Technische Universitat Miinchen
Fakultat Wissenschaftszentrum Weihenstephan fiir Ernahrung, Landnutzung und Umwelt

Lehrstuhl fiir Physiologie

Effects of bisphenol A, (-)-epigallocatechin-3-gallate, green tea,

quercetin and rutin on the male reproductive tract function in rodents.

Tsuyuki Nishino

Diplom-Chemiker Univ.

Vollstandiger Abdruck der von der Fakultat Wissenschaftszentrum Weihenstephan fir Ernahrung,
Landnutzung und Umwelt der Technischen Universitat Minchen zur Erlangung des

akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. agr., Dr. rer. nat. habil. Arnulf Melzer
Prufer der Dissertation: 1. Univ.-Prof. Dr. rer. nat., Dr. agr. habil. Heinrich H. D. Meyer
2. Univ.-Prof. Dr. med., Dr. h.c. mult Wolfgang Kiuihnel, em.

(Universitat zu Lubeck)

Die Dissertation wurde am 27.06.2007 bei der Technischen Universitat Mlnchen eingereicht und
durch die Fakultat Wissenschaftszentrum Weihenstephan fur Erndhrung, Landnutzung und Umwelt

am 22.08.2007 angenommen.



Acknowledgements

Acknowledgements

To Univ.-Prof. Dr., Dr. Horst Michna, Univ.-Prof. Dr. med., Dr. h.c. mult Wolfgang Kihnel, em.,
Univ.-Prof. Dr., Dr. Heinrich H. D. Meyer and Prof. Dr. Martin Tenniswood for excellent

support and contributions.

Dr. Christiane Peters, Dr. Thorsten Schulz, Dr. Martin Schonfelder, Prof. Dr. Thilo Wedel and Priv.-Doz. Dr. Oliver

Schmitt, Dr. Yukishige Nishino and Mitsuko Nishino conducted this work with imperturbable patience.

Thank you for technical and scientific steering!

My colleagues Dr. Hande Sarikaya, Dr. med. Gudrun Starringer, Claudia Kern, Margit Fink-
Heitz, Katharina Hilber, Katharina Wenninger, Birgit Béhm, Daniela Pfarr, Simone Benker,
Karin Eisenhauer, Thomas Strobl, Dominik Amann, Monika Schlesener, Carolin Hildebrandt,

Anne Haug, Dr. Christian Hirtreiter, Peter-Johannes Selg.

Thank you for excellent companionship!

Special thanks to Christiane Barta and Holger Meixner for consistent assistance in terms of

any topic!

Dedicated to Univ.-Prof. Dr., Dr. Horst Michna, who died on

cancer shortly before the completion of this dissertation.



Contents

Contents

ADSIFACT. ... e e e e e e e e e e e e e e e e e e 1
ZUSAMMENTASSUNG ...ttt e ettt e e e e et e e e e e e e e e e e e ne e e e e e e e e e e eannnnnnneeeeenan 4
S [ 011 e To [T i o o PSP EPPT T UPPPPPPPPP 7
2 AIM OF thE STUAY ... e e e e e e e e e e e e 12
3 Materials and MethOdS ...........uiiiiiiiiiiii e 13
3.1 ANIMAIS @Nd NOUSING . ...ceiiiiiiiiitei e e e 13
3.2 Treatment of @NIMAIS .........oooiiiiiiii e 13

3.3 IMMUNONISTOCREMISTIIY ..o 14
3.4 Morphometry and Densitometry ..o 15
3.5 Standard Operating Procedures for Handling Nude Mice.............ccccvveiiiiiiniiiinnee. 16
3.6 Experimental Design: Green Tea and Prostate Cancer............cccccccvvvvivvviieiiieiinennnn. 17
3.7 Cell Culture Methods and Human Cancer Cell Lines ..........ccccoccvviiiiiiiiiciiiiieceee 20
3.8 FACS ANalySiS...ccccoiiiiieieeeeee 21

4 ResSults @nd DISCUSSION ........cccuuiiiiiiiiieie et e e e e e e e s e e e e e as 22
4.1 Modified Hershberger ASSAY........coooeiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeee ettt e e eeeeeees 22
4.1.1 Densitometric MeasuremMents ............ouueeiiiiiiiiiiiiiieeee e 23

4.1.2  Cell Proliferation ... 24

4.2 Androgenic Potential of BiSphenol A...........ooooiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeee e 25
4.2.1 DensitometriC ANAlYSIS.......coovuiiiiiii e 26

4.2.2  Cell Proliferation ... 27

4.3 Green Tea and Prostate CanCer...........ooouiiiiiiiiiiiie e 28
4.4 Effects of Dietary and Natural Products on human Prostate Cancer Cell Lines....... 29
4.5 ANIMal MOl SYSIEMS .....ooeiiiiiiiie e e 30

I o] o 18 ] o] o PP PP TS PPPPPPPPRPPN 33
B REFEIEINCES ...t e e e e e e 35
ADDIEVIALIONS ... e e e e e e e s 42

II



Contents

SCIeNtific COMMUNICATION .. .oeieeee e e e aean 45
CUITICUIUM VA€ oo e et e e 56
Y o] 011 T [ PP 57

III



Abstract

Abstract

Over the last ten years Prostate Specific Antigen (PSA) based screening and heightened
awareness has lead to a substantial increase in the number of men diagnosed with early
stage, localized prostate cancer. Treatment of localized prostate cancer can be broadly
divided into four categories: surgery, hormone therapy, radiation therapy or watchful waiting.
With the recent success of the anti-androgen Bicalutamide 150mg (Casodex®), Early Prostate
Cancer (EPC) Programme, many physicians are now encouraging their patients to add
Casodex® to other standard therapies. These same patients are being exposed to information
in the lay literature regarding the benefits and risks of dietary components like phytoestrogens
(particularly green tea, soy products and cooked tomato products) as well as herbal extracts
such as saw palmetto and PC-SPES (PC for Prostate Cancer; SPES lat. for Hope) and also
xenoestrogens like bisphenol A (BPA).

A number of so-called xenobiotics, including pesticides (p,p’-DDT), plasticizers (BPA) and a
variety of other industrial chemicals (polychlorinated biphenyls) contain a phenolic ring that
mimics the A-ring of estradiol and have been reported to have hormonal or anti-hormonal
activity. Although the level of exposure to these xenobiotics may be, if any, very low, they may

exert their potential toxicity or endocrine disturbance in human beings and wildlife.

(Anti-)androgen like effects of environmental and nutritional compounds were evaluated using
new immunohistochemical and morphometric methods. Therefore, orchiectomized Wistar rats
(n=13) were treated s.c. with 1 mg/kg bw/day testosterone propionate (TP) for 7 days and
compared to orchiectomized rats without TP substitution (OX) and to an untreated intact
control group. Sections obtained from prostates and seminal vesicles were stained with
polyclonal and monoclonal antibodies against the androgen receptor (AR) and assessed
densitometrically (intensity of the immunoreaction) and morphometrically (epithelial height and
luminal area). TP caused an enhancement of staining intensity and an increase in organ
weights, epithelial height and luminal area. The use of proliferation markers (PCNA, MIB-5)
showed also a highly significant increase of immunoreactive cells in TP-substituted
orchiectomized rats compared with the OX group. Based on the present data, the
densitometric analysis of AR-immunoreactivity as well as the assessment of proliferation
markers, epithelial height and luminal area proved to be sensitive parameters for the
evaluation of androgen effects on prostates and seminal vesicles. In further studies these
parameters will be used to test several industrial xenoestrogens as well as phytoestrogens on

their possible androgenic capacity.

Using this test methods, we evaluated (anti-)androgen like effects of BPA. Animals were
treated p.o. either with vehicle or with 3, 50, 200, 500 mg/kg bw/day BPA (n=13) for seven
days. One group was treated s.c. with 1 mg/kg bw/day TP. FL (3 mg/kg bw/day, p.o.) was
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used to antagonize androgen effects of the suprapharmacological dose (500 mg/kg bw/day) of
BPA. Androgen like effects of BPA on prostates and seminal vesicles were assessed by the
Hershberger Assay, densitometric analysis of AR immunoreactivity, cell proliferation-index
and a morphometric analysis. Absolute weights of prostates and seminal vesicles were not
increased by BPA, whereas the relative weights were increased at higher doses of BPA, most
likely due to a decrease in body weight indicating toxic effects (diarrhea, acidity) of this
compound. Staining intensity for AR immunoreactivity was increased at low but not at higher
doses of BPA in comparison to the orchiectomized rats. BPA at all doses tested did not cause
an increase of the cell proliferation-index. Epithelial height and glandular luminal area were
increased by low doses of BPA, whereas higher doses caused a decrease of these

parameters.

While epidemiological, and molecular and cellular studies have shown that some of dietary
components are associated with lower incidence of prostate cancer, there have been no
studies that have examined the effects of these components on prostate cancer progression.
Furthermore, the possible (adverse) effects of these dietary components on standard
therapies, particularly hormone therapy, have not been examined. We are using the PC-346C
orthotopic model of prostate cancer to examine the interactions between green tea
consumption and hormone therapy in regulation of prostate tumor progression and metastasis.
These experiments will serve as a paradigm for the study of the interactions of other nutrients,
herbal extracts or natural products with standard therapy. These studies have the potential to
impact on dietary recommendations for men diagnosed with early stage prostate cancer who
contemplate standard therapies. We hypothesize that (-)-epigallocatechin-3-gallate (EGCG),
green tea, quercetin and rutin consumption may alter the sensitivity of prostate tumor cells to
hormone therapy, resulting in dysregulation of the mitotic and apoptotic pathways in early
stage, hormone confined cancers, leading to the induction of hormone resistance and tumor
progression. The flavonoids EGCG, quercetin, rutin are known inter alia as antioxidants
common in green tea and apples. It was recently shown, that they may have significant growth
inhibiting effects on human cancer cell lines and in tumor xenografts in different animals like

mice and rats.

The primary catechine in green tea is the flavanol (-)-epigallocatechin-3-gallate — a
polyphenolic compound with a flavonoid structure. Quercetin is a flavonoid that forms the
“backbone” for many other flavonoids, including the citrus flavonoid rutin. Quercetin and rutin

are flavonols.

EGCG (50uM) inhibited cell proliferation significantly after 24 hours of all mentioned cell lines.
Human androgen-dependent LNCaP and human androgen-independent PC-3 cells were
treated with EGCG (10uM, 25uM, 40uM, 50uM, 100uM) for 2h, 4h, 6h, 12h, 24h, 36h.
Adherent cells remaining after treatment were detected by Crystal Violet Assay (CV). 10uM
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EGCG inhibited cell growth in LNCaP cell line significantly after 2h compared to vehicle
control (Ethanol). 50uM of EGCG inhibited cell growth in PC-3 cells after 2h significantly.
Androgen-dependent PC-346C cells were treated with EGCG (10uM, 25uM, 40uM, 50uM,
100uM) for 2h, 4h, 6h, 12h, 24h and 36h). AR antagonists like Casodex® and 50uM EGCG
inhibited cell growth in human PC-346C cell line significantly after 24 hours. Higher
concentrations and longer exposure of EGCG led to a dose-dependent PC cell death in all
treated groups in the used cell lines. Cell cycle data showed significant S-phase arrest in all

cell lines used. EGCG induced significant apoptosis in human PC-346C and LNCaP cells.

Furthermore, we inoculated nude mice with human PC-346C and PC-3 cells and treated them
with green tea for 6 weeks. Preliminary data showed a significant reduction of tumor weights
after 6 weeks. A combination treatment with green tea and Casodex also led to a significant
reduction of human PC-346C tumors. Taken together, these findings indicate, that EGCG and
green tea respectively inhibit PC cell growth by inducing apoptosis in human LNCaP, PC-
346C and PC-3 cells in vitro as well as in vivo as a function of dose and time. Similar data
could be observed for quercetin using four human cancer cell lines. In spite of chemical

relation to EGCG and quercetin, rutin showed no effects on cancer cell lines.

These findings indicate the potential of dietary compounds or even xenoestrogens as mild

agents for PC prevention and/or even treatment.
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Zusammenfassung

Aufgrund von PSA (Prostate Specific Antigen) basiertem Screening und gleichzeitig hdherem
Risikobewusstsein ist die Anzahl der Patienten mit lokalisiertem Prostatakrebs im Frihstadium
in den letzten 10 Jahren stark angestiegen. Behandlung von lokalisiertem Prostatakarzinom
kann im Wesentlichen in vier Kategorien eingeteilt werden: OP, Hormontherapie,
Strahlungstherapie und Beobachtung. Der Behandlungserfolg mit dem Antiandrogen
Bicalutamid 150mg (Casodex®), Early Prostate Cancer (EPC) Programm, bei Prostatakrebs
im  Frihstadium, fiilhrte von vielen Arzten zu vermehrten Empfehlungen von
Kombinationsbehandlungen (Casodex®) mit den bekannten Standardtherapien. Diese
Patienten werden durch diverse Informationsquellen auf Risiken und mogliche Vorteile von
Phytoostrogenen (Griiner Tee, Sojaprodukte, Tomatenprodukte) als auch Krauterextrakte wie
Palmettoextrakt und PC-SPES (PC flir Prostatakrebs; SPES flir Hoffnung) und auch

Xenoodstrogenen wie Bisphenol A (BPA) hingewiesen.

Eine Reihe sogenannter ,Xenobiotika“ wie Pestizide (p,p’-DDT), Weichmacher (BPA) und
viele andere Industriechemikalien (polychlorierte Biphenyle) beinhalten einen phenolischen
Ring, welcher den bekannten A-Ring vom weiblichen Geschlechtshormon Ostradiol zu
imitieren vermdgen und bekannt sind fur ihre Fahigkeit hormonelle und anti-hormonelle
Aktivitat zu entfalten. Auch wenn der Grad der Exposition solcher ,Xenobiotika“ sehr gering
erscheinen mag, koénnten sie ihre potentielle Toxizitat oder ihr endokrines Stdrpotential im

Menschen und in Tieren ausiben.

(Anti-)androgen ahnliche Effekte von Umwelthormonen (Xeno- und Phytodstrogene) und
hormonell aktiven Nahrstoffen, sind mit neuen immunhistochemischen und morphologischen
Methoden untersucht worden. Orchiektomierte Wistar Ratten (n=13) wurden s.c. mit 1 mg/kg
KG/Tag Testosteronpropionat (TP) Uber 7 Tage behandelt und mit orchiektomierten Ratten
ohne TP Behandlung (OX) und einer unbehandelten intakten Gruppe verglichen.
Immunhistochemische Schnitte der Prostata und der Samenblase wurden mit polyklonalen
und monoklonalen anti-AR (anti-Androgen Rezeptor) Antikérpern gefarbt und densitometrisch
(Intensitdt der Immunreaktion) und morphometrisch (Epithelhbhe und Lumenflache)
vermessen. TP fihrte zu einer Steigerung der Farbintensitdt und der Organgewichte, der
Epithelhdhe und der Lumenflache. Die Anwendung von Proliferationsmarkern wie (PCNA,
MIB-5) zeigte ebenfalls eine hoch signifikante Steigerung von immunreaktiven Zellen in TP
behandelten orchiektomierten Ratten im Vergleich zur unbehandelten OX Gruppe. Basierend
auf diesen Daten, erwiesen sich sowohl die densitometrische Analyse der AR-
Immunreaktivitdt als auch Abschatzung der Proliferationsmarker, Epithelhdhe und der
Lumenflache als zuverlassige Parameter bei der Evaluation von androgenen Effekten auf die

Prostata und der Samenblase. In weiteren Studien werden diese Parameter genutzt, um
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einige industrielle Xenodstrogene als auch Phytodstrogene auf ihre mdgliche androgene

Kapazitat hin zu testen.

Zur Untersuchung (anti-)androgen ahnlicher Effekte von BPA wurden, unter Anwendung
obiger Testparameter, orchiektomierte Wistar Ratten (n=13 pro Gruppe) mit 3, 50, 200, 500
mg/kg KG/Tag uber 7 Tage behandelt. Eine Gruppe wurde mit 1 mg/kg KG/Tag TP behandelt.
FL (3 mg/kg KG/Tag) wurde gegeben, um mogliche androgene Effekte der
suprapharmakologischen Dosierungen (500 mg/kg KG/Tag) von BPA zu antagonisieren.
Neben dem industriell validierten Hershberger Assay wurden densitometrische Auswertung
der Immunreaktivitat (AR), Proliferationsindex und morphometrische Analyse angewandt.
Absolute Gewichte von Prostata und Samenblase wurden durch BPA nicht verandert. Relative
Gewichte waren aufgrund der Abnahme des Korpergewichts (toxische Effekte wie Diarrh6 und
Ubersduerung) leicht erhoht. Farbintensitat der AR-Immunreaktivitdt und Epithelhéhe und
Lumenflache waren bei niedrigen Dosierungen von BPA leicht erhéht. Hohere Dosierungen
von BPA fuhrten im Gegensatz zu einer Erniedrigung aller Werte im Vergleich zu den
orchiektomierten unbehandelten Tieren. Der Proliferations-Index wurde in allen getesteten
Dosierungen von BPA nicht beeinflusst. Epithelhdhe und glandulare Lumenflache waren
erhoht bei den niedrigen Dosierungen von BPA, wobei die hdheren Dosierungen zu einer

Abnahme dieser Parameter flhrten.

Wahrend epidemiologische, molekularbiologische und zellulare Studien aufzeigen, dass
Nahrungsinhaltsstoffe mit einer geringeren Haufigkeit von Prostatakrebs in Verbindung
gebracht werden, gibt es keine Daten die die Effekte dieser Substanzen auf das Fortschreiten
des Prostatakrebs aufzeigen. Weiterhin sind die moglichen nachteiligen Effekte solcher
Substanzen auf Standardtherapien, speziell der Hormontherapie, vollkommen unklar. Zur
Untersuchung der Interaktion zwischen griinem Tee Konsum und der Hormontherapie auf den
Prostatakrebs (PC) benutzen wir ein PC-346C orthotopisches Tiermodell des PC. Diese
Studie soll Vorreiter fur weitere Studien zur Untersuchung weiterer Xeno- und Phytoéstrogene
und deren Einfluss auf den PC sein. Diese geplanten Studien werden
Ernahrungsempfehlungen fir Patienten mit PC im Frihstadium hervorbringen. Wir nehmen an,
dass EGCG, griiner Tee, Quercetin und Rutin die Sensitivitat der Prostata Krebszellen auf die
Hormontherapie zu verandern vermag, resultierend in einer Dysregulation der mitotischen und
apoptotischen Signalwege des sich im Frihstadium befindlichen Hormon abhangigen Krebs’,
welche zu einer Induzierung der Hormonresistenz und des Tumorwachstums flihren. Die
Flavonoide EGCG, Quercetin und Rutin sind unter anderem als Antioxidantien bekannt und in
grinem Tee und Apfeln vertreten. Es konnte kirzlich gezeigt werden, dass diese Substanzen
einen signifikant wachstumshemmenden Einfluss auf humane Krebszelllinien und humane

Tumore in Mausen und Ratten haben.
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Das primare Katechin in grinem Tee ist das Flavonol (-)-Epigallocatechin-3-Gallat - eine
polyphenolische Komponente mit einer Flavonoidstruktur. Quercetin ist ein Flavonoid, welches
als Grundgerist vieler anderer Flavonoide wie dem Citrus-Flavonoid Rutin dient. Quercetin

und Rutin sind Flavonole.

EGCG (50uM) hemmte in unseren Untersuchungen die Proliferation in allen getesteten PC-
Zelllinien nach 24 Stunden signifikant. Humane androgen-abhangige LNCaP und humane
androgen-unabhangige PC-3 Zellen wurden mit EGCG (10, 25, 40, 50 und 100uM) Uber 2, 4,
6, 12, 24 und 36 Stunden behandelt. Adharente Zellen nach der Behandlung wurden mit dem
Kristallviolett Assay (CV) detektiert. 10uM EGCG hemmte die Proliferation der LNCaP Zellen
nach 2 Stunden signifikant im Vergleich zur Ethanol Kontrolle. In PC-3 Zellen wurde das
Zellwachstum nach 2 Stunden in einer Dosierung von 50uM EGCG signifikant gehemmt.
Androgen-abhangige PC-346C Zellen wurden mit EGCG (10, 25, 40, 50 und 100uM) Uber 2, 4,
6, 12, 24 und 36 Stunden behandelt. AR-Antagonisten wie Casodex® und 50uM EGCG
hemmten das Wachstum von humanen PC-346C Zellen signifikant nach 24 Stunden. Hbhere
Konzentrationen und langere Einwirkdauer von EGCG flihrte zu einem dosis-abhangigen PC
Zelltod in allen behandelten Gruppen der genutzten Zelllinien. Zellzyklusdaten zeigten einen
signifikanten S-Phasenarrest in allen genutzten PC-Zelllinien. EGCG verursachte weiterhin

eine signifikante Anzahl apoptotischer Zellen in humanen PC-346C und LNCaP Zellen.

Aufgrund dieser Datenlage injizierten wir orthotopisch immundefizienten Nacktmausen
humane PC-346C und PC-3 Zellen und behandelten sie tber 6 Wochen mit griinem Tee.
Vorlaufige Daten zeigten eine signifikante Reduzierung des Tumorgewichts nach 6 Wochen.
Eine Kombinationsbehandlung von griinem Tee mit Casodex® fiihrte ebenfalls zu einer
deutliche Reduzierung der absoluten PC-346C Tumorgewichte. Zusammengefasst zeigen
unsere Daten, dass EGCG beziehungsweise griner Tee das Wachstum von PC-Zellen
signifikant Uber u.a. Apoptose in LNCaP, PC-346C und PC-3 Zellen in vitro als auch in vivo
dosis- und zeitabhangig hemmt. Fur Quercetin konnten weitestgehend &hnliche Daten
erhoben werden. Trotz der chemischen Relation von Rutin im Vergleich zu Quercetin und

EGCG, zeigte Rutin keinerlei die Proliferation von PC-Zellen hemmende Eigenschaften.

Unsere Untersuchungen konnten das Potential von Nahrungsinhaltsstoffen oder auch
Xenoostrogenen in Bezug auf Prostatakrebs Pravention und/oder gar Behandlung in Zukunft

deutlicher aufzeigen.
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Introduction

Interaction between Dietary and Natural Products with Conventional

Therapy for Prostate Cancer

Prostate cancer now is the second most commonly diagnosed male cancer in many western
countries after lung cancer [1]. The major risk factors for prostate cancer include age and
race, and the consumption of a high fat diet. Epidemiological studies have identified several
additional components of the diet that appear to be protective, including consumption of green

tea [2], which appear to exert its effect through its action as an antioxidant.

The main cause of death from prostate cancer is the invasion and metastasis of prostate
cancer to the bone, liver and brain. However, for many men the disease will remain localized
and slow growing, and extensive PSA screening programs have lead to the increased
identification of early stage tumors in younger men. Approximately 70% of these tumors are
indolent and will not need treatment during the patients life time [3]. Unfortunately at present
there is no way to distinguish between aggressive, clinically significant tumors that need to be
treated and indolent tumors. As a result, many patients are treated more aggressively than is

necessary. In the case of most patients, anti-androgen therapy will be the first choice.

While the mechanism of anti-androgens such as Flutamide® and Casodex® have been studied
extensively, particularly as it relates to the treatment of advanced disease, the ramifications of
long term use for organ confined disease or chemoprevention and the effects of diet on the
effectiveness of the drug have not been investigated. Anti-androgens induce prostate tumor
regression by initiating cell death, or apoptosis [4]. In vitro, anti-androgens induce apoptosis in
most androgen-dependent epithelial cells, however a small population fail to die and become
resistant to anti-androgen therapy. This phenomenon is reflected in the clinic, where
resistance to anti-androgens eventually develops in nearly all patients. The mechanisms
underlying this progression of prostate cancer, and the influence of diet on this process have

not been investigated.

Bisphenol A (BPA)

Is BPA an anti-androgen or androgen?

We were interested to ask this question, since the endocrine profile of BPA may lead to the
development of a new therapeutic for PC. On the other hand, it is also important to evaluate
the hormonal properties of BPA, it may exert its potential toxicity or endocrine disturbance in
human beings and wildlife, although the level of exposure to this xenobiotics may be, if any,

very low.
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Recent in vitro studies demonstrate, in fact, that xenobiotics can bind with estrogen receptors
and activate them, resulting in gene expression [5-7]. BPA slightly induced MCF-7 cell
proliferation at a level of 0.1uM and maximum proliferation at 10uM [7]. Also in in vivo studies,
BPA showed estrogenic activity. Plasma free testosterone levels were dramatically decreased
following eight weeks of BPA treatment [8]. It was claimed by vom Saal that, the exposure of
pregnant mice to extremely low concentrations of certain xenobiotics, for instance, results in
offspring with lower sperm production, increased prostate size or alters maternal behaviour,
postnatal growth rate and reproductive function in female mice [9-12]. Other work groups, in
contrast, found an uterotrophic response (increase in uterine wet weight) at doses up to 100
mg/kg BPA for 3 days [13-15].

Also Gupta [16] claimed an enhancement of the anogenital distance and the prostate size of
fetuses, when pregnant CD-1 mice were treated with BPA in the microgram range per kg
BW/day. BPA induces inappropriate androgen receptor activation and mitogenesis in prostatic
adenocarcinoma cells (LNCaP). Takao reported a significant decrease in plasma free
testosterone levels at 50ug BPA / ml in drinking water (14mg/kg BW/day). No significant effect
(although a trend in the same direction) was observed neither after 4 weeks of exposure nor

after 4 and 8 weeks exposure to 5ug of BPA / ml drinking water (0,14mg/kg BW/day) [8].

In addition, Kim et al. did not detect any androgenic or anti-androgenic activities of BPA in
Hershberger Assay [17]: the BPA doses used were 10 - 1000mg/kg BW/day.

Evaluation of (anti-)androgen like effects of xenoestrogens in regard to usually androgen-
dependent early prostate cancer growth and progression using standard Hershberger Assay
with new immunohistochemical and morphometric methods. Additional parameters such as
morphometric and qualitative data are required to determine the (anti-)androgenicity of a given
substance, in particular if the expected effects are of lower degree (xenoestrogens like BPA).
The present study was carried out to clarify the (anti-)androgenic potential of BPA in a broad

dose range from “ultralow”, “pharmacological” to “suprapharmacological”’ in rats using the

standard Hershberger Assay with additionally androgen sensitive parameters.

Bisphenol A (BPA)
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Dietary Modifiers of Prostate Cancer

'OH

(-) Epicatechin gallate (-) Epigallocatechin gallate

In the last ten years a number of well designed epidemiological studies have shown that
consumption of green tea [2], tomato products [18,19] and soy [20] may be associated with a
lower risk of prostate cancer. The beneficial effects of these diets have been attributed to the
polyphenols, particularly (-)epigallocatechin-3-gallate (EGCG), in green tea [2,21,22], the
isoflavones (genistein, daidzein and biochanin A) in soy; and the carotenoids (lycopene) in

cooked tomato products [23].

Green tea, the dietary component contains a number of polyphenols which have been tested
alone and in combination in a variety of in vitro model systems of prostate cancer. The most
active ingredient is EGCG, which induces cell cycle arrest and apoptosis in vitro in several of
the commonly used human prostate cancer cell lines, including PC-346C, LNCaP, PC-3 and
DU-145 cells [24,25]. The mechanism of action of EGCG is still under active investigation, and
several different mechanisms have been proposed including the inhibition of 5a-reductase
[26,27] and down-regulation of the androgen-receptor AR [28], both of which have the
potential to limit the androgen mediated stimulation of tumor growth. In addition administration
of EGCG also it is clear that as well as the modulation of ornithine decarboxylase [21] and
anti-oxidant enzymes such as catalase, manganese superoxide dismutase, glutathione
peroxidase and glutathione-S-transferase [29,30]. In vitro analysis has shown that in PC-
346C, LNCaP, PC-3 and DU-145 cells treatment with purified EGCG or genistein modulates
cell cycle arrest through the upregulation of p21/WAF-1 and p27/KIP-1 and their increased
binding to CDK4 and CDK2, cyclin D1 and cyclin E a process that induces Gy/G4 cell cycle
arrest and apoptotic cell death [24,31], possibly through the suppression of Erb B1-Shc-

ERK1/2 signaling [32]. In addition the expression of a number of other genes including the
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apoptosis inhibitor, surviving, DNA topoisomerase Il, CDC6 and mitogen-activated protein
kinase is downregulated [30]. Furthermore the ability of EGCG to induce these effects
appears to be independent of the androgen receptor or p53 status of the cells [24]. Similar
findings have been reported for genistein and other soy isoflavones, suggesting that there
may be a common pathway that modulates the effects of diverse anti-oxidants in prostate

tumors [33].

While there have been a limited number of animal studies examining the efficacy of green tea
as a chemopreventive agent for prostate cancer, it has been demonstrated that oral infusion
of green tea polyphenols resulted in a significant delay in primary tumor incidence and tumor
burden in TRAMP mice [34], and our own results suggest that consumption of green tea
significantly decreases the incidence and progression of urogenital tumors in the LOBUND-
Wistar model system. Whether this decrease is mediated by the changes intracellular
signaling outlined above, or due to the effects of green teas on peripheral tissues has not
been fully evaluated. There is considerable evidence that green tea or its constituents have
significant effects on several important peripheral tissues. It has been shown that
administration of EGCG induces increases in LH and testosterone levels in rats treated for 8
weeks [35], and alters testosterone, IGF-1 and food intake in nude mice [36]. These changes
in the endocrine status induced by parenteral administration of EGCG may have profound
impact on the growth inhibition and regression of human prostate. In addition EGCG has been
shown to induce several hepatic P450 enzymes including P450 1A1, 1A2 and 2B1 as well as
glucuronosyl transferase [37]. These enzymes are involved in the metabolic clearance of
steroids such as 3a- and 3p-androstanediol, the major catabolic intermediates of 5a-DHT as
well as anti-androgens such as Casodex®. Thus not only does green tea have the potential to
decrease serum testosterone levels, but it may lead to more rapid metabolism and conjugation

of the anti-androgen, resulting in a substantially lower effective dose of Casodex®.

Interactions Between Standard Therapies and Dietary Modifiers

The dramatic increase in the number of men being diagnosed with early stage prostate
cancer, and with the increased popularity of dietary supplements it is entirely likely that many
men being treated with standard therapies will also be taking unregulated dietary supplements
which alter the cell biology of prostate cancer cells and may influence the clinical course of the
disease and response to therapy. While the studies outlined above and in the preliminary data
suggest that green tea, lycopene and other dietary supplements may delay the initiation of
prostate cancer no studies have been performed to study the effects of these compounds on
tumor progression or to establish whether they interact with standard interventions for early
stage prostate cancer (either radiation or hormone therapy). These questions could have

considerable clinical implications since many men are self medicating with over the counter
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Introduction

formulations of green tea and green tea extracts, lycopene (in the form of One-a-Day Vitamins
plus lycopene), saw palmetto (for general prostate health), as well as more controversial

formulations such as PC-SPES.
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Animal Model Systems

The investigation of androgen action in vivo has relied on two complimentary approaches:
autochthonous model systems and xenografts of human prostate tumors into
immunocompromised mice. There are strengths and weaknesses to both systems that are
briefly outlined below (Results and Discussion). Autochthonous models offer the major
advantage that they can be used to study the initiation of prostatic disease, while xenograft
models are most useful for studies related to tumor progression, but have the added
advantage that the observations are made in human, rather than rodent tissues thus obviating

the problems associated with species specific responses.

11



Aim of the Study

Aim of the Study

The aim of this study was to evaluate (anti-)androgen like effects of the xenoestrogen BPA
using standard Hershberger Assay with new immunohistochemical and morphometric
methods. Additional parameters such as morphometric and qualitative data are required to
determine the (anti-)androgenicity of a given substance, in particular if the expected effects
are of lower degree (xenoestrogens like bisphenol A) and phytoestrogens and dietary
compounds like green tea, EGCG, quercetin and rutin in regard to usually androgen-
dependent EPC growth and progression. The major outcomes of these studies will be an
estimation of the impact of xeno- and phytoestrogens on the growth and progression of
human prostate cancer and prostate tumor sensitivity to the anti-androgens Flutamide® and
Casodex®. These studies will determine whether these compounds interfere with the effects of
the mentioned anti-androgens in the initiation of apoptosis in androgen sensitive prostate
cancer cells, either by altering the redox potential in the cancer cells or by altering the

metabolism of Flutamide® and Casodex®in peripheral tissues.

Green Tea
Prostate and Cancer EGCG
Quercetin
Rutin

Testosterone

5 a—Reductase\

, 50-DHT

A
Flutamide®
Casodex®

Urethra
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Materials and Methods

Material and Methods
3.1 Animals and housing

Wistar rats, weighing about 150g were separated into different groups by randomized
procedure. They received tap water and laboratory standard rat diet ad libitum. Groups of two
to four animals were kept in Makrolon cages type IV with bedding at 22°C, a relative humidity
of 30-70% and artificial 24h light. After acclimatization, animals were orchiectomized [Nishino
et al. Annals of Anatomy 2004].

3.2 Treatment of animals

Hershberger Assay

The rodent Hershberger Assay using castrated peripubertal male rats measures the androgenic or anti-androgenic effects of test
chemicals on several accessory glands/tissues (e.g. ventral and dorso-lateral prostate and seminal vesicles with coagulating
glands) by means of organ weight measurements [38]. Generally, accessory sex glands and tissues are dependent upon
androgen stimulation to gain and maintain weight during or after puberty. If endogenous testicular sources of androgens are
necessary to increase or maintain the weights of these tissues [17,39-40]. All anabolic / (anti-)androgenic compounds (drugs) in

clinical use have been screened by means of this in vivo

bi 41 421 Thi . ‘o - Hershberger Assay

ioassay [41,42] 15 assay Is one o ¢ assays in the - measures (anti-)androgenic effects of test chemicals on
proposed Tier | screening battery by EDSTAC (Endocrine accessory glands by means of organ weight measurements
Disruptor Screening and Testing Advisory Committee). Tier __{ Orchiectomy of male infantile rats \

| sites are those that have greater potential to require long-

— Start of treatment

—

term or emergency cleanup work under the Federal

Superfund program. These are sites which have a release

—

of a hazardous substance, pollutant or contaminant that has —
<—— | Daily application of test compound over 7 days p.o.

—

caused, or is likely to cause exposure to humans or

contamination of a sensitive environment. They typically -

involve contamination of drinking water, surface water, air D

or soils which have either caused or are likely to cause | dis |- Sacrifice and harvest blood / organs |

exposure to nearby populations, or have contaminated, or Hershberger et al. (1953) Proc Soc Exp Biol Med

are likely to contaminate sensitive environments such as for example wetlands, national parks and habitats of endangered

species [43].

However, the measurements of body and organ weight deliver only a limited amount of information, especially if this assay will be
used to carry out a more subtle assessment of the androgenic properties of an unknown substance. Additional parameters such
as morphometric and qualitative data are therefore required to determine the androgenicity of a given substance, in particular if
the effects are of low degree.Seven days after orchiectomy, animals were partitioned into three groups (n=13 in each group). Two
groups were orchiectomized. One group was treated subcutaneously with testosterone propionate (TP) in arachis oil for seven
days and compared to vehicle treated, orchiectomized rats without TP substitution (OX) and to a vehicle treated intact control
group (intact). After the treatment animals were sacrificed by decapitation. Seminal vesicles and prostates were harvested

surgically, weighed and immediately fixed in 4% neutral buffered paraformaldehyde [Nishino et al. Annals of Anatomy 2004].

Seven days after orchiectomy animals were partitioned into eight groups (n=13 in each
group). They were treated p.o. with 3, 50, 200 and 500mg BPA/kg BW/day dissolved in
propylene glycol for 7 days. BPA was purchased from Fa. Bayer (PtNr. 97.001/Prod.Nr.

04111095, CasNr. 80-05, Leverkusen, Germany). Another group of orchiectomized animals
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were treated s.c. with TP 1mg/kg BW/day in arachis oil. FL 3mg/kg BW/day p.o. in
combination with 500mg BPA was used to antagonize possible androgen like effects of the
“suprapharmacological” dose of BPA. These groups were compared to vehicle (propylene
glycol) treated, orchiectomized rats without any other substitution (OX) and to vehicle treated
intact control group (intact). Propylene glycol was purchased from Merck, Darmstadt,
Germany. TP and FL were kindly provided by Schering AG, Berlin, Germany. After the
treatment animals were sacrificed by decapitation and seminal vesicles and prostates were
harvested surgically, weighed and immediately fixed in 4% neutral buffered paraformaldehyde

for 24h [Nishino et al. Journal of Steroid Biochemistry & Molecular Biology 2006].

3.3 Immunohistochemistry

After fixation the specimens (prostate, seminal vesicle) were dehydrated in ascending series
of alcohol, embedded in paraffin and cut in sections of 5um thickness (10 sections per
specimen). For the immunohistochemical visualization of androgen receptor and proliferation
markers the following primary antibodies were applied: anti-androgen-receptor (1:100, sc-815,
rabbit polyclonal, Santa Cruz Biotechnology, California, USA), anti-androgen receptor (1:100,
554224, mouse monoclonal, BD PharMingen, Germany), anti-PCNA (1:200, PC-10, mouse
monoclonal, Novocastra, New Castle, United Kingdom) and anti-MIB-5 (1:100, M 7248 mouse

monoclonal, DakoCytomation, Denmark).

