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4 Einleitung

1 Einleitung

1.1 Aufbau und Funktion der Haut

1.1.1  Allgemeines
Die Haut stellt das Grenzflichenorgan des Korpers gegeniiber den duleren Faktoren der

Umwelt dar. Mit einer Gesamtfldche von durchschnittlich 2 m* und einem Gewicht von
20 kg, einschlieBlich des Unterhautfettgewebes, ist sie das gro3te Organ des Menschen.
Als Barriere schiitzt die Haut vor physikalischen, chemischen und biologischen Einfliis-
sen von AuBlen, dient aber auch der Regulation des Wasser-, Temperatur- und
Elektrolythaushalts. In der Haut eingebettete Merkel- und Nervenzellen nehmen Druck,
Temperatur und Schmerz wahr. Mit den Langerhanszellen, Mastzellen und
Makrophagen stellt sie den periphersten Aullenposten des Immunsystems dar (Fritsch,

2009).

« Strafum
corneum

Stratum
granulosum

Epidermis

Stratum
spinasum

Stratum
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Dermis

Basalmembran-
Zone

Dermis

Abb. 1.1: Aufbau der humanen Haut. Die humane Haut unterteilt sich in Epidermis, Basalmembran-
zone und Dermis. Die Epidermis wird in das Stratum basale, Statum spinosum, Stratum
granulosum und Stratum corneum unterteilt (entnommen aus Boehnke K, 2009).

Die Haut gliedert sich in drei Schichten: die Epidermis (Oberhaut), die bindegewebige
Dermis (Lederhaut) und Subkutis (Unterhautfettgewebe) (Abb. 1.1).
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1.1.2 Epidermis
Als Epidermis bezeichnet man das mehrschichtige, verhornende Plattenepithel ekto-

dermalen Ursprungs, das zu iiber 90 % aus Keratinozyten besteht (Abb. 1.1 und 1.2).
Die anderen 10 % sind Langerhans-Zellen (die dendritischen Zellen der Epidermis),
pigmentbildende Melanozyten und neuroendokrine Merkelzellen. Die Epidermis besteht
aus vier Schichten (Abb. 1.1), die verschiedenen Differenzierungsgraden der Keratino-
zyten entsprechen und zueinander in einem homdoostatischen Gleichgewicht stehen: dem
Stratum corneum (Hornschicht), dem Stratum granulosum (Kornerschicht), dem
Stratum spinosum (Stachelschicht) und dem Stratum basale (Basalschicht) (Fritsch,
2009). Die Grenzzone zwischen Epidermis und Dermis verlduft wellenartig mit
epidermalen Retezapfen und dermalen Papillen, was der Verbesserung der Stabilitit und
der Dehnungsreserve dient. Dieser Grenzschicht sitzt in apikaler Richtung die
Epidermis mit einer einzelligen Basallamina auf, welche die epidermalen Stammzellen
beherbergt, aus denen die Keratinozyten hervorgehen. Die Keratinozyten des Stratum
basale sind iiber Hemidesmosomen mit der Basalmembran verbunden (Fritsch, 2009).
Sie durchwandern einzeln und aktiv das Stratum basale und Stratum spinosum, wobei
sie einen streng regulierten Differenzierungsgang durchlaufen. Desmosomen stellen die
Verbindung der Zellen untereinander sicher und der Zellkontakt mittels gap junctions
gewdhrleistet den interzelluldren Stoffaustausch. Dieser Teil der

Keratinozytendifferenzierung dauert durchschnittlich 14 Tage (Fritsch, 2009).

Wihrend der ndchsten 14 Tage erfolgt im Stratum corneum der finale epidermale
Differenzierungsprozess der Keratinozyten zu toten Korneozyten (Hornzellen). Dabei
werden in den Keratinozyen verschiedene Lipide synthetisiert und in den Extrazellular-
raum ausgeschleust, wo sie sich in Schichten zusammenlagern. Dieser sogenannte
Cornified Envelope (CE) ist eine robuste Protein/Lipid-Polymerstruktur, die sich unter-
halb der zytoplasmatischen Membran auf der Au3enseite der Korneozyten befindet. Die
Ceramide A und B sind kovalent mit den Proteinen des CE verbunden und bilden das
Grundgeriist fiir die Anlagerung von freien Ceramiden, Fettsduren und Cholesterol im
Stratum  corneum. Fillagrin ist mit dem CE quervernetzt und aggregiert
Keratinfilamente zu Makrofibrillen. Die Funktion und Aufrechterhaltung der Barriere-
funktion wird durch Zytokine, zyklische Adenosinmonophosphate und Calcium

beeinflusst (Fritsch, 2009).
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Physikalische Faktoren
(mechanisch, UV-Strahlung)
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|
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Epidermis
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Wasserverslust: ruptierte
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transepidermalen Wasserverlust

Abb. 1.2: Funktionen der epidermalen Barriere (adaptiert nachProksch et al., 2008)

Verianderungen in der epidermalen Differenzierung und Lipidzusammensetzung fiithren
zu einer Storung der Hautbarriere, und damit zum unerwiinschten Eintritt von dufleren

Faktoren wie Allergenen und Chemikalien (zusammengefasst in Proksch et al., 2008).

1.1.3 Dermis
Als Dermis bezeichnet man das fibroelastische Bindegewebe unterhalb der Epidermis

und oberhalb der Subkutis. Es besteht aus dem Stratum papillare mit den die Haut ver-
sorgenden Gefdllen und Nerven und dem Stratum reticulare, welches sich durch hohe
ReiBfestigkeit (vermittelt durch Kollagenfaserbiindel) und FElastizitdt (vermittelt durch
elastische Fasern) ausweist (Fritsch, 2009). Die Hauptzellpopulation in der Dermis wird
von Fibroblasten gestellt. Dabei handelt es sich um mesenchymale spindelformige
Zellen mit langen zytoplasmatischen Fortsdtzen, die untereinander und mit ihrer
Umgebung durch Integrine (membranstindige Rezeptoren) verbunden sind (Heckmann
M, 1999). Sie synthetisieren sowohl Komponenten der Extrazelluliren Matrix (ECM)

wie Proteoglykane und Glukosaminglykane, sowie Strukturproteine wie Laminin,
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Fibronektin und Elastin (Fritsch, 2009), als auch spezifische Proteasen, die fiir die
Degradation und Modifikation der ECM verantwortlich sind (Fritsch, 2009; siehe auch
Abschnitt 1.2). Ein weiterer in der Dermis vorkommender Zelltyp sind Mastzellen, die
unter anderem Histamin und Heparin sekretieren und somit fiir hypersensitive
Reaktionen der Haut verantwortlich sind (Chu DH et al., 2003). AuBlerdem finden sich
in diesem Hautkompartiment Makrophagen, die als immunologisch aktive Zellen
sowohl anfallende Abbauprodukte wie Proteine oder Fette, als auch abgestorbene Zellen
phagozytieren und durch die Speicherung von Antigenen und Produktion von Interferon

an der Immunantwort der Haut beteiligt sind (Jung EG, 1998).

Die Fasern und Zellen der Dermis sind von einer gelartigen Grundsubstanz umgeben.
Zusammen mit den Fasern wird diese als extrazellulire Matrix (ECM) bezeichnet

(Fritsch, 2009).

