17
Figure 4: Microsomal mono-oxygenase reaction. 20
Figure 5: Chemical structure of estradiol (E2) including ring numbering and designation of ringsAtoD. 24
Figure 6: Simplified steps in biosynthesis of steroid hormones and estradiol. 26
Figure 7: Distribution of ERalpha and ERbeta in different tissues the human body 29
Figure 8: Structure and homology between human ERa and long form of ERf. 30
Figure 9: Estrogen signaling pathway in cells. 31
Figure 10: Proposed mechanisms of E2-induced carcinogenesis 33
Figure 11: Cytochrome P450-mediated metabolic pathways of estradiol (E2). 34
Figure 12: Sequential four single-electron reduction steps from molecular oxygen to water. (according to

Valko et al., 2004) 38
Figure 13: Haber Weiss reaction 38
Figure 14: Fenton reaction 39
Figure 15: Steps in the cytochrome P450 cycle during mono-oxygenase reaction. 40

Figure 16: Schematic redox cycling of menadione, representative of the one-and two-electron transfer of
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Figure 17: Dismutation reaction of superoxide anion radiol to hydroperoxide catalyzed by superoxide

dismutase (SOD). 41
Figure 18: Catalase-mediated dismutation of hydrogen peroxide to water 42
Figure 19: Anti-oxidant pathway of glutathione peroxidase (GPx) and recycling of GSH. 42
Figure 20: Structures of reduced glutathione (GSH) and oxidized glutathione (GSSG). 43

Figure 21: Schematic presentation of the role of the maintenance of DNA integrity following DNA oxidation in
carcinogenesis. 45
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(FapyGua). 47
Figure 23 : Chemical structures of various DNA base modifications induced by ROS 47
Figure 24: Alternative BER pathways: short-patch and long-patch BER 49
Figure 25: HepG cells in culture, almost grown to confluence. 57
Figure 26 Neubauer counting chamber 61
Figure 27: Reduction of resazurin (blue) to resorufin (pink). 65
Figure 28 Proposed mechanism of entry of H,DCFDA into cells. 67

Figure 29 Reaction of ethoxyresorufin to resorufin by CYP1A (upper reaction) and reaction of protein with
fluorescamine 70

Figure 30 Glutathione reductase-catalyzed reduction of sulfhydryl reagent 5,5’-dithiobis-2-nitrobenzoic acid

(DTNB) to the chromophoric product 2-nitro-5-thiobenzoic acid (TNB) 73
Figure 31: Representative RNA gel of several RNA samples. 78
Figure 32 Molecular Structure of SYBR Green 79
Figure 33 Real-time PCR amplification plot 80
Figure 34: Principle of the protein detection procedure. 91
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Figure 35: Structure of ExGen 500 B. Mechanism of action. 92
Figure 36: Images of comets (from lymphocytes) representing classes 0-4 as used for visual scoring. _ 96
Figure 37: Flowchart of the basic steps of the comet assay. 97
Figure 38: Treatment schedule for UDS assay using cell lines and rat hepatocytes for 20 h or 4 h treatment

time with test compounds. 100
Figure 39: EROD activity measured in HepG2 cells cultured in different media 105
Figure 40: EROD activity measured in H4IIE cells cultured in different media. 106

Figure 41: Cytotoxicity assay (resazurin reduction test) in HepG2 and primary hepatocytes from male (PHm)
Wistar rats after exposure to various concentrations of TCDD. 109

Figure 42: Cytotoxicity assay (resazurin reduction test) in HepG2 and primary hepatocytes from male (PHm)
Wistar rats after exposure to various concentrations of E2 111

Figure 43: Cytotoxicity assay (resazurin reduction test) in human and rat hepatoma cell lines (HepG2 and
H4IIE) after exposure to TCDD (T) and/or E2 112

Figure 44: Cytotoxicity assay (resazurin reduction test) primary hepatocytes from male (PHm) and female
(PHf) Wistar rats after exposure to TCDD (T) and/or E2 113

Figure 45: Cytotoxicity assay (resazurin reduction test) in human and rat hepatoma cell lines (HepG2 and
H4IIE) after exposure to various concentrations of E2 catechol metabolites 2-and 4hydroxyestradiol 115

Figure 46: Cytotoxicity assay (resazurin reduction test) in primary hepatocytes from male (PHm) and female
(PHf) Wistar rats after exposure to various concentrations of E2 catechol metabolites 2-and 4hydroxyestradiol
116

Figure 47: Real-time RT PCR analysis of basal CYP1A1 mRNA levels in hepatoma cell lines HepG2 and H4IIE and
rat hepatocytes from male (PHm) and female (PHf) Wistar rats treated with DMSO (0.25%) over a period of
20 hand 48 h. 118