After deparaffinization in xylene and descending series of alcohol the sections were treated in
0.3% hydrogen peroxide in distilled water to quench endogenous peroxidase activity, rinsed 2
times in 0.01M phosphate buffered saline (PBS) containing 0.1% Triton X-100 (PBS-TX),
incubated for 10 minutes in 10% normal goat serum (NGS) in PBS-TX to block non-specific
antigen-binding sites, incubated with the above mentioned primary antibodies diluted in PBS
containing 1% NGS overnight, rinsed in PBS, incubated with biotinylated secondary
antibodies (1:200, Dako, Denmark) for 1h, rinsed in PBS and incubated with StreptAvidin-
Biotin (SAB)-Complex (Biocare, Medical, USA) conjugated to horseradish peroxidase for 1h.
Peroxidase activity was revealed with the chromogen 3-amino-9-ethyl-carbazole (AEC,
Zymed, USA) for 2 minutes. Sections stained with proliferation markers were counterstained
with Mayer’'s hematoxylin for 10 minutes. Omission of primary antibodies resulted in the

absence of a specific labeling.
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3.4 Morphometry and Densitometry

Intensity of immunohistochemical staining was determined densitometrically, while epithelial
height and luminal area of the glandular ducts were measured morphometrically. Microscopy
was performed with an Axiophot light microscope equipped with a high resolution scanner

camera.

All images have a uniform size of 1300x1030 pixel. Since the images were generated by using
a 20x objective and 1.0 Optovar the final resolution of the edge lengths of one pixel in the
resulting image is 0.32um. This resolution was adequate for deciding which profile of
glandular ductus in the field of vision is suitable for densitometric measurements. By using
densitometry, gray values were transformed pixel by pixel into optical densities [44], followed
by calculation of the sum, mean and standard deviation. Densitometry was performed in gray
level images with a dynamic range of 256 intensities. Each pixel had a value between 0 and
255, where 0 is darkest (black) and 255 is lightest (white) [Nishino et al. Annals of Anatomy
2004).

The glandular duct to be measured was centered into the optical field at the resolution
mentioned above. After focusing and adaption of light intensity (3200K) the section was
removed and a white image (w) was generated iteratively. The adaption of light intensity was
carried out by the following procedure. Firstly the illumination was adjusted, so that the objects
of interest could be clearly identified. Thereafter, an image without any histologic object was
grabbed and the mean pixel intensity was calculated. If the mean pixel intensity differed much
from the pixel intensity obtained from preceding measurements, the light intensity was
adapted until the mean pixel intensity adapted similar values to those in the previous
measurements. The mean gray value of the white image was determined for each section in
order to obtain the same illumination condition within each specimen examined. After white
image calibration the glandular duct of interest was grabbed and its immunoreactive
epithelium was surrounded interactively. Within this defined epithelial area the mean optical
density (OD) and the variance of OD were determined. Five measurements were performed
within each section. Five sections were examined per animal resulting in 25 measurements for

each animal. The mean values were calculated and compared between the different groups.

The epithelial height was determined by using a 40x objective and 1.0 Optovar. For the
determination of the luminal area a 10x objective and 1.0 Optovar were used. The quantitative
assessment of proliferating cells was performed using a 40x objective and 1.0 Optovar. We
have counted 1000 of those cells per section exhibiting nuclei. A two-sided t-test at a
significance level of p<0.05 was applied for statistical comparison. Data were depicted as

means * standard deviation (SD).
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Standard Operating Procedures for Handling Nude Mice

Purpose

Nude and other immunocompromised mice are at greater risk than conventional mice for the
development of infectious disease. Frequently, infectious pathogens are transferred to nude
mice by contaminated equipment or exposure to contaminated environments. The procedures

described here are implemented to minimize the risk of infectious disease to nude mice:
General Procedure

All equipment and caging is autoclaved prior to using with nude mice. The night prior to
manipulating the mice under the laminar flow hood, the hood is sprayed with 70% ethanol with
the blower on overnight. After each use, the hood is disinfected with Sani-plex 128 spray and
again sprayed with the 70% ethanol. The hood blower is left on at all times when mice are
present. The light is turned off when the hood is not in use. All individuals handling the nude
mice must wear a steam sterilized gown, hair bonnet, and sterile gloves. Two individuals are
present during the handling of the mice, one that is designated as the animal handler and
maintains sterility, while the other handles the non-sterile items and opens the sterile materials
for the handler. All individuals present when the mice are handled must minimally wear a
bonnet and mask. Any persons reaching into the hood must wear a clean gown or smock and
gloves to prevent contamination of the sterile interior. Aseptic technique should be used at all
times when handling the nude mice. Any objects or surfaces that will come in contact with the
mice should have been sterilized by steam, UV radiation, or contact with 70% ethanol for at

least 30 minutes.
Unpacking Newly Arrived Mice

Shipping containers are sprayed with a choline dioxide solution before they are placed in the
hood. The designated animal handler opens the sterile food and water under the hood. The
non-sterile person opens the cage and shipping box under the hood. Care must be taken by
the non-sterile person to avoid contact with the inner surfaces of the hood and the inside of
the shipping box. The animal handler then adds food and water to the cage top and removes
the mice from the shipping box and places them in the cage. Unused water bottles are
resealed in the container and will be stored in the room for future use. Mice will undergo a two

week acclimation period prior to experimental use.
Cage changing

The designated animal handler should re-glove after every 6 — 10 cages or if gloves are torn
or contaminated or if a cage has ill animals. Any cages with animals appearing sick will be

placed at the end of the cage changing order to avoid possible exposure of healthy animals to

16



Materials and Methods

pathogens or contaminants. The mouse cages are changed at least once weekly or more
often, if deemed necessary. If food and or water needs to be added between the scheduled

cage change, it must be done aseptically under the prepared hood.
Routine Inspection of the Mice

All animals will be checked daily, including on the weekends and holidays. Examine the mice
by viewing them through the cage. The micro-isolator top should not be opened. NEVER open

the top outside the sterile hood.

e

3.5 Experimental Design: Green Tea and Prostate Cancer

[Published by oral and poster presentations]

The overall goal of this specific aim is to examine the effects of green tea on the growth
of human PC-346C and PC-3 orthotopic tumors in nude mice and to determine whether
green tea influences the effects of Casodex® administration on the tumor growth,

progression and metastasis in this model system.

After acclimatization 100 three week old male weanling nude mice will be randomly assigned to
four arms. Three arms will be placed on PC-346C, PC-346C/Casodex® and PC-3 tumors. The
fourth arm provide positive control group for each tumor type in which tumors are known to
grow rapidly. The animals will be maintained on their respective diet for the duration of the

experiment, and will have access to water in the control groups ad libitum.

These animals will be implanted with 12.5mg/90days sustained release testosterone pellets

(custom made by Innovative Research, Sarasota) designed to maintain a constant level of
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testosterone (4-6ng/mL) in the blood of the nude mice. This stabilization of serum testosterone
is necessary due to the substantial variation of endogenous testosterone levels in nu/nu mice
[45]. One week later, 2 x 10° PC-346C and PC-3 cells suspended in growth
factor replete Matrigel™, will be injected orthotopically into the prostate. Three weeks later all
animals will be implanted with Casodex® (50mg/90day) pellets. Tumor growth will be monitored

weekly by palpation.

Orthotopic Inoculation Autopsy When mixed with growth factor replete Matrigel™ and
injected into the prostates of testosterone-implanted male

NCR nu/nu, immuno-compromised mice (panels A and B)

| InteprostaticTumor 1 PC-346C cells form large, well vascularized, orthotopic
50 mg Casodex

tumors (panel C), which reach between 1.2 and 1.5
grams after 5 weeks. This growth reflects a combination

of a high rate of proliferation (as measured by

Gross Morphology

bromodeoxyuridine (BrdU) incorporation-panel G) and a

low rate of apoptosis (as measured by TUNEL staining-

H&E

panel 1). These orthotopic tumors are sensitive to
Casodex® administered by implantation of 50mg, 90day

slow release pellets (custom-made by Innovative

BrdU

Research, Sarasota), starting two weeks after injection of
the cells. This treatment results in substantial shrinkage

of the primary tumor (panel D), and considerable loss of

TUNEL

tumor vasculature (panel F). In addition, Casodex®

induced a considerable decrease in the rate of
proliferation (panel H) and a large increase in the rate of apoptosis (panel J). Data
demonstrate that the 50mg, 90-day slow release pellets induce approximately 50% reduction
of tumor volume during the short three-week course of treatment. These implants produces a
serum level of Casodex®of 8.9+3.5ug/mL, a level that is very similar to that achieved in men
receiving 150mg Casodex®per day as a first line treatment for localized prostate cancer. It is
important to note that although the tumor weight does decrease there is also a clear decrease
in the cellularity of the tumor after treatment with Casodex® which indicates that dead cells are
not being cleared rapidly by macrophages in nude mice. This would suggest that the decrease

in tumor weight may provide an under estimate of the effectiveness of Casodex®.

We will use this orthotopic xenograft model to investigate the effect of green tea consumption
on the growth and progression of early stage prostate cancer and to examine the interactions

between these nutrients and anti-androgen therapy.

One week later green tea treatment was started. The animals in the treatment groups had
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access to green tea ad libitum. The green tea was prepared fresh every other day to ensure
that there was no degradation of the polyphenols with time [46], by adding 0.6%
(w/v) dehydrated green tea powder to deionized water and heating to 55°C, a procedure that
does not degrade the polyphenols present in the tea [47]. The green tea was
provided by Thomas J. Lipton Inc. (Englewood Cliffs NJ) and contained 4.5% EC, 7.2% EGC,
5.3% ECG, and 10.6% EGCG (% dry weight) as the major polyphenols and had a caffeine
content of 0.2%. After six weeks all animals were sacrificed and the urogenital complex

including tumors was removed in toto. Tumors were weighed separately.

100 mice

PC-346C [1] PC-346C / CAS [2] PC-3 [3]

Testosterone Pellets
[

Injecting PC-346C and PC-3 Cells

Casodex

Lipton Green Tea

Bl Sacrifice and harvest blood / organs
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3.6 Cell Culture Methods and Human Cancer Cell Lines

[Published by oral and poster presentations]

LNCaP and PC-3 human prostate cancer cells, obtained from American Type Culture
Collection (Rockville, MD), were cultured in RPMI-1640 (Life Technologies, Gaithersburg, MD)
and Ham’s F12K (Sigma, St. Louis, MO) respectively, with 10% Fetal Bovine Serum (Atlas,
Fort Collins, CO). DU-145 prostate cancer cells were cultured in Minimum essential medium
(Eagle) with 2mM L-glutamine and Earle’s BSS adjusted to contain 1.5g/L sodium
bicarbonate, 0.1mM non-essential amino acids, and 1.0mM sodium pyruvate, 90%; fetal
bovine serum, 10%. Another human prostate cancer cell line PC-346C used for in vitro and in
vivo experiments were cultured in DMEM/F12 media containing 2% charcoal stripped serum
(Atlas Biologicals, Fort Collins, CO), 0.1mg/mL BSA, 20ng/mL EGF, 1% ITS-G, 10nM
testosterone, 1.4uM hydrocortisone, 1nM T3, 0.1mM phosphoethanolamine, 50ng/mL

choleratoxin, and 20ug/mL fetuin.

All cell lines were routinely passaged every 3-4 days.
Crystal Violet Growth Assay

For growth assays, cancer cells were plated at a density of 2 x 10* cells/well in 24 well plates.
Treatments with EGCG, quercetin and rutin (Sigma, St. Louis, MO), or DMSO/Ethanol vehicle
(as a time matched negative control) were initiated 24h after plating. After 2-96h of treatment,
Crystal Violet growth assays were performed according to manufacturer’'s directions (Fisher
Scientific, Pittsburgh, PA).
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3.7 FACS Analysis

Cells were seeded in T-150 flasks at a density of 5 x 10° cells/flask, and 24h after plating were
treated for a period of another 24h. Cells were stained with 5ug/ml propidium iodide (PI),
(Sigma) containing RNAse (Roche Diagnostics) for 30 minutes. At least 10.000 cells per
treatment were analyzed on a Coulter Epics XL cytometer (Coulter, Miami, FL) and cell cycle

modeling was performed using Multiplus AV software (Phoenix Flow Systems).

Apoptosis was measured by flow cytometry by terminal-transferase mediated labeling of DNA
strand breaks. Cells were fixed in 2% formaldehyde, washed twice in PBS/0.2% BSA, and
permeabilized with 70% Ethanol at -20°C for at least 1h. DNA strand breaks were labeled with
bromodeoxyuridine by terminal transferase (Roche Diagnostics) and detected using the APO-
BrdU detection kit according to manufacturer’s directions (Phoenix Flow Systems, San Diego,
CA). Cells were counterstained with PI, and at least 10.000 cells were analyzed and modeled

utilizing Multiplus AV software (Phoenix Flow Systems).
Statistical Analysis

Data are expressed as the Mean % standard error (SE). One way analysis of variance
(ANOVA) was used to assess statistical significance between means. Difference between
means were considered significant when p<0.001 using the Bonferroni post-test. All statistical
analyses were performed with the GraphPad Instat software (Intuitive Software for Science,
San Diego, CA).
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Results and Discussion
4.1 Modified Hershberger Assay

[Nishino et al. Annals of Anatomy 2004]
[Nishino et al. Journal of Steroid Biochemistry & Molecular Biology 2006]

Although the Hershberger Assay is a valid quantitative method for evaluating androgenic or
anti-androgenic properties of substances by measuring the organ weight of prostates and
seminal vesicles, the findings obtained by this assay provide only limited information on the
specifity of the observed effects when only the reactions of the organ weights are judged: For
example, the growth of seminal vesicles can be stimulated not only by androgens but also by
estrogenic substances, well known as a paradoxical effect of estrogens [48-50]. Morphologic
and functional analysis of cellular parameters in male accessory organs may allow a more
subtle and reliable assessment of the (anti-)androgenicity of substances; in previous studies
we analyzed the regulation of tenascin expression [51]. Since the amount of nuclear AR
present in the rat prostate has been demonstrated to be influenced by androgens [52,53], a
densitometric analysis of AR-imunoreactive cells in prostate and seminal vesicles was

performed by using immunohistochemical methods [54,55].

Measurement of the body weight yielded no significant differences between the intact group,
OX group and TP group. However, examination of wet weights (absolute and relative) of
prostates and seminal vesicles showed that orchiectomy in the OX group induced a significant
decrease in organ wet weights in comparison to the intact group, which was nearly reversed

by an administration of a pharmacological dose of TP in the TP group.
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4.1.1 Densitometric Measurements

It has been previously described that the concentrations of biochemically active substances
can be estimated from the optical density of the immunoreactive signal [56,57]. The
advantages of a computer-assisted densitometry are a faster scoring procedure of sections
from large series and a higher reliability. However, the disadvantage of a semiquantitative
approach is the possibility that relevant signals can easily be missed, so that comparative
studies should be based on rather robust signals [58]. Using the monoclonal antibody
(androgen receptor, AR) the staining intensity of AR in the prostates revealed the following
optical density values: 10420 (intact), 5617 (OX), and 77122 (TP). Statistical analysis
confirmed that the intensity of staining was significantly higher in both the intact and TP group

compared to the OX group.

The data provide evidence that orchiectomy results in a reduced staining intensity of AR,

whereas substitution with TP enhances the immunoreactive signal of AR.
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4.1.2 Cell Proliferation

In order to further characterize androgenic effects two proliferation markers were used in this
study. The proliferation associated antigen Ki-67 (MIB-5) and proliferating cell nuclear antigen
(PCNA) have been used as proliferation and prognostic markers in a large number of studies,
in particular in malignancies [59,60]. PCNA is a highly conserved 36kDa acidic nuclear protein
that is expressed during cell replication and DNA repair [61,62]. PCNA interacts with DNA-
polymerase delta and with RF-C protein to bind at DNA primer-template junctions.
Immunostaining of S-phase nuclei will detect PCNA in sites of DNA synthesis. Ki-67 antigen is
expressed during the G4, S, G, and M-phases of the cell cycle, but is not expressed during the
Gy (resting)-phase. Because Ki-67 antigen has a short half-life, it can be used as a marker of
actively proliferating cells [63,64]. Endothelial cell proliferation in male reproductive organs of
adult rat is high and regulated by testicular factors. In the epididymis, the ventral and dorso-
lateral prostate lobes, and the seminal vesicles, endothelial cell proliferation decreased after

testosterone withdrawal and increased following testosterone treatment [65].

The assessment of cell proliferation markers yielded the following data in the rat prostate: The
percentage of immunoreactive epithelial cells for MIB-5 was 85+9% in the intact group, 9+1%
in the OX group and 90+2% in the TP group. The percentage of immunoreactive epithelial
cells for MIB-5 in the OX-group was significantly reduced compared to the intact and TP
group. Similar results were obtained for the relative amount of cells immunoreactive for PCNA
(not shown). Thus, whereas orchiectomy caused a considerable decrease in cell proliferation,

administration of TP could reverse this effect and induced a cell proliferation index similar to

the intact group.
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4.2 Androgenic Potential of Bisphenol A

In contrast to TP, BPA induced no effects on absolute weights of prostate and seminal vesicle.
BPA at high doses of 200 and 500mg/kg BW/day caused a decrease in body weights and a
significant increase in relative weights of prostate and seminal vesicle. A simultaneous
administration of flutamide FL had no further effect in BPA treated animals. Animals treated
with 200, 500 and 500+FL mg/kg BW/day BPA showed severe signs of gastro-intestinal

toxicity.
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4.2.1 Densitometric Analysis

Using the anti-androgen receptor monoclonal antibody (1:100, 554224, mouse monoclonal,
Novocastra, New Castle, United Kingdom) the staining intensity of AR in the prostates
revealed the following optical density values: 104+20 (Intact), 56+£17 (OX), 77+22 (TP), 997
(BPA 3), 103+23 (BPA 50), 78+16 (BPA 200), 49+23 (BPA 500) and 36+6 (BPA 500+FL).
Statistical analysis confirmed that the intensity of staining was significantly higher in both the
intact and TP group compared to the OX group. Thus, the data obtained provide evidence that
orchiectomy results in a reduced staining intensity of AR, whereas substitution with TP
enhances the immunoreactive signal of AR. The intensity of staining was significantly
increased in prostate after treatment with lower doses of BPA (3 and 50mg/kg BW/day). At

500mg/kg BW/day staining intensity was similar to the castrated control, but the combination

of BPA (500mg/kg BW/day) with FL significantly reduced the staining intensity.
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4.2.2 Cell Proliferation

The assessment of cell proliferation markers yielded the following data in rat prostates: The
percentage of immunoreactive epithelial cells for MIB-5 was 85+9% in the intact group, 9+1%
in the OX group and 90+ 2% in the TP group. BPA treated groups displayed: 10£1% (BPA 3),
8+1% (BPA 50), 2% (BPA 200), 1% (BPA 500) and 1% (BPA 500+FL). The percentage of
immunoreactive epithelial cells for MIB-5 in the OX group was significantly reduced compared
to the intact and TP group. Similar results were obtained for the relative amount of cells
immunoreactive for PCNA (not shown). Whereas orchiectomy caused a considerable
decrease of cell proliferation, administration of TP could reverse this effect and induced a cell
proliferation index similar to the intact group. The assessment of both proliferation markers

revealed that BPA showed at all doses tested no stimulation of proliferating activity in prostate.
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4.3 Green Tea and Prostate Cancer

[Published by oral and poster presentations]
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significant reduction of androgen-dependent PC-346C tumors. There is a 50% reduction in the
incidence of primary tumors in mice consuming green tea when compared to an age-matched

Tumor weights PC-3 cohort receiving tap water. These data
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1.54 mmGreenTea dreen tea in this model system has a

S 1.0- substantial effect on the incidence of

0.5 autochthonous tumor formation. There were
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o 2 P & & visible in green tea treated animals, whereas
positive control groups with metastatic sites

were the rule after six weeks. Green tea decreases the incidence of tumors without

substantially altering the site of tumor formation.
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4.4 Effects of Dietary and Natural Products on human Prostate Cancer Cell

Lines

[Published by oral and poster presentations]

EGCG (50ug) inhibited cell proliferation (CV Assay) significantly after 24h of LNCaP, PC-
346C, PC-3, DU-145 (not shown) cancer cell lines. Similar data could be observed for
quercetin (not shown) using above mentioned cell lines. In spite of chemical relation to

EGCG and quercetin, rutin (not shown) showed no effects on cancer cell lines.
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Cell cycle analysis with 50pM EGCG for 24 hours showed a significant S-phase arrest in

LNCaP cells and a significant G,-phase arrest in PC-3 cells. Etoposide was used as a

positive control.

APO-BRDU with 50uM EGCG for 24 hours showed 30% apoptotic and necrotic cells in
LNCaP cells, 37% apoptotic and necrotic cells in PC-346C cells and surprisingly nearly no

apoptotic and necrotic cells in androgen-independent PC-3 cancer cells.
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4.5 Animal Model Systems

One of the earliest autochthonous model systems, the LOBUND-Wistar rat was developed at
University of Notre Dame by Professor Morris Pollard who observed spontaneous tumor
formation in the urogenital system of germ-free rats [66]. Approximately 30% of male
LOBUND-Wistar rats spontaneously develop tumors of the urogenital system within 2 years,
while treatment with nitrosomethylurea (NMU) increases the tumor incidence to approximately
90% and reduces the time to tumor development to approximately 10 months [67]. Our recent
analysis of the effects of green tea on tumor development in this autochthonous model
demonstrated that the tumor incidence is reduced by 50% in the animals consuming green tea
compared to tap water, demonstrating the utility of the model system for the analysis of diet on
tumor formation. However histological analysis demonstrated that 90-95% of the tumors
originate in the seminal vesicles of the rats, whether the animals were given water or green
tea. Since the seminal vesicles are derived from a different embryological origin than the
prostate, this significantly reduces the relevance of this model system [68]. Several transgenic
strains have been developed that produce autochthonous prostate cancers. The most widely
used transgenic model system for prostate cancer is the TRAMP mouse, which expresses the
SV40 large T and middle t antigens under the control of the minimal probasin promoter,
targeting the expression of the transgene to the dorso-lateral lobes of the gland [69]. These
tumors develop between 8 and 10 weeks, and the majority of the animals die within 28 weeks
as a result of metastatic burden [70]. While these tumors are androgen-dependent, the
extremely aggressive behaviour of the tumors, the rapid metastatic progression and the
neuro-endocrine characteristics of the tumors make them a poor model for the chronic effects
of dietary modulation on localized early stage disease. These considerations have lead to the
development of a second androgen-dependent transgenic model system the LBP-Tag mouse,
which is usually referred to as the LADY model [71]. In this case, the long probasin promoter
drives the expression of just the SV40 large T (and thus eliminating effects of SV40 middle t),
targeting the transgene to the dorso-lateral and ventral prostate. Like TRAMP mouse,
androgen-dependent tumors develop in this model with 100% penetrance, but with a latency
of approximately 2-5 months, at which time most mice show evidence of low grade prostatic
intraepithelial neoplasia (LGPIN) in the dorso-lateral and ventral lobes of the prostate. Tumor
progression to high grade PIN (HGPIN) and local microinvasive and invasive tumors occurs
over the next 4 months, leading to the development of androgen receptor negative
(AR-)adenocarcinomas and neuro-endocrine carcinomas by 6 months of age. This occurs
without significant proliferation of the stroma, reflecting the pathology seen in human disease.
Mice eventually develop androgen-independent metastatic disease, primarily in the lymph,
liver and lungs between 6 and 9 months, which can be monitored using Tag
immunohistochemistry. The long latency and the pathology that accurately reflects the human
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disease makes this model system much more representative of the initiation of localized

prostate cancer in humans and much more amenable to long term dietary intervention studies.

Prostate cancer research has been hampered by the dearth of good androgen-dependent cell
lines of human origin. For many years the standard androgen-dependent cell line has been
the LNCaP system. This aneuploid cell line was initially developed from the lymph node
metastasis of an individual who failed both radiation and hormone therapy [72]. It is therefore
quite surprising that this cell line is androgen-dependent and non-metastatic in the laboratory
setting. In addition the cell line contains a mutation in the ligand binding domain of androgen
receptor (Thr877Ala), which renders the receptor quite promiscuous, to the extent that the
receptor can be activated by a number of endogenous steroids including the active androgen
5a-dihydrotestosterone (50-DHT) and the adrenal steroid, A*-androstenedione, making it very
difficult to control the activation of the receptor in vivo [73,74]. This cell line can be grown as
xenografts in nude mice as either subcutaneous tumors or as orthotopic tumors, but due to
the overriding influence of the adrenal steroids, these tumors fail to respond appropriately to
androgen deprivation or anti-androgen therapy (either Flutamide® or Casodex®) [75]. The
CWR22 transplantable prostate tumor model system was also developed from a patient who
had failed hormone therapy, and while it remains many of the molecular characteristics of
early stage prostate cancer, it also contains a mutation in the ligand binding domain of the
androgen receptor (His874Tyr) which produces similar ligand promiscuity to the LNCaP cell
lines [76], making it less than ideal for in vivo evaluation of diet or other interventions designed

to regulate progression.

PC-346C
Due to the inherent difficulties of culturing primary

prostate epithelial cells a number of groups have

developed cell lines immortalized using a variety of viral
constructs that interfere with cell cycle or apoptotic

mechanisms [77-79]. While these cell lines are very

Absorbance, 590 nm

useful for many applications, the disruption of cell cycle
i ] . 0 6 12 25 50 100
and apoptosis mechanisms makes them inherently Casadex (uM)

unsuitable for our studies. A number of androgen-

dependent cell lines have also been developed by direct
implantation of human tumors into nude mice as

subcutaneous xenografts [80]. One of these cell lines,

Absorbance, 590 nm

PC-346C, was developed from a prostatectomy of an

0 6 12 25 50 100
individual who had received no therapy prior to surgery, Flutamide (M)

and contains a wild type androgen receptor, and wild-
type p53. This diploid cell line is androgen-dependent in cell culture, responds appropriately to

both androgens and anti-androgens in vitro and in vivo and has not been immortalized using
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viral constructs that disrupt normal cell cycle or apoptotic control pathways, we have chosen to

utilize this cell line exclusively for our xenograft.
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Conclusion

Based on the present data, the densitometric analysis of AR-immunoreactivity and the
assessment of both cell morphology and cell proliferation proved to be independent and
sensitive parameters for the evaluation of androgen effects on prostates and seminal vesicles.
Using these additional detection tools we found a weak androgenicity of BPA. The combined
application of these parameters may provide an additional tool to test the broad spectrum of
endocrine active substances, such as endocrine disruptors and phytoestrogens which are
currently being discussed as to their potential risk and benefits to the environment and

humans.

The xenograft accomplished, represents a comprehensive evaluation of the effects of green
tea consumption on prostate tumor progression and metastases, and will determine whether
self medication with green tea interferes with standard hormone therapy using Casodex®. The
overall outcome of the planned and further studies will have significant impact on the current
use of Casodex® for the treatment of early stage localized prostate cancer, particularly in
terms of the interactions between diet (in the case of green tea consumption) and standard
treatments for the disease. These studies may provide evidence of other important regulatory
mechanisms beyond androgens that can be integrated into our understanding of prostate

disease and provide new avenues for treatment.
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Green Tea
Prostate and Cancer EGCG

Quercetin
Rutin

- Testosterone

y
5 a—Reductas%

5a-DHT

Test Compounds Effects of test compounds on prostate and prostate cancer

Green Tea Inhibition of human prostate cancer cells in vitro / in vivo

EGCG Inhibition of human prostate cancer cells in vitro

Quercetin Inhibition of human prostate cancer cells in vitro

Rutin Inactive in vitro

BPA Up-regulation of AR in prostate
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Androgen-dependent morphology of prostates and
seminal vesicles in the Hershberger Assay:
Evalunation of immunohistochemical and
morphometric parameters*
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Summary. The aim of this study was to evaluate andro-
gen-like effects using immunohistochemical and morpho-
metric methods. Therefore, orchiectomized Wistar rats
(n>13) were treated sc. with 1mg/kg bw/day testo-
sterone propionate (TP) for 7 days and compared to
orchiectomized rats without TP substitution {OX) and to
an untreated intact control group. Sections obtained
from prostates and seminal vesicles were stained with
polyclonal and monoclonal antibodies against the andro-
gen receptor (AR) and assessed densitometrically {inten-
sity of the immunoreaction) and morphometrically
{epithelial height, luminal area). TP caused an enhance-
ment of staining intensity and an increase in organ
weights, epithelial height and luminal area. The use of
proliferation markers (PCNA, MIB-5) showed also a
highly significant increase of immunoreactive cells in TP-
substituted orchiectomized rats compared with the OX
group. Based on the present data, the densitometric ana-
lysis of AR-immunoreactivity as well as the assessment
of proliferation markers, epithelial height and luminal
area proved to be sensitive parameters for the evaluation
of androgen effects on prostates and seminal vesicles. In

* Dedicated to Professor Dr. med. Bernhard Tillmann on the oc-
casion of his 65™ birthday.

Correspondence to: T. Nishino
E-mail: nishino@sp.tum.de

further studies these parameters will be used to test
several industrial xenooestrogens as well as phytooestro-
gens on their possible androgenic capacity.

Key words: Androgenic reactions — Androgen receptor —
Prostate — Seminal vesicle — Densitometry — Morphome-
try — Proliferation markers

Introduction

The rodent Hershberger Assay using castrated peripuber-
tal male rats measures the androgenic or anti-androgenic
effects of test chemicals on several accessory glands/tis-
sues (e.g. ventral and dorso-lateral prostate and seminal
vesicles with coagulating glands) by means of organ
weight measurements {(Hershberger et al. 1953). Gener-
ally, accessory sex glands and tissues are dependent upon
androgen stimulation to gain and maintain weight during
or after puberty. If endogenous testicular sources of an-
drogens are removed, exogenous sources of androgens
are necessary to increase or maintain the weights of these
tissues (Ashby and Lefevre 2000; Kim et al. 2002; Breck-
woldt et al. 1991). All anabolic/{anti-) androgenic com-
pounds (drugs) in clinical use have been screened by
means of this in vivo bioassay (Kiihnel 1970; Kiihnel
1974). This assay is one of the assays in the proposed

0940-9602/04/186/03-247 $30.00/0
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Tier I screening battery by EDSTAC (Endocrine Disrup-
tor Screening and Testing Advisory Committee). Tier I
sites are those that have greater potential to require long-
term or emergency cleanup work under the Federal
Superfund program. These are sites which have a release
of a hazardous substance, pollutant or contaminant that
has caused, or is likely to cause exposure to humans or
contamination of a sensitive environment. They typically
involve contamination of drinking water, surface water,
air or soils which have either caused or are likely to cause
exposure to nearby populations, or have contaminated, or
are likely to contaminate sensitive environments such as
for example wetlands, national parks and habitats of en-
dangered species (EDSTAC, EPA 1998).

However, the measurements of body and organ weight
deliver only a limited amount of information, especially if
this assay will be used to carry out a more subtle assess-
ment of the androgenic properties of an unknown sub-
stance. Additional parameters such as morphometric and
qualitative data are therefore required to determine the
androgenicity of a given substance, in particular if the ef-
fects are of low degree.

The present study was undertaken to analyze these ad-
ditional parameters and to assess their sensitivity for the
evaluation of androgen-like effects using immunohisto-
chemical and morphometric techniques.

Material and methods

Animals and housing. Wistar rats (male HdrBrHan from Harlan
Winkelmann, Borchen, Germany), weighing about 150 g (age of
2 weeks) were randomly separated into different groups. They re-
ceived tap water and ssniff R 10, laboratory standard rat diet (in
pellet form) ad libingn (ssniff Spezialdidten GmbH, Soest, Ger-
many). Groups of 2—4 animals were kept in Makrelon cages type
IV with ssniff bedding (3/4 Faser) at 22 + 3°C, a relative humidity
of 30-70% and artificial 12 h light. After acclimatization, animals
were orchiectomized under Ketanest/Rompun-anesthesia (Ketan-
est 10 mg/kg bw from Parke-Davis, Berlin, Germany and Rom-
pun 2 mg/kg bw from Bayer AG, Leverkusen, Germany).
Treatment of animals. Animals were partitioned into three
groups (n 213 in each group). Two groups were orchiectomized.
Seven days after orchiectomy one group was treated subcuta-
neously with testosterone propionate (IP) in arachis oil for se-
ven days (kindly provided by Schering AG) and compared to
vehicle treated, orchiectomized rats without TP substitution
(OX) and to a vehicle treated intact control group (intact). After
the treatment animals were sacrificed by decapitation. Seminal
vesicles and prostates were harvested surgically, weighed and im-
mediately fixed in 4% neutral buffered paraformaldehyde.
Immunohistochemistry. After fixation the specimens (prostate,
seminal vesicle} were dehydrated in ascending series of alcohol,
embedded in paraffin and cut in sections of 5 pm thickness
(10 sections per specimen}. For the immunohistochemical visuali-
zation of androgen receptor and proliferation markers the fol-
lowing primary antibodies were applied: anti-androgen-receptor
(1:100, sc-815, rabbit polyclonal, Santa Cruz Biotechnology, Ca-
lifornia, USA), anti-androgen-receptor (1:100, 554224, mouse
monoclonal, BD PharMingen, Germany), anti-PCNA (1:200,

PC-10, mouse monoclonal, Novocastra, New Castle, United
Kingdom} and anti-MIB-5 (1:100, M 7248 mouse monoclonal,
DakoCytomation, Denmark).

After deparaffinization in xylene and descending series of al-
cohol the sections were treated in 0.3% hydrogen peroxide in
distilled water to quench endogenous peroxidase activity, rinsed
2times in 0.01 M phosphate buffered saline (PBS) containing
0.1% Triton X-100 (PBS-TX), incubated for 10 min in 10% nor-
mal goat serum (NGS) in PBS-TX fo block nonspecific antigen
binding sites, incubated with the above mentioned primary anti-
bodies diluted in PBS containing 1% NGS overnight, rinsed in
PBS, incubated with biotinylated secondary antibodies (1:200,
Dako, Denmark) for 1h, rinsed in PBS and incubated with
StreptAvidin-Biotin (SAB)-Complex (Biocare Medical, USA)
conjugated to horseradish peroxidase for 1 h. Peroxidase activity
was revealed with the chromogen 3-amino-9-ethyl-carbazole
(AEC, Zymed, USA) for 2 minutes. Sections stained with prolif-
eration markers were counterstained with Mayer's hematoxylin
for 10 minutes. Omission of primary antibodies resulted in the
absence of a specific labelling.

Morphometry and densitometry. Intensity of Immunohisto-
chemical staining was determined densitometrically, while
epithelial height and luminal area of the glandular ducts were
measured morphometrically (KS 100, K8 RUN, Zeiss-Vision,
Jena, Germany). Microscopy was performed with an Axiophot
light microscope (Zeiss, Jena, Germany) equipped with a high re-
solution scanner camera (Axiocam, Zeiss, Germany).

All images have a uniform size of 1300 x 1030 pixel. Since the
images were generated by using a 20x objective and 1.0 Optovar
the final resolution of the edge lengths of one pixel in the resulting
image is 0.32 um. This resolution was adequate for deciding which
profile of glandular ductus in the field of vision is suitable for densi-
tometric measurements. By using densitomefry, gray values were
transformed pixel by pixel into optical densities (Oberholzer 1996),
followed by calculation of the sum, mean and standard deviation.
Densitometry was performed in gray level images with a dynamic
range of 256 intensities. Each pixel had a value between 0 and 2553,
where 0 is darkest (black) and 255 is lightest (white). We used the
software package KS 400 for image analysis.

The glandular duct to be measured was centered into the opti-
cal field at the resolution mentioned above. After focusing and
adaption of light intensity (3200 K) the section was removed and
a white image (w) was generated iteratively. The adaption of
light intensity was carried out by the following procedure. Firstly
the illumination was adjusted, so that the objects of interest
could be clearly identified. Thereafter, an image without any his-
tologic object was grabed and the mean pixel intensity was calcu-
lated. If the mean pixel intensity differed much from the pixel
intensity obtained from preceding measurements, the light inten-
sity was adapted until the mean pixel intensity adapted similar
values to those in the previous measurements. The mean gray va-
lue of the white image was determined for each section in order
to obtain the same illumination condition within each specimen
examined. After white image calibration the glandular duct of in-
terest was grabed and its immunoreactive epithelium was sur-
rounded interactively. Within this defined epithelial area the
mean optical density (OD} and the variance of OD were deter-
mined. Five measurements were performed within each section.
Five sections were examined per animal resulting in 25 measure-
ments for each animal. The mean values were calculated and
compared between the different groups.

For morphometric measurements the software package KS 100
3.0 (Zeiss-Vision, Jena, Germany) was used. The epithelial height
was determined by using a 40 x objective and 1.0 optovar. For the
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determination of the luminal area a 10x objective and 1.0 optovar
were used. The guantitative assessment of proliferating cells was
performed using a 40x objective and 1.0 optovar. We have
cotinted 1000 of those cells per section exhibiting nuclei.