1.1.4 Extrazellulire Matrix (ECM)
Unter Extrazelluldrer Matrix (ECM) versteht man die Fiillsubstanz von Dermis und

Subkutis. Sie besteht aus einem Gemisch von langkettigen, unverzweigten
Glykosaminglykanen und Proteoglykanen, die iiber glykosidische Bindungen an
kleinere Proteine gebunden sein konnen. Ein wichtiges Glykosaminglykan sind
Hyaluronsduren. Proteoglykane sind in der Lage verschiedene Molekiile wie z.B.
Versikan zu binden, dem eine wichtige Funktion bei der Zellhaftung zukommt. Die
Synthese von Glykosaminglykanen und Proteoglykanen erfolgt durch Fibroblasten. Da
sie von Hyaluronidasen und lysosomalen Enzymen rasch abgebaut werden, haben sie
eine Halbwertszeit (HWZ) von nur wenigen Tagen (HWZ Hyaluronsdure: 3 Tage;
Fritsch, 2009).

Ein weiterer wichtiger Bestandteil der ECM sind Kollagene. Diese Proteinfamilie stellt
die Hauptfraktion der extrazelluldren Stiitz- und Strukturproteine in allen Organen des
Korpers. Bei Kollagenmolekiilen handelt es sich um Tripelhelices aus je drei a-Poly-
peptidketten mit der Aminosdure Glyzin an jeder dritten Position. Wie
Glykosaminglykane werden auch Kollagene durch Fibroblasten synthetisiert (Fritsch,

2009). Diese sezernieren das 16sliche Prokollagen, von dem extrazellulér terminale
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Peptide abgespalten werden. Das so entstandene unlosliche Kollagen wird durch
Lysyloxidase (LOX) quervernetzt und aggregiert zu Fibrillen, welche zu Fasern gebiin-
delt vorliegen (Hulmes DJS, 2008). Insgesamt sind beim Menschen 28 Kollagen-Typen
bekannt, wovon die Dermis 8 enthédlt (Kadler et al, 2007). Die wichtigsten
Kollagentypen in der Dermis sind Kollagen Typ I mit einem Anteil von 80 - 90 %, Typ
I mit 8 — 12 %, Typ V mit 5 % und Typ VI (Fritsch, 2009; Hulmes DJS, 2008; Chu
DH et al., 2003).

1.2 Intrinsische und Extrinsische Hautalterung

Die Haut altert sowohl intrinsisch (die rein chronologische Alterung), als auch
extrinsisch (beeinflusst durch duBere Faktoren wie z.B. UV-Strahlung). Beide Formen
der Hautalterung fiihren zu Falten und Verlust der Elastizitit, allerdings kommt es bei
der extrinsischen Form zu einem fritheren Einsetzen und zu stirkeren Effekten der
pathologischen Unterschiede (Montagna et al., 1989; Agache et al., 1980; Warren ef al.,
1991; Escoffier et al., 1989). Des Weiteren weisen die Modulierungsprozesse der ECM
in der Haut bei beiden Formen der Hautalterung deutliche Unterschiede auf: in
intrinsisch gealterter Haut gibt es nicht nur Hinweise auf die Degradation von faserigen
ECM-Komponenten wie Elastin (Robert ef al., 1988) und den Kollagenen I, III und IV
(El-Domyati et al., 2002), sondern auch auf Verluste in der Oligosaccharid-Fraktion, die
die Moglichkeit der Haut, Wasser zu speichern, beeinflusst (Ghersetich et al., 1994;
Naylor et al., 2011; Abb. 1.3).

Im Gegensatz zu der generellen extrazelluldren Atrophie in intrinsisch gealterter Haut,
ist extrinsisch gealterte Haut sowohl durch katabolische als auch durch anabolische
Umstrukturierungen charakterisiert. Diese betreffen unterschiedliche
Matrixkomponenten, lokal begrenzt und abhidngig von der Dosis der exogenen Noxe.
Insbesondere in erheblich lichtgealterter Haut ist ein Verlust nicht nur von fibrilldren
Kollagenen (I und III) in der Dermis (El-Domyati et al., 2002; Talwar et al., 1995),
sondern auch der Verlust von Kollagen VII-Ankerfibrillen an der Dermal/Epidermal

Junction (DEJ) zu verzeichnen (Craven et al., 1997). Im Gegensatz dazu ist der dermale



1.2 Intrinsische und Extrinsische Hautalterung

Gehalt an Glykosaminglykanen erhoht und umverteilt (Bernstein et al., 1996a;
Bernstein et al., 1996b; Bernstein und Uitto, 1996).

Kollagen Elastische Fasern Glykosaminglykane
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Abb. 1.3: ECM Modulation in intrinsisch und extrinsisch gealterter Haut. Dermales Kollagen,
elastische Fasern und Glykosaminglykane (gefdrbt mit Picrosirius Rot, Miller’s Elastin und
Periodsdure) durchlaufen signifikante, aber unterschiedliche Modulationen der ECM in UV-
exponierter und nicht UV-exponierter Haut (jung: 23 Jahre, oberer Innenarm; alt nicht UV-

exponiert: 75 Jahre, unterer Riicken; alt UV-exponiert: 75 Jahre, Unterarm) (entnommen aus
Naylor et al., 2011).

Das Netzwerk der elastischen Fasern ist in milder und akuter lichtgealterter Haut unter-
schiedlich veridndert. Wahrend der frithen Phase der Lichtalterung kommt es an der DEJ
zu einem Verlust von Fibrillin-1 (Watson et al., 1999) und -5 (Kadoya et al., 2005). In
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schwer lichtgealterter Haut jedoch ist die retikulire Dermis von grofen,
desorganisierten Proteinen von elastischen Fasern durchzogen (Kadoya et al., 2005;
Mitchell, 1967; Bernstein et al., 1994; Karonen et al., 1997; Hunzelmann et al., 2001).
Daraus ldsst sich schlieen, dass Elemente des elastischen Fasersystems besonders
empfénglich fiir altersbezogene Degradation sind, der zu Grunde liegende Mechanismus
ist bis jetzt allerdings noch nicht vollstdndig charakterisiert (zusammengefasst in Naylor

etal.,2011).

1.1.2 Mechanismen der Hautalterung

Intrinsische Faktoren wie z.B. der Hormonspiegel im Blut konnen zur Hautalterung
beitragen. So klagen insbesondere Frauen jenseits der Menopause oftmals iiber eine
rasche Zunahme von Anzeichen der Hautalterung wie Faltenbildung und Verlust von
Elastizitit, die zumindest teilweise durch eine Hormonersatztherapie oder lokale Appli-
kation von Ostrogen aufgehoben werden konnen (Brincat, 2000a; Brincat, 2000b; Fuchs

et al., 2003; Sator ef al., 2001; Schmidt et al., 1996; Affinito et al., 1999).