Figure 48: Real-time RT PCR analysis of basal CYP1B1 mRNA levels in hepatoma cell lines HepG2 and H4IIE and
rat hepatocytes from male (PHm) and female (PHf) Wistar rats treated with DMSO (0.25%) over a period of

20 hand 48 h. 119
Figure 49: Real-time RT PCR analysis of HepG2 hepatoma cells on hCYP1A1 and hCYP1B1 (TagMan) gene
expression. 121
Figure 50: CYP1A1 and CYP1B1 protein levels in HepG2 cell line treated with TCDD (T) and/or E2 for 20 h and
48 h. 123

Figure 51: Real-time RT PCR analysis of H4IIE hepatoma cells on rCYP1A1 and rCYP1B1 gene expression.__ 125
Figure 52: CYP1A1 and CYP1B1 protein levels in H4IIE cell line treated with TCDD (T) and/or E2 for 20 h and

48 h. 126
Figure 53: Real-time RT PCR analysis of primary rat hepatocytes from male Wistar rats (PHm) on rCYP1A1 and
rCYP1B1 gene expression. 128
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Figure 55: Real-time RT PCR analysis of primary rat hepatocytes from female Wistar rats (PHf) on rCYP1A1 and
rCYP1B1 gene expression. 132
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Figure 57: Real-time RT PCR analysis of transiently transfected HepG2 cell line compared to normal HepG2 cell
line on CYP1A1 and CYP1B1 gene expression. 136

Figure 58. EROD activity measured in HepG2 and HA4IIE cells cultured in DMEM without phenol red
supplemented with 10% FBS or 0. 5% FBS after 48 h treatment with solvent (DMSO 0.25%) compared to
untreated cells. 137
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Figure 60: Real-time RT PCR analysis of basal Ah receptor mRNA levels in hepatoma cell lines HepG2 and H4IIE
and rat hepatocytes from male (PHm) and female (PHf) Wistar rats treated with DMSO (0.25%) over a period
of 20 hand 48 h. 141

Figure 61: TagMan real-time RT PCR analysis of rat and human hepatoma cells HepG2 and H4IIE on AhR gene
expression. 142

Figure 62: TagMan real-time RT PCR analysis of primary hepatocytes from male (PHm) and female (PHf)
Wistar rats on AhR gene expression. 143

Figure 63: Real-time RT PCR analysis of transiently transfected HepG2 cell line compared to normal HepG2 cell
line on AhR gene expression. 144

Figure 64: Real-time RT PCR analysis of basal Estrogen receptor alpha mRNA levels in hepatoma cell lines
HepG2 and H4IIE and rat hepatocytes from male (PHm) and female (PHf) Wistar rats treated with DMSO
(0.25%) over a period of 20 h and 48 h. 145

Figure 65: TagMan real-time RT PCR analysis of primary hepatocytes from male (PHm) and female (PHf)
Wistar rats and ERalpha-transfected HepG2 cells on ERalpha gene expression. 146
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Figure 78: Modulation of cellular total glutathione (tGSH) in primary rat hepatocytes from male (PHm) and
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Figure 81: Real-time RT PCR analysis of primary hepatocytes from male (PHm) and female (PHf) Wistar rats on
rCOMT gene expression. 168

Figure 82: Real-time RT PCR analysis of transiently transfected HepG2 cell line compared to normal HepG2 cell
line in COMT gene expression. 169

Figure 83: DNA damage (comet assay) in HepG2 cell line exposed to TCDD (T) and/or E2 for 20 h in the
absence (w/o) or presence of FPG repair enzyme. 171

Figure 84: DNA damage (comet assay) in H4IIE cell line exposed to TCDD (T) and/or E2 for 20 h in the absence
(w/o) or presence of FPG repair enzyme. 172

Figure 85: DNA damage (comet assay) in rat primary hepatocytes from male Wistar rats (PHm) exposed to
TCDD and/or E2 for 20 h in the absence (w/o) or presence of FPG repair enzyme. 173

Figure 86: DNA damage (comet assay) in rat primary hepatocytes from female Wistar rats (PHf) exposed to
TCDD (T) and/or E2 for 20 h in the absence (w/o) or presence of FPG repair enzyme. 174
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Figure 88: DNA damage (comet assay) in rat hepatoma cell line H4IIE exposed to the main E2- metabolites, 2-
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Figure 95: [3H]-thymidine incorporation (UDS assay) into primary rat hepatocytes from male (PHm) Wistar
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Figure 96: [3H]-thymidine incorporation (UDS assay) into primary rat hepatocytes from male (PHm) Wistar
rats following exposure to TCDD (T) and/or E2 for 20 h. 189
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Figure 101: Proposed mechanisms of AhR/ERalpha cross talk via dioxin-mediated interaction of ER with AhR.

216
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