A two-sided t-test at a significance level of p< 0.05 was ap-
plied for statistical comparison. Data were depicted as means +
standard deviation (SD).

Results

Hershberger Assay. Measurement of the body weight
yielded no significant differences between the intact group
(n=13), OX group {(n=13) and TP group (n=13). How-
ever, examination of wet weights (absolute and relative) of
prostates and seminal vesicles showed that the orchiectomy
in the OX group induced a significant {t-test, p <0.05,
n=13) decrease in organ wet weights in comparison to the
intact group, which was nearly reversed by an administration
of a pharmacological dose of TP in the TP group (Fig. 1).

Densitometric analysis. Using the monoclonal antibody
the staining intensity of AR in the prostates revealed the
following optical density values: 104 + 20 {(intact), 56 + 17
(OX), and 77 + 22 {TP). Statistical analysis confirmed that
the intensity of staining was significantly higher in both
the intact and TP group {t-test, p < 0.03, n > 13) compared
to the OX group {Figs. 2, 7 A-C).

The staining intensity after incubation with the polyclo-
nal antibody against AR was 75+21 (intact), 43+£12
(OX) and 61 £24 {TP) for the prostates and 42+ 17 {in-
tact), 11 £10 {OX} and 19£11 {TP) 11 £10 for seminal
vesicles, respectively. In the prostate tissues the intensity
of staining obtained by the polyclonal antibody was sig-
nificantly higher in both the intact and TP group (t-test,
p =0.05, n=13) compared to the OX group.

The data provide evidence that orchiectomy results in a
reduced staining intensity of AR, whereas substitution
with TP enhances the immunoreactive signal of AR,

Morphometric analysis. The mean epithelial height of
prostate glands measured 17 = 2 pm in both the intact and
TP group, whereas the mean epithelial height was signifi-
cantly {t-test, p <0.05, n213) decreased to 11+ 1 pm in
the OX group. Similar significant {t-test, p <0.05, n>13)
data were obtained for the epithelial height of seminal
vesicle glands: 18+ 3 pm {intact), 9+2pum {OX) and
15+ 2 pm {TP), respectively {Fig. 3).

The mean luminal area of prostate glands was
131.206 + 40.000 pm® in the intact group, 6.559 £ 5000 pm®
in the OX group and 86.892 + 30.000 pm” in the TP group.
The luminal area in the OX group was significantly {t-
test, p = 0.05, n213) reduced compared to the intact und
TP groups. In seminal wvesicles the mean luminal area
measured 113.188 + 80.000 pm? (intact), 7.476 + 5.000 pm?
(OX) and 150.769 + 86.000 um® (TP), respectively. Simi-
larly as observed for the prostates, the huninal area in the
OX group was significantly {t-test, p=0.05, n=213) re-
duced compared to the intact and TP group (Fig. 4).

These morphologic observations clearly reveal that
orchiectomy causes a substantial reduction of both
epithelial height and Juminal area of prostates and semi-
nal vesicles. If TP is substituted both parameters return to
values sitilar to those found in the intact group.

Cell proliferation. The assessment of cell proliferation
markers yielded the following data in the rat prostates:
The percentage of immunoreactive epithelial cells for
MIB-5 was 83 £ 9% in the intact group, 9 £ 1% in the OX
group and 90+2% in the TP group. The percentage of
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Fig. 1. Comparison of absolute wet weights of prostate and semi-
nal vesicles between the intact group, OX group and TP group.
Asterisks indicate statistically significant differences.
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Fig. 2. Comparizon of densitometric values between the intact
group, OX group and TP group after immunohistochernical
staintng of androgen receptor in the prestate using a menoclonal
antibody. Asterisks indicate statistically stpnificant differences.
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Fig. 3. Cornparison of epithelial height of prostate and seminal
vesicles between the intact group, OX group and TP group. As-
terisks indicate statistically significant differences,
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Fig. 4. Cornparison of luminal glandular area of prostate and
serninal vesicles between the intact group, OX group and TP
group. Asterisks indicate statistically significant differences.
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Fig. 5. Quantitative comparison of MIB-3-immunoreactive
epitheltal prostatic cells between the intact group, OX group and
TP group. Asterisks indicate statistically significant differences.
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Fig. 6. Quantitative comparison of PCNA-immunoreactive
epitheltal prostatic cells between the intact group, OX group and
TP group. Asterisks indicate statistically stanificant differences.

immunoreactive epithelial cells for MIB-5 in the OX
group was significantly {t-test, p <0.05, n =13} reduced
compared to the intact und TP group (Figs. 5, 7D-F). Si-
milar results were obtained for the relative amount of
cells immunoreactive for PCNA: 90+9% in the intact
group, 10£2% in the OX group and 85+ 9% in the TP
group. The percentage of epithelial cells immunoreactive
for PCNA in the OX group was significantly (t-test,
p =005, n213) reduced compared to the intact und TP
group (Figs. 6, 7G-1).

Thus, whereas orchiectomy caused a considerable de-
crease in eell proliferation, administration of TP could re-
verse this effect and induced a cell proliferation index
similar to the intact group.

Discussion

Hershberger Assay. Although the Hershberger assay
{Hershberger et al. 1953) is a valid quantitative method
for evaluating androgenic or anti-androgenic properties of
substances by measuring the organ weight of seminal vesi-
cles and prostates, the findings obtained by this assay pro-
vide only limited information on the specifity of the
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Fig. 7. All panels show photographs of the prostate. Zones are described according to McNeal (McNeal 1988).
A-C: Immunohistochemical staining of AR (monoclonal antibody) showing the transition zone of the intact group (A), OX group

(B) and TP group (C). Original magnificaton 20x.

D-F: Immunochistochemical staining of MIB-3 showing the peripheral zone of the intact group (D), OX group (E) and TP group (F).

Original magnification 10x.

G-I: Immunohistochemical staining of PCNA showing the transiton zone of he intact group (G), OX group (H) and TP group (I}).

Original magnificaton 10x.

observed effects. For example, the growth of seminal vesi-
cles can be stimulated not only by androgens but also by
oestrogenic substances, well known as a paradoxical effect
of oestrogens (de Jongh 1935; de Jongh 1937; Freud 1933).

Morphologic and functional analysis of cellular para-
meters in male accessory organs may allow a more subtle
and reliable assessment of the (anti-) androgenicity of
substances; in previous studies we analyzed the regulation
of tenascin expression (Vollmer et al. 1994). Since the
amount of nuclear AR present in the rat prostate has
been demonstrated to be influenced by androgens
(Moore et al. 1979; Blondeau et al. 1982}, a densitometric
analysis of AR-immunoreactive cells in prostates and
seminal vesicles was performed by using immunohisto-
chemical methods (Huggins and Hodges 2002; Rolf and
Nieschlag 1998).

Densitometric analysis. It is known (Nabors et al. 1988;
Mize et al. 1988) that the concentrations of biochemically
active substances can be estimated from the optical den-
sity of the immunoreactive signal. As a result, we found a
marked decrease in staining intensity of AR-positive cells
after orchiectomy in comparison to the control group. This
effect of orchiectomy was mostly reversed by an adminis-
tration of a pharmacological dose of TP The advantages
of a computer-assisted densitometry are a faster scoring
procedure of sections from large series and a higher relia-
bility. However, the disadvantage of a semiquantitative
approach is the possibility that relevant signals can easily
be missed, so that comparative studies should be based on
rather robust signals (De Boer et al. 2001).

Morphologic  alterations. Morphologic or functional
changes in the accessory reproductive organs have mainly
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been used as hormone indicators. The main accessory
glands of the male rat are the prostate and the seminal vesi-
cle. The induction of tremendous size changes in these
glands in castrated immature animals has been used for the
assay of androgenic activity by Tschopp (Tschopp 1936).

The ventral prostate is the most sensitive region among
the accessory glands in rats. After castration at birth the
accessory glands are most sensitive to exogenous andro-
gen like testosterone at 40-60 days of age {(Hooker 1937).
In contrast, in the mouse the prostate is much less promi-
nent and the seminal vesicles are comparatively insensi-
tive (Voss and Loewe 1931; Deanesly and Parkes 1933).

Changes in the glandular epithelium under the influ-
ence of androgen administration take place before any
substantial change in weight occurs. These changes were
screened in a semi-quantitative approach by Moore and
Gallagher (Moore and Gallagher 1930) and the quantita-
tive assessment by Hansen (Hansen 1933) suggested that
epithelial cell height in both prostate and seminal vesicles
may serve as an androgen assay. A detailed dose-response
curve of the effect of 14 daily injections of androsterone
on the height of the vesicular epithelium in the castrated
rat was given by Jacobsen (Jacobsen 1938).

Markers of cell proliferation. In order to further charac-
terize androgenic effects two proliferation markers were
used in this study. The proliferation associated antigen Ki-
67 (MIB-5) and proliferating cell nuclear antigen (PCNA)
have been used as proliferation and prognostic markers in
a large number of studies, in particular in malignancies
(Korkolopoulou et al. 1993; Kawai et al. 1994). PCNA is a
highly conserved 36 kDa acidic nuclear protein that is ex-
pressed during cell replication and DNA repair (Shivji et
al. 1992; Hall et al. 1990). PCNA interacts with DNA-
polymerase delta and with RF-C protein to bind at DNA
primer-template junctions. Immunostaining of S-phase nu-
clei will detect PCNA in sites of DNA synthesis. Ki-67
antigen is expressed during the Gy, S, G, and M phases of
the cell cycle, but is not expressed during the Gy (resting}
phase. Because Ki-67 antigen has a short half-life, it can
be used as a marker of actively proliferating cells (McCor-
mick et al. 1993; Pinder et al. 1995).

Endothelial cell proliferation in male reproductive or-
gans of adult rat is high and regulated by testicular fac-
tors. In the epididymis, the ventral and dorsolateral
prostate lobes, and the seminal vesicles, endothelial cell
proliferation decreased after testosterone withdrawal and
increased following testosterone treatment (Franck Liss-
brant et al. 2002).

In our study orchiectomy caused a dramatic decrease
in the percentage of proliferating epithelial cells — an ef-
fect which could be almost completely reversed by the
administration of testosterone.

Conclusion

Based on the present data, the densitometric analysis of
AR-immunoreactivity and the assessment of both cell

morphology and cell proliferation proved to be indepen-
dent and sensitive parameters for the evaluation of an-
drogen effects on prostates and seminal vesicles. The
combined application of these parameters may provide
an additional tool to test the broad spectrum of endocrine
active substances, such as endocrine disruptors which are
currently being discussed as to their potential risk to the
environment and humans.
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Abstract

We evaluated androgen-like effects of bisphenol A (BPA) using orchiectomized Wistar rats. Animals were treated p.o. either with vehicle
or with 3, 50, 200, 500 mg/kg bw/day BPA (n=13) for 7 days. One group was treated s.c. with 1 mg/kg bw/day testosterone propionate (TP).
Flutamide (FL) (3 mgrkg bw/day, p.o.) was used to antagonize androgen effects of the suprapharmacological dose (500 mg/kg bw/day) of BPA.
Androgen-like effects of BPA on prostates and seminal vesicles were assessed by the Hershberger assay, densitometric analysis of androgen
receptor (AR) immunereactivity, cell proliferation-index and a morphometric analysis. Absolute weights of prostates and seminal vesicles were
notincreased by BPA, whereas the relative weights were increased at higher doses of BPA, mostlikely due toa decrease in body weight. Staining
intensity for AR immunoreactivity was increased at low but not at higher doses of BPA in comparison to the orchiectomized rats. BPA at all
doses tested did not cause an increase of the cell proliferation-index. Epithelial height and glandular luminal area were increased by low doses of
BPA, whereas higher doses caused a decrease of these parameters. The data provide evidence that BPA does not exert major androgenic effects.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Bisphenol A; Prostate; Seminal vesicle; Immunohistochemistry; Morphometry; Densitometry; Androgen receptor regulation; PCNA; MIB-5;
Proliferation markers

1. Introduction

BPA is a chemical monomer used primarily to make
epoxy-resins, polycarbonate (PC) plastic products and the
flame retardant tetrabromobisphenol A [1]. A number of
so-called xenobiotics, including pesticides (p,p’-DDT), plas-
ticizers (BPA) and a variety of other industrial chemicals
(polychlorinated biphenyls) containa phenolic ring that mim-
ics the A-ring of estradiol and have been reported to have
hormonal or antihormonal activity [2,3]. Although the level
of exposure to these xenobiotics may be, if any, very low, they

* Corresponding author. Tel.: +49 89 289 24571; fax: +49 89 289 24572.
E-mail address: nishino@sp.tum.de (T. Nishino).

0960-0760/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsbmb.2005.08.019

may exert their potential toxicity or endocrine disturbance in
human beings and wildlife.

Recent in vitro studies demonstrate, in fact, that xeno-
biotics can bind with estrogen receptors and activate them,
resulting in gene expression [4-6]. BPA slightly induced
MCF-7 cell proliferation at a level of 0.1 pM and maxi-
mum proliferation at 10pM [6]. Also in in vivo studies,
BPA showed estrogenic activity. Plasma free testosterone lev-
els were dramatically decreased following 8 weeks of BPA
treatment [7]. It was claimed by vom Saal that, the expo-
sure of pregnant mice to extremely low concentrations of
certain xencbiotics, for instance, results in offspring with
lower sperm production, increased prostate size or alters
maternal behaviour, postnatal growth rate and reproduc-
tive function in female mice [8-11]. Other work groups, in
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contrast, found an uterotrophic response (increase in uter-
ine wet weight) at doses up to 100mg/kg BPA for 3 days
[12-14].

Also Gupta [15] claimed an enhancement of the anogen-
ital distance and the prostate size of fetuses, when pregnant
CD-1 mice were treated with BPA in the microgram range
per kg bw/day. BPA induces inappropriate androgen receptor
activation and mitogenesis in prostatic adenocarcinoma cells
(LNCaP). Takao reported a significant decrease in plasma
free testosterone levels at 50 pg BPA/m] in drinking water
(14 mg/kg/day). No significant effect (although a trend in the
same direction) was observed neither after 4 weeks of expo-
sure nor after 4 and 8 weeks exposure to 5 pg of BPA/ml
drinking water (0.14 mg/kg/day) [7].

In addition, Kim et al. did not detect any androgenic or
anti-androgenic activities of BPA in Hershberger assay [16]:
the BPA doses used were 10-1000mg/kg/day.

The present study was carried out to clarify the andro-
genic potential of BPA ina broad dose range from “ultralow”,
“pharmacological” to “suprapharmacological” in rats using
the standard Hershberger assay with additionally androgen-
sensitive parameters.

Additional parameters such as morphometric and qualita-
tive data are therefore required to determine the androgenicity
of a given substance, in particular if the expected effects are
of lower degree.

2. Materials and methods
2.1. Animals and housing

Wistar rats (male HdrBrHan from Harlan Winkelmann,
Borchen, Germany), weighing about 150 g (age of 2 weeks)
were separated into different groups by randomized proce-
dure. They received tap water and ssniff R 10, laboratory stan-
dard rat diet (in pellet form) ad libitum (ssniff Spezialdidten
GmbH, Soest, Germany). Groups of 2—4 animals were kept
in Makrolon cages type [V with ssniff bedding (3/4 Faser) at
224 3°C, arelative humidity of 30-70% and artificial 24 h
light. After acclimatization anmimals were orchiectomized
under Ketanest/Rompun—anesthesia (Ketanest 10 mg/kg bw
from Parke-Davis, Berlin, Germany and Rompun 2 mg/kg bw
from Bayer AG, Leverkusen, Germany).

2.2. Treatment of animals

Seven days after orchiectomy animals were partitioned
into eight groups (r =13 in each group). They were treated
p.o. with 3, 50, 200 and 500mg BPA/kg/day dissolved
in propylene glycol for 7 days. BPA was purchased from
Fa. Bayer (PtNr. 97.001/Prod Nr. 04111095, CasNr. 80-05,
Leverkusen, Germany). Another group of orchiectomized
animals was treated s.c. with testosterone propionate (TP)
1 mg/kg bw in arachis oil. Flutamide (FL) 3mg/kg bw p.o. n
combination with 500mg BPA was used to antagonize pos-

sible androgen effects of the “suprapharmacological” dose
of BPA. These groups were compared to vehicle (propylene
glycol) treated, orchiectomized rats without any other sub-
stitution (OX) and to a vehicle treated intact control group
{(Intact). Propylene glycol was purchased from Merck, Darm-
stadt, Germany. TP and FI. were kindly provided by Schering
AG, Berlin, Germany. After the treatment animals were sacri-
ficed by decapitation and seminal vesicles and prostates were
harvested surgically, weighed and immediately fixed in 4%
neutral buffered paraformaldehyde for 24 h.

2.3. Immunohistochemistry

After fixation the specimens (prostate, seminal vesicle)
were dehydrated in ascending series of alcohol, embedded
in paraffin and cut in sections of 5 jum thickness (10 sections
per specimen). For the immunohistochemical visualization
of androgen receptors and proliferation markers the fol-
lowing primary antibodies were applied using the standard
procedure protocols provided by the manufacturer: anti-
androgen-receptor (1:100, sc-815, rabbit polyclonal, Santa
Cruz Biotechnology, CA, USA), anti-androgen-receptor
(1:100, 554224, mouse monoclonal, BD PharMingen,
Germany), anti-PCNA (1:200, PC-10, mouse monoclonal,
Novocastra, New Castle, United Kingdom) and anti-MIB-5
(1:100, M 7248 mouse monoclonal, DakoCytomation,
Denmark).

24. Densitometry and morphometry

Intensity of immunohistochemical staining was deter-
mined densitometrically, while epithelial height and luminal
area of the glandular ducts were measured morphometri-
cally (KS 100, KS RUN, Zeiss-Vision, Jena, Germany).
Microscopy was performed with an Axiophot light micro-
scope (Zeiss, Jena, Germany) equipped with a high resolution
scanner camera (Axiocam, Zeiss, Germany).

Allimages had a uniform size of 1300 x 1030 pixel. Since
the images were generated by using a 20x objective and 1.0
optovar the final resolution of the edge lengths of one pixel
in the resulting image is 0.32 um. This resolution was large
enough for deciding which profile of glandular ductus in the
field of vision was suitable for densitometric measurements.
Gray values were transformed pixel by pixel into optical den-
sities [17].

Five measurements were performed within each section.
Five sections were examined per animal resulting in 25 mea-
surements for each animal. The mean values were calculated
and compared between the different groups.

For morphometric measurements the software package
KS 100 3.0 (Zeiss-Vision, Jena, Germany) was used. The
epithelial height was determined by using a 40x objective
and 1.0 optovar. For the determination of the luminal area
a 10x objective and 1.0 optovar was used. The quantitative
assessment of proliferating cells was performed using a 40
objective and 1.0 optovar. One thousand cells per section
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were counted excluding those which due to the section did
not show a nucleus to avoid overestimation of the total cell
number. A two-sided f-test at a significance level of p<0.05
was applied for statistical comparison. Data were depicted as
mean + standard deviation (5.D.).

3. Results
3.1. Hershberger assay

In contrast to TP, BPA induced no effect on absolute
weights of prostate (Fig. 1) and seminal vesicle (not shown).
BPA athigh doses of 200 and 500 mg/kg bw caused a decrease
in body weights (Fig. 2) and a significant increase in rel-
ative weights of prostate and seminal vesicle (not shown).
A simultaneous administration of FL had no further effect
in BPA treated animals. Animals treated with 200, 500
and 500 + FL. BPA showed severe signs of gastro-intestinal
toxicity.

3.2. Densitometric analysis

The staining intensity after incubation with the poly-
clonal antibody (1:100, sc-813, rabbit polyclonal, Santa Cruz
Biotechnology, CA, USA) directed against AR was 75 + 21

600 -
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Fig. 1. Comparison of absolute wet weights of the whole prostate in (mg)
between the Intact group, OX group and TP group in relation to the BPA-
treated groups (3, 50, 200, 500 and 500+ FL). Asterisksindicate statistically
significant differences (7 <0.05), which refer to the castrated control group.
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Fig. 2. Comparison of bodyweightsin (g) between the Intact group, orchiec-
tomized group (OX) and TP group in relation to the BPA-treated groups (3,
50, 200, 500 and 500+ FL). Asterisks indicate statistically significant dif-
ferences (p < 0.05), which refer to the castrated control group.

(Intact), 43 +12 (OX), 61+24 (TP), 65+27 (BPA 3),
57+ 19 (BPA 50), 48 + 18 (BPA 200), 39 + 9 (BPA 500) and
33+ 10 (BPA 500*FL) for the prostates and 42 + 17 (Intact),
11+£10 (OX). 19+ 11 (TP), 8+ 5 (BPA 3), 11 £ 15 (BPA
50), 7+£3 (BPA 200), 3£ 1 (BPA 500) and 15+ 17 (BPA
500+FL) for seminal vesicles, respectively. In the prostate
tissue the intensity of staining was significantly higher in both
the Intact and TP group (s-test, p<0.05, n=13) compared
to the OX group. BPA at lower doses (3 and 50mg/kgbw)
increased AR immunoreactivity and staining intensity of
prostate tissue, but reduced them at higher doses (200 and
500mg/kg bw). In seminal vesicles, the intensity of AR stain-
ing was reduced by orchiectomy in comparison with the Intact
control. The treatment of orchiectomized animals with BPA
showed no dose-dependent effects (not shown).

Using the anti-androgen-receptor monoclonal antibody
(1:100, 554224, mouse monoclonal, Novocastra, New cas-
tle, United Kingdom) the staining intensity of AR in the
prostates revealed the following optical density values:
104 + 20 (Intact), 56 + 17 (OX), 77+ 22 (TP), 99+ 7 (BPA
3), 103+ 23 (BPA 50), 78 £ 16 (BPA 200), 49+ 23 (BPA
500) and 36 + 6 (BPA 500+FL). Statistical analysis con-
firmed that the intensity of staining was significantly higher
in both the mntact and TP group (f-test, p<0.05, n=13)
compared to the OX group (Figs. 3 and 4A-H). Thus,
the data obtained for both antibodies used provide evi-
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Fig. 3. Densitometric values of the Intact group, orchiectomized group
(OX), TP group and the BPA-treated groups (3, 50, 200, 500 and 500+ FL)
after inmunohistochemical staining (monoclonal antibody) of the androgen
receptor in the prostate. Asterisks indicate statistically significant differences
(p=<0.05), which refer to the castrated control group.

dence that orchiectomy results in a reduced staining inten-
sity of AR, whereas substitution with TP enhances the
immunoreactive signal of AR. The intensity of staining
was significantly increased in prostate after treatment with
lower doses of BPA (3 and 50mg/kg bw). At 500 mg/kg bw
staining intensity was similar to the castrated control, but
the combination of BPA (500 mg/kgbw) with FL sigmifi-
cantly reduced the staining intensity (Figs. 3 and 4A-H).
Absolute organ weights (prostate, seminal vesicle) at 200
and 500mg/kg/day (40/100 fold the NOAEL (no-observed-
adverse-effect-level)) were not significantly altered (Fig. 1).
The NOAEL is the greatest concentration or amount of
a substance e.g. BPA, found by experiment or observa-
tion, which causes no detectable adverse alteration of mor-
phology, functional capacity, growth, development, or life
span of the target organism under defined conditions of
exposure.

3.3. Cell proliferation

The assessment of cell proliferation markers yielded the
following data in rat prostates: The percentage of immunore-
active epithelial cells for MIB-5 was 85 + 9% in the Intact
group, 9+ 1% in the OX group and 90 +2% in the TP
group. BPA treated groups displayed: 104 1% (BPA 3),
8+ 1% (BPA 50), 2% (BPA 200), 1% (BPA 500) and 1%
(BPA 500 +FL). The percentage of immunoreactive epithe-
lial cells for MIB-5 in the OX group was significantly (#-test,

p<0.05, n=13)reduced compared to the intact and TP group
(Figs. 4I-P and 5). Similar results were obtained for the rela-
tive amount of cells immunoreactive for PCNA: 90 + 9% in
the Intact group, 10+ 2% inthe OX groupand 88 + 9% inthe
TP group, 2% (BPA 3), 4% (BPA 50), 2% (BPA 200), 5 + 1%
(BPA 500) and 6 + 1% (BPA 500+ FL). The percentage of
epithelial cells immunoreactive for PCNA in the OX group
was significantly (z-test, p <0.05, n=13) reduced compared
to the Intact and TP group (Figs. 4Q-X and 5). Whereas
orchiectomy caused a considerable decrease of cell prolif-
eration, administration of TP could reverse this effect and
induced a cell proliferation index similar to the Intact group.
The assessment of both proliferation markers revealed that
BPA showed at all doses tested no stimulation of proliferat-
ing activity in prostate.

34. Morphomelry

The mean epithelial height of prostate glands measured
17+ 2 pm in both the Intact and TP group, whereas the
mean epithelial height was significantly (f-test, p<0.05,
n=13) decreased to 11+ 1pm in the OX group. BPA
treated groups displayed following data: 1442 pm (BPA
3), 14 £2pm (BPA 50), 10£1 pm (BPA 200), 9+ 1 um
(BPA 500) and 8 £ 1 pm (BPA 500 +FL). Similar significant
(t-test, p<0.05, n=13) data were obtained for the epithe-
lial height of seminal vesicle glands: 18+ 3 pm (Intact),
9+2pm (OX) and 15+2pm (TP), 11+1pm (BPA
3), 11+ 1pm (BPA 50), 8+ 1 pm (BPA 200), 8+ 1 um
(BPA 500) and 8+ 1pm (BPA 3500+FL), respectively
(Fig. 6).

The mean luminal area of prostate glands was
131 000 + 40000 pm? in the Intact group, 7000 4 5000 pm?
in the OX group and 87000430000 pm? in the TP
group. BPA treated groups showed following data:
23000+ 16 000 pm? (BPA 3), 250004 12000 pm? (BPA
50), 15000 4 10 000 um? (BPA 200), 4000 + 500 pm? (BPA
500} and 4000 43000 pm? (BPA 500+FL). The luminal
area inthe OX group was significantly (¢-test, p <0.05,n=13)
reduced compared to the Intactand TP group. In seminal vesi-
cles the mean luminal area measured 113 000 + 80 000 pm?
(Intact), 7000 4 5000 pum? (OX) and 151 000 + 86 000 pm?
(TP), 350004 43000 pm? (BPA 3), 27000 + 20 000 pm?
(BPA 50). 8000 + 3000 um? (BPA 200), 4000 + 1000 pum?
(BPA 500) and 3000 =+ 2000 pm? (BPA 500+ FL), respec-
tively. Similarly as observed for the prostates the luminal
area in the OX group was significantly (f-test, p<0.05,
n=13) reduced compared to the Intact and TP group
Fig. 7).

These morphologic observations clearly reveal that
orchiectomy causes a substantial reduction of both epithe-
lial height and luminal area of the prostate gland and seminal
vesicles. If TP is substituted both parameters return to values
similar to those found in the Intact group. Lower doses of
BPA caused an increase in epithelial height and luminal area
of prostate and seminal vesicle, while high doses reduced the
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Fig. 4. All panels show photographs of the prostate. Zones are described according to McNeal [35]. A-H: Immunchistochemical staining of androgen receptor
(monoclonal antibody) showing the transition zone of the Intact group (A), OX group (B) and TP group (C} in relation to the BPA-treated groups (3, 50, 200,
500 and 500 +FL). Original magnification 203 . [-P: Immunochistochemical staining of MIB-5 showing the peripheral zone of the Intact group (I}, OX group
(J) and TP group (K) in relation to the BPA-treated groups (3, 50, 200, 500 and 500+ FL). Original magnification 10x. Q-X: Immunohistochemical staining of

PCNA showing the transition zone of the intact group (Q), OX group (R) and TP group (S) in relation to the BPA-treated groups (3, 50, 200, 500 and 500+ FL).
Original magnification 10x.
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Fig. 4. (Continued).

epithelial height of prostate significantly in comparison to the
orchiectomized group.

4. Discussion
4.1. Methodologic approaches

4.1.1. Hershberger assay

Although the Hershberger assay is a valid quantitative
method for evaluating androgenic or anti-androgenic proper-
ties of substances by measuring the organ weight of seminal
vesicles and prostates, the findings obtained by this assay
provide only limited information on the specificity of the
observed effects when only the reactions of the organ weights
are judged: For example, the growth of seminal vesicles can
be stimulated not only by androgens but also by estrogenic
substances, well known as a paradoxical effect of estrogens
[18-20].

Morphologic and functional analysis of cellular param-
eters in male accessory organs may allow a more subtle
and reliable assessment of the (anti-) androgenicity of sub-
stances; in previous studies we analyzed the regulation of
tenascin expression [21]. Since the amount of nuclear AR
present in the rat prostate has been demonstrated to be influ-
enced by androgens [22,23], a densitometric analysis of AR-
immunoreactive cells in prostates and seminal vesicles was
performed by using immunohistochemical methods [24,25].

4.2. Densitometric analysis

Tt has been previously described that the concentrations
of biochemically active substances can be estimated from
the optical density of the immunoreactive signal [26,27]. As
aresult, we found a marked decrease in staining intensity of
AR-positive cellsafter orchiectomy in comparison to the con-
trol group. This effect of orchiectomy was mostly reversed
by an administration of a pharmacological dose of TP. The
advantages of a computer-assisted densitometry are a faster
scoring procedure of sections from large series and a higher
reliability. However, the disadvantage of a semiquantitative
approach 1s the possibility that relevant signals can easily be
missed, so that comparative studies should be based on rather
robust signals [28].

4.3. Influence of BPA

In this study lower doses of BPA (3 and 50 mg/kg bw/day)
were found to cause an enhancement in staining intensity
of AR in rat prostate. Morphometric data showed that
lower doses of BPA cause an increase in epithelial height
and luminal area of prostate and semimnal vesicle, while
high doses significantly reduce the epithelial height of
prostate. These findings are similar to those observed in
testosterone propionate substituted castrated rats. Gupta [15]
proposed androgen-like effects of BPA in pregnant CD-1
mice at 0.05 mg/kg/day by observing an enhancement of the
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Fig. 5. Quantitative comparison of (a) MIB-5-immunoreactive and (b)
PCNA-immunoreactive ¢pithelial prostatic cells between the Intact group,
OX group and TP group in relation to the BPA-treated groups (3, 50, 200,
500 and 500+FL). Asterisks indicate statistically significant differences
(p < 0.05), which refer to the castrated control group.

anogenital distance and the size of the prostate in fetuses.
The androgen receptor (AR) binding affinity in prostate of
fetuses was also increased significantly. In contrast, Kim et
al. did not found any androgenic or anti-androgenic activ-
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Fig. 6. Comparison of epithelial height of (a) prostate and (b) seminal vesicle
between the Intact group, OX group and TP group in relation to the BPA-
treated groups (3, 50, 200, 500 and 500 + FL). Asterisks indicate statistically
significant differences (7 < 0.05), which refer to the castrated control group.

ities of BPA in Hershberger assay at 10-1000mg/kg/day
[16].

BPA at all doses tested exerted no significant effects on
absolute weights of prostate and seminal vesicle. High doses
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Fig. 7. Comparison of luminal glandular area of (a) prostate (m?) and (b)
seminal vesicle (um?) between the Intact group, OX group and TP group
in relation to the BPA-treated groups (3, 50, 200, 500 and 500 +FL). Aster-
isks indicate statistically significant differences (p < 0.05), which refer to the
castrated control group.

of BPA (200 and 500mg/kg bw/day) caused a significant
increase inrelative weights of prostates and seminal vesicles.
These effects of BPA may be due rather to a toxicity-related
significant decrease in body weights and well known gen-

eral side effects, e.g. loss of appetite and diarthea [29-31],
than to an androgenic effect of this substance. An oral pre-
dictable no effect concentration (PNEC,,; ) of 33 mg/kg food
has been derived for the secondary poisoning assessment
from a NOAEL of 50 mg/kg bw (based on a reduction in litter
size) from a three-generation multi-dose level feeding study
in rats [31]. The PNEC represents the concentration below
which an unacceptable risk should not occur. At 3 and 50 mg
BPA/kg bw/day no effect on body weight, organ weight,
cell proliferation in epithelial prostatic cells, but effects on
androgen receptor immunoreactivity and epithelial height of
prostate and seminal vesicles, glandular area of prostates and
seminal vesicles was observed. Overall, in standard devel-
opmental studies in rodents, there is no convincing evidence
that BPA is a developmental toxicant [32].

The estrogenic activity of BPA has been mostly observed
in higher doses up to 100mg/kg bw/day [12-14]: the mech-
anism concerning the androgen-like effect of the low-doses
of BPA on the epithelial cells of the prostate is not clear at
the present time. It may be difficult to correlate this BPA-
effect with the known estrogenic property of this compound
[12-14], since BPA had almost no effect on the seminal vesi-
cle. Estrogens have been known to stimulate the development
of the fibrous tissue and muscular walls of both prostate and
seminal vesicle [20], without stimulating the epithelium and
secretory activity [33]. Moreover, it seems very improbable,
that the increase of the immunoreactive AR in the prostatic
epithelial cells (not in the seminal vesicle) is up-regulated
by estrogens. Tt is also unlikely that BPA, via an activation of
adrenal androgen synthesis (the production of corticosteroid-
binding globulin CBG and an activation of adrenal func-
tions, leads to an increased steroidogenesis including andro-
gen production), stimulates the prostate selectively, although
estrogens have been considered to be one of the controllers
of adrenal androgen secretion [34]. Further studies on the
low-dose effects of BPA using an antiandrogen may be nec-
essary to elucidate the selective effects on the prostate in
the rat.

Based on the present data, the densitometric analysis of
AR-immunoreactivity and the assessment of both cell mor-
phology and cell proliferation proved to be independent and
sensitive parameters for the evaluation of androgen effects
on prostates and seminal vesicles. The combined application
of these parameters may provide an additional tool to test
the broad spectrum of endocrine active substances such as
endocrine disruptors, which are actually discussed on their
potential risk to the environment and humans.
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Vorwort

Der Zusammenhang zwischen dem Gesundheitsstatus und den Eigenschaften der
heute verflgbaren Lebensmittel steht immer mehr im Brenpunkt einer offentlichen
Debatte. Emahrungsbedingte Erkrankungen verschlingen Milliardensummen. Der
ebenfalls heute fast zum Normalfall gewordene Bewegungsmangel und inaktive
Lebensstil steht weniger im Vordergrund, tragt aber dazu seinen Teil in erheblichem
Umfang bei.

Diesen Fragen stellt sich die Fakultat fur Ernahrung, Landnutzung und Umwelt der
Technischen Universitdat Minchen in seinen Forschungsprogrammen rund um
Lebensmittel und  Erndhrung, aber auch Sport-, Wirtschafts- und
Sozialwissenschaften sowie Medizin.

Die erste Tagung zum Thema ,Lebensmittel und Gesundheit fand im Jahr 2002 mit
einer groRen Resonanz statt. Daraus resultierte der Entschluss, diese Veranstaltung
auch im Jahr 2003 weiterzufuhren. Damit ergab sich ein besonderer Bezug zum Jahr
1803, ais 200 Jahre zuriick die Sakularisation in Bayern zu gewaltigen Umwalzungen
des Staats- und Sozialgefliges filhrte. Auch wurde im Jahr 1803 Justus von Liebig
geboren, der mit seinen Erfindungen und wissenschaftlichen Erkenntnissen erheblich
zur Versorgung der Bevélkerung mit gesunden Lebensmitteln beigetragen hat. Man
ist sich heute kaum mehr bewusst, dass seinerzeit die Mangel- und Unterversorgung
der breiten Bevoélkerung die Regel war, wahrend heute aufgrund einer bisher nie da
gewesenen Verfiigbarkeit und Vielfalt von Lebensmitteln eine zeitlich wie ortlich
gegebene liickeniose Versorgung festgestellt werden kann und eher sogar das
Risiko der Uberversorgung offensichtlich wird. Dennoch hat sich wahrend der letzten
100 Jahre das durchschnittliche, statistisch zu erwartende Lebensalter verdoppelt.
Auch heute befindet sich das durchschnittliche Lebensalter nach wie vor im Anstieg,
wie aber die Perspektive zur weiteren Entwicklung dieses Trends aussieht, hangt
nicht zuletzt vom individuell beeinflussbaren Ernahrungs- und Bewegungsverhalten
ab.

Ohne Anspruch auf eine umfassende Darstellung solite die Tagung ,Lebensmittel
und Gesundheit 2003" diesen Beziigen durch Bericksichtigung historischer Aspekte
gerecht werden. in einem Spektrum an Beitrdgen wurde dabei der heute erreichte
Status in der Lebensmittelqualitdt und —verfiugbarkeit deutlicher, als wenn nur in
einem kirzeren Rickblick die gleiche Betrachtung angestellt worden ware. Mehr
oder weniger fallt die betrachtete Periode von 200 Jahren zusammen mit dem
Zeitraum, in dem sehr wesentliche Erkenntnisse zur Lebensmittelsicherheit
gewonnen und die ersten Verfahren zur industriellen Haltbarmachung von
Lebensmitteln eingefiihrt wurden. Heute stehen neue Moglichkeiten zur Verfliigung,
Lebensmittel sollen zunehmend eigenstandig physiologische, teilweise praventiv
wirkende  Funktionen Ubernehmen. Erkenntnisse zur Physiologie oder
epidemiologische Daten werden in einzelnen Beitrdgen ebenfalls behandeit und
spannen den Bogen in die heutige und vor uns liegende Zeit.