Dem gegeniiber stehen Mechanismen der extrinsischen Hautalterung. Ein wesentlicher
Faktor sind DNS-Schidden, welche durch Umweltnoxen induziert werden (Lombard et
al., 2005). Dass DNS-Schéden eine wichtige Rolle in Alterungsprozessen spielen, wird
durch eine starke positive Korrelation zwischen der DNS-Reparatur-Kapazitit und der
Lebensspanne, die in vielen Spezies zu beobachten ist, verdeutlicht (Hart und Setlow,
1974). In diesem Zusammenhang spielen Telomere eine grofle Rolle. Telomere sind
kurze wiederkehrende DNS-Sequenzen (TTAGGG), die an den Enden der
Chromosomen sitzen (Greider, 1996) und nicht der Kodierung von Genen, sondern dem
Schutz der Chromosomenenden dienen. Fehlen sie, oder erreichen sie eine kritisch
kurze Linge, kommt es zu Fusionschromosomen (Benn, 1976; Blackburn, 2001). Die
letzten 100 — 200 Basen auf einem Chromosom werden bei der Zellteilung nicht
repliziert, dieses fiihrt nach etwa 60 Mitosen zu kritisch verkiirzten Telomeren und die
Zelle tritt in die proliferative Seneszenz ein (Harley et al, 1990). Dieser Vorgang
existiert nicht nur in instrinsischen Alternsprozessen, sondern kann durch extrinsische

Faktoren verstirkt werden, so fiihrt z.B. UV-Strahlung zu einer beschleunigten
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Telomerverkiirzung (Li et al., 2003). Zudem konnte in humanen Zellen, in denen das
fiir den Wiederaufbau der Telomere nach Mitose verantwortliche Enzym Telomerase
ausgeschaltet wurde, eine erhohte [-Galaktosidase-Aktivitit im Vergleich zu
Telomerase-profizienten Kontrollen gezeigt werden (Bodnar et al., 1998). Bei diesem

Enzym handelt es sich um einen Marker fiir zelluldre Seneszenz (Itahana et al., 2007).

Mitochondrien wird ebenfalls eine wichtige Rolle in der extrinsischen Alterung zuge-
schrieben. Diese Organellen sind der Ort der Atmungskette, die zur Bildung von ATP
fiihrt. Wahrend des dafiir nétigen Prozesses kommt es zur Freisetzung von Reaktiven
Sauerstoffspezies (ROS), die wiederum zu Mutationen in der mitochondrialen (mt)
DNS fiihren konnen. Wihrend des Alterungsprozesses kommt es zu einer
Akkumulation von mtDNS-Mutationen, begleitet von einem damit einhergehenden
Funktionsverlust (Wallace, 1992). In lichtgealterter Haut finden sich vermehrt mtDNS
Mutationen im Vergleich zu intrinsisch gealterter Haut (Berneburg et al., 1997; Birch-
Machin et al., 1998; Yang et al., 1995; Gilchrest BA und Krutmann J, 2006). Die
hiufigste Art der Verdnderungen ist die Common Deletion, ein 4977-bp grofles mtDNS-
Fragment, das in lichtexponierter Haut ein und des selben Individuums etwa 10 Mal
haufiger vorkommt als in nicht lichtexponierter Haut und keine Korrelationen zur
intrinsischen Alterung der Donoren aufwies, weshalb die Common Deletion als Marker
fiir lichtinduzierte Hautalterung gilt (Koch et al., 2001). Induziert man die Common
Deletion in humanen Fibroblasten, z.B. durch UVA-Strahlung, kommt es zu einer In-
duktion der Matrixmetalloproteinase (MMP)-1, wihrend die Expression der gewebe-

spezifischen Inhibitoren der MMP (TIMP) unveréndert bleibt (Berneburg et al., 2006).

Viele physiologische und pathologische Prozesse wie Embryogenese, Wundheilung,
Entziindung, Zellmigration, Tumorigenese, aber eben auch Hautalterung, machen einen
Ab- bzw. Umbau des Kollagens erforderlich. Dieser erfolgt durch sogenannte Matrix-
Metalloproteinasen (MMP). Diese meist kalziumabhingigen Metalloenzyme bestehen
aus einem Propeptid, das bei der Aktivierung abgespalten wird, einer zinkbindenden
katalytischen Einheit und einer C-terminalen Hemopexindomédne (Visse und Nagase,
2003). Insgesamt sind bisher 26 MMP bekannt, darunter MMP-1, -8, -13, -18
(Kollagenasen), MMP-2 und -9 (Gelatinasen), MMP-3, -10 und -11 (Stromelysine) und
MMP-14 und -17 (membranstindige MMP). Kollagenasen und Gelatinasen spalten
Kollagene des Typs I — III und ermdglichen dadurch deren weiteren Abbau. Die
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Induktion von MMPs erfolgt durch Wachstumsfaktoren, Zytokine (IL-1, TNF-a, PGDF,
EGF) und mehreren Onkogene, wihrend TGF-f, INF-y und Kortikosteroide zur Herab-
regulierung fithren. Viele Zellen sind in der Lage MMPs zu produzieren, darunter
Fibroblasten, Keratinozyten und Neutrophile. Pro-MMPs werden von den Zellen
sekretiert und durch Abspaltung eines Propeptids in einem Mehrstufenprozess aktiviert.
Die Aktivierung von MMPs wird durch spezifische Gewebeinhibitoren, die fissue
inhibitors of metalloproteinases (TIMP) gehemmt (Fritsch, 2009). Von diesen
Inhibitoren existieren vier Formen (TIMP-1, -2, -3 und -4), die in einem Eins-zu-eins-
Gleichgewicht mit den MMPs stehen (Visse und Nagase, 2003). Die Regulation der
Expression von MMP und TIMP erfolgt iiber mitogen-aktivierte-Proteinkinase
(MAPK)-Signalwege und die Aktivierung von Transkriptionsfaktoren wie c-Jun, was
wiederum zur Bildung und Aktivierung des Transkriptionsfaktor Aktivator-Protein
(AP)-1 fiihrt. AP-1 ist in der Lage, an entsprechende Promotorregionen zu binden und

initiiert somit die Transkription der Gene (Schieke et al., 2002).

Bereits vor ca. 10 Jahren konnte gezeigt werden, dass MMP-1 groBtenteils fiir die durch
UV-Strahlung verursachten Schiden der ECM in menschlicher Haut verantwortlich ist
(Fisher und Voorhees, 1998; Brennan et al., 2003), demnach ist die UV-induzierte
vorzeitige Faltenbildung durch den von MMP-1 verursachten Kollagenabbau bedingt
(Gilchrest BA und Krutmann J, 2006). Ein weiterer Hinweis auf den Einfluss von
MMP-1 auf die Hautalterung war der Nachweis der Verkniipfung zwischen
Kollagenfragmentation, oxidativem Stress und MMP-1-Induktion in gealterter Haut
(Fisher et al., 2009). Zudem korreliert der Faktor Rauchen mit der Induktion von MMP-
1 in der Haut (Morita, 2007). Da sich im Zigarettenrauch polyzyklische aromatische
Kohlenwasserstoffe (PAK) wie z.B. Benzo(a)pyren (B(a)P) befinden, ist eine
Involvierung des Arylhydrocarbon-Rezeptor (AhR)-Signalwegs in diesen Prozess der
extrinsischen Hautalterung denkbar. Dazu kommt eine kiirzlich verdffentliche
epidemiologische Studie, die eine Korrelation von Zeichen der Hautalterung mit der
Exposition gegeniiber Autoabgasen zeigt (Vierkotter et al, 2010). Da die in
Autoabgasen priasenten Nanopartikel mit PAKs wie z.B. B(a)P assoziiert sind, die als
Ligand fiir den AhR fungieren, ist auch hier eine Involvierung des AhR-Signalwegs
denkbar.
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1.3 Die Rolle des Arylhydrocarbon-Rezeptors in der Haut

Die Haut ist einer Vielzahl an exogenen Noxen wie UV-Strahlung, Pharmazeutika und
Umweltschadstoffen direkt ausgesetzt und stellt die Grenzfliche zwischen diesen
duBeren Faktoren und dem Organismus dar. Aus diesem Grund ist es essentiell fiir die
Homoostase des Organismus, dass Hautzellen auf diese extrinsischen Faktoren
reagieren konnen (Merk et al.,, 2006). Der Arylhydrocarbon-Rezeptor (AhR) als
intrazelluldrer Stresssensor spielt in dieser Hinsicht eine zentrale Rolle, wie in den

folgenden Abschnitten verdeutlicht werden soll.