Dr. Johanna Grallmann
Prof. Dr. Erich Elstner
Prof. Dr. Ulrich Kulozik
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Einleitung
Zur Bedeutung einer rationalen Abschatzung von erwiinschten Effekten und Risiken

Seit Gber 70 Jahren beschaftigt man sich in der Endokrinologie mit synthetischen
Ostrogenen, den sogenannten Xenodstrogenen. Es stehen inzwischen Hunderte von
Substanzen in Verdacht, Schaden am Hormonsystem hervorzurufen; mit
weitreichenden Folgen wie Immunstérungen, Missbildungen, Unfruchtbarkeit oder
auch Verhaltensanderungen. Dabei handelt es sich scwohl um bewusst hergestelite
Ostrogen-wirkende Pharmazeutika, als auch um Substanzen, die ungewollt diese
Wirkung hervorrufen.

Neben diesen synthetischen Chemikalien, wie z.B. Bisphenol A,
Dichlordiphenyltrichlorethan (DDT) und Oktylphenol sind auch natirliche, im
Pflanzenreich weit verbreitete, &strogen-wirksame Substanzen, wie Naringenin,
Genistein, Daidzein und Zearalenon isoliert worden. Diese sogenannten
Phytotstrogene besitzen ein ebenfalls nicht zu unterschatzendes 6strogenes
Potential.

Diese auch allgemein als endokrine Disruptoren bezeichneten Chemikalien gilt es
nun in Zukunft auf ihre Toxizitat bzw. ihr méglicherweise auch gesundheitsforderndes
Potential hin zu untersuchen [13]. Dabei wird die Definition der ,endocrine disruptors"
noch weiter gefasst, indem zusétzlich zu den direkten hormonartigen Wirkungen
ebenfalls indirekte agonistische und antagonistische Einflisse — wie der Eingriff in
die Hormonbiosynthese bzw. den Abbau der Hormone — mit dazu gezahit werden.

1. Phytodstrogene

Die Phytodstrogene, hauptsachlich Flavonoide, zdhlen zu einer der grékten Gruppen
der sekundéren Pflanzeninhaltsstoffe. Sie kommen im Pflanzenreich ubiquitar vor
(Abb. 1). Man trifft sie dort oft an Zuckerkomponenten wie D-Glukose, D-Galaktose
oder L-Rhamnose gebunden an. In der Pflanze selbst sind sie hauptsachlich in den
oberirdischen Pflanzenteilen lokalisiert.

Flavonoide sind chemisch gesehen Phenylchromanderivate, welche aus einem Cg-
Cs3-Ce-Grundgertst mit 15 C-Atomen bestehen. Die nach einer Schitzung tiber 2000
verschiedenen Derivate [26] sind Uber vielfaltige Substitutionen an den beiden
aromatischen Ringen A und C und Uber den Oxidationsgrad der C-Atome 2, 3 und 4
des Chromangeriistes zu erklaren. Aglyka kennt man alleine ca. 500 verschiedene
[26]. Die Biosynthese der Phenylchromanderivate geht von drei Acetat-Einheiten

97

83



Appendix

(Malonyl-CoA) und einer Phenylpropan-Einheit (Cinnamoyl-CoA) aus, die zu einem
Cis-Zwischenprodukt kondensieren, welches schlielich zu einem primar gebildeten
Chalkon reagiert. Dieses Chalkon wird enzymatisch zu Flavanonen zyklisiert oder
aber es geht spontan in solche tber. Durch chemische Modifikationen entstehen die
einzelnen Untergruppen. Beispiele dieser Untergruppen sind die Flavone, Flavonole
oder Flavan-3,4-diole.

Die biclogischen Bedeutungen der Flavonoide fiir die Pflanze sind zum einen Schutz
vor Insektenbefall bzw. Bakterien-, Virus- oder Pilzinfektionen und zum anderen eine
Anlockung von Bestaubern durch die charakteristischen Farben und Flucreszenzen.
Weiterhin haben sie Kontrollfunktionen bei Wachstumsvorgéngen. |hr Name leitet
sich vom lateinischen Wort flavus (= gelb) ab und beruht auf der u.a. intensiven
Gelbfarbung einiger ihrer Vertreter, jedoch sind auch leuchtend rote und blaue
Derivate zu finden. Eine wichtige Rolle bei der Farbgebung spielen neben der
chemischen Struktur (Chromophore) der Substanzen auch der vorherrschende pH-
Wert in den jeweiligen Pflanzenteilen sowie eine mogliche Chelatbildung der
Flavonoide mit verschiedenen Metallionen (z.B. Fe** oder AF*).

Von besonderer Bedeutung in Hinblick auf eine mégliche 6strogene Wirksamkeit der
Flavonoide ist die Untergruppe der Isoflavonoide, die man im Gegensatz zu den weit
verbreiteten Flavonoiden nur in wenigen Pflanzenarten findet. Im Mittelpunkt dieser
Pflanzen steht hierbei die Familie der Fabaceae (Schmetterlingsblitengewéchse),
die zu der Ordnung der Fabales (Leguminosen) zdhlen und als Hilsenfriichte
bezeichnet werden. Chemisch betrachtet, handelt es sich bei dieser Untergruppe um
3-Phenylchromane, die sich aus den Flavonoiden ableiten und aus ihnen durch
Wanderung des Arylrestes von der Position 2 des Chromanringes in die Position 3
hervorgehen. So entsteht z. B. Genistein aus dem Flavanon Naringenin. Diese
Reaktion wird durch das Cytochrom-P-450 Enzym Isoflavon-Synthase katalysiert
[10], (Abb. 2).

Wirkung von Phytodstrogenen

Genistein und Daidzein, ebenfalls Flavonoide (3,4,5-Trihydroxyflavon und 3,4'-
Dihydroxyflavon), wurden aus Sojaprodukten isoliert. Die Sojabohne Glycine max (L.)
MERR (Fabaceae) ist ein fett- und eiweildreiches, einjahriges, behaartes Kraut,
welches in ostasiatischen Regionen beheimatet ist. Heutzutage wird sie jedoch auch
in subtropischen Gebieten Ostasiens, Nordamerikas, Brasiliens, Osteuropas und
Sudafrikas kultiviert [27]. Interessanterweise deuten Studien darauf hin, dass in
asiatischen Landern ein vermindertes Risiko an Mammakarzinom zu erkranken
besteht, was mit der erhdhten und regelméaRig eingenommenen Menge an Soja in
Verbindung gebracht wird [Ubersichtsartikel: Wuttke et al.: Phytoestrogens for
hormone replacement therapy?, JSBMB (2002)].

Naringenin, ein Flavonoid (4°,5,7-Trihydroxyflavon), kommt u.a. im Hopfen und
demzufolge in vielen Biersorten vor. Konzentrate von Orangen bzw. Grapefruits
sowie Naringenin, das Hauptflavonoid von Grapefruits, hemmen die Proliferation von
Krebszellen, indem sie die Signaliibertragung durch Proteinkinasen, insbesondere
Tyrosinkinasen, wie Proteinkinase C, beeintrachtigen [Frydoonfar et al., 2003].
Zearalenon, ein RAL (resorcyclic acid lactone), ist eine aus Schimmelpilzgiften
isolierte dstrogene Substanz, die eine leicht anabole Wirksamkeit besitzt. Sie wird
von bestimmten Pilzarten (Fusarium-Arten) in Heu, Futtermitteln und Getreiden
(Mais) gebildet, inshesondere bei kilhlen Temperaturen (12-14 °C). Wegen seiner
Giftigkeit z&hlt es zu den Mykotoxinen, wobei die im Kérper aus Zearalenon
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gebildeten Metaboliten um ein Vielfaches stéarker wirken als Zearalenon selbst. Es ist
verantwortlich fiir viele &strogenbedingte Syndrome bei diversen Farmtieren [Bauer
et al., 1987].

Abb. 1: Flavangrundgeriist

Genistein Daidzein '

OH O CH,

o)

HO # (o}

Naringenin Zearalenon

99

85



Appendix

o
HOZCCHZ-Cfs o
-Co.

Malonyl-CoA

Abb: 2: + "

O==¢ cH=cH R?

CoA-S
Cinnamoyl-CoA 1,

R1

SCoA g

C,s-Zwischenprodukt

&
Flavan \
Isoflavan @ R

100

86



Appendix

2. Xenodstrogene (Abb. 3)

Allgemein definiert werden Xenodstrogene als in der Umwelt vorkommende
Chemikalien, die an kérpereigene Hormonrezeptoren binden kénnen und
hormonahnliche Wirkungen entfalten. Bisphenol A (BPA) ist eine der wichtigsten und
meistproduzierten Chemikalien weltweit. Die Verarbeitung erfolgt hauptsachlich zu
Polykarbonat, Epoxidharzen und in geringer Menge auch zu dem Flammschutzmittel
Tetrabromobisphenol A. BPA wird seit etwa 40 Jahren im groRtechnischen MaRstab
(Uber 2.0 Mio. t/Jahr weltweit) hergestellt. Dabei wird es z.B. bei Zahnfiillungen und
Thermopapier in seiner Grundform benutzt, wogegen es viele weitere Anwendungen
gibt, die auf vernetztem BPA / Polykarbonat beruhen: CDs, Armaturen, Plastikteile im
Auto, Haushaltsgegenstande, transparente Babyplastikflaschen, Nahrungs- und
Getrénkeverpackungen. Auch Epoxidharze und Kleber enthalten BPA.
Nahrungsmittel- und Getrankedosen werden in der Regel auf der Innenseite mit
einem BPA-haltigen Epoxidharz tiberzogen [13, 18]. Der jahrliche Verbrauch von
BPA in der EU wird auf iber 600.000 t jahrlich geschatzt. BPA wird haufig in
kommunalen und industriellen Klarschlammen nachgewiesen. Die Werte liegen meist
unterhalb von 1 mg/kg TR (Trockenriickstand), kénnen jedoch durchaus auch bis
Uber 30 mg/kg TR erreichen. In Abwasser, Deponiesickerwasser und in durch
Klaranlagenablaufe beeinflussten Oberflachengewassern wird BPA ebenfalls haufig
nachgewiesen [11, 12, 14, 24, 28, 29]. BPA wurde in den dreiRiger Jahren gezielt als
kiinstliches Ostrogen synthetisiert. Erst in den funfziger Jahren entdeckte man es als
Monomer zur Herstellung von Polymeren, also Kunststoffen, wieder [13, 18].

Experimentelle Untersuchungen zur Abschatzung der Risiken auf Mensch und
Umwelt

Es besteht der Verdacht, dass die Industriechemikalie BPA auch in geringen
Konzentrationen eine schadigende Wirkung zeigen kann. BPA wirkt &hnlich dem
Hormon Ostrogen und kann eine VergréBerung der Prostata, Reduktion der
Spermienkonzentration oder eine verfriihte Pubertat hervorrufen. Die Gefahren fir
den Menschen sind noch nicht ausreichend nachgewiesen.

Ein Abbauprodukt von Tensiden aus Reinigungsmitteln ist das Oktylphenol, welches
in in vitro Studien ebenfalls als ,schwach éstrogen” eingestuft wurde.

Bei DDT, friher ein in groRen Mengen genutztes Pestizid, handelt es sich in erster
Linie um ein starkes und wirksames Kontaktgift, das im Gegensatz zu einem FraRgift
durch blofie Beriihrung seine Giftwirkung auslésen kann. GroRtechnisch ldsst sich
dieses Insektizid relativ einfach durch eine sauer katalysierte Kondensationsreaktion
von  Chlorbenzol mit dem chlorierten Aldehyd Chloral (1,1,1-Trichlorethan)
gewinnen. DDT wurde erstmals 1874 in Deutschland synthetisiert. Seine Wirkung als
Schadlingsbekédmpfungsmittel erkannte jedoch erst 1939 der Schweizer Chemiker
Paul Muller. Fur seine Arbeiten erhielt Miiller 1948 den Nobelpreis fir Medizin.
Jahrzehntelang war DDT das erfolgreichste Insektizid. Man erkannte jedoch das
einige Schadinsekten DDT-resistente Stamme entwickelten, deren Populationen sich
unkontrolliert vermehren konnten, wahrend ihre naturlichen Feinde wie Wespen
durch die Bespriihung ausgerottet wurden. Aus diesem Grund wurde der Einsatz von
DDT in fast allen Industrielandern — in der Bundesrepublik Anfang der 70er Jahre —
verboten. In einigen Entwicklungs- und Schwellenlandern sowie L#ndern des
ehemaligen Ostblocks wird DDT noch heute produziert und eingesetzt.

Diese hormonell wirksamen Phyto- und Xenodstrogene greifen in vielfaltiger Weise in
die naturlichen Kérperfunktionen ein. Auch unsere Immunabwehr wird beeinflusst,
was zu einer erhohten Krankheitsanfalligkeit fuhren kann. Maglich ist auch die
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Férderung bestimmter dstrogen-abhdngiger Krebsarten wie Brustkrebs sowie die
Verminderung der Fertilitdt bis hin zur Beeinflussung der Spermatogenese beim
Mann [1, 3, 13, 18].
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Experimentelle Hinweise und Methoden zur rationalen Abschétzung der
hormonellen Wirkungen von Phyto- und Xenoéstrogenen

1. In vitro Untersuchungen

Zur Untersuchung hormoneller Aktivititen der beschriebenen weit verbreiteten
Substanzen werden verschiedene in vitro Test-Assays angewendet. Dazu gehéren in
vitro Zellkultursysteme wie Reportergen-Assays oder Proliferations-Assays.

Der Proliferations-Assay erfasst den Endpunkt des Zellwachstums und erlaubt eine
zwar sensitive Abschétzung einer Wirkung, aber eine relativ unspezifische Aussage
Uber den Mechanismus. In eigenen Untersuchungen konnten wir bei &strogen-
abhangigen Krebszelllinien beobachten, dass bei Entzug von Ostrogenen eine
Hemmung des Zellwachstums um bis zu 20 % auftreten kann. Gleichzeitig kann bei
Gabe von Antidstrogenen je nach Krebszelllinie eine Proliferationshemmung von bis
zu 60% beobachtet werden. Diese enormen Effekte macht man sich bei der
Untersuchung von Substanzen zunutze, bei denen eine potentielle Hormonwirkung
vermutet wird.

Uber ein Tunel-Assay kann eine weitere Abschatzung zur Wirkung der Substanzen
gemacht werden: der Apoptoseinduktion. Uber wirkmechanistische Untersuchungen
in vifro ist letztendlich festgestellt worden, dass ein Entzug &strogener Substanzen
zum programmierten Zelltod, der Apoptose, filhrt.

Ein weiteres in vitro Testsystem zur Untersuchung der Ostrogenitat diverser
Chemikalien ist der CAT-Assay (Chloramphenicol-Acetyltransferase-Assay).
Chloramphenicol wird oft als Antibiotikum eingesetzt. Im CAT-Assay wird die Aktivitat
eines Chloramphenicolacetyltransferase-Reportergens nachgewiesen. CAT wird nur
von Prokaryonten exprimiert, so dass eine in eukaryontischen Zellen nachgewiesene
CAT-Aktivitat ausschlieflich auf ein durch Transfektion eingebrachtes CAT-Protein
zurlckzufiihren ist. Das als Reportergen bezeichnete CAT-Gen wird hinter den zu
untersuchenden Promotor kloniert und das Plasmid in Zellen durch Transfektion
eingebracht. Die transfizierten Kulturen werden nach einigen Stunden in Kultur
stimuliert, um den Promotor zu aktivieren und damit die Expression des
Reportergens zu induzieren. Die Zellen werden anschlieRend, in der Regel nach 24-
48 Stunden aufgeschlossen. Fur den Nachweis der Akfivierung eines Promotors wird
das Reportergen (CAT) genutzt. Das Enzym acetyliert in vitro, mit Acetyl-CoA als
Donor fiir die Acetylgruppen, das Substrat, "“C-markiertes Chloramphenicol (CLA),
zu 1-Acetyl-CLA, 3-Acetyl-CLA und 1,3-Diacetyl-CLA. Die Reaktionsprodukte kénnen
anschlieRend dunnschichtchromatographisch aufgetrennt und detektiert werden.
Dieses Resistenzsystem kann sowohl zur Qualifizierung (Klonselektion) als auch zur
Quantifizierung von Proteinsynthesen genutzt werden [5, 6, 30]. Auch in diesem
Zusammenhang zeigen Untersuchungen, dass in Abhangigkeit von der Benutzung
verschiedener Reportergen-Assays und auch verschiedener Zellkulturlinien
unterschiedliche Ergebnisse bei der Behandlung mit Hormonen und Antihormonen
auftreten kénnen. Trotzdem sind Reporter-Gene-Assays wirkungsvolle Testsysteme,
um Substanzen auf ihr 6strogenes Wirkungspotential hin zu untersuchen [8].

2. In vivo Untersuchungen

2.1 Gewebetypische Wirkungen

In vivo gibt es ebenfalls eine Reihe validierter Testsysteme zur Untersuchung von
{Anti-)Androgenitat, (Anti-)Ostrogenitdt und  (Anti-)Gestagenitiat. Bei solchen
Testsystemen werden Mause oder Ratten eines bestimmten Stammes mit

Testsubstanzen behandelt und anschlieRend organspezifische
Feuchtgewichtsanalysen, morphometrische und immunhistochemische
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Untersuchungen sowie molekularbiologische Analysen auf mRNA- und Proteinebene
durchgefihrt.

Bei der Evaluierung von potentiellen Ostrogenen kommt im speziellen der
sogenannte Uteruswachstumstest zum Einsatz, wobei man sich verschiedener Arten
und Stamme von weiblichen Nagern zur Risikoabschatzung bedient. Nach der
Ovariektomie werden diese Tiere 3 Tage mit den Testsubstanzen behandelt und
anschlieend im Vergleich mit Positiv- und Negativkontrollen einer Gewichtsanalyse
unterzogen.

In eigenen Untersuchungen mit NMRI-M&usen zur Wirkungsabschétzung von BPA,
Oktylphenol, DDT, Genistein und Daidzein zeigte sich die erwartete starke dosis-
abhangige Zunahme des Uterusgewichts nach Applikation von Ethinyléstradiol [9].
BPA dagegen zeigt erst bei einer Dosierung von 500 mg einen geringen Effekt auf
das Uteruswachstum. Die Untersuchung der Uterus-Epithelhthe zeigt ebenfalls nur
bei der héchsten Dosierung von 500 mg/kg KG/Tag einen geringen Anstieg der
Epithelhéhe. Ein ahnliches Ergebnis zeigt sich beim Proliferationsnachweis mittels
immunhistochemischer Parameter wie dem PCNA (PCNA = proliferating cell nuclear
antigen): Bei der héchsten Dosierung im Vergleich zur Negativkontrolle sind vermehrt
exprimierte Proliferationsproteine (PCNA: 36 kDa) zu detektieren.

In weiblichen Wistar-Ratten zeigt sich in unseren Untersuchungen im Vergleich zur
Ovariektomie kein signifikanter Anstieg des Uterusfeuchtgewichtes bei Behandlung
weder mit Genistein, Bisphenol A noch Oktylphenol.

Andere Rattenstamme wie z.B. Sprague-Dawley oder DA/Han reagierten
unterschiedlich sensitiv im Vergleich zu Wistar-Ratten und fiihrten entsprechend zu
anderen Ergebnissen. Auch interkontinentale Unterschiede gleicher Rattenstamme
sind bei Wirkabschatzungen nicht zu vernachlassigen [16].

Wie die genannten Beispiele zeigen, entfalten endokrine Disruptoren sowohl
gewebespezifische als auch konzentrationsabhangige Effekte. Bei der Whole Mount
Praparation der Rattenmilchdriisen zeigt sich z.B., dass DDT eine starke Gstrogene
Wirksamkeit entfaltet, wobei es z.B. im Uteruswachstumstest im Vergleich zu
weiteren Xenodstrogenen nur geringfligig dstrogen wirkt [15].

In der semiquantitativen Auswertung zeigt sich ein komplexes Bild, welches
nochmals verdeutlicht, wie unterschiedlich die getesteten Substanzen auf
unterschiedliche éstrogen-abhangige Gewebe reagieren [2, 4, 7].

Uterus Uterus +++ + + ++ o +
Gewicht
Uterus +++ - - +++ + +
Epithelh6he
+++ - ++ +++ ++ ++
Uterus ER
+++ - ++ +++ ++ ++
Uterus PR
Uterus C3- | +++ ++ + +++ +++ +
mRNA
Uterus CLU- | +++ - ++ +++ + ++
mRNA
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Vagina Vaginal Epithel | +++ | - + +++ ++ ++
+++ + + +++ ++ +++
Verhornung
Mamma +++ < = g - 4
Brustdriisen
++4 = - +++ ++ ++
Mamma PR

Neben den vielfaltigen Untersuchungen zur Ostrogenitat der beschriebenen
Substanzen wurden die mdglichen androgenen Effekte bisher weitgehend
vernachléssigt: Bei der Untersuchung der androgenen Wirkungen von BPA kommt
der sogenannte Hershberger Assay zum Einsatz. Dieser Assay wird in der
pharmazeutischen Industrie seit Jahren in der Wirkstoffindung eingesetzt. Unter
Verwendung von Positiv- (intakte Tiere) und Negativkontrollen (orchiektomierte
Tiere) werden dabei orchiektomierte Tiere mit z.B. BPA in unterschiedlichen
Dosierungen téglich einmal tber 7 Tage behandelt, und klassische akzessorische
Geschlechtsorgane der mannlichen Ratte untersucht [17, 19].

In eigenen Untersuchungen zeigt die Gewichtsanalyse der Prostata im Hershberger-
Assay eine deutliche Abnahme des Feuchtgewichts nach Orchiektomie. Werden die
orchiektomierten Tiere mit BPA behandelt, bleibt das absolute Feuchtgewicht bei
allen getesteten Dosierungen im Vergleich zur Negativkontrolle Orchiektomie
unverandert. Dagegen ist eine deutliche Gewichtszunahme der Prostata bei den
Positivkontrollen (Intakt und TP=Testosteronpropionat behandelt) im Vergleich zur
Orchiektomie zu erkennen. Als weiteren geeigneten Untersuchungsparameter der
Androgenitdt werden die Lumenflichen der Prostatadrilsen morphometrisch
vermessen. Hierbei stellten wir einen signifikanten Anstieg der Lumenflachen bei den
Dosierungen von 3-200 mg/kg KG/Tag fest, die jedoch im Vergleich zur
orchiektomierten Positivkontrolle (TP) als biologisch nicht bedeutsam einzustufen ist
[20, 21 22, 23].
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2.2 Immunologische Wirkungen

Seit Jahren ist bekannt, das (Anti-)Ostrogene und (Anti-)Androgene die Entwicklung
und Regulation des Immunsystems beeinflussen kénnen. Die stimulierenden oder
inhibierenden Effekte durch Ostrogene auf die mitotische Aktivitat aber auch auf
spezielle Funktionen von Immunzellen bzw. lymphatischen Organen werden durch
ihre Rezeptoren vermittelt. Inwiefern endocrine disruptors, hier im speziellen die
Xenodstrogene Einfluss auf das Immunsystem und damit die Gesundheit nehmen, ist
bisher nur gering beschrieben. Zum Teil besitzen die Xeno- und Phytodstrogene im
Gegensatz zum Ostrogen eine Selektivitét fur die Ostrogenrezeptoren -alpha oder -
beta. Je nach Rezeptor-Selektivitit kénnen Phyto- oder Xenodstrogene damit
potentiell Einfluss auf das Immunsystem bzw. auf einzelne Funktionen der zelluldren
Immunabwehr nehmen. Bisher ist nur wenig Uber die Wirkungen und die zugrunde
liegenden Mechanismen bekannt. Im Gegensatz =zur dosisabhangigen
dstrogeninduzierten Suppression der NK-Aktivitat (Nilsson und Carlsten, 1994) sollen
Daidzein und Genistein die NK-Zellaktivitat in physiologischen Dosen erhéhen und
sogar einen additiven Effekt nach einer Stimulation mit IL-2 entfalten. In eigenen
immunologischen Untersuchungen konnten wir ebenfalls zum Teil einen
stimulierenden Effekt von BPA und Genistein zeigen, im Vergleich zur
Positivkontrolle Ethinyldstradiol [25].

Neben diesen immunstimulierenden Auswirkungen der Phytodstrogene sollen
Xenotstrogene wie Bisphenol A (BPA), PCBs oder Oktylphenol supprimierend auf
das Immunsystem wirken. PCBs z.B. hemmen die Phagozytoseaktivitdt von
Peritonealmakrophagen in vitro. Auch hier konnten wir in eigenen Untersuchungen
zum Teil einen gering supprimierenden Einfluss von Bisphenol A auf die
Phagozytoseaktivitat von Granulozyten und Monozyten nach einer Behandiung von 3
Tagen zeigen, der sich aber nur in der Gruppe mit einer Behandlung von
2mg/kg/Kérpergewicht Bisphenol A niederschlug.
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BIS BIS BIS GEN | GEN
Parameter | EE 2ug | 2mg | 50mg | 50 100

NK-Zel! : : + - % -
Milz Aktivitat
Blut

Phagozytose | - - - - - -
Granulozyten

Phagozytose - - - - - -
Monozyten

Phagozytose | - - -- - - -
!/ einzeinem

Phagozytose | - - < - =
!/ einzelnem

CD11b positive | . v & = - -
Blut Monozyten

NK-Zellen - - - - - -

Viele weitere Wirkungen von Xencostrogenen auf weitere Parameter des
Immunsystems sind bisher nicht untersucht und daher ganzlich unbekannt, und das
sowohl fUr die kurz- als auch fur die langfristigen Effekte. Diese Datenlage macht
deutlich, dass ein dringender Bedarf besteht das organspezifische Wirkpotential von
Phyte- und Xeno&strogenen auf das Immunsystem und die molekularen Grundlagen
dieser Wirkung noch naher zu charakterisieren.

Fazit

Abhéngig von den gewahlten Testsystemen in vitro als auch in vivo kénnen
unterschiedliche Ergebnisse erhalten werden, die sogar gegensétzlich sein kénnen.
Phyto- und Xenobstrogene entfalten endokrine Wirkungen, wie z.B.
Prostatawachstum, Brustdrisenwachstum, die mit entsprechenden Testsystemen
erkannt werden kénnen.

Der Hershberger Assay und der Uteruswachstumstest sowie das Uterus-Gen-
Fingerprint-Expressionsmuster sind validiete und sensitive Testsysteme und
Parameter zur Untersuchung von Androgenitat und Ostrogenitét.

Phyto- und Xenoostrogene entfalten auRer der hormonellen Wirksamkeit auch
immunologisches Potential.

Viele mogliche Wirkungen von Phyto- und Xenoéstrogenen auf verschiedene
Zellsysteme und Organe sind noch nicht abschlieRend untersucht, z.B. das
Immunsystem, und bedurfen einer weiteren Risikoabschatzung.
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Es besteht die Notwendigkeit und die Pflicht, potentiell unerwiinschte Wirkungen
sowie die friihzeitige Erkennung der potentiellen Risiken von endogenen Disruptoren
zu untersuchen.
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Horst Michna

Warum Manner ungesund leben
‘e *
und Frauen geslinder sterben

Ehrwirdiger Vizeprasident, oder lieber Ruderkamerad Melzer, dass darf
man ja in diesem Zusammenhang hier sagen, Herr Vorsitzender Professor
Dickhuth, es gibt sie ja noch die Professoren die gemeinsam Sport
treiben, zumindest an der Technischen Universitat Miinchen, erlauchtes
Auditorium, vor allem:liebe Jungwissenschaftler!

Nun - ich habe noch nie so viel Zustimmung bei der Wahl eines Vortrags-
themas erhalten und ich war dabei noch nie so unprazise in der Formulie-
rung des Themas meines Vortrages. Bekanntlich flehen die Menschen die
Gotter um Gesundheit an und ich werde versuchen lhnen im Nachfolgen-
den aufzuzeigen, dass Sie die Macht dariiber entsprechend der Lebenser-
fahrung von Demokrit (Abb. 1) eigentlich selber besitzen. Ich werde auch
— mit lhrer Erlaubnis — einen Spaziergang durch Miinchen unternehmen:
das Motto wird eine medizinhistorische Eskapade vor dem Hintergrund

* Verantwortlich fir die schriftliche Fassung des Vortrags: Horst Michna, Katharina Hilber,
Dipl.-Chemiker Tsuyuki Nishino, Dr. Christiane Peters, Dipl.-Sportwiss.cand. Peter Selg
sowie Dr.Thorsten Schulz.

Die Autoren widmen diesen Vortrag in Verehrung dem Ordinarius fiir Praventive und
Rehabilitative Sportmedizin Herrn Univ.-Prof. (em.) Dr. Dieter Jeschke und seinem ,Team”
in Anerkennung fir 17 Jahre im Dienste der Gesundheitsférderung an der TU-Mlnchen.
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(Demokrit, griechischer Philosoph
460-370 v. Chr.)

"Da flehen die Menschen die
Gotter an, um Gesundheit und
wissen nicht, dass sie die
Macht dariiber selbst
besitzen."”

Paulus der ,,Apostel der Sportmedizin® 1?

1. Korinther 9

...ich aber laufe ...
..bezwinge meinen Leib... zihme ... ihn,

. _..damit ich nicht verwerflich werde ...
..dies ... lehre.

des Themas sein. In diesem Zusammenhang: der Apostel der Sportmedi-
zin konnte wohl Paulus sein - den wir eindrucksvoll dargestellt in der
Alten Pinakothek finden: dieser im Korintherbrief formuliert, ,ich aber
laufe, ....bezwinge meinen Leib und zéhme ihn...” (1.Kor.9, 26) (Abb. 1).

scapade d u-rch

Alte Pinakothek

Albrecht Diirer
» Die vier Apostel”
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~Gesundheit ist en vogue™

SR W SWEEDEN, W U LR, We 6 10

»Gesundheit ist ein Zustand
}, des umfassenden

i korperlichen, geistigen und
sozialen Wohlbefindens und
nicht lediglich das Freisein
von Krankheit und
Schwéache™

Defirition WHO (1963) Gesuﬂdhi-aits heck

Abb. 3

Dies lehrt der Apostel Paulus, der auch in der Alten Pinakothek dargestellt
ist. (Abb. 2)

Wertschitzung der Gesundheit fiir die
Deutschen

Wichtigkeit von Lebensierelchen fir Wohlbefinden. 1998

‘Angaben in
Westdeutschiand | Ostdeutschland Prozent
Sehr wichtig Sehr wichtig
2 m W & m W
Gesuncheit | 83 | 83 | 85 | 8% | 86 | 88

Arbeit 50 56 44 7o 76 44
Familie 74 77 82 55 84 87
Liebe/Zuneigung 73 65 i 71 69 74

{Anke Schob, 2001: Wohlfahrtssurvey)

m#) | Gesundheit wird als das
héchste Gut angesehen

Abb.4

Nun Gesundheit ist in aller Munde, nach der Definition der Weltgesund-
heitsorganisation ist Gesundheit ,... ein Zustand des umfassenden kér-
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perlichen, geistigen und sozialen Wohlbefindens und nicht lediglich das
Freisein von Krankheit und Schwache....” (Abb. 3).

| Gesundheitsbewusstes Verhalten der deutschen Bevélkerung

Bg’at’:htuﬁg der-aigenen' e Osten
L mosindielt in % der Befragten
ek e sehr stark 8,0 7.5
slark o 293 32,8
mittel 49,9 52,1
weniger stark 9.9 6,4
~gar nicht 1.8 1.2

‘ groRe Daskrepanz zwischen Wertschdtzung und
tatsdchlicher Beachtung der Gesundheit in
Deutschland

Abb.5

Den Deutschenist die Gesundheit das wichtigste Gut, wie Sie hier anhand
von epidemiologischen Umfragen im Westen und Osten sehen (Abb. 4).

" Die Krankheiten im Verlauf der Zeit

; Pesﬁméilé
in
Europa

+ Herz-Kreislauf o
~ | Erkrankungen el wﬁ
nehmen zu Krebser- o
krankungen
‘ nehmen zu
...hin zu Zivilisations-

erkrankungen
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Gleichwohl befragt man die Menschen nach ihrem Gesundheitsbewusst-
sein, dann dokumentiert sich, dass offensichtlich ein Widerspruch vor-
liegt, eine grol3e Diskrepanz zwischen der initial gezeigten Wertschdtzung
und der tatsdchlichen Beachtung von Gesundheit (Abb. 5).

Die Krankheitshaufigkeiten haben sich im Laufe der Zeit gewandelt;
Herz-Kreislauferkrankungen nahmen in den achtziger Jahren zu.Es zeich-
net sich nun ab, dass sich eine vermehrte Inzidenz von Krebserkrankun-
gen einstellt (Abb. 6).

Halt man sich die Haufigkeit der Mortalitat in Deutschland vor Augen
wird erkennbar, dass insbesondere Krankheiten des Herz-Kreislaufsys-
tems Todesursache Nr.1 sind; an zweiter Stelle drohen die Krebserkran-
kungen, Todesfalle aufgrund von Krankheiten des Muskel-, Skelett- und
Bindegewebssystems, auf die ich spéter noch zu sprechen kommen wer-
de, tauchen hier weniger auf. Krebserkrankungen bedrohen also mehr
und mehr unser Leben (Abb. 7).

Mortalitat in Deutschland

Anzahl Gestorbener nach ausgewahiten Todesursachen in Deutschland im
Jahr 2000

Krankheiten

des Kreisiauf
systems :

47,1%

Krankheien tes
Yard ;

" Krankheiten des ™
Muskel-
Skelettsystem und

_Krankheiten des
At

o

6%

Krankheiten des
Nemvensystems
B

Psychische
Verhaltens i
e Zustande
- : : perinatalen
Endokiineg, : Ursprungs
Ernahrungs: und ; Infekdit ?_I:Irlii s
el T R s
heitel Blutkrankheitén Neubildungen ¥ 14%
: : h 4
3% % 3'2% 1

i : Statistisches Bundesamt (2002)
| (Gesamttodeszahl: 838.797) 2

Abb.7

In der wunderschdnen Assamkirche in Minchen sehen Sie hier eine Dar-
stellung von Leben und Tod (Abb. 8).

Offenbar wurden Herz-Kreislauf-Erkrankungen durch gestindere Lebens-
fihrung und durch Sportin lhrer Gesamtmortalitdt vermindert; und erste
Ergebnisse zeigen auch, dass ,Mann und Frau” durch gesunde Lebens-

fuhrung und Sport malignen Tumoren ein Stiick davonlaufen kénnen
(Abb.9).
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: gt Johann Nepomuk
© Asamkirche

Abb.8

Die gesundheitserhaltende Wirkung von Sport vermag auch einen positi-
ven Effekt zu entfalten auf Adipositas, Fettleibigkeit, bestimmte Typen

von Zuckererkrankungen, Riickenleiden, Depressionen und Osteoporose
(Abb.10/11).

s

sabriel Cornelius

Neue Pinakothek

Abb. 9
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Positive Effekte von sportlicher Aktivitat auf die
Gesundheit

Pandolf, Med Sci Sports Exerc 2001) + Gesundheitssurvey: Kérperliche Aktivitat (RKI 1998)

Starke und Richtung der Wirkung

Gesamtmortaiitéit U U

Korperliche Aktivitat WIrkt emnesenen'nal!en rls:kosenkend auf folgende
Krankheiten: = = & 7

vaskulare Ereignlsse s o UU _

; ; &0 ] _ e je néch Tumorért :
Lebensqualitat (> 65 Jahre) T phys Funkt,
_ : B ' __:gi_ifrient_ale Funkt.

Abb. 10

Sieht man sich die Reduktion der Mortalitdt durch koérperliches Training
in Abhangigkeit von Intensitatsskalierungen an, aus der Arbeitsgruppe
unseres Vorsitzenden Herrn Prof. Dickhuth, des Spiritus Rectors der deut-
schen Sportmedizin Herrn Prof. Hollmann von der Deutschen Sporthoch-

Positive Effekte von sportlicher Aktivitat auf die
Gesundheit

Pandeolf, Med Sci Sports Exerc 2001) + Gesundheitssurvey. Korperliche Aktivitat (RKI 1998)

Stéarke und Richtung der Wirkung
Gesamtmortalitit yy

Kérperliche Aktivitat wirkt emnesenermaﬁen r|5|kosenkend auf folgende
Krankheiten:

: _Adi posﬂas

_ 'nlAngstzu$tande 3!
OSteoporose o Unehmaraventon

Abb. 11
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schule Kéln und Herrn Prof. Jeschke von der Technischen Universitat
Munchen dann zeigt sich in allen entsprechenden Untersuchungen, dass
eine Abnahme der kardiovaskularen Mortalitdt dann eintritt, wenn Sport
in ausreichendem MafRe getrieben wird (Abb. 12)

Sport und Herzkreislaufsystem
Mortalitatsreduktion durch korperliche Aktivitatim Rahmen der primaren Pravention:

e PR

wPaTE I taner Graphik nach. G, Schuler
Lok E Kardiol 91: Suppl 2,
11/30-11/39 [ 2002y

Hasson
aMore

Traininygnenttsainhaiten
sind arbiicdc, solen jedock
nEhenmy e s dar

Sterdenzhl oo Wocke
entpechen
7 e
{15 i . &7 Manson
1 S i g Laen - Rel Einheiten

F Pafenbanet o nden vergleichban

zwis chen Trainingsintensitét (Energieverbrauch pro
on der Mortalitét :

> bei maximaler intensitit wird Reduktion um ca. 50% der kardio vaskuidren
Mortalitét erreicht

Abb. 12

Sport und Herzkreislaufsystem:
Welcher Energiemehrverbrauch pro Woche erzielt die gréRte Wirkung?

Paffenbarger et al. (1986) N Engl J Med 314:605-613

= bel maximalem Energieumsatz vof§ 3500 kcallWai:h Kannte das
relative Risiko linear bis auf 50% im Vergl€Teir 2t 4 am wenigsten

aktiven Studenten gesenkt werden.

Trainingsintensitat von 750 keal/h kommt einem zeitlichen Aufiwand von
4-5 Stunden pro Woche gleich (1)

Beispiel: 4-5 mal die Woche eindStunde mit 25km/h Radfahren

Abb. 13
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Hier handelt es sich um zahlreiche epidemiologische Studien, die eigent-
lich auf den bahnbrechenden Arbeiten der internistischen Sportmedizi-
ner in Deutschland beruhen, u.a. auch aus der Arbeitsgruppe von Herrn
Prof. Dickhuth.

Was empfehlen die Experten?

Die deutsche Gesellschaft fir Kardiologie empfiehlt einen Energiemehr-
verbrauch von 3500 Kilokalorien pro Woche, das sind ungefahr ,liber den
unwissenschaftlichen Daumen gepeilt”, vier- bis flinfmal die Woche in-
tensives Radfahren (Abb. 13).

Ein anderes Extrem empfiehlt 1000 Kilokalorien pro Woche, dazu wiirde
es schon reichen, viermal die Woche nur zu putzen (Abb. 14).

Sport und Herzkreislaufsystem:
Welcher Energiemehrverbrauch pro Woche erzielt die gréfte Wirkung?

Marra el al. (1985) Eur Heart J 6:656-663
= inaktive Anges!ellte 30—40% hoheres Rl jkn.an. infarkt zu

~ sportlicher Aktivitat verbrauchten :
= {iber diese 1000 kcalAMoche hinaus keine weitere Reduktion der
Mortalitét (1)

== Beispiel:

; ma] eine Stunde Put
o Woche e

Abb. 14

Die Wahrheit liegt wahrscheinlich dazwischen.Was empfehlen die Exper-
ten, Deutsche Gesellschaft flir Kardiologie, vier- bis flinfmal wdchentlich
korperliche Aktivitat Gber 30-45 Minuten mit malliger Intensitat (Abb.15).

Die segensreiche Wirkung von Ausdauersport auf Herz-Kreislauf Erkran-
kungen ist also hinreichend dokumentiert (Abb. 16/17) und ich méchte
mich nun einem weniger gut erforschen Themenkomplex , Sport und
Krebs” im Nachfolgendem widmen.

Was wissen wir zu diesem Thema?

Sieht man sich die epidemiologischen Studien an, insgesamt 170 der
weltbesten Untersuchungen, dann zeigt sich offensichtlich fir die hor-
monabhéngigen Krebsformen wie Brustkrebs bei der Frau, eine tiberzeu-
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gende Reduktion. Fiir das Prostatakarzinom zeigt sich eine weniger aus-
reichend analysierte Studiensituation (Abb. 18).

Jonathan Borofsky ,, Walking Man*
: Leopoldstraie, Miinchen

Abb. 15

Uberzeugend sind dagegen die epidemiologischen Daten im Hinblick
auf die positive Wirkung von kérperlicher Aktivitat zur Vorbeugung von

Sport und Herzkreislaufsystem

Deutsche Geselischaft fiir Kardiclogie
— Herz- und Kreislaufforschung

German Cardiac Society

Bewegungsmangel:

Ziel: Kérpetlich aktiver Lebensstil mit regelmaRiger Ausdaueraktivitat.

Vier bis finf mal wichentliche Aktivitaten Ober 30 - 45 min,
maBiger Intensitat in Form von Gehen, Joggen, Radfahren oder siner anderen
Ausdauerbelastung sind wiinschenswert

Die Intensitat der Ausdaueraktivitat sollte einerseits an die individuelle Leistungsgrenze
herangehen, jedoch andererseits noch eine kleine Unterhaltung nebenher erlauben.
Mehr Aldivitat im taglichen Leben wie Spazieren gehen in Arbeitspausen,
Treppensteigen statt Aufzug und Gartenarbeitist gunstig. Jedss Mehr an kérperlicher
Belastung Uber die Alltagsaktivitaten hinaus hat einen gunstigen Effekt
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Theatinerkirche
St. Kajetan
»Damenaltars

Abb. 17
Korperliche Aktivitat und Krebsrisiko
Metaanalyse libei170 epidemicl. Studien (Friedenreich /Orenstein 2002)

Tumor- i:ﬁ:;iz:r: Geschatzie Durchschn. Wiss.
lokalisation 1 Risikobreite Risikoreduktion Nachweis
Risiko it

Dickdarm ' 7 4351 " Uberzeugend
. 8244 0% | 'Uberzeugend
1730 6/ Glaubhaft
i 9!13 :_ Denkbar
. ant Denkbar
Hoden, Ovarien, :_ L s e a
Niere. Pankreas’ 15729 Ungenligende Ergebnisse lber ein reduziertes

Schilddriise, 4 ke
Melanom Y i '

Abb. 18

Dickdarmkrebs. Quintessenz: wir kénnen also durch Sport dem Krebs -
wenigstens in einigen Krebsformen — zumindest ein Stlick davonlaufen.

Die therapeutische Wirkung von Sport bei den Krebspatienten ist zum
einen eine Verbesserung der physischen Funktionen, das, was die
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Therapeutische Wirkung von =

Sport bei Krebspatienten

Abb. 19

I Verbe}sserung_ phys‘ischer Funktionen

+ Steigerung der Lebensqualitit und

" rE Oko'nd'mislerugg der Herz-Ereislauffunktion, Verbesserung der
Lungenfunktion, Optimicruna K srpergewichte /-komposition, Verlangerung
der Gehstrecke bzw. der Gehgeschwindighkeit,

* £ B. Stimulation der Immunfunktion, Vcrbes_semng :
der Hamoglobinkonzentration, pos. Einfluf auf Meutropenis, Thrombopenie,

verl_-turzte:rK}inikaufenthait,'_Vemin derung k‘&rperli.che_ Beschwerden

Beﬁndlich‘keit

Herz-Kreislauf-Forscher in den letzten Jahren auch bei gesunden Patien-
ten beschrieben haben, eine Verbesserung des Herz-Kreislauf-Systems,
der Lungenfunktion, sowie der tdglichen Belastbarkeit aber auch eine
Steigerung der Lebensqualitdt und Befindlichkeit. Sport mit Krebspatien-

Abb. 20
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Carl Spitzweg ,, Der arme Poet*
Neue Pinakothek
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Rehabilitation und Sport bei Krebspatienten

Krebsspongruppen pro Bundesland

«+ Mittlerweile existieren

mehr als 550
Krebssporthachsorge-
gruppen in Deutschland

- Dagegen existieren liber
6000 ,Herz"-Gruppen in
Deutschland

+ liberwiegend Frauen nach Brustkrebs nehmen teil, nur selten Manner, fiir
die keine spez. Gruppen existieren

Abb.21

| Volkskranliheit Nummer eins: Die Frage der Morbiditat?

Riickenbeschwerden sind die haufigsten Beschwerdebilder und
Behandlungsanlasse {in Deutschland)

ca. 70% der Bevolkerung im Hactuets andigent ot 1)
Laufe des Lebens betroffen

8-10% Anteil chronisch Leidender

jahrliche (in)direkte Kosten in
Deutschland
25,5 frd. Euro

Sludle der medizinischen Hochschule Hannover:
..jeder in die Préavention gegen Riickenleiden gesteckte Euro
konnte eine Ersparmis von 1,30 Euro fur die Krankenkassen
bringen.
» ...den Unternehmen wiirde jeder in Préavention gegen die
Volkskrankhelt Nummer eins investierte Euro sogar eine Ersparnis
von 3,20 Euro bringen...

| Prévention lohni sich!

Abb. 22

ten findet in sogenannten Krebssportgruppen statt und ich mochte
Ihnen hier vor Augen halten, dass in Bezug auf die Anzahl der Krebsport-
gruppen in den Bundeslandern - und das ist etwas, was wir ,Bayern”

5
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natlrlich ganz besonders ungern héren — wir hier noch ein Entwicklungs-
land im Vergleich zu anderen Bundeslandern sind (Abb. 19).

Haufigkeiten von Ruckenschmerzen

M {Bundesge sundheitssurvey 1998)

Abb.23

In diesen Krebssportgruppen organisieren sich interessanterweise ins-
besondere Frauen mit Mammakarzinom, wihrend Manner sich alleine

Sport und Bewegungsapparat

Erfolgve-rsprechende Ansdtze

regelmaBige und ruckengerechhe sportliche Betatlgung
+ betrieblich 31N ‘ﬁarderung

Abb. 24
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Jhinter dem Ofenrohr” mit ihrem Prostatakarzinom ,zurlickziehen”. Als
lllustration daftir habe ich das Beispiel des armen Poeten von Karl Spitz-
weg aus der neuen Pinakothek gewahlt.(Abb. 20).

Sport und Ubergewicht

.. Die Eosten fur Prognosa fiir die Entwickiung der Adipositas
emdhrungsabhdngige Kronkheizen -
und krankheitsbedingte

Ernahrungsstorungen liegen in der E: Deutschiand
Bundesrepublik Deutschland bei ca Eé“ Baasiien
83,5 Millinrden DM . E?: aurtis
Fe 2
Ernahrungsberatung - eine arziliche 3% 4 i

foufgaba: Beschluss des Deuntschen
Arztetages 2000

Abb.25

Interessant ist auch — wenn Sie sich die absolute Zahl von Krebssport-
gruppen vor Augen halten, immerhin schon mehr als 550 — dass es dage-
gen aber 6000 Herzgruppen in Deutschland gibt. Der weitere Aufbau sol-
cher Sportgruppen wird sicherlich auch eine Aufgabe sein, der sich unser
Lehrstuhl hier in Miinchen verschreiben mochte (Abb. 21).

Eine voéllig andere Erkrankung:

Volkskrankheit Nr. 1 ist das Riickenleiden.70% der Bevalkerung werden ir-
gendwann im Laufe des Lebens betroffen. Gigantische Kosten entstehen
dadurch und es gibt prazise Kalkulationen, dass sich die Pravention ge-
gen Rickenieiden in der Tat fohnt. Prdvention kann also sparen helfen.
Haufigkeiten van Riickenschmerzen bei Mdnnern und Frauen in den letz-
ten sieben Tagen:fast jeder Zweite, wie auch im letzten Jahr(Abb. 22).

Bei Frauen stellen sich Rickenleiden noch hdufiger ein. In der letzten
Woche litt jeder zweite Mann und jede zweite Frau Riickenschmerzen
(Abb. 23).

Erfolgversprechende Ansatze: Nun auch hier entsprechende organpro-
tektive Bewegungsprogramme, um auch die Anzahl der Arbeitsunfihig-
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keitstage zu reduzieren, das ist das bescheidene Wissen, das bekannt ist

(Abb. 24).

Sport und Erndhrung: Pravention von Ubergewicht

Vollwertig Essen und h
Trinken nach den 10 )
Regeln der DGE

#)

| 5
(6
@
(8)
@)

{10} Achten Sie auf thr Gewicht und

Vielseitig essen

Gelreideprodukte - mehrmals am Tag

und reichlich Kartoffeln

Gemiise und Obst - Nimm "5" am Tag ...

Téaglich Milch und Milchprodukte, einmal

in der Woche Fisch; Fleisch, Wurstwaren

sowle Eler in Mafien

Wenig Fell und fetireiche Lebensmittel

Zucker und Salz in Malen

Reichlich Flissigkeit

Schmackhaft und schonend zubereiten

Nehmen Sie sich Zeit, geniefien Sie Ihr
1161

bleiben Sie in Bewsgung

a Deutsche Gesellschaft fiir Ernahrung eV

DGE

=
Abb. 26

Ein weiteres Problem im Zusammenhang mit Riickenleiden ist natirlich

das Ubergewicht (Abb. 25).

Abb.27

60

Carl Spitzweg ,, Der Kaktustieblaber”
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Es gibt Simulationsmodelle, die beschreiben, dass die Adipositas zu-
nehmen wird; Die Kosten fiir erndhrungsbedingte Erkrankungen sind
gewaltig und die beiden nachfolgenden Vortrige werden ja darauf auch
insbesondere bei den Kindern dann eingehen.

Auch die renommierte Deutsche Gesellschaft fiir Erndhrung, deren Herz
ja sicherlich mehr fiir Ernahrung schlagt, empfiehlt mittlerweile in den
zehn goldenen Regeln auch die Berticksichtigung von Sport im Alltag
(Abb.26).

Korperliche Fitness bei Kindern

Kooperationsstudie von :

ol DEUTSCHER
) SPORTBUND ol

mehr als 20.000 Schiiler{innen) aesamdiwmum

zwischen 6-18 Jahren untersucht

= Munchener Fitness-Test (nach Ruschingang Tu-Munchen)
Gemeinschaftsinitiative ,Fit sein macht Schule®

10-14jahrige:
* Riickgang der Fitness seit 1995 um 20% bei den Jungen und 26%
bei den Médchen

* nur mehr 80% der Jungen und 74% der §
Madchen erreichen heute die
Leistungsfahigkeit ihrer Altersgenossen
aus dem Jahre 1095

" In allen getesteten Ubungen schneiden-
diejenigen besser ab, die drei oder mehr §
tude_n Schulsport haben

~"Pressekonferenz in Berlin am 11 Marz 2003

Abb. 28

Kollegen aus der eigenen Fakultdt um Herrn Dr.Rusch konnten nachwei-
sen, dass die Fitness von Kindern und Jugendlichen dramatisch reduziert
ist. Wir wissen also um die schlechte Fitness der Kinder und es iberrascht
eigentlich, dass immer noch nicht die tégliche Sportstunde eingefiihrt
wurde, obwohl immer wieder gefordert (Abb. 27).

Nun besteht natiirlich die Gefahr, dass insbesondere nach PISA argumen-
tiert wird, jetzt nur noch Mathematik, aber es zeigt sich an neueren
Befunden, dass Sport treiben auch schlau machen kann (Abb.28/29).

Und es zeigte sich an entsprechenden Studien, dass eine tagliche Sport-
stunde Aggressionen reduzieren kann, die Konzentrationsfahigkeit stei-
gert, auch im Mathematikunterricht, dass eine Kérpergewichtsreduktion
und dass eine verbesserte soziale Integration der Schiiler stattfinden
(Abb.30/31).
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Carl Spitzweg ,, Der Naturforscher”

Abb.29

Es stellt sich damit die Frage der Wirkung von Sport auf Gehirnfunk-
tionen: in der Tat zeigen neuere Untersuchungen vom Altmeister der
Deutschen Sportmedizin, Herrn Prof. Hollmann, dass das Durchblutungs-
verhalten unter kérperlicher Belastung zunimmt, und neuere experimen-

Korperliche Fitness bei Kindern

Schulsport in Deutschland:
Etwa ein Drittel der Basissportstunden fallen aus
(Bayern: mittlerweile letzter Platz in Deutschland)

Pressekonferanz in Berlin am 11 Marz 2003

Beschlu des Deutschen Arztetages 2001:
s Mehr Schulsport und Bewegungsforderung

-.irotz entsprechender Zusicherungen der
Kuftusministerikonferenz (1955) inumer noch nicit
das Minimum von 3 Stunden Sportuntervicht fiir
alle Schiilerfininen) erreicht...

Forderun,

...Familien sollten fir eine bewegungsfreundiche Gestaltung
von Alltag und Frelzeit sorgen, z.B...

Warnungen: PISA ,bedroht" Schulsport!
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telle Untersuchungen konnten zudem nachweisen, dass die Nervenzell-
dichte im Gehirn ebenfalls zunimmt und Alterungsphinomene durch
aeroben Ausdauersport zumindest verzégert werden kénnen (Abb. 32).

Warnungen: PISA bedroht” Schulsport!

Tub_en macht schlau _15(2002 DIE ZEIT

Die Sportnation bleibt sitzen: Die motorischen Fahigkeiten deutscher
Kinder haben sich drastisch verschlechtert. Pladoyer flir einen neuen
Spielplan von Renate Zimmer

...Das Beispiel Hessen zeigt: Mehr Sport, mehr Gymnasiasten

...Eine Grundschule in Hessen hat () in den neunziger Jahren diz
tagliche Sportstunde fiir alle Schiiler zur Pficht gemacht - auf
Kosten anderer Facher ...

» . Merminderung von Aggression, Unfillen und Verletzungen auf
dem Schulhof

* .. Steigerung der Konzentrationsfihigkeit und Lernleistungen im
Unterricht

= ... Kbrpergewichisreduktion
* ..Zunahme des Selbstvertrauens und der sozialen Integration

sryehing el Spoetmedizin, insting 0 Tramings- und Basequogain,
porthecischie kil

. Gehirn, Psyche und
korperliche Aktivitat

Durchblutungsverhalten verschiedener
Gehirnareale bei Fahrradergometer-
arbeit mit 100 W gegeniiber 25 W
_gesteigert.

Aerobic fitness reduces brain
tissue loss in aging humans.
Colcombe et al. :

J Gerontol A Biol Sci Med Sci. 2003
Feb:58(2):176-80.
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Damit stellt sich die Frage, ob wir durch Sport auch langer leben kénnen,
dazu habe ich lhnen zur lllustration den ,Jungbrunnen” von Lucas
Kranach.ausgewdhlt (Abb.33).

bengbrannen™

Abb. 33

Zu meinem Bedauern, kann ich hnen diese Frage nicht gut beantworten;
es gibt hier auf den ersten Blick die Tatsache, dass das gezeigte Mortali-
tatsrisiko eigentlich ein statistisch langeres Leben bereits implizieren
musste (Abb.34)

Naturlich muss auch darauf hingewiesen werden, dass auch eine indivi-
duelle genetische Pradisposition vorliegen konne. Eine Zwillingsstudie
spricht allerdings dagegen; allein die entscheidende offene Frage ist, ob
nicht der motorische Antrieb zum Sport bereits bedingt wird durch eine
genetische Préadisposition, und damit bereits léngeres und gesiinderes
Leben bewirken konnte; dieses kénnen wir Ihnen anhand der klinischen
Studien naturgemdR nicht nachweisen, tierexperimentelle Daten fehlen
hier.

Was bewirkt nun alles Sport? Ich denke, ich habe Ihnen ein wenig Einblick
geben kénnen, dass Sport sowohl physische Faktoren wie auch psychi-
sche Faktoren positiv beeinflussen kann und dass Sport eigentlich ein
verschreibungspflichtiges nebenwirkungsarmes Medikament darstellt
(R.Rost) (Abb. 35).

Damit stellt sich die Frage, wie beantworte ich nun die Eingangsfrage. Wer
von lhnen hat da eine Idee? Doch vergegenwértigen wir uns zunichst
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einmal, wie viele Menschen tiberhaupt Sport treiben. Interessanterweise
treibt hochstens jeder zweite Mensch ab dem vierten Lebensjahrzehnt
Sport! Die bedeutsame Frage ist nun, wie locke ich diese nicht sporttrei-
benden Menschen zum Sport (Abb. 36) ?

Leben Sportier ianger oder
esﬂnder?

Daten zum verminderten
Mortalitatsrisiko implizieren #
statistisch eine
Lebensverldngerun

Offene Fragen:

Individuelle genetische
Préadisposition 17

Motorischer Antrieb bedingt durch
Pradisposition |7

Abb. 34

Die Vision zur Pravention muss sein: Pravention in Deutschland muss sich
lohnen! Gestern Abend habe ich von Herrn Henkel gehort, eigentlich
lohnt sich Gesunderhaltung in Deutschland nicht, sondern ,krankfeiern”.
Wir missen Motivation zum Sport schaffen, wir missen Zugang zum
Sport bahnen und wir brauchen mehr Mittel fiir praventive MaBnahmen
der Gesundheitsférderung (Abb. 37).

In diesem Zusammenhang habe ich keinen Kollegen getroffen, der mir
Uberzeugend erklaren konnte, warum wir bei der eindeutigen Datenlage
immer noch keine tagliche Sportstunde einfiihren konnten.

Nicht eingehen konnte ich auf die Bedeutung der Dopingpravention in
Fitnessstudios fiir Jugendliche. Gesundheitsforderung muss Eingang fin-
den in die Curricula.Klinisch arbeitende Kollegen, egal ob mit dem Erfah-
rungshintergrund von Herzsportgruppen oder Adipositaspatienten-
gruppen weisen immer wieder auf die Bedeutung der friihkindlichen Pra-
gung im Elternhaus und die Bedeutung des Vorbildes der Eltern hin. Die
segensreiche Wirkung von Sport auf kognitive Fahigkeiten des Heran-
wachsenden schiirt damit die Hoffung, dass Sport auch zur Lésung des
sogenannten PISA-Problems beitragen kdnnte.
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Sport ein verschreibungspflichtiges,
nebenwirkungsarmes Medikament

Veranderungen

Abb. 35

Somit stellt sich die Frage ,Warum Mdnner ungesund leben und Frauen
gestinder sterben?” (Abb. 38).

Warum Manner esund leben und Frauen

Alte Burideslander (Bundesgesundheitssurvey 1988)

123



Appendix

Visionen flir die Pravention
Prévention rﬁuss sich Iahnén
{auch im Sporti);

Motivationen zum Sport schaffen
Zugang zum Sport bahnen

== (Doping-}Praventmn mehr
férdern -

- Die tagliche Sportstunde:
im Kindergarten
in der Schule
im Betrieb

: P Gesundheitsférderung und
/ Curricula der Erziehungs- und
Lehramtsstudiengénge

} Bedeutung der frﬁhkindilchen Pragung von gesundem
Lebensstil im Elternhaus mit dem +Vorbild” Eltern

Sport macht schlau: Die Lésung nach PISA

Abb.37

Das Verhalten der gesunden und an Krebs erkrankten Frauen im
Vergleich zu den Manner schiirt den Verdacht;

weil Frauen Rat einholen und auch annehmen

und Mdnner keinen Rat brauchen!

C.»n'l Spltm eg, Kanonier

Abb. 38
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Appendix V.

Nishino T, Michna H: Zentrale und periphere Wirkungen von natirlichen und synthetischen

Glukokortikoiden und deren Relevanz im Doping.

Glukokortikosteroide in der Dopingforschung Bundesinstitut flir Sportwissenschaft
Band 06 P 57-74 (2007)
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Zentrale und periphere Wirkungen von natiirlichen und synthetischen
Glukokortikoiden und deren Relevanz im Doping

T. Nishino und H. Michna
Lehrstuhl fir Sport und Gesundheitsférderung, TU Minchen, Connollystrasse 32,
80809 Miinchen, Bundesrepublik Deutschland

Einleitung

In der Nebennierenrinde (NNR) werden aus Cholesterol durch Seitenkettenabbau
Uber Progesteron als Zwischenstufe in der Zona fasciculata und reticularis
insbesondere den Kohlenhydrat-, Fett- und EiweilRstoffwechsel beeinflussende
Glukokortikoide. Der Einfluss der Glukokortikoide auf den Glukose Metabolismus
brachte ihnen urspringlich diesen Namen ein.

In der heutigen Nomenklatur definiert man sie als Steroide, welche ihre Wirkungen
Uber Bindungen an spezifische zytosolische Rezeptoren entfalten. Diese
Glukokortikoid-Rezeptoren (GR) sind in nahezu allen Geweben anzutreffen [1].
Variationen in der chemischen Struktur der Glukokortikoide flhrten zu einer
Entwicklung von vielen synthetischen Substanzen mit weitaus starkerer Wirkung im
Vergleich zu ihren endogenen Verwandten. Die erhdhte Aktivitat dieser Synthetika
begrindet sich in der deutlich hoheren Affinitat zum GR und in der signifikant
verlangsamten plasma clearance. Zusatzlich haben diese neuartigen Verbindungen
vernachldssigbar geringe mineralkortikoide Wirkung, so dass bekannte schwere
Nebenwirkungen wie Natriumionen-Retention, Hypertension und Hypokali&dmie nicht
beflirchtet werden missen (Abb.1).

Flunisolid I
(Inhacort ®) ]
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=

Beclometason-dipropionat
(AeroBec €)

Prednyliden Cortison
(Decortilen ®) (Cortison Ciba ®)

o
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[ <ty

Deflazacort
(Calcort ®)
o

o
o
NP -
ot
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Fluticason-17-propionat
(Atemur ®)

=
P
Hydrocortison

{Hydrocortison
Hoechst ®) ™

i
= Methylprednisolon
{Medrate ®) o

Prednison
(Decortin ®) S

i
A

Budesonid Fluocortolon |

cuon o Sl
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woo | e o i
Mt ’ . “ Prednisolon
‘a i i (Decaprednil ®)
-

Abb.1 Auswahl einiger Glukokortikoid-Prédparate
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Chemische Eigenschaften

Steroide sind nahezu unldslich in Wasser. Ausser in Form von Salzen sind sie derart
unléslich, dass selbst in Konzentrationen von 3% oder niedriger nur Suspensionen
entstehen und sie daher flr die intravendse Injektion ungeeignet sind. Sie sind
jedoch fiir topische Cremes und intramuskuldre oder intra-artikuldre Injektionen
geeignet. Weiterhin sind sie zur Herstellung von Tabletten zur oralen Gabe
pradestiniet [2]. Zwischen der chemischen Struktur und der biologischen
Wirksamkeit bestehen feste Beziehungen [3]. So ist fur die Glukokortikoidwirkung
dieser Steroide die Hydroxylierung an den Positionen C-11 und C-17, die Ketogruppe
an C-3, die Ketoseitenkette an C-17 sowie die Doppelbindung zwischen C-4 und C-
5 im A-Ring des Steroidgertists verantwortlich [3,4,5,6,7,8]. (Abb.2).

(|3H20H
C=0
L
\ /12\|/17---OH
13
" | oo
| LG
1(l) T/
5 7

NP ‘

Abb.2 Chemische Modifikationen von Glukokortikoiden

Bereits kleine chemische Modifikationen am Grundgerist des Cortisols kdnnen die
Absorptionsrate, den Zeitpunkt des Wirkungsbeginns, die Wirkungsdauer und die
Potenz eines Glukokortikoids wesentlich beeinflussen [8]. Eine zusétzliche
Doppelbindung im A-Ring des Sterangrundgeriists (Abb.2: 1-2), und folglich zwei
fehlende H-Atome an den entsprechenden C-Atomen, ist der einzige Unterschied
zwischen Prednisolon und Hydrocortison. Dies fihrt zu einer 4 bis 5-fachen
Steigerung der glukokortikoiden, und zur Reduktion der mineralkortikoiden Wirkung
des Prednisolons. Die Struktur und Seitenketten des Glukokortikoidgrundgerists
(Abb.2: rot) haben ebenfalls Einfluss auf die Stirke der entzindungshemmenden
(glukokortikoiden), sowie der mineralkortikoiden Wirkung und auf die Dauer der
Wirkung nach Erreichen des Wirkungsortes [7,9]. Durch die Einflhrung von
Fluoratomen, Methylgruppen sowie durch die Hydroxylierung bzw. Dehydrogenierung
mit  Bildung neuer Doppelbindungen an verschiedenen Stellen des
Sterangrundgeriists konnte gegeniiber den natlrlichen Glukokortikoiden eine
deutliche glukokortikoide Wirkungssteigerung und zugleich eine Verminderung der
unerwiinschten mineralkortikoiden Wirkung erreicht werden [3,6].
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Die Halbwertszeiten der synthetischen Glukokortikoide sind generell l&nger als die
des Cortisols (80 Minuten). Sie bewegen sich zwischen 1 Stunde fiir Prednisclon und
mehr als 4 Stunden fur Dexamethason.

Partialwirkungen von Glukokortikoiden

Durch die strukturelle Ahnlichkeit der Glukokortikoide zu anderen Steroiden wie
(Anti-)Androgenen und (Anti-)Gestagenen, entfalten sie neben ihrer Hauptwirkung
(z.B. entzindungshemmende Eigenschaften) auch hormonelle Partialwirkung durch
Bindung an einem Androgen- und oder Gestagenrezeptor. Bekanntestes Beispiel ist
die ,Abtreibungspille RU486 Mifepriston®. Sie kann neben antigestagener und
antiglukokortikoider Wirkung auch antiandrogene Effekte bewirken (Abb.3,4):

HO
Estradiol E2

&)
Progesteron P4

Abb.3 RU486 im Vergleich zu Testosteron, Estradiol, Cortison und Progesteron
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Endokrinpharmakologische Wirkung

Steroidhormon- Biologische
rezeptoren Wirkung

Androgenitit

Androgenrezeptor Testosteron ‘
Anti-Androgenitét

Ostrogenitat
Estradiolrezeptor
Anti-Ostrogenitit

Gestagenitét
Progesteronrezeptor P, ‘

Anti-Gestagenitat

Glukokortikoid
Glukokortikoidrezeptor Cortisol

Anti-Glukokortikoid

Abb.4 Hormonrezeptoren und endokrinpharmakologische Wirkungen
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Der Glukokortikoid-Rezeptor [2]

Glukokortikoide entfalten ihre mannigfaltigen Wirkungen auf Zielzellen (ber
intrazellulare Rezeptorproteine. Sie passieren die Zellmembran durch passive
Diffusion und binden in der Zelle an den GR. Der GR ist ein single-chain Polypeptid
mit einem Molekulargewicht von 94kD, welcher die Steroide mit hoher Affinitat und
Spezifitat bindet. Der Rezeptor liegt in der Zelle gebunden an diversen sogenannten
heat shock proteinen wie hsp80 und den Immunophilinen hsp56 oder CyP40 und
einem 23kD acidic protein vor. Einmal an den Rezeptor gebunden, entsteht ein
Hormon-Rezeptor-Komplex, welcher dann befahigt ist, an die DNA zu binden. Die
Transkription von Zielgenen wird aktiviert und die mRNA wird in neue Proteine
translatiert, welche dann die biologische Aktivitat der Glukokortikosteroide entfalten.
(Abb.5):

R
\4
GR

mRNA

protein

Abb.§ Gfukokon‘ikoide und der Giukokartikeid-Rezeptaor
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Abbildung 6 zeigt die Domanenstruktur des GR Proteins und ihre Homologie (in %)
mit anderen Steroidrezeptoren. |nshesondere Ahnlichkeit zeigen ausser den
Mineralkortikoid-Rezeptoren die Rezeptoren fir Gestagene und Androgene.

DNA BINONG DOMAR LIGAMD BINOWG DOMAN

X 4

L R ] GLUCOCORTICOID RECEPTOR
prog——
<15 Jod[ | 57 ]  MINERALOCORTICOID RECEPTOR
[ <15 ool | 55 | PROGESTERONE RECEPTOR
[ 16 Jrof | 55 | ANDROGEN RECEPTOR
<15 Jsg[ [ 80 | ESTROGEN RECEPTOR
[<1slag] ][ 15 ] RETINOIC ACID RECEPTOR
(<15 7 ) _az | T, RECEPTOR (BETA)
<16 Ja7 ] 17 ] v-ERB A ONCOGENE

Abb.6 Homologie des Glukokortikoid-Rezepiors mit anderen Hormonrezeptoren [%]

Die Steroid-Bindungsdomane des GR befindet sich am COOH-Terminus. Die DNA-
Bindungsdomane Zinkfinger® (Abb.7) des GR ist zwischen den Aminosauren 421
und 486 Iokalisiert.

Abb.7 DNA-Bindungsdoméne , Zinkfinger® des Glukokortikoid-Rezeptors

6
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Aus einem GR-Gen entsteht eine sequenzgleiche m-RNA. Was machen nun
einzelne Zellen mit der DNA-Bauanleitung des GR? Nach neuesten Untersuchungen
von Lu und Cidlowski [10] kann die oben genannte m-RNA zur Synthese von 8
Isoformen eines GR anleiten. Diese Erkenntnis erklart vielleicht das Uberaus
komplexe Wirkspekirum der Glukokortikoide mit allen bekannten und bei
systemischer Anwendung schwerwiegenden Nebenwirkungen.

Glukokortikoide und Androgenitit

Glukokortikoide zeigen in Abhéngigkeit von ihrer chemischen Struktur in den
klassichen Bindungsassays (Scatchard Analysis) Affinitdt zum Androgen-Rezeptor
(AR), wie dies auch in grundlegenden Untersuchungen zur Bindung an radioaktiv
markierten R1881 nachgewiesen wurde [11,12,13]. Basierend auf den Nachweis der
Bindungsaffinitdt zum AR konzentrierten wir unsere Untersuchung zur maglichen
androgenen Wirkung von Glukokortikoiden auf androgen-abhéngigen Parametern in
Zellkultur, androgen-abhéangigen Tumoren in vivo sowie im klassischen Hershberger
Assay [14] zur Prifung von Androgenitat in vivo.

Im Nachfolgenden seien die Wirkungen von Androgenen auf androgen-abhdngige
Zellen vorangestellt:

Zur Prufung der moglichen Androgenitat von Glukokortikciden wurde die
menschliche Prostatakarzinomzelllinie aus einem Lymphknoten, die sogenannte
LNCaP-Zelllinie verwendet: Die Kulturen wurden in 24-well Platten mit 4x10* Zellen
per well ausgeséat und Uber 3 Tage mit verschiedenen Substanzen inkubiert [15]. Als
Zeichen der Hormonabhéngigkeit stellt sich nach Gabe von Dihydrotestosteron in
physiologischen Konzentrationen eine Stimulation des Wachstums ein;
interessanterweise zeigt die Behandlung mit 11-Desoxycorticosteron ebenfalls eine
den Androgenen in der Héhe vergleichbare Stimulation des Zellkulturwachstums: Die
LNCaP Zellen wurden lber 3 Tage etwa 20 Stunden mit den Substanzen behandelt
(Abb.8):

LNCaP Proliferation
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Abb.8 LNCaP Proliferation
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Zur Beurteilung eines funktionell androgen-abhéngigen Parameters, wurde die
Sekretion von prostata-spezifischem-antigen (PSA) analysiert (Abb.9):

PSA Sekretion in LNCaP Zellen
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Abb.9 PSA Sekretion in LNCaFP Zellen

Hierzu wurde mit einem PSA-Enzym-Immunoassay Testkit (ICN Pharmaceuticals)
die Menge des sezernierten PSA im Medium, normalisiert zum Gesamt-DNA Gehalf,
gemessen. Hier zeigte sich dann in der Tat, dass die Sekretion von PSA abhédngig ist
von der Gabe eines Androgens (DHT); besonders interessant ist, dass sowohl 11-
Desoxycorticosteron wie auch Dexamethason die Sekretion des androgen-
abhéngigen Parameters PSA in LNCaP-Zelllinien zu stimulieren vermdgen;
gleichwohl ist eine ungleich héhere Konzentration von 11-Desoxycorticosteron und
Dexamethason notwendig, um androgen-dhnliche Effekte zu erzielen.

In einem weiteren Versuchsansatz konnte der androgenabhéngige Effekt auf die
Stimulation des Wachstums von LNCaP Zellen (Pregnenolon) in einer Konzentration
von (5nM) bewiesen werden und schliesslich konnte dieser Effekt durch Gabe eines
reinen AR-Antagonisten (Casodex®) antagonisiert werden; somit kann klar gezeigt
werden, dass der Pregnenolon Effekt ein AR mediierter Effekt ist (Abb.10):
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LNCaP Zellwachstum (Luciferase assay)
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Abb.10 LNCaP Zellwachstum (Luciferase Assay)

Nach Prifung der androgen-&hnlichen Wirkung von Glukokortikoiden in der Zellkultur
wurden nunmehr Experimente angegangen, um den Nachweis eines androgen-
ahnlichen Effektes in vivo nachzuweisen (Abb.11):

LNCaP Tumore in Nacktmausen
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Abb.11 LNCaP Tumore in Nacktimiusen

LNCaP Tumore [16] auf Thymus aplastischen Nackimausen kénnen als subkutane
oder orthotopische Tumore wachsen. Um ein stetiges Wachstum der Tumore zu
gewahrleisten, missen alle mit LNCaP-Zellen inokulierten Tiere mit Testosteron
behandelt werden.

In diesem System konnte nachgewiesen werden, dass in orchiektomierten, Thymus
aplastischen Nacktmdusen die Gabe von Pregnenolon (50mg/kg/Tag) zu einer

9
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Stimulierung des Wachstums des androgen-abhéngigen Tumors fuhrt; dhnlich wie
dies in weiteren Experimenten durch die Stimulation mit einem Androgen erfolgt.