1.3.1 Der Arylhydrocarbon-Rezeptor

Der Aryhlhydrocarbon Rezeptor (AhR) ist ein evolutionsbiologisch hoch konserviertes
Protein, welches sowohl in Einzellern, als auch in komplexeren Organismen wie
Insekten, Mollusken, Fischen, Amphibien und Sdugern exprimiert wird (Hahn, 2002).
Der AhR ist einer der am besten charakterisierten und zudem toxikologisch
bedeutsamsten nukledren Transkriptionsfaktoren. Er gehort zur Gruppe der basic Helix-
Loop-Helix (bHLH)-PAS (Homologe von Per (Drosophila period)/ARNT (Sduger
Arylhydrocarbon Receptor Nuclear Translocator)/Sim (Drosophila single minded))
Proteine, welche intrazelluldre Sensoren fiir Redoxpotential, Sauerstoff, Licht und
Fremdstoffe darstellen (Taylor und Zhulin, 1999). Der AhR kodiert fiir ein Protein, das
iiber einen Riickkopplungsmechanismus eine Transkriptionskontrolle {ibernimmt, in
diesem Fall den AhR-Repressor (AhRR) (Mimura ef al., 1999; Haarmann-Stemmann et
al., 2007). In der groBen Gruppe der bHLH-PAS-Proteinfamilie erfiillt der AhR bisher

das Alleinstellungsmerkmal einer Ligandenbindungsstelle (Coumailleau et al., 1995).

Im inaktiven Zustand ist der AhR als Multiproteinkomplex im Zytoplasma der Zelle
lokalisiert. Bestandteil des Multiproteinkomplexes sind zwei Hitzeschockproteine
(hsp90; Denis et al., 1988), das AhR-interagierende-Protein (AIP; auch als ARA9 oder
XYP bekannt; Ma and Whitlock, Jr., 1997), welches sowohl die Stabilisierung des
Komplexes (Bell and Poland, 2000), als auch die zytosolische Lokalisation unterstiitzt
(Kazlauskas et al., 2000), und p23 (Kazlauskas et al., 1999), das nach Ligandenbindung
bei der Abspaltung von hsp90 vom Rezeptor assistiert. Des Weiteren ist die
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Tyrosinkinase c-src mit den Chaperonen assoziiert, welche ebenfalls nach Aktivierung

des Rezeptors durch einen Liganden abgespalten wird (Enan und Matsumura, 1996).

Ligand (PAK)
Zytoplasma -?\ FSM
Nukleus

S =

CYP1A1
GST
AhRR...

Abb.1.4: Die Kklassische Regulation der AhR-Signalkaskade: Die Aktivierung des AhR fiihrt zu
ARNT- und XRE-abhidngiger transkiptioneller Aktivierung von AhR-Zielgenen, u.a. AhRR.
Das AhRR Protein konkurriert mit dem AhR um den Dimerisierungspartner ARNT sowie um
die Bindung an das XRE. AhRR/ARNT-Komplexe fithren zur Inhibierung der Transkription
XRE-abhéngiger Gene; FSM = Fremdstoffmetabolismus (modifiziert nach Mimura ef al.,
1999).

Nach Abdissoziation der Kochaperone transloziert der AhR in den Kern, wo er mit
seinem Dimerisierungspartner AhR nuclear translocator (ARNT) heterodimerisiert und
mit sogenannte Xenobiotika-Responsiven-Elementen (XRE) (5°-TGCGTG-3’) in der
Promoterregion von AhR-Zielgenen interagiert und zur Initiation der Transkription von
mRNS dieser Gene fiihrt (Rowlands und Gustafsson, 1997; Abel und Haarmann-
Stemmann, 2010; Abb 1.4).
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Auf Grund von transienter Uberexpression von AhR, ARNT und AhRR in vitro wurde
1999 von Mimura et al. mit dem AhR-Repressor (AhRR) ein Protein identifiziert, das
iber eine Riickkopplungsschleife die Funktion des AhR hemmen kann. Der AhRR ge-
hort selbst zu den AhR regulierten Genen und konkurriert mit dem AhR um den
Dimerisierungspartner ARNT (Mimura et al., 1999). Der AhRR/ARNT-Komplex
konkurriert mit dem AhR/ARNT-Dimer um das XRE und reguliert somit die
Transkription von AhR-Zielgenen (Mimura ef al., 1999; Gradin et al., 1993).

Die Art der AhR-vermittelten Zellantwort ist dabei sowohl Liganden- als auch Zelltyp-
abhingig (Shimada et al., 2003; Yamamoto et al., 2004; Dohr et al., 1996; Li et al.,
1994). Zu den ,klassischen® AhR-Liganden gehdren polyzyklische aromatische
Kohlenwasserstoffe (PAK, z.B. Benzo(a)pyren (B(a)P)) oder halogenierte aromatische
Kohlenwasserstoffe (HAK, z.B. 2,3,7,8-Tretrachlorodibenzo-p-Dioxin (TCDD))
(Denison  und  Nagy, 2003), beide entstthen bei  unvollstindigen
Verbrennungsprozessen. Zusétzlich gibt es die Gruppe der ,nicht klassischen®
Liganden. Zu diesen gehdren in Obst und Gemiise enthaltene Polyphenole wie die
Flavonoide Naringenin und Quercitin (Kim et al., 2004; Amakura et al., 2003; Ciolino
et al., 1999) und auch das in griinem Tee enthaltene Epigallocatechingallat (EGCG)
(Williams et al., 2000). In Abhéngigkeit vom Zelltyp und der angewandten
Konzentration konnen diese Substanzen den AhR aktivieren oder inhibieren (Zhang et
al., 2003). SchlieBlich gibt es auch physiologische Liganden des AhR. Zu diesen z&hlen
vor allem Tryptophan-Photoprodukte, wie der hochaffine AhR-Ligand 6-
formylindolo(3,2-b)carbazol  (FICZ) und dessen  Metabolite  (ausfiihrlich
zusammengefasst in Rannug und Fritsche, 2006), die nach UV-Bestrahlung intrazellular

in der Haut entstehen konnen (Fritsche et al., 2007).

Klassische Zielgene des AhR sind Fremdstoff metabolisierende Enzyme der Phasel und
2 (Okey, 2007; Fujii-Kuriyama and Mimura, 2005; Nebert et al., 2004).
Untersuchungen an AhR-KO-Méusen veranschaulichen die Bedeutung des AhR bei der
Vermittlung der toxischen Wirkungen von HAK (z.B. TCDD) und PAK (z.B. B(a)P).
Diese Tiere sind resistent gegeniiber den akuten und chronischen Wirkungen von
TCDD wie Enzyminduktion (Fernandez-Salguero et al, 1997), Thymusatrophie
(Fernandez-Salguero et al., 1995), Leberhypertrophie (Fernandez-Salguero et al., 1997)
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(Schmidt et al., 1996b), Teratogenitit (Abbott et al., 1999), und auch gegen PAK-

induzierte Hauttumoren (Shimizu et al., 2000).