Bei der Untersuchung der androgenen Wirkungen von Substanzen, kommt oft auch
der industriell validierte Hershberger Assay [14] zum Einsatz (Abb.12). Die
pharmazeutische Industrie nutzt diesen seit den 50er Jahren angewandten Test bei
der Wirkstofffindung. Unter Verwendung von Positiv- (intakte Tiere) und
Negativkontrollen (orchiektomierte Tiere) werden dabei orchiektomierte Tiere mit
Glukokortikoiden in unterschiedlichen Dosierungen taglich einmal Gber 7 Tage
behandelt und klassiche akzessorische Geschlechtsorgane der mannlichen Ratte
gewogen und untersucht. In eigenen Untersuchungen zeigt die Gewichtsanalyse der
Prostata im Hershberger Assay eine deutliche Abnahme des Feuchtgewichts nach
Orchiektomie. Werden die orchiektomierten Tiere mit 11-Desoxycorticosteron oder
Dexamethason behandelt, konnte der Kastrations-Effekt signifikant reduziert werden
(Abb.13). Dagegen ist eine deutliche Gewichtszunahme der Prostata bei den
Positivkontrollen (Intakt und TP=Testosteronpropionat behandelt) im Vergleich zur
Orchiektomie zu erkennen. Die densitometrische Auswertung der
immunhistochemischen anti-AR Farbung zeigt ebenfalls den Kastrations-Effekt (14B)
im Vergleich zu intakten Tieren (14A) und der mit Testosteronpropionat behandelten
Gruppe (14C). Abbildungen 14G-I| zeigen Farbungen mit dem Proliferationsantikérper
PCNA (Proliferating Cell Nuclear Antigen). Auch hier erkennt man die deutlich
reduzierte Proliferationsaktivitat der orchiektomierten Gruppe (14H) [17,18].

Hershberger Assay

-validiertes System zur Ermittlung androgener Wirkungen

|d, I——:- Orchiektomie minnlich infantiler Ratten ‘

EL‘__‘L Behandlungsbeginn

Tagliche Applikation der Testsubstanz
Uber 7 Tage p.o.

RERRRR

‘ dys )——' Dekapitation und Organentnahme

Hershberger et al. (1953) Proc Soc Exp Biol Med
Abb.12 Hershberger Assay
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Hershberger Assay: gesamte Prostata
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Abb.13 Hershberger Assay: gesamie Prostata
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Abb.14 immunhistochemische anti-AR Firbung der Rattenprostata: obere Reihe von iinks nach rechis A, B, C
Immunhistochemische PCNA Firbung der Raltenprostata: untere Reihe von links nach rechis G, H, |
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Neuropsychologische Auswirkungen und Verhaltensstérungen [2]

Einfluss auf die Stimmung:

Glukokortikoide beeinflussen diverse Aspekie des menschlichen Verhaltens,
insbesondere Schlafmuster, Stimmung und Sinneswahrnehmung. Die Dauer des
REM-Schlafs ist signifikant verklrzt bei Patienten mit Cushing-Syndrom und selbst
bei gesunden Menschen, die pharmakologische Dosen von Glukokortikoiden oder
ACTH verabreicht bekommen. Durch klinische Observation konnten sehr
gegenteilige Beobachtungen die Stimmung betreffend festgestellt werden: Einige
Patienten litten unter schwerer Depression wobei andere zu Euphorie neigten. Es
gibt jedoch hierzu keine sicheren Daten.

Plihal et al. [19] untersuchten die Auswirkungen von Dexamethason (dmg/Tag) und
Cortisol (10mg/h) 7 Tage lang auf das zentrale Nervensystem bei 10 gesunden
méannlichen Probanden. Dabei stellte sich heraus, dass Dexamethason wie Cortisol
akut die Aktivitat, Konzentration steigerte und Erregung verursachte. Langere
Administration fihrte zu meist negativen Stimmungsverdnderungen wie Depression
und Traurigkeit.

Viele Zellen des zentralen Nervensystems besitzen GRs. Die entsprechenden
Zellantworten auftern sich in Verdnderungen in der elektrischen Aktivitat wie zum
Beispiel Hyperpolarisation der Zellmembran oder auch Unterdriickung der spontanen
elektrischen Aktivitat.

Glukokortikoide und Asthma

Glukokortikoide sind aus der heutigen Medizin nicht mehr wegzudenken.
Insbesondere ihre entziindungshemmenden Eigenschaften bei Asthma bronchiale
sind konkurrenzlos. Die meisten eingereichten Therapeutic Use Exemptions (TUE)
im Leistungssport betreffen Glukokortikoide [20].

Die Entzindung der Atemwege ist der Hauptgrund fir immer wiederkehrende
Asthmaanfélle. Die Glukokortikosteroide bekdmpfen die chronische Entziindung der
Bronchien und die Uberempfindlichkeit der Atemwege. Die gefiirchteten
Nebenwirkungen dieser Steroide kdénnen zumindest das Asthma betreffend
vernachlassigt werden, da Kortikosteroide nun auch als Inhalationspraparate zur
Verfigung stehen. Inhalierte Kortikosteroide wirken in den Bronchien mit einem
zehntel oder hundertstel der Dosis, die benétigt werden wirde bei systemischer
Gabe. Behandlung von Asthma mit inhalierten R;-Agonisten, aul3er Clenbuterol, und
Glukokortikoide kénnen bekanntlich im Leistungssport Uber die Abbreviated
Therapeutic Use Exemption (ATUE) angefordert werden (vgl.hierzu: [21]).

Glukokortikoide und sportliche Leistungsfihigkeit
Eine Metaanalyse der durchgefuhrten Studien zur Frage der leistungssteigernden
Wirkung von Glukokortikoiden lasst hingegen keinen signifikant leistungssteigernden
Effekt zumindest im Hochleistungssport erkennen [20].

Wirkmechanistisch ist nahe liegend, die in der Literatur klinischer Berichte
beschriebene euphorisierende Wirkung von (niedrigdosierten) Glukokortikoiden [19]
mit einer méglichen leistungssteigernden Wirkung in Zusammenhang zu bringen.

Gleichwohl dokumentieren die vorgelegten endokrinpharmakologischen Befunde
eine schwache androgene Partialwirkung, die sich insbesondere in Sportarten mit
hoher Kraftkomponente entfalten kénnte; mechanistisch denkbar wére schliesslich,
dass diese schwache Androgenitét insbesondere bei Frauen im Leistungssport
Wirkung zu erzielen vermag; wie dies auch in einem Diskussionsbeitrag von

12
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Professor Dickhuth basierend auf seinen Erfahrungen in der Betreuung von
Leistungssportler(-innen) bestatigt wird.

Fazit

Es wurde aufgezeigt, dass die Gabe von Glukokortikoiden mit erheblichen
Nebenwirkungen behaftet sein kann, inshesondere — wenn wie im Leistungssport —
suprapharmakologische Dosierungen eingesetzt werden; diese erheblichen
Nebenwirkungen sprechen wohl auch weiterhin fir die Achtung dieser
Substanzklasse als Dopingmittel.
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On the Androgen-Sensitivity of Morphology and Immunohistochemical
Reaction of the Prostate and Seminal Vesicle in Rats:
Special Reference to the Effect of Bisphenol-A on the Androgen Receptor
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'nstitute of Public Health Research, Technical University of Munich/Connollystr. 32, 80809 Munich,
Germany, and Institute of Dopinganalytics and Sportbiochemistry Kreischa/Dresdener Str. 12, 01731
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2Lanzendorferweg 14, 14089 Berlin, Germany

ABSTRACT
In the Hershberger assay, densitometric analysis of androgen receptor (AR), cell proliferation marker (Ki-67,
PCNA) and morphometric analysis of epithelial height/glandular luminal area, all parameters responded to
orchiectomy and the replacement with testosterone, indicating to be suitable and reliable for an assessment of the
androgenicity of substances. Using these androgen-sensitive parameters, we evaluated effects of bisphenol-A
(BPA)in orchiectomized Wistar rats. Animals were treated p.o. either with vehicle or with 3, 50, 200, 500 mg/kg
bw/day BPA (n = 13) for 7 days. One group was treated s.c. with 1 mg/kg bw/day testosterone propionate (TP).
Flutamide (FL) (3 mg/kg bw/day, p.o.) was used to antagonize androgen effects of the suprapharmacological
dose (500 mg/kg bw/day) of BPA. In contrast to TP, BPA exerted no effect on absolute weights of prostates and
seminal vesicles, whereas the relative weights were increased at higher doses of BPA, most likely due to a
decrease in body weight. FL did not show any antagonistic effects. Staining intensity for AR immunoreactivity
was increased at low but not at higher doses of BPA in comparison to the orchiectomized rats. Although BPA at
all doses tested did not cause an increase in the cell proliferation-index, the epithelial height and glandular

luminal area of prostates and seminal vesicles were increased by low doses of BPA. The increase in AR, the
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epithelial height and luminal area without affecting organ weights and proliferation-index might be due to a
weak androgen-like property of BPA. The present results indicate that the combined application of these
parameters may provide an additional tool to test the broad spectrum of endocrine active substances such as

endocrine disruptors.

Key Words: Hershberger test, Bisphenol-A, Androgen receptor
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EREET L, BRI FHECHEEREGH TEL, pENLWBUTOHEEEE L L.
e, #EEAIRIZIL GraphPad Instat software (Intuitive Software for Science, San Diega, CA,
USA} & AU e,

2.4 EpsRRRO ADEMREE

AERDT BMERER LOEM, HE, FEICHT HEE) 0 1998 £ 5 5 26 A RS OBWIRE
1% (BGBL. 1S. 1105, 18181 T TIT > 7=,

3. =BREE

3.1 Hershberger &

BPA DEAZ (G, 50 meg/ke) TIIBEE, RIZNERUCHEBOEMER/LEZICEMIB AN L)
e, BEE(20 XU 500ng/ke) D5 THEDED RUFIZER R ED LLEEOHE 2B
MNELH, EHEECEMEIR SN2 7=(Tab. 1) (Fig. 2, Fig. 3), BPA 500mg/kg HEOE
BT FL OBFRIZ £ 0 Bk Uiedr o7z, BPA 200, 500mg/ke & TR BPA 500mg/ketFL ¥ SEE OB T
HH L B A FAREROED TN THCA A D ITEE LIS RAREEEERNRD DL,
3.2 AR B8 EDRAE (densitometry)

polvclonal Fiff(sc—815) & A iEE., EEBHO AR LECEEEILITOEY Thot- @ Bl
SEERTCIE intact BE=75%21, EEFE=43+12, TP B=611=24, BPA 3mg BE=65127, BPA 50mg
F=57L19, BPA 200mg B¥=48118, BPA 500mg #£=3919, BPA 500mg+FL F#=33+t10 T, HET
T intact BE=42+17, EEFE=11£10, TP BE=19=+11, BPA 3mg #=8=%5, BPA 50mg BE=11=E15,
BPA 200mg £ =7=+3, BPA 500mg =311, BPA 500mg+FL B¥=15+17 Th -7,

EROERYL, FRLBIZ DV TRTHE intace #E TP EOEEIEEHOTRIZLEAEL, H
BEENED LR (pC0.05), —7FF, BPA B 5B T dmg & S0mg T AR RBEOHER EANESL
., BHEO 200ng THEEZE, 500mg TEHEAET U, #F, BPA 500mg @ fERE FL #H
ILh>THREHEAB RSN,

BEICE L TREREC LS ARUEOETE TP EEIC L VEEOERE R LEZY, EEEL OM
ILFEEESTR DR o, EEEBWIC BPA 2B 5 LB EEE2AEKREREEIE A
Moio,

EROEFEZHEET S HH T nonoclonal Fifk (554224) 2 AWVEINZIRIZ D E 3R~ HEE O AR Lo/
OENEIIROBY THhD @ intact FE=104+20, EFHFE=56+17, TP FE=77+22, BPA 3mg #%
=99+7, BPA 50mg £=1031+23, BPA 200mg F¥=78116, BPA 500mg #¥=49123, BPA 500mg+FL
=366 Th-o7z (Fig. 5),

FATE DR, polvclonal MEDHE LFARIC, intact B L TP HORAREIEZHOLL
THEUELEL, BB I0ET L ARES TP RS L 0 ERETH L AEMEB AN, BPA %
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3mg, 50mg KR 200mg 5 U7o3E CIIRB BT AR HIZH ER LR 2R LA, 500mg
BETEEER <, 500ng+FL S TIME T L2,

3.3 MpalEE~<T—h—

Ki-67 #4518 & LRz R A EIT intact BEC 8529% \ BB TOE1%, TPET
90+2%TH -~ 7=, BPA BEFETIT 3mg T 10+1%, 50mg T 8*+1%, 200mg T 2%, 500mg T 1%,
500mgtFL ¢ 1% Cd -7~ (Fig. 6a),

PCNA H4515 & L7336 b RREORE RS bz Fig. 6b) : intact BT 909% | R
BETC 10£2%, TP BET 889%Tdh -7, BPA EFE 3mg T 2%, 50mg T 4%, 200mg T 2%, 500mg
T5HE1%, 500mg+FL T6EX1%Th -7,

DLET O~ — I —E W R T, BITIR R MR o# R B X 0 FERII D L
TP D517 L - T intact O LY ETEIE T 545, BPA IIEMERIZIZ L A SR L
LEBRD BN,

3.4 AIIIR EROE S &AM REEOETE

Fig., 7Ta {Zd40<, BISCIR L OB &1X intact BEE TP #5-8HEIC 1722,um ©, EBFE T
NEtlun THEERELDPRE LN, BPA E5HR O dng T 14+2um, 50mg BT
MWr2um TEBICLZEAO—HEENR RS, 200ng BT 10T 1um T, 500mg FE(9+1
pmpk 500mgtFL B (81 pm) DEITRBBOEIZH L 0 EhoT,

—HFRER EEOBECELTHIRIERROMRNE ST (Fig. 7b} : intact BT 18E3 um,
TP % GET 1622um T, EEECHE 9+2un L OMICEESESR D B/, BPA HEEOEE
Smg BT 11x1lum, 50mg BEC 11£1 um, 200mg BT 8x1um, 500mg BET 81 um, 500mgtFL #
T8Elum THhoi,

SWIREEO TR HIE O EILE Sa b H0@E D ©, L HOEHE intact BT 131000+ 40000 ¢ nf,
FEBET 70005000 p o’ TP F5FE T 87000+ 30000 w m® T & - 7=, BPA FX5FE TIL 3mg T 23000
+16000 u m®, 50mg BT 2500012000 pm®, 200mg FEC 1500010000 u w®, 500mg £ T 4000 =500
um?, 500mg+FL T 40003000 pm® THh - 7=,

FEEIRCUT intact FET 11300080000  m?, EEEET 70005000 w m*, TP $-5-F£ T 151000 860000
um Cdro o, BPA FEFETIT smg T 3500043000 p ., 50meg FT 2700020000 u m’, 200mg 72
T 8000+ 3000 m?, 500mg B¥ T 4000+1000 u m®, 500mg+FL F T 3000+£2000 um? Tih > 72,
PLERISIIEE N BER T EEOR SR UG mREL BREEE L E R, 2B L0ENFERIZ
BTFL, ZRATPREICL->TEET A Z EAHE I, BPARAERSHE CL—EORENRA
Lo, ZAUTH LEHED BPA 2R E L2BE A LEOERE0RERETERE D b/,

1 BE

4.1 Parameter [ZDULVT
HEAEAMEORESBERB LS IAORLEENLRESAS Z EBHICHLA TS
(26,27), ZOFEORFNIAMY FOEEEIChZ 0 RRICHET S Z A HE, LALERME
DENZ IS, LA LI OFEEMEAE CIXESIl Lo Ty I asd kT i LETH
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WERLOTHELIRO KEECEN L TN EBESREZTHLZ EZbRTWA(28), ZhbDZ

EEEZEE LT, REBR CH Hershberger B2 AV, BIVECHREOERAED AR LT AR BT
IZ EFHER B R UNT AR A RBIC B8 L 7o parameter ORISR ERISIT LD Y EmE S

computer & 4" L 7= densitometry & UF morphometry ¢Z & D £ EEMZHE L,

4.1.1 Hershberger HB&

SE AT Hershberger EEF T R /7 Fub AAEROREES L TSETHILH

WENRTND, REBRTLIITREBEOEENRBIVELEHD L, TPORETEERET S

BB ENT, THERAAEREOEENRT P A B EL TWE Z & ard i, e

@ end point PEEDLTH L, BoNET—FORMIBRAIH S, FlAiE, =R ns

@ paradox effect & L THILN TWAREEEHIMERMZET LN S (18-20), HE-TT K

o FUAERAE LD ELSFMTORICEEERNA > 0SB R T A -2 — R ET L 2 LT

BTHDH,

4.1.2 PrFrOo5oRak&k

RISLAROBEEDN T & Rl Ak DR SN2 Z LITAMOEY THLHIN, Red 7T Fui

OETIZLEY Ty FEIVBTIZT T BHEREINDIZ EEBDHTWA(21), & 0 OUTRIIREM

RO AR ERT - e OB 15 2 L8R TEY (22,23), RivESCRERRT D

AR R REMBLENFETRAEL, FORELLEMCEETH Z L S HED (24,25),

FEBTHRVERFRED ARGHERROREIFERIEETEZEBICLVERICUETL, ZOET

P OEBYHHAEOREG TIZTERICEET S Z & AHEE IR,

413 mm:&tﬁwﬁﬁ

BT v FOEFERE, FEIER, IR, BREO LEMROEREST v FeF il kE R

FLTEY (36), @@i?ﬁf%ﬁﬁiﬁ%tﬁmmé&f} SWIRIEOERESETIC LoBP L, TP

HRIZLVFFIETEETEET L Z EB8TBHbM,

414 ﬂﬂﬂﬁﬁ?—h—

FEPE TR & b AT BT A SRR LR (PONAY R OF Ki-67 FUR IR I EIEEE OB~ —0

— & LTELHOBRA(37,38), PONA I cell cycle DAIEIEFERIORISERIIC IR T 5 36kDa

GERMEREE [ T (39, 40), DNA-polymerase delta }2 UF RF-C Z& =75 DNA prlmer—template junction

LEETHBIIERT A EmbS, REERAICLINEINASGBREICHT=5 SHOZEIZE DL LN

B, HF, Ki-87 FURE G IZ A BALARVDS, Gy, S, Gy MBICZEE L, FOoEEHiTEL, 18

TEEE RO~ —F — L i Shb (41, 42),

AEBRCLIVELIBEOR~—I—0T » R F ARIEESHEE AN,

4.1.5 BPADEH

Ty P T 3 HRCELATRB TCHREY A 0B ELEEL L84, BAKEIZL 5 BPA

D KA E/EA & (NOAEL) {3 50mg/ke/day T, ZHAZE SO TIEEAET Sne/ke/day ETEDH S

NTHA (3L, i, BEE cORERBOBEICLINE, BPA PEFHHE THLLITEZ LN

ThW(E2), ZALDRRESEIC LT, RERTIT BPA @ 3 ng/ke/day #EBEAE, 50-200

mg/kg/day ZEBEZAHE, 500me/ke/day B BB HE L Uiz, T OFEKin & (16) D#HE
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L [FBE, BPA R 58£(3, 50 mg/kg/day) CRIVEERBIIE(EAED N2 oTr, TR LEAED
BPA % 5B (200mg, 500mg/kg/day) THEN ) ORBEEM NN A O, ZHEERTIZED S
Ni-gskEd, THE VS EEEXEIERACE2EBERMICERT O TEEL RS, H
RTCER2BLERNCTACEE LA D BN, FAFEOBERAN Morissey 5 (29), Yamasaki 5
(30}, Tyl 5B X- THRIZHEE SN TS,

IEAE D BPA Bng, 50mg/kg /day) & EBEMICHRS LEHE, LEOS S L HWREEEOEN
BELIL, AT BPA RERET, TP REHL FRIZ, FIZEO AR EEDENHBTD BN D
LE—BOT FuF  RERP BPAICETET A bamBdsbnlE2 005, LLEIL
BREUBECBBEEIECEBLLNT, BE~——DEMNb R ONAN0Z Lk, BPA
DT R P oRERIEESE 2 Lo LR SRS,

—HEBOT BPA BT A P UAROUREERETH LB DHRFEZLoTHEINL TS
M, KIECHES 100ng/ke/day PAELOERSECZOEABE BRI S (12-14), BPA DEFETHE

BRAT > N FLigfEAORBMEIRED L AR THLN, RERTHRLIL BPA DE
ERFHMOTA P u FURERICL 2 b0 LIFHERIL B0, 85, =& bl CEER
EURBEOCHMEEBSHAEOEEAETS EERPGWRICTEE LAV E ST 5 (20,33),
s T, T A T PRECEET 2 2 LECALEMRIERO AR ORE RIS 2 RBINMICE D
LEEBANE, Bz, A Fa U dRIEEEMEREEL, BIBEY v Pl 05kl
BIESTAEZEO—D2OL LTHHMORTNAA(34), BPA BEIBMELTIET L Z Lic kY
BISTER IS IR ER A2 RIFT L IO B AL EE LD,

DB, 7y FORRLERURED AR O REAMA TG, MisFrEEl, MIEEEEORE
T—F OEITIZ LD BPA BT P U RERCHEIE TS 2 LR, IRLOFERED
LEZBICAVWONEFERSE S OWE, BUREPABICEREEZRIET L ADN S EHE
PR EED T - R 7 U EREERM A EEMIIFET 25 5 A TRI2LDLEFL LR
%o

5 ¥

5.1, Jv MIMBRUHEOCRBEE, AR, LEBROGE/HIBREOEE R UHBIETEN
EFCLOES L, Ty FeFrmETEET S,

5.2 FE7 v MORNVERUBEEESRES LESE, BPA OEHEE (30, 50mg/ke/day) T
BERE LN, BAE(200, 500mg/kg/day) T/ O~ ATERER D HLEE DML BPA
DEMERI L BEOEADIZERT 2 L Bbit s,

5.3,  BPA i 3,50, 200mg/kg/day DIRAET, TP & R, EBIC X 0 U RIr IR MR AR
DfE R EE R EEOEEE CHENEE S5,

5.4, BPAIEHAE TEFRORLRRUREED EEMREOE S RUDIWMROTREORDS 28 E
IZEE s 5,

5.5, EFE~—A—Ki-67 RUPCUA RIEHE L U/5&, BPA IHEAETEIRGIMAE O3B FEIC BB A B 2
A
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Lh b, HEMEAEFEIE O SR AR UNT B A A (B densitometry/morphometry {2
DAEEEMCRAEL-HER, BPA WHHRT L Fe s v RIEAOBETS L 2RBb 2, 5%
ZOHFERNSIMEEMESOT v Fa S RO EREIIRISLOLEEZD,
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Figure Legends

Tab. 1

Absolute and relative wet weights of prostates and seminal vesicles in intact and castrated (OX) rats.
Castrated animals were treated with either TP or BPA (3, 50, 200, 500 and 500+FL). Asterisks indicate
statistically significant differences (p<0.05) which refer to the castrated control group..

Fig. 1.

Experimental design of the Hershberger assay.

Fig. 2.

Comparison of body weights in [g] between the intact group, orchiectomized group (OX) and TP group in
relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate statistically significant
differences (p<0.05) which refer to the castrated control group.

Fig. 3.

Comparison of absolute wet weights of the whole prostate in [mg] between the intact group, OX group and
TP group in relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate statistically
significant differences  (p<0.05) which refer to the castrated control group.

Fig. 4.

All panels show photographs of the prostate. Zones are described according to McNeal (35).

A-H: Immunohistochemical staining of androgen receptor (s. red coloured cells) using monoclonal antibody
shows the transition zone of the intact group (A), OX group (B) and TP group (C) in relation to the
BPA-treated groups (D-H) (3, 50, 200, 500 and 500+FL). Original magnification 20x.

I-P: Immunohistochemical staining of MIB-5 (s. red coloured cells) showing the peripheral zone of the intact
group (I), OX group (T) and TP group (K) in relation to the BPA-treated groups (L-P) (3, 50, 200, 500 and
500+FL). Original magnification 10x.

Q-X: Immunohistochemical staining of PCNA (s. red coloured cells) showing the transition zone of the
intact group (Q), OX group (R) and TP group (S) in relation to the BPA-treated groups (T-X) (3, 50, 200, 500
and 500+FL). Original magnification 10x.

Fig. 5.

Densitometric values of the intact group, orchiectomized group (OX), TP group and the BPA-treated groups
(3, 50, 200, 500 and 500+FL) after immunohistochemical staining (monoclonal antibody) of the androgen
receptor in the prostate. Asterisks indicate statistically significant differences (p<0.05) which refer to the

castrated control group.

Fig. 6a.

Quantitative comparison of MIB-5-immunoreactive epithelial prostatic cells between the mtact group, OX
group and TP group in relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate
statistically significant differences (p<<0.05) which refer to the castrated control group.
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Fig. 6b.

Quantitative comparison of PCNA-immunoreactive epithelial prostatic cells between the mtact group, OX
group and TP group i relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate
statistically significant differences (p<0.05) which refer to the castrated control group.

Fig. 7a.

Comparison of epithelial height of prostate between the intact group, OX group and TP group in relation to
the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate statistically significant differences
(p<0.05) which refer to the castrated control group.

Fig. 7b.
Comparison of epithelial height of seminal vesicle between the intact group, OX group and TP group in
relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate statistically significant

differences (p<0.05) which refer to the castrated control group.

Fig. 8a.

Comparison of luminal glandular area of prostate between the intact group, OX group and TP group m
relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate statistically significant
differences (p<0.05) which refer to the castrated control group.

Fig. 8b.

Comparison of luminal glandular area of seminal vesicle between the mntact group, OX group and TP group
in relation to the BPA-treated groups (3, 50, 200, 500 and 500+FL). Asterisks indicate statistically
significant differences (p<0.05) which refer to the castrated control group.
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Tab. 1:
Prostate Seminal vesicle
mg mg/kg body weight mg mg/kg body weight
Intact 372 £ 61" 1453 £ 191* 236 £ 61" 928 * 243
oX 27 £13 116 £ 56 18%5 7723
TP 213 £31* 864 = 116" 141 £ 41* 573 £ 168*
BPA 3mg 3517 156 £79 165 7325
BPA 50mg 3014 142 £ 49 162 69 13
BPA 200mg 29+7 176 £ 52 173 100 % 30~
BPA 500my 265 166 * 37~ 17%5 94 % 24*
BPA 500mg + FL 288 185 £ 69* 17 %3 115 & 35*
14
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Fig. 1:

Hershberger Assay

- measures (anti-jJandrogenic effects of test chemicals on
accessory glands by means of organ weight measurements

—‘ Orchiectomy of male infantile rats ‘
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—

-—

—
—{ Sacrifice and harvest blood / organs

Hershberger et al. (1953) Proc Soc Exp Biol Med
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Fig. 3:
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Fig. 5:
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Fig. 6a, 6b:
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Fig. 7a, 7b:

[hm]

25
20 =
15 4

10 -

0 - ; . ;
& ok «° % ) ® O \
\“@ [¢) ja\ % 20 Y ‘-)““*?

Epithelial height of prostate

BPA in mg/kg bw/day p.o.

[bm]

30 - Epithelial height of seminal vesicle
20 -
10 -

0~ T ‘ w ‘

& ob 2 @ ‘s°“f:mx?"

BPA in myg/kg bw/day p.o.

20

162



Appendix

Fig.8a, 8b
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Fig.4A-4X
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Abstract—Small molecules such as indoles are attractive as inhibitors of tubulin polymerization. Thus a number of 2-phenylindole-
3-carbaldehydes with lipophilic substituents in both aromatic rings was synthesized and evaluated for antitumor activity in MDA-
MB 231 and MCF-7 breast cancer cells. Some 5-alkylindole derivatives with a 4-methoxy group in the 2-phenyl ring strongly inhibit
the growth of breast cancer cells with ICs, values of 5-20 nM. Their action can be rationalized by the cell cycle arrest in G»/M phase

due to the inhibition of tubulin polymerization.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The microtubule system is essential for a number of cel-
lular functions including mitesis and cell replication,
maintenance of cell shape, cellular transport, and motil-
ity. Microtubules are hollow fibers formed by the poly-
merization of «- and B-tubulin heterodimers. The
formation of microtubules and their depolymerization
is a dynamic process which can be interrupted by both
stabilization of microtubules and inhibition of polymer-
ization. A large number of natural products are known
to shift the dynamic equilibrium of the microtubule sys-
tem to one or the other side and abrogate the biological
functions of microtubules thereby. The taxanes and
some other natural products such as epothilones stabi-
lize the microtubule structures, whereas other agents
such as colchicine, combretastatin A-4, and the vinca
alkaloids inhibit the polymerization of «-/B-tubulin di-
mers.! Some of the natural products are characterized
by complex chemical structures which makes synthesis
and chemical modifications difficult. Others such as
combretastatin A-4 are based on rather simple scaffolds
which can easily be modified.”

Keywords: Phenylindoles; Breast cancer; Tubulin polymerization; Cell

cycle arrest.

* Corresponding author. Tel.: +49 041 9434821 fax: +49 941
0434820; e-mail: erwin.von-angerer@chemie.uni-regensburg.de

0968-0896/% - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/.bme.2007.05.030

The biological importance of microtubules makes them
an interesting target for the development of anticancer
drugs. For systematic studies on the use of antimitotic
agents in cancer therapy molecules with simple struc-
tures are very attractive because they allow extensive
chemical modifications. Examples are stilbenes,” aryl-
substituted heterocycles,® anthracenones,* benzophe-
nones,’, and analogues® to name only a few. A variety
of synthetic antimitotic compounds are based on the
indole structure.””1® In Figure 1, some aryl-substituted
indoles such as 1,713 2,14 315 and 4'% are presented.
Three of these examples carry a trimethoxyphenyl ring
which is considered as important for binding to the
colchicine site on tubulin.

An interesting aspect in the application of combretasta-
tin A-4 and related agents in cancer chemotherapy is
their antivascular effect.!” Since microtubules of the
cytoskeleton play a major rele in maintaining cell shape,
the elongated endothelial cells of the tumor neovascula-
ture are particularly sensitive to drugs that depolymerize
microtubules and degrade the cytoskeleton. In contrast
to drugs that target tumor angiogenesis compounds
such as combretastatin A-4 phosphate disrupt the
already formed tumor vasculature.!®

In a previous study we discovered that some methoxy-
substituted 2-phenylindole-3-carbaldehydes strongly
inhibit the growth of human breast cancer cells.'® Tnves-
tigations on the mode of action revealed that the micro-
tubules are the primary target of these agents. In an
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Figure 1. Chemical structures of combretastatin A-4, colchicine, and
of some indole-based synthetic inhibitors of tubulin polymerization.

assay with bovine tubulin a marked inhibition on tubu-
lin polymerization was observed. These indole deriva-
tives were also shown to inhibit the binding of
colchicine to tubulin. These findings prompted us to
study this class of compounds in more detail. Since these
derivatives of 2-phenylindole lack structural features
considered typical for inhibitors of tubulin polymeriza-
tion, for example, the 3.4, 5-trimethoxyphenyl group
which is characteristic for colchicine, combretastatin
A-4, and podophyllotoxin, the structural requirements
for activity had to be elaborated by a systematic varia-
tion of the substituents in both aromatic rings. Since
the first investigations showed that these substituents
should be lipophilic in nature, alkyl groups of variable
length were introduced. Halogen atoms and the trifluo-
romethyl group completed the spectrum of substituents.
The 1-position of the five-membered ring was kept
unsubstituted because the N-H element of the indole
is essential for the anti-proliferative activity.'® All deriv-
atives were tested for cytostatic activity. Since the inter-
action with the tubulin system usually results in an
arrest of the cell cycle in the Gy/M-phase, the most
potent compounds were submitted to a FACS analysis
to record the cell cycle distribution. A small number of

derivatives were studied for their inhibitory effects on
tubulin polymerization to confirm previous findings. A
representative example was used to investigate morpho-
logical changes of the cells by confocal laser microscopy.

2. Results and discussion
2.1. Chemistry

For the systematic variation of the substitution pattern
in both aromatic rings a versatile route of synthesis
was required. An appropriate procedure for the syn-
thesis of the substituted 2-phenylindoles 11 and 12
was the Bischler methed which invelved the condensa-
tion of a substituted aniline 9 with an a-bromophena-
cyl derivative 10 (Fig. 2). Subsequently, the formyl
group was introduced in position 3 of the indole by
a Vilsmeier reaction with DMF and POCl; to give
the 2-phenylindole-3-carbaldehydes 5 and 6. The reac-
tion of the aldehydes with methylamine and hydroxyl-
amine, respectively, afforded the corresponding imines
7 and 8.

2.2. Anti-proliferative activity

All of the compounds synthesized were first evaluated for
cytostatic activity using hormone-independent human
MDA-MB 231 breast cancer cells in a microplate assay.
Based on previous investigations with methoxy-substi-
tuted 2-phenylindole-3-carbaldehydes, first, a series of
compounds with a methoxy group in the para-position
of the phenyl ring and a variety of lipophilic substituents
in positions 5 and/or 6 of the indole including halogens
and alkyl groups of variable length were tested. Vincris-
tine was used as reference drug in most of the assays.
All  2-(4-methoxyphenyl)indole derivatives strongly
inhibited the growth of MDA-MB 231 cells with ICsq val-
ues below 1 uM (Table 1). The presence of fluorine in the
indole moiety gave only rise to a positive effect when
located in 6-position (5¢). The cytostatic potency is
strongly influenced by the length and the structure of
the alkyl substituent in 5-position. It increases with the
length up to 5 carbon atoms and decreases with ramifica-
tion as demonstrated for the butyl derivatives 5j-1. The
lowest ICsp values (5.5-7.4nM) were found for the
n-butyl (5j), n-pentyl (5m), and r-hexyl (5n) derivatives.
These values are close to the one of vincristine (4.5 nM).

Subsequently the substituent in the phenyl ring was
modified (Table 2). Shifting of the methoxy group to
the meta-position (6a) or introduction of an additional
methoxy (6b) or hydroxyl (6¢c) group into this position
strongly reduced the activity. A similar decrease in activ-
ity was observed when methoxy was replaced by a
n-butyl (6i) or a fluoro (6j) substituent. Replacement
of the 4-methoxy group by smaller groups such as
methyl, ethyl or trifluoromethyl had only a minor effect
on the potency. The lowest ICs, value (7.8 nM) was
recorded for the 4-methyl derivative 6e. The comparison
of derivatives with n-butyl and ethyl as substituents (6h
and 6i) revealed that the indole moiety tolerates larger
lipophilic substituents than the phenyl ring.
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CH,Br

5a-n, 6a-m

R, R2=H, alkyl, F, Cl, OCH,
Re=H, alkyl, F, OCH,, CF,
R¢=H, OH, OCH,

G (5b,j,m, Bk)

H

8a,b

Figure 2. Syntheses of 2-phenylindole-3-carbaldehydes § and 6, and of derivatives 7 and 8. Reagents and conditions: (a) xylene, N, N-dimethylaniline,
170 #C; (b) POCls, DMF, 15 — 70 °C, 3 h; (c) MeNH,, EtOT, 40 °C, 16 h; (d) H,;NOH"CI~, H,O/EtOH, NaOAc, reflux, 3 h.

Table 1. Anti-proliferative activities of 2-(4-methoxyphenyl)indole-3-
carbaldehydes Sa n on human MDA-MB 231 and MCF-7 breast
cancer cells o

H
R!
L)
2 N
R H
Compound R’ R? MDA-MB 231* MCF-7°
ICsp (nM) ICsp (nM)
5a OMe H 260 180
5b H OMe 35 160
S¢ H F 59 43
5d F H 540 240
Se H Cl 27 65
5f Me Cl 26 62
S5g Me H 86 140
5h Pr H 20 54
5i i-Pr H 29 97
Sj n-Bu H 6.7 22
sk sec-Bu H 72 180
51 -Bu H 280 580
Sm a-Pent  H 55 20
Sn n-Hex H 74 6.0
Vincristine 4.5 n.d.°

*Inhibition of cell growth determined after incubation for 4 days and
subsequent crystal violet staining of viable cells. Mean values of two-
independent experiments with 16 24 replicates, SD are less than 20%.

® Analogous experiment as described for MDA-MB 231 cells with one
exception: the incubation period was 5 days.

“Not determined.

Additional modifications concerned the aldehyde func-
tion. Conversion to the methylamines (7a-d) did not af-
fect the activity in comparison to the free aldehyde,

whereas the formation of oximes {8a and 8b) reduced
the anti-proliferative activity by one order of magnitude
(Table 3). This difference in bioactivity can be rational-
ized by the higher rate of hydrolysis of the methyl imines
in comparison to the oximes. Hydrolysis experiments
with 7b and 8a followed by HPLC analysis revealed that
7b undergoes significant hydrolysis to the aldehyde 5j at
37 °C, whereas 8a remains stable under these conditions.

All 2-phenylindole derivatives were also tested for anti-
proliferative activity in MCF-7 breast cancer cells
(Tables 1-3). Though similar activities were observed
in both cell lines a tendency to higher ICs; values in
MCF-7 cells was noticed especially for the two oximes
8a and 8b {Table 3).