1.3.2 Die Bedeutung des Arylhydrocarbon-Rezeptor-Signalwegs in der Haut

Die Haut ist einer Vielzahl an exogenen Noxen wie UV-Strahlung, Pharmazeutika und
Umweltschadstoffen direkt ausgesetzt und stellt die Grenzfliche zwischen diesen
duBeren Faktoren und dem Organismus dar. Aus diesem Grund ist es essentiell fiir die
Homoostase des Organismus, dass Hautzellen auf diese extrinsischen Faktoren

reagieren konnen (Merk et al., 2006).

Stratum
granulosum
=

Stratum
granulosum

Stratum

Epidermis spinosum

Stratum
basale

Basalmembran

B Extrazellulidre Matrix = '
Dermis _ ﬁ ‘W Fibroblasten

Abb. 1.5: Die zelluliire Architektur der Haut: Die Epidermis ist aus proliferierenden und sich nach
apikal differenzierenden Keratinozyten zusammengesetzt. Die Dermis setzt sich aus
Fibroblasten zusammen, die in einer extrazelluldren Matrix eingebunden sind (modifiziert nach
Swanson, 2004).

Die Epidermis stellt dabei die vorderste Barriere dar, demnach ist der Hauptanteil an der

zelluldren Abwehr in den Keratinozyten, die mit liber 90 % die grofite Zellpopulation in
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der Epidermis sind (Fritsch, 2009), lokalisiert. Dass der AhR bei dieser Schutzfunktion
eine entscheidende Rolle spielt, zeigt sich auch daran, dass seine Expression in der Epi-

dermis von basal nach apikal zunimmt (Swanson, 2004; Abb. 1.5).

Epidermale Keratinozyten exprimieren sowohl Enzyme der Phase 1 (CYP1Al, 1BI,
2A6, 2B6, 2D6, 2E1, 3A4 und 3AS5; Du 2006, Swanson 2004), als auch der Phase 2
(NQOI1, NAT, GST; Kawakubo and Ohkido, 1998; Afaq and Mukhtar, 2001;
Radjendirane V et al., 1997), um die schnelle Metabolisierung von Fremdstoffen zu

gewdhrleisten (Details in Abschnitt 1.3.3 und 1.3.4).

Obwohl der AhR in Keratinozyten eine essentielle Komponente des
Fremdstoffmetabolismus darstellt, ist dies in dermalen Fibroblasten nicht der Fall. In
diesen Zellen ist der Rezeptor zwar exprimiert, es ist jedoch schon seit den 90er Jahren
bekannt, dass weder CYP1A1 noch CYP1B1 in Fibroblasten induziert werden kénnen
(Gradin ef al., 1993; Gradin et al., 1999). Der zugrunde liegende Mechanismus dieses
Phinomens ist bis heute nicht eindeutig aufgekldrt, es wurde jedoch die hohe
Expression des AhRR in diesen Zellen als moglicher Grund postuliert (Gradin et al.,
1993; Mimura et al., 1999). Da Fibroblasten gegeniiber Keratinozyten eine deutlich
verringerte Regenerationsfahigkeit haben, sind sie anfilliger fiir eine Akkumulation von
geschidigten Makromolekiilen und Organellen (wie z.B. Mitochondrien). Daher konnte
die Reprimierung des AhR Signalweges in der Dermis als Schutz gegeniiber oxidativem

Stress dienen, der bei der Aktivierung von CYP-Monooxygenasen entsteht.

Bereits in den 1980er Jahren wurde im Nager beobachtet, dass eine UV Bestrahlung der
Haut zur Induktion der AhR-abhidngigen CYPI1-Aktivitit in verschiedenen Organen
fiihrt (Goerz et al., 1983; Mukhtar et al., 1986; Paigen et al., 1981). Die Arbeitsgruppe
von Katiyar konnte diese Beobachtung 2000 auch fiir menschliche Haut in vivo
bestdtigen, die mit UVB (289 — 320 nm) bestrahlt wurde (Katiyar et al., 2000). Weitere
in vitro Untersuchungen untermauern diese Befunde. So fiihrt die UV-Bestrahlung von
HaCaT-Keratinozyten zur Induktion der CYP1A1l mRNS und auch AhR-defiziente
Leberzellen zeigten eine AhR-abhidngige UV-Antwort (Wei et al., 1999). Aus diesen
Beobachtungen ergab sich die Frage, ob der AhR auch an der Antwort der Haut auf
UV-Strahlung beteiligt ist. Die Beobachtung, dass die CYPI1Al-Induktion durch
Zugabe des Chromophors Tryptophan vor der Bestrahlung noch verstirkt wurde (Wei et
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al., 1999) war ein Hinweis auf die Entstehung von Tryptophanphotoprodukten, die als
AhR-Liganden fungieren konnen. Die Arbeitsgruppe um Rannug zeigte ex vivo, dass
tatsdchlich nach UV-Bestrahlung einer wéssrigen Tryptophanlésung Photoprodukte
entstehen, die an den AhR binden. Dabei wurden 6-formylindolo(3,2-b)carbazol (FICZ;
Abb. 1.6) und 6,12-diformylindolo(3,2-b)carbazol (dFICZ) als die Produkte mit der
hochsten AhR-Affinitét identifiziert (Rannug ef al., 1987; Rannug et al., 1995).

Abb. 1.6 6-formylindolo(3,2-b)carbazol: Strukturformel des durch UVB-Bestrahlung entstandenen
Tryptophan-Dimers 6-formylindolo(3,2-b)carbazol (FICZ).

Erst kiirzlich wurde in HaCaT-Keratinozyten die intrazellulire Formierung des AhR-
Liganden FICZ (bestehend aus einem Tryptophan Dimer) nachgewiesen (Fritsche et al.,
2007). Die Bindung von FICZ an den AhR fiihrt zur Aktivierung des Rezeptors und
somit zur Abspaltung der Kochaperone, darunter c-src. Der aktivierte AhR transloziert
in den Nukleus, wo er mit ARNT dimerisiert und zur Transkription von AhR-Zielgenen
wie z.B. CYP1AI fiihrt (zusammengefasst in Abel und Haarmann-Stemmann, 2010).
Durch einen bislang noch unbekannten Mechanismus (in Abb. 1.7 durch gestrichelte
Linie angedeutet) fiihrt c-src zur Aktivierung und Internalisierung des Epidermal
Growth Factor Receptor (EGFR) (Enan und Matsumura, 1996; Kohle et al., 1999), was
in einer Aktivierung des ERK1/2 Signalwegs mit erhohter COX-2 Expression und Akti-
vitét resultiert (Fritsche et al., 2007; Agostinis et al., 2007).

Da die Exposition der Haut gegeniiber UVB-Strahlung sowohl zur Entstehung von
Tumoren beitrdgt (Situm et al., 2008; Narayanan et al., 2010), als auch eine Ursache fiir
vorzeitige Hautalterung (Gilchrest BA und Krutmann J, 2006) und Immunsuppression
(Schwarz, 2002) ist, kommt dem AhR nun eine wichtige Rolle in der Praventivmedizin

zu. Dass der AhR an der Hauttumorigenese beteiligt ist, zeigen in vivo Arbeiten an
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AhR-defizienten Maiusen, die gegen PAK-induzierte Hauttumoren geschiitzt sind
(Shimizu et al., 2000). Vorzeitige Hautalterung geht ebenfalls mit der Aktivierung der
AhR-Signalkaskade einher. So ist z.B. bei Rauchern eine beschleunigte Alterung der
Haut zu beobachten (Leung und Harvey, 2002).

UVB

~

Zytoplasma

3
.t,<‘

Nukleus

CYP1A1

Abb.1.7: AhR Signaltransduktion in humanen Keratinozyten nach UVB-Bestrahlung. In
unbehandelten Zellen liegt der AhR als inaktiver Multiproteinkomplex im Zytosol vor. UVB-
Absorption durch Tryptophan (Trp) fiithrt zur intrazelluldren Bildung des AhR-Liganden FICZ,
welches den AhR aktiviert und u. a. c-src abspaltet. Der aktive AhR transloziert in den
Nukleus, wo er mit ARNT heterodimerisiert und die Transkription von CYP1A1 einleitet.
Uber einen bisher unbekannten Mechanismus (gestrichelte Linie) bewirkt c-src die
Internalisierung des aktivierten EGFR und aktiviert so die ERK1/2-Signalkaskade mit erhéhter
COX-2 Expression und Aktivitat. (adaptiert nach Agostinis ef al., 2007)

Zudem wurde in nicht sonnenexponierter Haut von Rauchern eine induzierte Expression
von MMP-1 nachgewiesen (Lahmann et al., 2001). Fiir diesen Effekt sind moglicher-
weise die im Zigarettenrauch enthaltenen PAK (wie z.B. B(a)P) verantwortlich.

Arbeiten von Murphy, in denen TCDD-Belastung von Keratinozyten auf mRNS-Ebene
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zu einer Induktion von MMP-1 fiihrt, untermauern diese Hypothese (Murphy et al.,
2004). Des Weiteren zeigen sowohl AhR- als auch ARNT-defiziente Méause einen
typischen Hautalterungsphinotyp mit Hyperplasien, Hyperkeratosen und gestorter
epidermaler Barrierefunktion (Fernandez-Salguero et al., 1997; Takagi et al., 2003).

1.3.3 Fremdstoffmetabolismus der Phase I in der Haut

Eine wichtige Funktion des AhR liegt in der Regulation des Fremdstoffmetabolismus
(FSM). Durch Aktivierung des AhR nach Ligandenbindung werden AhR-abhingige
Gene exprimiert, die fiir Enzyme des Phase 1 FSM kodieren (Bock und Kohle, 2006).
Dazu gehoren die Cytochrom (CYP) P450-Monooxygenasen CYP1A1, 1B1, 1A2, 2S1
(Ramadoss et al., 2005). Diese Enzyme katalysieren Reaktionen, die funktionelle
Gruppen in lipophile Chemikalien (wie z.B. B(a)P) einfiihren, deren Hydrophilie dann
nachfolgend durch Enzyme der Phase 2 (siche Abschnitt 1.2.4 fiir Details) erhoht wird,
um die bilidre oder renale Elimination zu ermoéglichen (Witjen W und Fritsche F,
2010). Lange Zeit wurde angenommen, dass die Haut von Saugetieren keinen
nennenswerten Fremdstoffmetabolismus aufweist. Inzwischen gibt es jedoch viele
Arbeiten, die zeigen, dass die meisten Enzyme des Fremdstoffmetabolismus in der Haut
exprimiert werden, wenn auch zum Teil mit niedrigen Aktivitdten (fiir eine ausfiihrliche
Zusammenfassung siche Oesch et al., 2007). In gesunder unbehandelter menschlicher
Haut sind die meisten CYPs in der Epidermis und den Schweilldriisen lokalisiert, was
fiir CYP1A1 und 1B1 Protein (Katiyar et al., 2000) und CYP2A6, 2B6 und 3A4 mRNS
(Janmohamed et al., 2001) gezeigt werden konnte. Da es sich bei der Haut um ein aus
verschiedenen Zelltypen aufgebautes Organ handelt, ist es nicht iiberraschend, dass
nicht alle Zelltypen die gleiche Verteilung in der CYP-Expression aufweisen. Eine ver-
gleichende Studie in Keratinozyten, Melanozyten, Langerhanszellen und Fibroblasten
von sechs verschiedenen Individuen konnte zeigen, dass CYP mRNS fiir CYP1AI1, 1B1
und 2E1 in allen vier Zelltypen auf transkriptioneller Ebene vorhanden ist (Saeki et al.,
2002). Keratinozyten exprimierten des Weiteren CYP1A1, 1B1, 2E1 und 3A5 in allen
Individuen, CYP2C6 in 5 Individuen und 4B1 in 3 Individuen. In Melanozyten wurde
mRNS fiir CYP1AL1, 1B1, 2A6 und 2E1 nachgewiesen, in Langerhanszellen waren es
CYPI1A1, 1BI1, 1E1 und 3A4 in allen untersuchten Zellen, sowie 3A7 in drei der unter-
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suchten Individuen. Auch Fibroblasten exprimierten die Gene fiir CYP1A1, 1B1, 2D6,
2E1 und 3A7 in allen Individuen, CYP3AS5 in fiinf, 2C in vier und 2A6 in zwei
Individuen (Saeki et al., 2002). Eine aktuelle Studie von Du et al. wies weiterhin in
Keratinozyten eine Anderung im Expressionsmuster von CYP-Genen mit zunehmen-
dem Differenzierungsgrad nach (Du L ef al., 2006). So wurden in Keratinozyten, die
sich im Differenzierungsstadium des Stratum spinosum befanden, CYP1A1, 1A2, 1BI,
2C9, 2C18, 2C19, 2D6, 2El, 2J2, 2S1, 2U1, 2W1, 3A4 und 4Bl exprimiert. Davon
wurden CYP2C9, 3C18, 2C19, 2W1, 3A4 und 4B1 mit zunehmender Differenzierung

aufreguliert.

Viele Chemikalien, denen die menschliche Haut ausgesetzt ist, darunter auch
Kosmetikprodukte, Allergene, Toxine und Karzinogene, sind Substrate der CYP P450-
Monooxygenase Familie (Ahmad et al., 1996). Ahnliches gilt fiir Therapeutika wie z.B.
die endogenen CYP-Substrate Vitamin A (Pavez et al., 2009) und D (Omdahl et al.,
2003), die in der Dermatologie eingesetzt werden (Ahmad und Mukhtar, 2004). Durch
Enzyme des Fremdstoffmetabolismus in der Haut werden topisch applizierte dermato-
logische Therapeutika sowie Xenobiotika, denen die Haut ausgesetzt ist, entweder ent-
oder gegiftet, wodurch es zu dermatologisch relevanten Pathologien kommen kann
(Wétjen W und Fritsche F, 2010). Bereits in den 1970er und 1980er Jahren wurde
nachgewiesen, dass humane Haut CYP-abhingige mikrosomale Enzymaktivitéit gegen-
iiber PAKSs besitzt, die durch eben diese induzierbar ist (Alvares et al., 1973; Bickers et
al., 1984; Levin et al., 1972). Viele CYPs, die auch in der Leber eine wichtige Rolle im
Fremdstoffmetabolismus spielen, konnten auch in der Haut identifiziert werden, aller-
dings in wesentlich geringeren Mengen. Dazu gehdren CYPs, die hauptsidchlich
Prokarzinogene metabolisieren (CYP1A1, 1A2, 1B1, 2A6, 2B6, 2E1 und 3A4) und
CYPs die bei der Metabolisierung vieler Pharmaka eine Rolle (Ahmad und Mukhtar,
2004; Baron et al., 2001; Janmohamed ef al., 2001; Vondracek et al., 2001; Yengi et al.,
2003; Ahmad et al., 1996). Des Weiteren wurde fiir CYP kodierende mRNS in ex vivo
humaner Haut (Yengi et al., 2003; Janmohamed et al., 2001; Vondracek et al., 2001)
und in humanen Keratinozytenkulturen (Baron et al., 2001) identifiziert: CYP1A1, 1A2,
1B1, 2A6/7, 2B6/7, 2C9, 2C18, 2C19, 2D6, 2El1, 2S1, 3A4/7 und 3AS.
Zusammenfassend werden mindestens 19 Gene der CYP 1-3 Familie in der Haut

exprimiert, die hauptsédchlich fiir fremdstoffmetabolisierende CYPs kodieren (CYP1A1,
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1A2, 1B1, 2A6, 2A7, 2B6, 2C9, 2C18, 2C19, 2D6, 2E1, 2J2, 2R1, 2S1, 2Ul, 2WI,
3A4,3A5, 3A7) (zusammengefasst in Oesch et al., 2007).