2.3. Cell cycle arrest in G,/M-phase

Previous studies with 2-phenylindole-3-carbaldehydes
suggested that these aldehydes exert their cytotoxic
effects via tubulin as the intracellular target. Both the
inhibition of tubulin polymerization and stabilization
of microtubules can lead to an arrest of the cell cycle
in the Gy/M-phase. Thus, a selection of representative
derivatives including aldehydes, methyl imines, and
oximes was examined for their effects on the cell cycle
progression with MDA-MB 231 cells. The cell cycle-
dependent DN A content was determined by flow cytom-
etry using propidium iodide in permeabilized cells. All
compounds were tested in different concentrations and
compared with vincristine as reference drug. Figure 3
shows the typical decrease of the peak for cells in the
G1/Gp phase and the parallel increase of the number
of cells in G»/M phase for compound 5n. This derivative
and vincristine are rather similar in potency. Only at the
lowest concentration (10 nM) the vineca alkaloid proved
to be somewhat more active (Fig. 4a).
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Table 2. Anti-proliferative activities of 2-phenylindole-3-carbaldehydes 6a m on human MDA-MB 231 and MCF-7 breast cancer cells

Compound R! R? R? R* MDA-MB 231% 1Csq (nM) MCF-7* ICs, (nM)
5b H OMe OMe 51 33 160

6a H OMe H OMe 1030 390

6b H OMe OMe OMe 270 20

6¢ H OMe OMe OH 800 1650

6d H OMe Me H 31 100

6e H al Me H 7.8 37

61 Me H Me H 48 165

6g n-Bu H Me H 34 54

6h n-Bu H Bt H 27 58

6i Bt H n-Bu H 300 200

6j n-Bu H B H 350 200
6k n-Bu H CFs 51 33 66

61 n-Pent H CF H 42 67
6m n-Hex H CF; H 43 22
Vineristine 4.5 Hid

® Inhibition of cell growth determined after incubation for 4 days and subsequent crystal violet staining of viable cells. Mean values of two-

independent experiments with 16 24 replicates, SD are less than 20%.

® Analogous experiment as described for MDA-MB 231 cells with one exception: the incubation period was 5 days.

°Not determined.

Table 3. Anti-proliferative activities of 3-iminomethyl-2-phenylindoles 7 and 8 on human MDA-MB 231 and MCF-7 breast cancer cells

CH=NR®

Compound R! R? R? R® MDA-MB 231* IC, (nM) MCF-7* ICsy (nM)
Ta H OMe OMe Me 34 220
b n-Bu H OMe Me 6 27
Te n-Pent H OMe Me 6 21
7d n-Bu H CF; Me 32 140
8a n-Bu H OMe oH 40 212
8b n-Bu H CF; OH 497 1660

# Inhibition of cell growth determined after incubation for 4 days and subsequent crystal violet staining of viable cells. Mean wvalues of two-

independent experiments with 16 24 replicates, SD are less than 20%.

® Analogous experiment as described for MDA-MB 231 cells with one exception: the incubation period was 5 days.

All indole derivatives tested were able to block the cell
cycle in Go/M phase {Figs. 4 and 5). Generally, this
blockade was accompanied by the appearance of a sig-
nificant sub-G; peak (‘debris’) probably due to apopto-
tic processes. The cell cycle arrest occurs at
concentrations which were similar to those observed
for the inhibition of cell growth except for the oxime
8a which required a 10-fold higher concentration
(Fig. 5b).

2.4. Inhibition of tubulin polymerization
A rational explanation for the cell cycle arrest is the

inhibition of tubulin polymerization as it is also
observed for colchicine, combretastatin A-4, and many

other antimitotic agents. In order to prove this assump-
tion two aldehydes 5j and 6k, the imine 7bh, and the
oxime 8a were tested in a microplate assay to obtain pre-
liminary data on their interaction with tubulin. The pro-
gression of tubulin polymerization was measured
turbidimetrically at 350 nm over 28 min after the tem-
perature had been raised from 2 to 37 °C. At a concen-
tration of 5 uM, the aldehyde 6k and the oxime were
inactive, whereas 5j exerted a minor inhibition {(23%)
of tubulin polymerization. However, the imine 7b,
derived from the aldehyde 5j, strongly inhibited tubulin
polymerization. From the curves recorded for various
concentrations (Fig. 6) an ICsp value of 1.2 uM was cal-
culated which was lower than that of colchicine (5 pM)
in this assay.
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Figure 3. Flow cytometry analysis of ¢ell cycle. MDA-MB 231 breast
cancer cells were exposed to compound Sn and vincristing in various
concentrations for 24h. The DNA content was quantified by the
standard propidium iodide procedure, as described in Section 4. Cells
are assigned to those in Go/G;- (label b), S- (label ¢), and G,/M-phase
(label d), and to sub-G, cells (label a), respectively, according to their
DNA content.

A similar assay was performed with a tubulin prepara-
tion from calf brains using temperature-controlled

D. Kaufimann et al. | Bioorg. Med. Chem. 15 (2007) 5122 5136

cuvettes instead of microplates. This assay is more suit-
able for the determination of ICsp values than the micro-
plate assay because it works with larger volumes and
with a better temperature control. However, it requires
the multi-step isolation of tubulin from fresh calf brains
prior to the experiment. In this assay, the aldehydes Sa—c
and the imine 7a were tested for inhibitory activity on
tubulin polymerization in various concentrations. All
four compounds showed a dose-dependent inhibition
of polymerization with ICs5, values of 4.0 (5a), 1.5
(5b), and 1.8 uM (5¢ and 7a) (Fig. 7). The figures for
the latter three compounds are similar to that of colchi-
cine (1.9 pM). These concentrations are nearly two or-
ders of magnitude higher than those observed for the
anti-proliferative effect and the blockade of cell cycle
progression. However, this discrepancy in the effective
concentrations is generally noticed for antimitotic
agents such as combretastatin A-4 and related
structures.!?13.16.20

2.5. Change of cell morphology

Another method to identify the intracellular target of
the 2-phenylindole-3-carbaldehydes was the histological
examination of cells by fluorescence microscopy. Confo-
cal laser microscopy allows the simultaneous visualiza-
tion of chromatin and microtubules and the analysis
of their spatial arrangement. Untreated U-87 MG hu-
man glioma cells display the normal distribution of
microtubules (Fig. 8, panel A). In dividing cells their
functional role can be demonstrated (Fig. 8A, panels
a—c). Treatment of cells with 10 nM vincristine gave rise
to a disruption of the microtubule network and a loss of
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Figure 4. Cell eycle distribution of MDA-MB 231 cells treated for 24 h with 2-phenylindole-3-carbaldehydes 5 g, 5n (a), 5 (b), 6k, 6h (¢), and 6g (d)
in various concentrations. Vineristine (Vin) was used as reference drug. Percentages of sub-G, cells and cells in G,/Gy-phase, S-phase, and G,/M-

phase are shown. Data refer to a representative experiment out of two.
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Figure 6. Effect of methylimine 7b on tubulin assembly. Optical
density at 355 nm was measured every minute over a period of 28 min
simultaneously for all compounds and concentrations after tempera-
ture had been switched from 2 to 37 °C. Control wells contained
tubulin and the solvent (0.1% DMSO). The concentration of colchicine
was 5 pM.

its function in the mitotic process (Fig. 8, panel B).
When the cells were treated with the aldehyde 5j
{50 nM) the microtubules condensed around the nucleus
and were no longer capable of separating the chromo-
somes for mitosis (Fig. 8, panel C). The nucleus showed
chromatin condensation and disintegration of the nucle-
ar matrix probably due to an apoptotic cell death
(Fig. 8C, panel b).?!

2.6. Discussion

The aim of this study was to identify the most favorable
substitution pattern of the 2-phenylindole-3-carbaldehy-
des for antimitotic activity. Since hydrophilic substitu-
ents such as hydroxy functions have been shown to
reduce the antitumor effect dramatically'® only lipophilic
groups were considered. Preliminary investigations have

120
g 100 4
2
<
c 80
2
g
B o504
<
E
B 401 -
o —&— colchicine
£ —C— ba
2 *| W
E] —4A— B¢
= 01 = 7a

106 10"
Concentration [mol/l]

Figure 7. Inhibitory effects of various 2-phenylindole derivatives and
of colchicine on the polymerization of calf brain tubulin. Assembly of
microtubules was assessed turbidimetrically at 350 nm 20 min after the
temperature had been switched from 2 to 37 °C. Polymerization in the
absence of inhibitor gave the control readings. Values are means of
three-independent experiments +SEM.

shown that substituents in positions 1, 4, and 7 of the in-
dole and 3 in the phenyl ring had a detrimental effect on
the anti-proliferative activity. Thus, only substituents in
5- and 6-position of the indole and in the para-position
of the phenyl ring were modified. The most favorable
substitution pattern comprises an alkyl chain of 4 to 6
carbon atoms and a methoxy or a methyl group in the
phenyl ring. Though a number of synthetic indole-based
inhibitors of tubulin polymerization are known (Fig. 1)’
the structure of the 2-phenylindole-3-carbaldehydes is
unique because it possesses an aldehyde function and
lacks the 3.4,5-trimethoxyphenyl ring which is typical
for the majority of indole-based inhibitors of tubulin
polymerization, 111313162223 Other indoles with a
carbonyl function are the 2-aroylindoles.'#

Though the 2-phenylindole-3-carbaldehydes can be con-
sidered as stilbene analogues they differ from combre-
tastatin A-4 by the trans arrangement of the phenyl
rings. This may explain the lack of cytotoxicity of the
4,5,6-trimethoxy-2-(4-methoxyphenyl)indole-3-carbal-
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Untreated U-87
cells

U-87 cells, treated
with vincristine
(10 nM) for3 h

U-87 cells, treated
with 5j (50 nM)
for3 h

Figure 8, Effects of vincristine and 2-phenylindole-3-carbaldehyde §j on the organization of cellular microtubule network and nuclear structure of
U-87 MG human glioblastoma cells, visualized by confocal laser fluorescence microscopy. (Panel A) Untreated control cells which undergo normal
mitoses as shown in panels a, b, and ¢ (a, stained tubulin; b, stained nucleus; ¢, merged images). (Panel B) Vincristine (10 nM) leads to a disturbed and
partially degraded tubulin network that has lost its function (a, b, ¢). (Panel C) Indole 5§ (50 nM) causes a condensation of microtubules around the
nucleus and a loss of function (a, b, ¢). Some of the nuclei desintegrate upon treatment (b).

dehyde which is furnished with the 3,4,5-trimethoxyphe-
nyl group (data not shown). Also the low activity found
with 6¢ which possesses the same substitution pattern as
that of the second phenyl ring of combretastatin A-4 is
in agreement with these considerations. The results of
this and other studies suggest that the colchicine binding
site tolerates a large variety of different chemical struc-
tures as long as they contain two aromatic moieties with
appropriate substituents.>>

From the data presented the primary site of action
appears to be the o/B-tubulin heterodimer whose poly-
merization is strongly inhibited by the aldehydes tested.
This action results in the destruction of the microtubule
network and abrogates its function. This action can be
visualized by fluorescence microscopy as demonstrated
for the aldehyde 5j. Already at a concentration of
50 nM the microtubules condense around the nucleus
and the filament structure is lost. At higher concentra-
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tions most of the microtubules have disappeared.’® This
change is accompanied by a structural alteration of the
nucleus which desintegrates probably due to apoptotic
processes.

Interesting results were obtained from the comparison of
the aldehydes with the derivatives that possess an imine
structure. In the cytotoxicity assays all of the methyl
imines showed activities identical to those of the corre-
sponding aldehydes which can be rationalized by the
hydrolysis of the imines. The hydrolytic conversion of
the imine to the parent aldehyde was confirmed by HPL.C
analysis. A significant difference was observed when
experiments such as the inhibition of tubulin polymeriza-
tion last only for a short period of time. The imine 7b
proved to be much more potent as inhibitor of tubulin
polymerization than the corresponding aldehyde 5§. This
difference may be due to a higher binding affinity of the
imine for tubulin compared to the aldehyde, but this
assumption has not yet been proved. The oximes which
are shown to be resistant to hydrolysis at 37 °C are less
active than the corresponding aldehydes by one order of
magnitude. This difference is reflected by their inactivity
in the tubulin polymerization assay (data not shown).

3. Conclusion

This study revealed that the 2-phenylindole-3-carbalde-
hydes are an interesting class of compounds with high
anti-proliferative activity in two breast cancer cell lines.
We were able to show that tubulin is the primary target
of these agents which inhibit the polymerization of tubu-
lin to functional microtubules by binding to the colchi-
cine binding site. This interaction with tubulin leads to
cell cycle arrest in the G»/M phase and probably leads
to an apoptotic cell death. The in vitro potencies of some
of the aldehydes are in same range as those of vincristine
and combretastatin A-4. Preliminary investigations on
the in vivo activity, however, showed that these alde-
hydes do not inhibit the growth of transplanted murine
tumors. One of the possible reasons might be the instabil-
ity of the aldehyde function toward metabolic reactions.
Insufficient bioavailability could be another reason. In
order to overcome this problem we are going to modify
the carbonyl function to improve the metabolic stability
of this essential structural element. Two of these modifi-
cations, conversion of the aldehydes to methyl imines
and oximes, respectively, are included in this study.
Though both types of imines are active, their mode of
action seems to be different. Results from other modifica-
tions will be reported in due time.

4. Experimental
4.1. General methods

Melting points were determined on a Biichi 510 appara-
tus and are uncorrected. "H NMR spectra were recorded
on a Bruker AC-250 spectrometer with TMS as internal
standard and were in accord with the assigned struc-
tures. Mass spectra (PI-EI MS) were measured on a

Varian MAT-311A spectrometer at 70 eV. Purity of all
compounds was checked by TLC. Elemental analyses of
crystalline compounds were performed by the Mikroanal-
ytisches Laboratorium, University of Regensburg. The
syntheses of S5-methoxy-2-(4-methoxyphenyl)indole-3-
carbaldehyde (5a), 6-methoxy-2-(4-methoxyphenylindole-
3-carbaldehyde (5b), and 6-fluoro-2-(4-methoxyphenyl)-
indole-3-carbaldehyde (5¢) have been described
previously. '

4.2. Preparation of 2-phenylindoles 11 and 12

A solution of 4'(3")-substituted 2-bromoacetophenone
{26 mmol) in xylene (150 mL) was added dropwise to a
solution of the substituted aniline (66 mmol) in N,N-
dimethylaniline (15 mL) at 170 °C over a period of 1 h.
The reaction mixture was stirred at this temperature
for 3-24 h. After cooling, the dark brown solution was
poured into 400 mL of a 2N HCVEtOAc mixture
(1:1). The aqueous phase was extracted twice with
EtOAc (200 mL). The organic phase was washed with
sat. NaCl solution and dried over Na>sSO,. The solvent
was removed under vacuum and the product was puri-
fled by column chromatography (SiO,) with different
mobile phases on the basis of dichloromethane and sub-
sequent crystallization.

4.2.1. 5-Fluoro-2-(4-methoxyphenyl)indole (11d). Color-
less crystals (21% yield), mp 215 °C. "H NMR (DMSO-
dg) 6 3.83 (s, 3H, —OCH,); 6.81 (d, */ =2.0 Hz, 1H,
indole-H); 6.88 {(dd, *J=22Hz, “J=2.0Hz, 1H,
indole-H*): 7.03, 7.77 (AA'BB’, 3 =8.8 Hz, 4H, phe-
nyl-H): 7.23 (d, 37 = 8.0 Hz, 1H, indole-H"); 7.33 (dd,
37=8.0Hz, *J= 2.2 Hz, 1H, indole-H®); 11.50 (s, 1H,
N-H). Anal. for C;sHoFNO; caled C, 74.68; H, 5.01;
N, 5.81; found C, 74.39; H, 5.08; N, 5.77.

4.2.2. 6-Chloro-2-(4-methoxyphenyl)indole (11e). Green-
ish solid (71% yield), mp 198 °C (EtOH). 'H NMR
{(CDCls) 8 3.86 (s, 3H, -OCH3); 6.64 (s, 1H, indole-
H%; 7.07, 7.49 {AA'BB’, >J=9 Hz, 4H, phenyl-H);
7.25 (dd, °J =8 Hz, *J =2 Hz, 1H, indole-H>); 7.49 (d,
4J=2Hz, 1H, indole-H); 7.59 (d, >/ =8 Hz, 1H, in-
dole-H4); 8.32 (s, br, 1H, N-H). Anal. for C;5H>CINO;
caled C, 69.91; H, 4.69; N, 5.46; found C, 69.12; H, 4.48;
N, 5.54.

4.2.3. 6-Chloro-2«(4-methoxyphenyl)-5-methylindole (11f).
The preparation afforded two products, 11f (22% yield)
and isomeric 4-chloro-2-(4-methoxyphenyl)-5-methylin-
dole (14% yield), which were separated by column chro-
matography. The main product (11f) was obtained as
colorless solid, mp 198 °C (EtOH). '"H NMR (DMSO-
dg) 6 2.37 (s, 3H, -CHz); 3.81 (s, 3H, ~-OCHa); 6.70 (s,
1H, indole-H?); 7.03, 7.76 (AA'BB’, 37 = 9 Hz, 4H, phe-
nyl-H); 7.36 (s, 1H, indole-H*): 743 (s, 1H, indole-H");
1143 (s, 1H, N-H). Anal. for C;gH4CINO; caled C,
70.72; H, 5.19; N, 5.15; found C, 70.49; H, 5.21; N, 5.10.

4.2.4. 2-(4-Methoxyphenyl)-5-methylindole (11$). Color-
less crystals (30% yield), mp 237 °C (EtOH). 'H NMR
(CDCls) § 246 (s, 3H, ~CH;); 3.88 (s, 3H, ~OCH,);
6.66 (s, 1H, indole-H?); 7.00-7.61 (m, 3H, indole-
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H*®7); 7.00, 7.61 (AA'BR’, >/ =9 Hz, 4H, phenyl-H);
8.19 (s, br, 1H, N-H). Anal. for C;¢H;5NO; caled C,
80.98; H, 6.37; N, 5.90; found C, 80.46; H, 6.11; N, 5.80.

4.2.5. 2-(4-Methoxyphenyl)-5-z-propylindole (11h). Color-
less crystals (20% yield), mp 195-196°C (EtOH). 'H
NMR (CDCly) & 0.96 (t, >J=7Hz, 3H, -CH,-CH-);
1.68 (sext, J=7Hz, 3H, —-CH,CH,CH3); 2.67 (t,
3J=7Hz, 3H, £H2—CH2—2; 3.84 (s, 3H, -OCH,); 6.64
(d, 7= 1 Hz, 1H, indole-H>); 6.94-7.01 (m, 1H, indole-
H®); 6.96, 7.26 (AA'BB', >J = 9 Hz, 4H, phenyl-H); 7.26
(d, 3J=7Hz, 1H, indole-H"); 7.39 (s, 1H, indole-H?);
8.13 (s, br, 1H, N-H). Anal. for C;sHsNO; caled C,
81.48; H, 7.22, N, 5.28; found C, 81.23; H, 7.32; N, 5.18.

4.2.6. 5-Isopropyl-2-(4-methoxyphenyl)indole (11i). Col-
orless crystals (14% yield), mp 203 °C (EtOH). 'H
NMR (DMSO-ds) & 1.24 (d, f=7Hz, 6H, —-CH-
{CHs),); 2.93 (sept, >J =7 Hz, 1H, -CH~(CHa;),); 3.80
{s, 3H, ~OCHs); 6.68 (d, 1H, *J=2Hz, indole-H?);
6.96 (dd, *J=2Hz, >J=8Hz, 1H, indole-H®); 7.01,
776 (AA'BB/, *J=9Hz, 4H, phenyl-H); 7.26 (d,
4J=2Hg, 1H, indole-H*; 7.30 (d, >/ =8Hz, 1H, in-
dole-H”); 1126 (s, br, 1H, N-H). Anal for
CsH,NO; caled C, 81.48; H, 7.22; N, 5.28; found C,
80.34; H, 7.07; N, 5.18.

4.2.7. 5-n-Butyl-2-(4-methoxyphenyl)indole (11j). Color-
less crystals (76% vyield), mp 228°C (EtOH). 'H
NMR (DMSO-dz) 6 0.94 (t, >F = 7 Hz, 3H, -CH,-CIF);
1.38 (sext, 3] =7Hz, 2H, —CH,-CH,—CHj3); 1.65 (quin,
37=7Hz, 2H, -CH,-CH»CH,); 2.70 (t, 3/="7Hz,
2H, -CH,—CHy-); 3.85 (s, 3H, -OCH3); 6.63 (d, 1H,
47=2Hz, indole-H>), 6.94-7.01 (m, 1H, indole-H®);
6.96, 7.57 (AA'BB’, °J = 9 Hz, 4H, phenyl-H); 7.26 (d,
37 =8 Hz, 1H, indole-H"); 7.38 (s, 1H, indole-H*); 8.14
(s, br, LH, -NH). Anal. for C;gH,;NO; calcd C, 81.68;
H, 7.58; N, 5.01; found C, 81.51; H, 7.61; N, 4.97.

4.2.8. 5-sec-Butyl-2-(4-methoxyphenylindole (11k). Col-
orless crystals (38% vyield), mp 191°C (EtOH). 'H
NMR (DMSO-dg) 6 0.85 {t, "J=7Hz, 3H, -CHy-
CHy); 1.29 (d, 3J=7Hz, 3H, -CH-CHs); 1.65 (quin,
3J=7Hz, 2H, -CH,-CH3); 2.67 (t, *J=7Hz, 1H
—CH-CH;); 3.85 (s, 3H, -OCH,;); 6.65 (s, 1H, indole-
HY; 6.95-7.02 (m, 1H, indole-H®); 6.97, 7.57 (AA'BR’,
37 =9 Hz, 4H, phenyl-H); 7.30 (d, >/ =8 Hz, 1H, in-
dole-H7); 7.39 (s, 1H, indole-H*; 8.15 (s, br, 1H,
—NH). Anal. for C;gH»NO; caled C, 81.68; H, 7.58;
N, 5.01; found C, 81.51; H, 7.60; N, 4.94.

4.2.9. 5-tert-Butyl-2-(4-methoxyphenyl)indole (111). White
crystals (36% yield), mp 224°C (EtCH). '"H NMR
(DMSO-d)) & 1.24 (s, 9H, —(CHs)s): 3.80 (s, 3H,
—OCH,); 6.70 (d, *7=2Hz, 1H, indole-H%; 7.02, 7.76
gAA’BB’, 3/=9Hz, 4H, phenyl—Hg; 7.14 (dd, °J =2 Hz,
J =8 Hz, 1H, indole-H®); 7.29 (d, °J = 8 Hz, 1H, indole-
H'): 7.45 (d, “7=2Hz, 1H, indole-H*:; 11.25 (s, 1H,
—NH). Anal. for C;gH,NO; caled C, 81.68; H, 7.58; N,
501; found C, 81.31; H, 7.57; N, 4.91.

4.2.10. 2-(4-Methoxyphenyl)-5-n-pentylindole  (11m).
White solid (21% yield), mp 197-198 °C (EtOH). 'H

NMR (DMSO-dy) & 0.89 {t, J=7Hz, 3H, —-CH,-
CHs): 1.34 {m, 2H, -CH,CH,CH,); 1.66 (m, 2H,
~CH,CH,-CH,); 269 (t, 3J=7Hz, 2H, —CH,-
CH,-); 3.85 (s, 3H, ~-OCHa); 6.64 (d, *J =1 Hg, 1H, in-
dole-H*); 6.94-7.01 (m, 1H, indole-H®); 6.96, 7.57
(AA'BB', 3J = 9 Hz, 4H, Phenyl-H); 7.26 (d, >/ = 8 Hz,
1H, indole-H%; 7.39 (s, 1H, indole-H*; 8.13 (s, br,
1H, -NH). Anal. for CyyH,3NO; caled C, 81.87; H,
7.90; N, 4.77; found C, 82.05; H, 7.79, N, 5.33.

4.2.11. 5-n-Hexyl-2-(4-methoxyphenyl)indole (11n). White
solid (14% yield), mp 197-198 °C (EtOH). 'H NMR
(CDCl3) 6 0.88 (t, >J=7 Hz, 3H, -CH,-CH5); 1.32 (m,
2H, -CH,CH,-CH,); 1.65 (m, 2H, -CH, CH, CH,);
2.17 (m, 4H, -CH,{(CH)»CH,-); 2.71 (t, *J=7 Hz,
2H, —CH, CH,); 385 (s, 3H, ~OCH,), 6.64 (d,
57=1Hg, 1H, indole-H?); 6.94-7.01 (m, 1H, indole-H®);
6.97, 7.57 (AA'BB’, 37 =9 Hz, 4H, phenyl-H): 7.27 (d,
37 =8 Hz, 1H, indcle-H™); 7.39 (s, 1H, indole-H*; 8.20
(s, br, 1H, -NH). Anal. for C3;H»sNO; caled C, 82.05; H,
8.20; N, 4.56; found C, 82.04; H, 7.85; N, 4.42.

4.2.12. 2+3,4-Dimethoxyphenyl)-6-methoxyindole (12b).
Colotless crystals (15% vield), mp 161°C (EtOH). 'H
NMR (CDCly) é 3.85 (s, 3H, -OCHjs); 3.92 (s, 3H,
—OCHa); 3.96 (s, 3H, “OCH3); 6.65 (s, 1H, indole-H?);
6.79 (dd, /=7 Hz, 3/ =2 Hz, 1H, ArH); 6.88-7.15 (m,
4H, indole-H*>7, ArH); 7.47 (d, >J=7Hz, 1H, ArH),
8.20 (s, br, 1H, N-H). Anal. for C;;H7NOj3; caled C,
72.07; H, 6.05; N, 4.94; found C, 71.84; H, 5.99; N, 4.90.

4.2.13. 2-(3-Hydroxy-4-methoxyphenyl)-6-methoxyindole
(12¢). The title compound was not isolated, but used
immediately for the next step of synthesis.

4.2.14. 6-Methoxy-2-(4-methylphenyl)indole (12d). White
solid (42% yield), mp 162 °C (EtOH). 'H NMR (CDCl,)
8 2.40 (s, 3H, —CH5); 3.88 (s, 3H, -OCH3); 6.72 (s, br,
1H, indole-H®; 6.81 (dd, 37=8Hz, ‘T=2Hz 1H
indole-H?); 6.92 (s, 1H, indole-H"); 7.26, 7.50 (AA'BB’,
3J =9 Hz, 4H, phenyl-H); 7.24-7.32 {(m, 1H, indol-H*),
8.24 (s, br, 1H, N-H); MS m/z (%) 238 (16, [MH]™),
237 (90, M), 222 (100, [M—CH,l"), 194 ({12,
[M—""CO-CH;]").

4.2.15. 6-Chloro-2-(4-methylphenyl)indole (12e). Orange
solid (40% yield), mp 145°C (EtOH). 'H NMR
(DMSO-ds) 8 2.34 (s, 3H, —CH3); 6.87 (d, /=1 Hz,
1H, indole-H®); 7.00 (dd, /=8 Hz, *J=2Hz IH,
indole-H>); 7.28, 7.52 (AA'BB’, 37 =9 Hz, 4H, phenyl-
H); 7.38 (d, *J=2Hz 1H, indole-H"); 7.51 (d,
37=8 Hz, 1H, indole-H*; 11.64 (s, 1H, N-H). Anal.
for C;5H5CIN; caled C, 74.53; H, 5.00; N, 7.79; found
C, 7446; H, 5.02; N, 5.61.

4.2.16. 5-Methyl-2-(4-methylphenyl)indole (12f). White
solid (36% yield), mp 227 °C (EtOH). 'H NMR (CDCl,)
& 2.38 (s, 3H, -CH3); 2.44 (s, 3H, —-CHj3); 6.69 (s, 1H, in-
dole-H?); 6.99 (dd, °J = § Hz, *J = 1 Hz, 1H, indole-H®);
7.24,7.53 (AA'BB', 3J = 9 Hz, 4H, phenyl-H); 7.20-7.27
(m, 2H, indole-H*"); 8.19 (s, br, IH, N-H). Anal. for
Ci¢HysN; caled C, 86.82; H, 6.83; N, 6.35; C, 85.94;
H, 6.68; N, 6.21.
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4.2.17. 5-Butyl-2-(4-methylphenylindole (12g). Orange
powder (15% yield), mp 181-182 °C. "H NMR (CDCls)
3 094 (t, 3H, >J=7Hz, -CH,-CHs); 1.39 (m, 2H,
—-CH,-CH,-CH3); 1.65 (m, 2H, -CH,-CH»CH,-);
237 (s, 3H, —CH5); 2.70 (t, 2H, 3J=7 Hz, £H‘%f
CH,-); 6.70 (dd, 1H, *J =2 Hz, °J = 1 Hz, indole-H*);
7.01 (dd, 1H, >J=8Hz, *J=2Hz, indole-H®); 7.22
(m, 3H, indole-H’ and phenyl-H); 7.40 (s, 1H, indole-
H%); 7.51 (d, 2H, 3J = 8 Hz, phenyl-H); 8.16 (s, br, 1H,
N-H). Anal. for C;sH,N; caled C, 86.64; H, 8.04; N,
5.32; found C, 86.31; H, 7.65; N, 5.34.

4.2.18. 5-Butyl-2-(4-ethylphenyl)indole (12h). Yellow
powder (18% vield), mp 167-168 °C. 'H NMR (CDCls)
5 093 {t, 3H, *J=7Hz, -CH,-CH3); 1.26 (t, 3H,
3J=7Hz, -CH,CH3); 138 (m, 2H, —CH, CH,-
CHj); 1.65 (m, 2H, -CH,—CH»—CH>-); 2.68 (m, 4H,
—~CH»-CH; and —~CH,~CH»-); 6.71 (d, 1H, /=2 Hz,
indole-H*); 7.01 (dd, 1H, 37/ = 8§ Hz, *J =2 Hz, indole-
H%); 7.27 (m, 3H, phenyl-H and indole-H’); 7.40 (s,
1H, indole-H>); 7.57 (d, 2H, 3J = 8 Hz, phenyl-H); 8.21
(s, br, 1H, N-H). Anal. for CyH»3N; caled C, 86.59;
H, 8.36; N, 5.05; found C, 86.55; H, 8.07; N, 5.03.

4.2.19. 2-(4-Butylphenyl)-S5-ethylindole (12i). Orange
powder (20% vield), mp 183-184 °C. 'H NMR (CDCls)
3 090 (t, 3H, 2J=7Hz, -CH,-CH3); 1.21 (t, 3H,
3J=7Hz, -CH,CH;); 1.32 (m, 2H, —-CH, CH»
CH3j); 1.58 (m, 2H, -CH>CH,—CH,); 2.63 (m, 4H,
—CH>CH; and -CH,-CH,-); 6.74 (d, 1H, *J = 2 Hz, in-
dole-H*; 7.04 (dd, 1H, >/ =8 Hz, *J = 2 Hz, indole-H®;
731 (d, 1H, 3/ =8 Hz, indole-Hz?; 743 (s, 1H, indole-
H3); 7.56, 7.24 (AA'BB’, 4H, “J =8 Hz, phenyl-H);
8.22 (s, br, 1H, N-H). Anal. For CysH»N: caled C,
86.59; H, 8.36; N, 5.05; found C, 86.10; H, 8.33; N, 4.93.

4.2.20. 5-Butyl-2-(4-fluorophenyl)indole (12j). Orange
powder (48% vield), mp 140-142 °C. 'H NMR (CDCls)
3 094 (t, 3H, >J=7Hz, -CH,-CHs); 145 (m, 2H,
~CH,-CH,-CH3); 1.65 {m, 2H, -CH,-CH,-CHy); 2.70
{t, 2H, 3J =7 Hz, -CH,~CH,-); 6.69 (1, 1H, indole-
H*Y: 7.03 (dd, 1H, *J=8 Hz, *J=2Hz, indole-H®);
7.29 (d, 1H, 3J = 8 Hz, indole-H"); 7.41 (s, 1H, indole-
H3); 7.65, 7.13 (m, 4H, phenyl-H); 8.16 (s, br, 1H,
—NH-). Anal. for C;gH3FN; caled C, 80.96; H, 6.78;
N, 5.24; found C, 80.12; H, 6.65; N, 5.11.

4.2.21. 5-Butyl-2-{4-(trifluoromethyl)phenyllindole (12k).
Yellow powder (31% yields), mp 120-121 °C. '"H NMR
{CDCly) 6 0.94 (t, 3H, °J=7Hz, -CH,-CH3); 1.38
{m, 2H, -CH>-CH,-CH3); 1.70 (m, 2H, -CH,-CH>—
CHQ—‘?; 271 (t, 2H, ¥/ =7 Hz, —CHZ—CHQ—)i‘ 6.85 (d,
1H, *7=2Hz, indole-H"; 7.07 {dd, 1H, *J=§Hz,
4J=2Hz, indole-H®): 7.33 (d, 1H, 3J=8 Hz, indole-
H"); 7.43 (s, 1H, indole-H®); 7.74, 7.67 (AA'BB’, 4H,
37 = 8 Hz, phenyl-H); 8.29 (s, br, 1H, N-H). Anal. for
CyoH gF3N; caled C, 71.91; H, 5.72; N, 4.41; found C,
71.56; H, 5.85; N, 4.15.

4.2.22. 5-Pentyl-2-[4-(trifluoromethyl)phenylfindole (121).
Orange powder (32% vyield). The compound was directly
used in the following reaction step. "H NMR (CDCly) &
0.90 (t, 3H, *J = 7 Hz, -CH,-CH3); 1.34 (m, 4H, -CH,-

(CH,)»—CH,); 1.66 (m, 2H, -CH,~CH,-CH,"); 2.70
{t, 2H, *J =7 Hz, -CH>,-CH,-); 6.68 {d, 1H, *J =2 Hz,
indole-H*); 7.07 (dd, 1H, 7= § Hz, *J =2 Hz, indole-
H®; 7.32 (4, 1H, *J =8 Hz, indole-H’); 7.43 (s, 1H,
indole-H?); 7.74, 7.68 (AA'BB’, 4H, >J = 8 Hz, phenyl-
H); 8.29 (s, br, 1H, N-H).

4.2.23. 5-Hexyl-2-{4-(trifluoromethyl)phenyllindole (12m).
Orange powder (31% yield). The compound was directly
used in the following reaction step. 'H NMR (CDCly) &
0.88 (t, 3H, >J = 7 Hz, -CH,~CH>); 1.36 (m, 4H, -CH>—
(CH2)2£H3), 1.65 (m’ 41‘Ij 7CH27(CH2)27CH27 N 2.70
{t, 2H, /=7 Hz, -CH»CH>-); 6.87 {d, 1H, */=2 Hz,
indole-H*): 7.07 (dd, 1H, 37 =8 Hz, *J =2 Hz, indole-
H®; 7.33 (d, 1H, >/ =8 Hz, indole-H"); 7.43 (s, 1H, in-
dole-H%); 7.74, 7.67 (AA'BR’, 4H, 3J = 8 Hz, phenyl-H);
8.30 (s, br, 1H, N-H).

4.3. Preparation of 2-phenylindole-3-carbaldehydes 5 and 6

Under nitrogen, POCI; (10 mmol) was added dropwise
to DMF (10 mmol) at 15 °C. The mixture was stirred
for 15 min, then the solution of the respective 2-pheny-
lindole (1 mmol) in DMF (50 mL) was added dropwise
to the mixture, which was then heated to 70 °C. After
3 h of heating, the reaction mixture was diluted with
ice water {200 mL), neutralized with 40% NaOH, and
extracted with chloroform. The chloroform extract was
washed with water and dried over NaSO,. The solvent
was removed under vacuum. Crystallization of the resi-
due from methanol gave the pure product.

4.3.1. 5-Fluoro-2-(4-methoxyphenyl)indole-3-carbaldehyde
(5d). Beige crystals (85% yield), mp 250°C. 'H NMR
{(DMSO-dg) & 3.86 (s, 3H, -OCHa3); 7.05-7.13 (m, 1H, in-
dole-H); 7.15, 7.72 (AA’BB’, 37 = 8.7 Hz, 4H, phenyl-H);
7.44-7.89 (m, 1H, indole-H); 7.81-7.89 (m, 1H, indole-H);
9.92 (s, 1H, -CHO); 12.39 (s, 1H, N-H). Anal. for
CsH,FNO; caled C, 71.37; H, 4.49; N, 5.20; found C,
71.05; H, 4.39; N, 5.08.

4.3.2. 6-Chloro-2-(4-methoxyphenyl)indole-3-carbaldehyde
(5¢). Gray solid (28% yield), mp 260°C. 'H NMR
{DMSO-dg) 6 3.86 (s, 3H, -OCHas); 7.16, 7.73 {AA’
BB', 3J=9Hz, 4H, phenyl-H); 7.25 (dd, >/ =7 Hz,
*7=2Hz, 1H, indole-H?); 749 (d, *J=2Hz, 1H, in-
dole-H); 8.16 {d, >J = 7 Hz, 1H, indole-H*); 9.95 {s, 1H,
—CHO); 12.40 (s, 1H, N-H). Anal. for C;gH{»CINO:
caled C, 67.26; H, 4.23; N, 4.90; found C, 67.48; H, 4.44;
N, 4.76.