Neben der groBen Gruppe der CYP P450-Monooxigenasen werden auch
Cyclooxygenasen (COX) in der menschlichen Haut exprimiert, die ebenfalls eine
wichtige Rolle im Fremdstoffmetabolismus einnehmen (Oesch F und Arand M, 1999).
Die Verteilung der unterschiedlichen COX-Isoformen in der Epidermis ist
unterschiedlich. So wird COX-1 in der gesamten Epidermis exprimiert, wiahrend COX-
2 (beteiligt an der zelluldren Antwort auf Entziindungsstimuli; Lee et al., 2003) haupt-
sdchlich in den Keratinozyten der Basallamina zu finden ist (Buckman et al., 1998;

Leong et al., 1996).

Weitere Enzyme der Phase 1, die in der menschlichen Haut exprimiert werden, sind die
Flavin-abhéngige = Monooxygenase (FMO), die Alkoholdehydrogenase, die
Aldehyddehydrogenase, Esterasen / Amidasen sowie Epoxidhydrolasen (EH) (Oesch et
al.,2007). Im Vergleich zur Leber liegen die spezifischen Enzymaktivititen in der Haut

bei unter 10 % (Smith C.K. und Hotchkiss S.A.M., 2001).

1.3.4 Fremdstoffmetabolismus der Phase II in der Haut

Zu den AhR-abhingigen fremdstoffmetabolisierenden Enzymen der Phase 2, die in der
Haut exprimiert werden, gehdren die Glutathion S-Transferase A (GST-A), die UDP-
Glukuronosyltransferase (UGT) und NADPH Chinonoxidoreduktasen (Ramadoss et al.,
2005). Die Enzyme der Phase 2 erhohen die Hydrophilie von lipophilen Chemikalien, in
die bereits in Phase 1 funktionelle Gruppen eingefiihrt wurden, um die bilidre oder

renale Elimination zu ermdglichen (Wiatjen W und Fritsche F, 2010).

GSTs sind an der Entgiftung von vielen Chemikalien, vor allem -elektrophilen
Substanzen, beteiligt (Eaton und Bammler, 1999). Die am meisten verbreiteten Formen
sind die im Zytosol lokalisierten 16slichen GST-A, -M, -T und -P, die sowohl Homo- als
auch Heterodimere formen konnen (Hayes und Strange, 2000). In humaner Haut wurde
GST-Aktivitdt im Zytosol bereits in den 1990er Jahren beschrieben, wobei GST-P als

die dominante Isoform in der Epidermis identifiziert wurde (Raza et al., 1991).
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Bei der Glucuronidierung werden Glucuronsidurekonjugate an funktionelle Gruppen
eines Fremdstoffes angehdngt, um dessen Wasserloslichkeit zu erhdhen (Tukey und
Strassburg, 2000). Dieser Metabolismusweg spielt eine wichtige Rolle im Schutz der
Zelle (Grancharov et al., 2001). Die Reaktion wird durch das Enzym UGT katalysiert
und bendtigt UDP-Glucuronsdure als Kofaktor, welcher in Fibroblastenkulturen aus
humaner embryonaler Haut gefunden wurde (Sarnstrand et al., 1987). Es gibt nur
wenige Daten zu diesem Enzym in der Haut, allerdings belegen die Bildung von
Indolylessigsdure Glucoroniden und Triclosan Glucuroniden, dass in der Haut UGT
Aktivitdt vorhanden ist (Ademola et al., 1993; Moss et al., 2000). Des Weiteren ist
berichtet worden, dass 3-Methylcolanthren (3-MC) in der Haut und in Hautzellen von
verschiedenen Spezies die UGT auf mRNS-Ebene induziert (zusammengefasst in Oesch

et al.,2007).

Ein weiteres Phase 2 Enzym, das in humaner Haut hohe Aktivititen aufweist, ist die
zytosolische N-Acetyltransferase (NAT), die vor allem zur direkten Entgiftung von
aromatischen Aminen, wie sie z.B. in oxidativen Haarfdarbemitteln vorkommen, beitragt
(Kawakubo et al., 2000; Nohynek et al., 2005), wodurch es in der Haut zu einem ,,First
Pass“-Metabolismus kommt (Goebel et al., 2009). Die NAT-1 ist dabei die Isoform des
Enzyms, die sich in den Keratinozyten der Haut wiederfinden lisst (Minchin et al.,

2007; Kawakubo et al., 2000).

Des Weiteren finden sich Sulfotransferasen (SULT) in humaner Haut, von denen ge-
zeigt werden konnte, dass sie viele Substanzen wie z.B. Triclosan nach topischer
Applikation in vitro und in vivo sulfatieren (Moss et al., 2000). Diese Klasse der Phase
2 fremdstoffmetabolisierenden Enzyme ist essentiell bei der Metabolisierung des endo-
genen AhR-Liganden FICZ. Dieser wird in erster Instanz durch die Phase 1 Enzyme
CYP1A1, 1A2 und 1B1 funktionalisiert und letztendlich durch SULT 1A1l, 1A2, 1B1
und 1E1 konjugiert (Bergander et al., 2004; Wincent et al., 2009). Sulfatierte Konjugate

von FICZ-Metaboliten wurden in humanem Urin nachgewiesen (Wincent et al., 2009).

Allgemein liegen, dhnlich wie bei den Phase 1 Enzymen des Fremdstoffmetabolismus,
die spezifischen Aktivititen dieser Enzyme in der Haut bei unter 10 %, vergleicht man
sie mit den entsprechenden Enzymen in der Leber (Smith C.K. und Hotchkiss S.A.M.,
2001).
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1.4 Ziel der Dissertation

Die Haut reagiert auf exogene Noxen wie UV-Strahlung oder PAK mit vorzeitiger
Organalterung. Zur Entwicklung praventiver Strategien ist das tiefgreifende Verstandnis
der diesen Prozessen zugrunde liegenden Mechanismen von aullerordentlicher
Bedeutung.

Innerhalb dieses libergeordneten Ziels wurde im Rahmen der vorliegenden Dissertation

Folgendes untersucht:

I. Die fremdstoffmetabolisierende Kapazitit im Bezug auf Enzyme der Phase 1 und
2 von humaner Haut im Vergleich zu zwei- und dreidimensionalen (2D/3D) in

vitro Zellmodellen.