4.3.3. 6-Chloro-2+(4-methoxyphenyl)-5-methylindole-3-carb-
aldehyde (5f). Gray solid (28% yield), mp 287 °C. "H NMR
{(DMSO-ds) 6 2.43 (s, 3H, -CHy); 3.33 (5, 3H, -OCH3);
7.16, 7.73 (AA'BB’, *J=9Hz, 4H, phenyl-H); 7.49 (s,
1H, indole-H%; 8.14 (s, 1H, indole-H); 992 (s, 1H,
—CHO); 12.31 (s, br, 1H, N-H). Anal. for C;7H,CINO,;
caled C, 68.12; H, 4.71; N, 4.67; found C, 67.82; H, 4.85;
N, 4.68.

4.3.4. 2-(4-Methoxyphenyl)-5-methylindole-3-carbaldehyde
(5g). Gray solid (79% vield), mp 242°C. 'H NMR
{DMSO-dg) & 2.42 (s, 3H, —CHjy); 3.86 (s, 3H, -OCHS,);
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7.09 (dd, 3J = 9 Hz, *J =1 Hz, 1H, indole-H%; 7.15, 7.71
{AA'BB’, °J =9 Hz, 4H, phenyl-H); 7.36 (d, °J =8 Hz,
1H, indole-H"); 8.01 {s, 1H, indole-H*; 9.92 (s, 1H,
—CHO); 12.17 (s, br, 1H, N-H). Anal for C{7H;sNO;;
caled C, 76.96; H, 5.70; N, 5.28; found C, 76.57; H,
565, N, 5.17.

43.5. 2-(4-Methoxyphenyl)-5-n-propylindole-3-carbalde-
hyde (5h). Colorless solid (35% vield), mp 209°C. 'H
NMR (DMSO-dy) é 0.91 (t, > =7 Hz, 3H, -CH,-CIf);
1.63 (sext, *J=7Hz, 2H, -CH,»-CH>-CHa); 267 (1,
3J7=7Hz, 3H, -CH»—CH>); 3.86 (s, 3H, -OCHj), 7.10
{dd, “7=2 Hz, >J= 8 Hz, 1H, indole-H®), 7.15 und 7.70
(AA’BR', 3= 9 Hz, 4H, phenyl-H), 7.38 (d, 3/ =8 Hz,
1H, indole-H'), 8.01 (d, *7 =2 Hz, 1H, indole-H*), 9.93
(s, 1H, —-CHO), 1217 (s, 1H, N-H). Anal for
C1gH1sNOy; caled C, 77.96; H, 6.53; N, 4.77; found C,
77.55; H, 6.47; N, 4.80.

4.3.6. S-Isopropyl-2-(4-methoxyphenyl)indole-3-carbaldehyde
(5i). Colorless solid (34% yield), mp 217°C. 'H NMR
{(DMSO-ds) 6 1.25 {d, °J =7 Hz, 6H, -CH(CHy),); 2.99
{sept, >J =7 Hz, 1H, -CH-(CHs),); 3.85 (s, 3H, -OCH>);
7.15, 769 (AA'BR', *J =9 Hz, 4H, phenyl-H); 7.16 (d,
3J =8 Hz, 1H, indole-H®); 7.38 (d, 7= 8 Hz, IH, indole-
H’); 8.05 (s, 1H, indole-H*); 9.92 (s, 1H, -CHO); 12.16
(s, 1H, N-H). Anal. for CisHgNO,; caled C, 77.96; H,
6.53; N, 4.77, found C, 77.57; H, 6.45; N, 4.81.

4.3.7.  5-n-Butyl-2-(4-methoxyphenyl)indole-3-carbalde-
hyde (5f). Orange crystals (44% yield), mp 210 °C. 'H
NMR (DMSO-dy) 3 0.92 (t, *J = 7Hz, 3H, -CH,—CH>);
1.34 (sext, 3] =7Hz, 2H, —CH>-CH,—CHj3); 1.63 (quin,
3J=7Hz, 2H, -CHCH,—CH,); 2.73 (t, > = 7 Hz, 2H,
—CH>—CH,-); 3.89 (s, 3H, -OCH3); 7.22-7.24 (m, 1H, in-
dole-H®): 7.21, 7.67 (AA'BB’, 27 =9 Hz, 4H, phenyl-H):
7.22-7.24 (m, 1H, indole-H®); 7.52 (d, > = 8 Hz, 1H, in-
dole-H7): 7.57 (s, 1H, indole-H*), 8.71 (s, 1H, —-CHO);
13.19 (s, 1H, N-H). Anal. for CyH,NO,; caled C,
78.15; H, 6.89; N, 4.56; found C, 78.08; H, 6.83; N, 4.66.

4.3.8. 5-sec-Butyl-2-(4-methoxyphenyl)indole-3-carbalde-
hyde (5k). Slightly violet solid (68% vield), mp 179 °C.
'"H NMR (DMSO-dg) & 0.80 (t, *J=7 Hz, 3H, -CH,
CHy); 1.25 (d, 37 =7 Hz, 3H, -CH-CHy); 1.61 (quin,
3J=7Hz, 2H, -CH,-CH3); 2.69 (t, *J=7Hz, 1H,
7CH7CH°3); 3.86 (s, 3H, 7OCH33); 7.10-7.17 (m, 1H,
indole-H®), 7.15, 7.70 (AA'BB’, °J = 9 Hz, 4H, phenyl-
H); 7.39 (d, >/=8Hz, 1H, indole-H"); 802 (s, 1H,
indole-H%); 9.92 (s, 1H, -CHO); 12.14 (s, 1H, N-H).
Anal. for CygH2;NOg; caled C, 78.15; H, 6.89; N, 4.56;
found C, 77.81; H, 6.86; N, 4.51.

4.3.9. 5-tert-Butyl-2-(4-methoxyphenyl)indole-3-carbalde-
hyde (5I). Colorless solid (67% yield), mp 223 °C. 'H
NMR (DMSO-dg) 6 1.36 (s, 9H, —CH3); 3.86 (s, 3H,
—~OCH,); 7.15, 7.69 (AA'BB', >J =9 Hz, 4H, phenyl-
H): 7.36-7.42 (m, 2H, indole-H%"); 8.23 (s, 1H, indole-
H*%; 9.93 (s, 1H, -CHO); 12.13 (s, 1H, N-H); MS: m/fz
(%) =307 (61, M 1), 292 (100, [M—CHjs]").

4.3.10. 2-(4-Methoxyphenyl)-5-n-pentylindole-3-carbalde-
hyde (5m). Qrange crystals (60% yield), mp 182 °C. 'H

NMR (DMSO-dy) & 0.87 {t, J=7Hz, 3H, —-CH,-
CHz): 1.30 {(m, 4H, ~CH,—(CH>),-CH3); 1.62 (m, 2H, —
CH,-CH,—CH,); 2.68 (t, °J =7 Hz, 2H, -CH,-CH,-)
3.86 (s, 3H, —OCH,); 7.10 (dd, *J =8 Hz, *J=2Hz,
1H, indole-H®); 7.16, 7.70 (AA'BB’, 3J = 9 Hz, 4H, phe-
nyl-H); 7.38 (d, 37 =8 Hz, 1H, indole-H"); 8.00 (s, 1H,
indole-H*); 9.92 (s, 1H, -CHO); 12.18 (s, 1H, N-H),
Anal. for CsHs3INOs5; caled C, 78.47; H, 7.21; N, 4.36;
found C, 77.97; H, 6.70; N, 4.25.

4.3.11. 5-n-Hexyl-2-(4-methoxyphenyl)indole-3-carbalde-
hyde (5n). Orange crystals {60% yield), mp 176 °C. 'H
NMR (DMSO-dg) & 0.88 {t, >J=7Hz, 3H, —-CH,
CHs3); 1.29 (m, 6H, -CH»{CH,);—CHy); 1.61 (m, 2H,
—~CH,-CH>-CH,-); 2.68 (t, J=7Hz, 2?H, —-CH»
CH,-); 3.86 (s, 3H, -OCH,); 7.10 (d, 3/ =8 Hz, 1H, in-
dole-H®); 7.15, 7.70 (AA'BB’, >J = 9 Hz, 4H, phenyl-H);
7.37 (d, J =8 Hz, 1H, indole-H"); 8.00 (s, 1H, indole-
H*: 9.92 (s, 1H, -CHO); 12.17 (s, 1H, N-H). Anal.
for CsH»sINO»; caled C, 78.77; H, 7.51; N, 4.18; found
C, 77.95; H, 7.57; N, 4.25.

4.3.12. 6-Methoxy-2-(3-methoxyphenyl)indole-3-carbalde-
hyde (6a). White crystals (80% yield), mp 190°C. 'H
NMR (DMSO-d;) § 3.80 (s, 3H, -OCHs); 3.85 (s, 3H,
—0OCHs;); 6.80-8.10 (m, 7H, ArH); 9.94 (s, 1H, -CHO);
12.19 (s, 1H, N-H). Anal. for C;7HsINO;; calcd C,
72.58; H, 5.37; N, 4.98; found C, 71.97; H, 5.60; N, 4.61.

4.3.13. 2-(3,4-Dimethoxyphenyl)-6-methoxyindole-3-carbal-
dehyde (6b). Yellow crystals (55% yield), mp 210°C. 'H
NMR (DMSO-d;) & 3.81 (s, 3H, “OCH3); 3.85 (s, 3H,
—OCHa); 3.87 (s, 3H, -OCHx); 6.87 (dd, /=9 Hz,
4r=2Hz, 1H, phenyl-H®); 695 (d, */=2Hz, 1H, in-
dole-H); 7.15 (d, 3J=8Hz, 1H, indole-H%); 7.28 (d,
47=2Hz, 1H, phenyl-H2): 7.27-7.32 (m, 1H, phenyl-H);
8.05 (d, >J =8 Hgz, 1H, indole-H*; 9.95 (s, 1H, -CHO),
12.06 (s, br, 1H, N-H). Anal. for C;sH;7NOy; caled C,
69.44; H, 5.50; N, 4.50; found C, 69.23; H, 5.58; N, 4.22.

4.3.14. 2-(3-Hydroxy-4-methoxyphenyl)-6-methoxyindole-
3-carbaldehyde (6¢). Colorless crystals (57% yield), mp
253°C. 'H NMR (DMSO-dg) é 3.81 (s, 3H, -OCHs);
3.88(s, 3H,~OCHa); 6.85(dd,*J = 9 Hz,*J = 2 Hz, 1H, in-
dole-H®); 6.96-697 (m, 2H, phenyl-H>%); 7.16 (dd,
3J=8Hz, “/=2Hz 1H, Sphenyl-H(’); 7.28 (dd, *J = 2 Hz,
1H, indole-H™; 8.03 (d, /=9 Hz, 1H, indole-H*); 9.54
(s, IH, —OH); 9.93 (s, 1H, —-CHO); 11.99 (s, 1H, N-H).
Anal. for C;7H;sNOy; caled C, 68.68; H, 5.08, N, 4.71;
found C, 68.53; H, 5.02; N, 4.65.

4.3.15. 6-Methoxy-2-(4-methylphenyl)indole-3-carbaldehyde
(6d). Colorless crystals (60% vield), mp 250 °C. 'H NMR
(DMSO—a’%) J 242 (s, 3H, -CHs); 3.81 (s, 3H, -OCHs3);
6.87 (dd, *J=8 Hz, *J=2Hz, 1H, indole-H); 6.95 (d,
47=2Hz, 1H, indole-H"); 7.40, 7.63 (AA'BB’, *J =9 Hz,
4H, phenyl-H); 8.05 (d, °J =§ Hz, 1H, indole-H*; 9.91
(s, 1H, -CHO); 1217 (s, 1H, N-H). Anal for
C7HsNO,; caled C, 76.96; H, 5.70; N, 5.28; found C,
76.24; H, 5.89; N, 4.91.

4.3.16.  6-Chloro-2-(4-methylphenyl)indole-3-carbalde-
hyde (6e). Colorless crystals (57% vyield), mp 268 °C.
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'H NMR (DMSO-dg) & 2.42 (s, 3H, ~CH3); 7.26 (dd,
37=8Hz, *J=2Hz, 1H, indole-HY); 7.42, 7.68
{AA'BB', 2J = 9 Hz, 4H, phenyl-H); 7.50 (d, “/ =2 Hz,
1H, indole-H"); 8.18 (d, *J=9Hz, 1H, indole-H*);
9.96 (s, lH, -CHO), 12.46 (s, 1H, N-H). Anal. for
CsH1»CINOQ; caled C, 71.25; H, 4.48; N, 5.19; found
C, 71.45; H, 4.63; N, 4.86.

4.3.17. 5-Methyl-2-(4-methylphenyl)indole-3-carbaldehyde
(6f). Colorless crystals (48% vield), mp 226°C. 'H
NMR (DMSO-dg) 6 241 (s, 3H, -CH3); 243 (s, 3H,
—CH3); 7.10 (dd, 3J=8 Hz, =1 Hz, 1H, indole-H®);
7.40, 7.65 (AA'BB’, >J =9 Hz, 4H, phenyl-H); 7.39 (d,
37=8Hz, 1H, indole-H"); 802 (d, *J=1Hz, 1H, in-
dole-H4); 9.94 (s, 1H, -CHOQ); 12.20 (s, 1H, N-H). Anal.
for C{7HsNO; caled C, 81.90; H, 6.06; N, 5.62; found C,
81.64; H, 5.95; N, 5.38.

4.3.18. 5-Butyl-2{(4-methylphenyl)indole-3-carbaldehyde (6g).
Orange solid (68% yield), mp 175-178 °C. 'H NMR
(DMSO-ds) 6 0.92 (t, 3H, >/ = 7Hz, -CH,-CHs); 1.34
{m, 2H, -CH>-CH,-CH3); 1.61 (m, 2H, -CH,-CH,—
CH,-);, 241 (5, 3H, —CH,); 2.68 (t, 2H, 3J =7 Hz,
—CH, CH,); 7.13 {dd, 1H, *J=8Hz *J/=2Hz,
indole-H%); 7.41 {m, 3H, indole-H’, phenyl-H); 7.66 (d,
2H, 3J = § Hz, phenyl-H); 8.03 (s, 1H, indole-H*); 9.94
(s, lH, -CHO); 12.24 (s, br, 1H, N-H); MS: m/z
(%) = 291 (67, [M]"0); 248 (100, [M]*O-OC;H;). Anal.
for CygHy NO; caled C, 82.44; H, 7.26; N, 4.81; found
C, 81.22; H, 7.07; N, 4.12.

4.3.19. 5-Butyl-2-(d-ethylphenyl)indole-3-carbaldehyde (6h).
Yellow solid (46% yield), mp 178-180°C. 'H NMR
(DMSO-ds) é 091 (t, 3H, /=7 Hz, -CH,-CH;); 1.30
(m, 5H, -CH>-CHs, -CH>-CH,—CH3); 1.59 (m, 2H,
—CH»CH»CH,); 270 (m, 4H, —-CH»CH;, -CH>
CH,-); 7.11(dd, 1H,3J = § Hz,*J = 2 Hz, indole-H%); 7.39
gd, 1H, 3J =8 Hz, indole-H"); 7.67, 743 (AA'BR’, 4H,
/=8 Hz, phenyl-H), 801 (s, 1H, indole-H*; 9.93 (s,
1H, -CHO); 12.22 (s, br, 1H, N-H); MS: m/z (%) = 305
(90, [MJ'O);, 262 (100, [M]'O-OCsH;). Anal. for
CyH33NO; caled C, 82.59; H, 7.59; N, 4.59; found C,
81.38; H, 743; N, 4.21.

4.3.20. 2-(4-Butylphenyl)-5S-ethylind ole-3-carbaldehyde (6i).
Light brown solid {30% vield), mp 175-176 °C. "H NMR
{(DMSO-d;) 8 0.91 (t, 3H, >J =7 Hz, -CH,~CH>); 1.23(t,
3H, *7=7Hz, ~-CH,-CHs); 1.35 (m, 2H, —-CH,CH»
CHs); 1.61 (m, 2H, -CH,-CH,CH,); 2.70 {m, 4H,
—CH»CH,, -CH»-CH,); 7.17 (dd, 1H, 3J=8 Hz,
47=2Hg, indole—HG); 7.40 (m, 3H, indole-H’, phenyl-H);
7.66 (d, 2H, 37 =8 Hz, phenyl-H); 8.03 (s, 1H, indole-
H%; 9.94 (s, 1H, —CHO); 12.22 (s, br, 1H, N-H). Anal.
for CyHssNO; caled C, 82.59; H, 7.59; N, 4.59; found C,
81.55; 7.25; N, 4.16.

4.3.21. 5-Butyl-2-(4-fluorophenyl)indole-3-carbaldehyde (6j).
Orange solid (40% yield), mp 192-194°C. 'H NMR
{(DMSO-dg) 6 091 (t. 3H, 3J=7Hz, -CH,-CH>); 1.32
(m, 2H, -CHy-CH>CHz3); 1.60 (m, 2H, -CH>CH,>—
CH,); 2.69 (t, 2H, >/ = 7Hz, -CH,-CH,-); 7.13 {dd, 1H,
3J =8 Hz, *J =2 Hz, indole-H®); 7.43 (m, 3H, ndole-H7,
phenyl-H); 7.82 (d, 2H, phenyl-H); 8.02 (s, 1H, indole-

H*); 9.87 (s, 1H, -CHO); 12.30 (s, br, 1H, N-H); MS:
miz (%) =295 (64, [M] O); 252 (100, M]'O-OC;H>).
Anal for C;gHsFNO; caled C, 77.27; H, 6.14; N, 4.74;
found C, 76.40; H, 6.10; N, 4.60.

4.3.22. 5-n-Butyl-2-[4-(trifluoromethyl)phenyllindole-3-carb-
aldehyde (6k). Orange powder (45% yield), mp 230-231 °C.
' NMR (DMSO-dg) & 091 (t, 3H, /=7 Hz, -CH,
CIL), 133 (m, 2H, CH, CH, CHs); 1.60 (m, 2H,
“CH, CH, CHy); 2.70 (t, 2H, >/ =7 Hz, CHy CH,);
7.17 (dd, 1H, 37 =8 Hz, “J7=2Hz, indole-H®); 7.44 (d,
1H, 3/=8Hz indole-H%); 7.95, 8.00 (AA'BB', 4H,
37=8 Hz, phenyl-H); 8.05 (s, 1H, indole-H*; 9.97 (s,
1H, —-CHQO), 1248 (s, br, 1H, N-H). Anal. for
CooHsF5NO; caled C, 69.55; H, 5.25; N, 4.05; found C,
69.14: H, 5.18; N, 4.09.

4.3.23, 5-Pentyl-2-{4«(trifluoromethyl)phenyllindole-3-carb-
aldehyde (61). Yellow powder (32% yield), mp 226-227 °C.
'H NMR (DMSO-ds) & 0.88 (t, 3H, *J =7 Hz, -CH,-
CH3); 1.31 (m, 4H, —CHZ—(CH32)2£H3); 1.64 (m, 2H,
—-CH,-CH»-CH»-); 2.71 (t, 2H, °J =7 Hz, -CH»CH,-);
7.19 (dd, 1H, 3758 Hz, 7=2Hz, indole-H®); 7.46 (d,
1H, *J=8Hz, indole-H"); 797, 802 (AA'BB, 4H,
3J = § Hz, phenyl-H); 8.07 (s, I1H, indole-H*); 9.97 (s, 1H,
—CHO); 12.51 (s, br, 1H, N-H). Anal. for Cy H,Fs;NO;
caled C, 70.18; H, 5.61; N, 3.89; found C, 70.00; H, 5.49;
N, 3.62.

4.3.24. 5-Hexyl-2-{4«(trifluoromethyl)phenyllindole-3-carb-
aldehyde (6m). Yellow solid (34% vield), mp 224-225 °C.
'H NMR (DMSO-dy) § 0.85 (t, 3H, 3/ =7 Hz, -CH»—
CH3); 1.28 (m, 6H, -CH>(CH,);—CH3); 1.61 (m, 2H,
—CH,-CH»CH,): 2.69 (t, 2H, 3/ = 7 Hz, -CH,—CH,-);
7.16 (dd, 1H, 7 =8 Hz, 7= 2 Hz, indole-H®); 7.44 (d,
1H, /=8 Hz, indole-H"): 7.95, 8.00 (AA'BB', 4H,
3J = § Hz, phenyl-H); 8.04 (s, 1H, indole-H*); 9.97 (s, 1H,
—CHO); 12.48 (s, br, 1H, N-H). Anal. for Cy»H,,F;NO;
caled C, 70.76; H, 5.94; N, 3.75; found C, 70.98; H, 6.01;
N, 3.51.

4.4. Preparation of the carbaldehyde methyl imines 7

To a solution of the 2-phenylindole-3-carbaldehyde 5
or 6 (2mmol) in CH,Cl, (100 mL) was added under
nitrogen methylamine (0.01 mol) as 33% sclution in
EtOH. The mixture was stirred at 40 °C overnight.
Then, H,O (100 mL) was added and the aqueous
mixture was extracted several times with 50-mL por-
tions of CHCls. The combined organic layers were
washed with H>O and brine, and dried over
Na,SO,. After evaporation of the solvent in vacuo,
the residue was purified by crystallization from
FtOH.

4.4.1. 6-Methoxy-2-(4-methoxyphenyl)-3-[(methylimino)-
methylfindole (7a). Yellow resin (85% yield). '"H NMR
{(dg-acetone) & 3.35 (d, 7= 1Hz, 3H, =N-CH3); 3.73
(s, 3H, —OCH;); 3.82 (s, 3H, —OCH,;); 6.70 (dd,
3I=9Hz, *J=2Hz, 1H, indole-H?); 686 (d,
4f=2Hz, 1H, indole-H"); 6.99, 749 (AA'BB', 3=
9 Hz, 4H, phenyl-H); 8.24 (d, "J=9Hz, 1H, indole-
H*; 842 (q, */ =1 Hz, 1H, -CH =N-CHs).
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4.4.2. 5-n-Butyl-2-(4-methoxyphenyl)-3-[(methylimineo)-
methyllindole (1711). Colorless crystals (67% yield), mp
207-209°C. 'H NMR (DMSO-d5) & 091 ({t,
3J=73Hz, 3H, -CH, ~CH3); 1.33 (sext, *J = 7.4 Hz,
2H, -CH,-CH,-CH,); 1.58 (quin, >J=7.5Hz, 2H,
—CH,»CH,—CH»-); 2.65 {(t, *J=7.6Hz, 2H, —CH,—
CH,-CH,-); 3.40 (d, *J = 1.3 Hz, 3H, =N-CHs); 3.84
(s, 3H, ~OCH3); 7.01 (dd, 3*7 =8.3Hz, *J7= 1.6 Hz, 1H,
indole-H®); 7.13, 7.55 (AA'BB’, >J = 8.8 Hz, 4H, phe-
nyl-H); 7.29 (d, 37 =8.2 Hz, 1H, indole-Hf); 8.09 (d,
47=09Hz, 1H, indole-H*); 8.43 (d, “7=1.4 Hz, 1H,
—-CH =NCH3); 11.56 (s, 1H, N-H). Anal. for
CoHayN-O; caled C, 78.71; H, 7.55; N, 8.74; found C,
78.72: H, 7.55; N, 8.53.

44.3. 5-n-Pentyl-2-(4-methoxyphenyl)-indol-3-[(methylimi-
no)meth}fl]indole (7c). Colorless crystals 577% yield), mp
203 °C. "H NMR (DMSO-dg) § 0.86 (t, °J = 6.8 Hz, 3H,
—CH,-CH,); 1.29 (m, 4H, -CH,{CH,),—CH3); 1.59 (m,
2H, -CH,CH»CH>); 2.64 (t, 2J=7.5Hz, 2H, -CH»
CH,-); 3.40 (d, 7= 1.1 Hz, 3H, =N-CHs;); 3.84 (s, 3H,
—OMe); 7.01 {dd, *J=83Hz *J=16Hz 1H, indole-
H%; 7.13, 7.55 (AA’BB', /=87 Hz, 4H, phenyl-H);
729 (d, *J = 8.2Hz, 1H, indole-H’); 8.09 (s, 1H, indole-
H*; 8.43 (s, 1H, -CH =NCHs); 11.56 (s, LH, N-H). Anal.
for CyyH»¢N»O:; caled C, 79.01; H, 7.84; N, 8.38; found C,
78.65; H, 7.51; N, 8.27.

4.4.4. 5-n-Butyl-2-[4-(trifluoromethyl)phenyl]-3-[(methyli-
mino)methylfindole (7d). Colorless solid (63% vyield), mp
186 °C. '"H NMR (DMSO-ds) 6 0.91 (t, >J = 7.3 Hz, 3H,
—CH»—CH3); 1.33 (sext, *J=7.4Hz, 2H, -CH, CH,»—
CH>);1.59 (quin, >/ = 7.5 Hz, 2H, ~CH,-CH»CH,-);
267 {t, *J=76Hz, 2H, -CH,-CH,), 343 (d,
47=12Hz, 3H, =N-CHs); 7.08 (dd, *J=8.3Hz,
4r=1.6 Hz, 1H, indole-H®); 7.36 {d, >/ = 8.3 Hz, 1H, in-
dole-H™); 7.85, 7.93 (AA'BB’, >J = 8.3 Hz, 4H, phenyl-
H): 8.14 (s, 1H, indole-H*); 8.49 (s, 1H, -CH =NCHa):
11.85 (s, 1H, N-H). Anal. for CyH, F3N,; caled C,
70.37; H, 5.91; N, 7.82; found C, 70.17; H, 5.6%; N, 7.04.

4.5. Preparation of the oximes 8

To a solution of hydroxylammonium chloride (1.2 mmol)
in H,O (8 mL), a solution of the 2-phenylindole-3-carb-
aldehyde (1 mmol) in EtOH (8mL) and NaOAc
(1.6 mmol) were added. The mixture was heated under
reflux for 3 h and stirred at room temperature overnight.
After repeated extraction with CH,Cl, the combined
organic layers were washed with water and dried
{Nay80y). The solvent was removed in vacuo and the
residue recrystallized from EtOH.

4.5.1. 5-n-Butyl-3{(hydroxyimino)methyl]-2-(4-methoxy-
phenyl)indole (8a). Colorless crystals (67% yield), mp
138 °C. 'H NMR (DMSO-dy) 8 0.90 (t, 3J=7.3 Hz,
3H, -CH,~CHx); 1.32 (sext, °J =73 Hz, 2H, -CH,-
CH,-CHs); 1.58 {quin, *J=7.5 Hz, 2H, -CH,-CH»
CH,-); 2.65 {t, >J =7.5 Hz, 2H, ~-CH,~CH,-); 3.84 (s,
3H, -OCH3); 7.02 {dd, >/ =83 Hz, */=15Hz, 1H,
indole-H®); 7.13, 7.51 (AA'BB’, 3/=8.7Hz, 4H,
phenyl-H); 7.30 (d, *J=82Hz 1H, indole-H"); 7.88
(s, 1H, indole-H%; 8.22 (s, 1H, —CH=N-); 10.63

(s, 1H, -OH), 11.53 (s, 1H, N-H). Anal for
CooH2N>O5: caled C, 74.51; H, 6.88; N, 8.69; found
C, 74.67;, H, 6.84; N, 8.56.

4.5.2. 5-n-Butyl-3-[(hydroxyimino)methyl]-2-[4-(trifluoro-
methyl)phenyllindole (8b). Colorless crystals (86% yield),
mp 166 °C. "H NMR (DMSO-d;) 6 0.91 (t, > = 7.3 Hz,
3H, -CH,-CHs); 1.33 (sext, J=7.4 Hz, 2H, -CH,~
CH,-CHy); 1.59 (quin, 37 =17.5Hz, 2H,
—CHz—CHz—CHz—)a; 267 (t, *J=75Hz, 2H, -CH,-
CHy-); 7.10 (dd, °J=8.3 Hz, 47=1.6Hz, 1H, indole-
H®); 7.37 (d, 37=8.3Hz, 1H, ‘mdole-Hf); 7.81, 7.92
(AA'BB/, 3J=7.9Hz, 4H, phenyl-H); 7.94 (s, 1H, in-
dole-H*); 8.29 (s, 1H, -CH=N-): 10.84 (s, 1H, —OH);
11.81 (s, 1H, N-H). Anal. for CyH;sF3N-QO; caled C,
66.66; H, 5.31; N, 7.77; found C, 66.71; H, 5.32; N, 7.71.

4.6. Materials and reagents for bioassays

Drugs and biochemicals were obtained from Sigma
(Deisenhofen, Germany). The microplate-based tubulin
polymerization assay (Cytoskelston®™) was purchased
from Tebu-bio (Offenbach, Germany). MDA-MB 231
and MCF-7 breast cancer cells were obtained from the
American Type Culture collection (ATCC, Rockville,
MD, USA). Buffer solutions used: PEM: 0.1 M Pipes—
NaOH, lmM EGTA, 1mM MgSO,, pH 6.6-6.7,
PEMG: 0.1 M Pipes-NaOH, 0.8 M monosodium r-ghi-
tamate, 1 mM EGTA, 1 mM MgSO,, pH 6.6-6.7; PBS:
8.0 gL NaCl, 0.2 g/ KCl, 1.0 g/ Na,HPO, x H,O,
0.2 g/l KH,PO,.

4.7. Determination of anti-proliferative activity

Hormone-independent human MDA-MB 231 breast
cancer cells were grown in McCoy-5a medium, supple-
mented with L-glutamine (73 mg/L), gentamycin sulfate
(50 mg/L), NaHCO; (2.2 g/L), and 5% sterilized fetal
calf serum (FCS). At the start of the experiment, the cell
suspension was transferred to 96-well microplates
(100 pLiwell). After the cells grew for 4 days in a humid-
ified incubator with 5% CO, at 37°C, medium was
replaced by one containing the test compounds
(200 puL/well). Control wells (16/plate) contained 0.1%
of DMF that was used for the preparation of stock solu-
tions. Initial cell density was determined by addition of
glutaric dialdehyde (1% in PBS; 100 pL/well) instead of
test compound. After incubation for about 4 days, med-
ium was removed and 100 ul. of glutaric dialdehyde in
PBS (1%) was added for fixation. After 15 min, the solu-
tion of aldehyde was decanted. Cells were stained by
treating them for 25 min with 100 ulL of an aqueous
solution of crystal violet (0.02%). After decanting, cells
were washed several times with water to remove adher-
ent dye. After addition of 100 pL. of EtOH (70%) plates
were gently shaken for 2 h. Optical density of each well
was measured in a microplate autoreader EL 309 (Bio-
tek) at 578 nm.

For hormone-sensitive MCF-7 human breast cancer
cells a similar procedure to that described for MDA-
MB 231 cells was applied with modifications: Cells were
grown in EMEM supplemented with sodium pyruvate
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(110 mg/L), gentamycin sulfate (50 mg/L), NaHCO,
(2.2 ¢/L), phenol red, and 10% FCS for 5 days.

4.8. Flow cytometry

MDA-MB 231 cells were grown to 70-80% confluence
on the bottom of a 75 cm? culture flask. Test substances
were dissolved in DMF and diluted to the required con-
centrations. The content of DMF in medium and in con-
trols after 1000 times dilution was set to 0.1%. For each
concentration one culture flask was used. Cells were ex-
posed to test substances for 24 h. This incubation time
was necessary to obtain a sufficient number of cells
(5% 10° cells). After incubation cells were trypsinized,
centrifuged (250g) in an excess of serum containing med-
ium for 10 min, and washed with PBS.

The pellets of cells were resuspended in 1 mL of PBS
and 9mL of 70% EtOH ({(ice-cold). EtOH and PBS
were removed by centrifugation and the cells were
washed with PBS. After the addition of 0.5mL of
PBS and 0.5mL of DNA extraction buffer the cells
were transferred inte Eppendorf cups (2ml), incu-
bated for 5min at room temperature, and centrifuged
again. The cells were stained with 1 mL of propidium
iodide solution for at least 30 min at room tempera-
ture and then analyzed by flow cytometry using a
FACS-Calibur™. For analysis, data files for four
parameters were collected for 8000-15,000 events from
each sample. The flow rate was adjusted to ca.
300 cells/s for sufficient accuracy. Data were analyzed
by the WinMDI 2.8 software.

4.9. Tubulin polymerization assay on microplates

This assay was performed according to the vendor’s pro-
tocol. Stock solutions of test compounds in DMSO were
diluted 1:10 with G-PEM buffer. Ten microliters of this
solution was added to the corresponding well of a
microplate which was warmed in a microplate reader
{Tecan) to 37 °C. Ice-cold tubulin was suspended in cold
G-PEM buffer + glycerol (5%) and depolymerized at
0 °C within 1 min. Within 30 s, 100 pL of this solution
was added to the warm solutions of the test compounds
on the microplate and the plate returned to the reader.
Absorbance at 355nm was recorded at 37°C for
30 min. Reference drugs were taxoterre and colchicine;
control wells contained only the solvent (1%).

4.10. Tubulin polymerization assay in cuvettes

4.10.1. Isolation and purification of calf brain tubulin. The
cortex of one or two fresh calf brains in ice-cold PEM
bufter (1 mL/g tissue, +16 mg DTE/100 mL buffer solu-
tion) was homogenized in portions. After centrifugation
(90 min; 20,000g) at 2-4 °C, the supernatant was care-
fully decanted. The concentrations of GTP and ATP
were adjusted to 0.1 and 2.5 mM, respectively. After
stirring gently at 37 °C for 30min the sclution was
transferred to centrifugation tubes and carefully under-
layered with a pre-warmed (37 °C) sucrose solution
(10% in PEM buffer solution containing 1 mM GTP, ap-
prox 10% of the transferred volume). After centrifuga-

tion at 37°C for 45 min (20,000g) the pellets were
weighed and suspended in ice-cold PEM buffer solution
(3 mL/g) and homogenized in a Teflon-in-glass potter.
After standing in ice for 30 min, the suspension was
centrifuged at 2 °C for 30 min (40,000g). The superna-
tant was separated and adjusted to 1 mM GTP. By
incubation at 37 °C for 15 min tubulin was polymerized
once again. After centrifugation at 37 °C for 30 min
microtubules were obtained as shiny gel-like pellet.
The yields ranged from 2 to 6 g per brain. Aliquots were
frozen in liquid nitrogen and stored at —70°C.
Purity was checked by polyacrylamide gel
electrophoresis.

4.10.2. Temperature-induced tubulin polymerization. The
pellet of frozen microtubules was warmed to 37 °C in a
water bath. After addition of the 20-fold volume of ice-
cold PEMG buffer it was homogenized. Depolymeriza-
tion was completed by keeping the mixture at 0 °C for
30 min, followed by centrifugation at 2 °C (30 min;
30,000g) to remove imsoluble protein. Each reaction
tube contained 0.46 mL of the supernatant and 20 pL
of the DMSO solution of the test compound in varying
concentrations. Reaction mixtures were preincubated at
37 °C for 15 min and chilled on ice followed by addition
of 20 uL. of a 25 mM GTP solution in PEMG buffer to
each tube. Reaction mixtures were transferred to cuv-
ettes of a UV spectrophotometer connected to two dif-
ferent temperature controller. First, the temperature
inside the cuvettes was held at 2 °C. The cuvette holder
was then switched to the second temperature controller
at 37 °C and the absorption was measured over a period
of 20 min at 350 nm. Absorption at the start of the
reaction was used as baseline. Three-independent
experiments were performed for the determination of
1Cse-values. Each experiment had two control reaction
mixtures; their mean value was defined as 100% and
their turbidity readings were generally within 10% of
each other.

4.11. Confoeal laser scanning microscopy

U-87 MG cells were seeded into 8-well Lab-Tek Cham-
ber Slides (Nunc, Wiesbaden, Germany). At 75% conflu-
ence the culture medium was replaced with medium
containing vincristine (10 nM), 2-phenylindole-3-carbal-
dehyde 5 (50 nM), or corresponding vehicle (EtOH).
The cells were incubated at 37 °C for 3 h. After removal
of the culture medium the cells were fixed with 4% para-
formaldehyde solution in PBS for 20 min at room tem-
perature. Thereafter each well was washed three times
with PBS supplemented by 0.5% BSA. For permeabili-
zation cells were incubated with PBS (+0.5% BSA) con-
taining 1% Triton X-100 (Serva, Heidelberg, Germany)
for 10 min at room temperature and washed three times
with PBS (+0.5% BSA).

Nuclei and chromosomes were stained with SYTOX-
Green® nucleic acid stain (Molecular Probes, Fugene,
OR, USA). Microtubules were stained using mouse
anti-human o-tubulin  primary antibody (Dianova,
Hamburg, Germany) and Cy5-conjugated goat anti-
mouse secondary antibody (Molecular Probes). All
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antibodies were used in a 1:200 dilution in PBS, contain-
ing 0.5% BSA. A Carl Zeiss Axiovert 200M LSMS510
confocal laser scanning microscope was employed for
acquisition of fluorescence images.
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