II. Untersuchung der funktionellen Rolle des AhRR in der fehlenden Induzierbarkeit

von priméren humanen Fibroblasten durch AhR-Liganden.

III. Die Rolle der AhR-Signalkaskade in der extrinsischen Hautalterung.

IV. Die Rolle von Ostrogen in der lichtinduzierten vorzeitigen Hautalterung.
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2  Manuskripte

Im Folgenden sind die Publikationen als Erst- und Koautor angefiigt. Bei den ersten drei
Publikationen (2. 1 — 2. 3) handelt es sich um Untersuchungen zum
Fremdstoffmetabolismus der Phase 1 und 2. Insbesondere liegt das Augenmerk auf dem
Vergleich zwischen humaner ex vivo Haut und verschiedenen Keratinozyten-basierten
in vitro Alternativmodellen, da es im Bezug auf zukiinftige dermatotoxikologische und
kosmetische Studien essentiell ist, deren metabolische Kapazitét zu charakterisieren. Da
viele fremdstoffmetabolisierende Enzyme iiber den AhR reguliert werden und der AhR
in der Homoostase der Haut von Bedeutung ist, beschéftigen sich die folgenden beiden
Publikation mit der AhR-Signalkaskade in verschiedenen Hautzellen. In Publikation 2.
4: ,,AhRR function revisited: Investigations in adult primary human fibroblasts* wird
diskutiert, dass der nicht funktionelle AhR-Signalweg in humanen Fibroblasten,
entgegen der landldufigen Literaturmeinung, nicht durch eine hohe AhRR-Expression,
sondern durch einen bisher unbekannten Faktor verursacht wird. Dahingegen wird in
der darauf folgenden Publikation , The Arylhydrocarbon Receptor (AhR) in
keratinocytes is a universal sensor for environmental stress that mediates skin aging® (2.
5) eben dieses Molekiil in den metabolisch kompetenten Keratinozyten der Epidermis
als gemeinsamer Nenner PAK- und UVB-vermittelter extrinsischer Hautalterung
diskutiert, indem er die MMP-1-Expression induziert. Die letzte Publikation ,,Estradiol
protects dermal hyaluronan / Versican matrix during photoaging by release of EGF
from keratinocytes” (2. 6) greift das Thema der extrinsischen Hautalterung auf. Hierin
wird deutlich, dass der protektive Effekt des Ostrogens auf die extrazellulire Matrix
durch Keratinozyten vermittelt wird, die durch EGF parakrin die Synthese von

Hyaluronsdure und Versikan in den Fibroblasten der Dermis vermitteln.
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2.1 Publikation 1

Xenobiotic metabolism capacities of human skin in comparison to 3D-epidermis
models and keratinocyte-based cell culture as in vitro alternatives for chemical
testing: Phase I

Obwohl die Haut ein wichtiges Organ fiir die Absorption und die Metabolisierung von
Chemikalien, Kosmetika und Pharmazeutika darstellt, ist ihre metabolische Kompetenz
bis jetzt noch nicht ausreichend charakterisiert. Da die siebte Anderung der EG-
Kosmetik-Richtlinie (76/768/EWG) seit 2009 den Gebrauch von in vivo Modellen zur
Testung von Kosmetika fiir einige Endpunkte wie z.B. Genotoxizitit verbietet, gibt es
dringenden  Bedarf die fremdstoffmetabolische Kapazitit der in  vitro
Alternativmethoden mit der der menschlichen Haut zu vergleichen. In dieser
Publikation wurden Phase 1 Enzymaktivititen von Cytochrom P450 (CYP) und
Cyclooxygenase (COX) in ex vivo humaner Haut, dem 3D-Epidermis-Model Epi-
Derm™ (EPI-200), immortalisierten Keratinozytenzelllinien (HaCaT und NCTC 2455)
und priméren normalen humanen epidermalen Keratinozyten (NHEK) gemessen und
verglichen. Die basalen CYP-Enzymaktivititen in Keratinozyten, EPI-200 und humaner
Haut waren sehr gering. Zudem unterschieden sich die Aktivititen aller untersuchten
Monolayer Zellen von denen der 3D-Aquivalente nach Induktion durch 3-
Methylcolanthren (3-MC). Die basale COX-Aktivitit hingegen war in ex vivo Haut und
EPI-200 vergleichbar, variierte aber stark in den untersuchten 2D-Zellkulturmodellen,
wobei die Aktivitdt in den immortalisierten Zelllinien HaCaT und NCTC deutlich ge-
ringer war, als in den auf Primérzellen basierenden Modellsystemen NHEK und EPI-
200. Signifikante Induktion nach 3-MC Behandlung wurde nur in EPI-200 Modellen
beobachtet. Zusammengefasst sind die basalen CYP-Aktivititen im Vergleich zu den
betrachtlichen COX-Aktivititen in rekonstruierter Epidermis (EPI-200) und
Mikrosomen humaner Haut sehr gering. Daraus ergibt die Schlussfolgerung, dass 3D-
Kulturen wie EPI-200 ein passenderes Model fiir dermatotoxikologische Studien dar-
stellen konnten als Monolayer-Zellkulturen, da sie der in vivo Kompetenz der Phase 1
Enzymaktivitit in humaner Haut am néchsten kommen. Zusammengefasst helfen diese
Daten, den Metabolismus in der Haut besser zu verstehen und das Wissen von in vitro

Alternativsystemen fiir die dermatotoxikologische Testung zu verbessern.
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ABSTRACT:

Skin is important for the absorption and metabolism of exposed chemicals such as cosmetics or
pharmaceuticals. The 7th Amendment to the EU Cosmetics Directive prohibits the use of animals for
cosmetic testing for certain endpoints, such as genotoxicity; therefore, there is an urgent need to
understand the xenobiotic metabolising capacities of human skin and to compare these activities
with reconstructed 3D skin models developed to replace animal testing. We have measured phase |
enzyme activities of cytochrome P450 (CYP) and cyclooxygenase (COX) in ex vivo human skin, the 3D
skin model EpiDerm™ (EPI-200), immortalized keratinocyte-based cell lines and primary normal
human epidermal keratinocytes. Our data demonstrate that basal CYP enzyme activities are very low
in whole human skin and EPI-200 as well as keratinocytes. In addition, activities in monolayer cells
differed from organotypic tissues after induction. COX activity was similar in skin, EPI-200 and NHEK
cells, but was significantly lower in immortalized keratinocytes. Hence, the 3D model EPI-200 might
represent a more suitable model for dermatotoxicological studies. Altogether, these data help to
better understand skin metabolism and expand the knowledge of in vitro alternatives used for

dermatotoxicity testing.

Keywords: skin; xenobiotic metabolism; cytochrome P450-monooxygenase; cyclooxygenase

Abbreviations: CYP=cytochrome P450-monooxygenase; COX=cyclooxygenase; PGE,=prostaglandin
E2; 3-MC=3-methylcholanthrene; EPI-200=reconstituted epidermis model EpiDerm™ (MatTek);

NHEK=normal human keratinocytes; HLM=human liver microsomes
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INTRODUCTION

Skin is the largest organ and represents the body’s protective surface as the first and outermost
contact site for topically applied substances. Beside the skin’s important tasks in preventing
mechanical and physical harm its potential to detoxify chemicals often remains unconsidered.
However, skin plays a key role in not only controlling the penetration and distribution but also the
metabolism of topically applied chemicals (1) and is thus a first-pass organ for penetrating
substances. Numerous examples exist showing that skin metabolism is not only protective but also
contributes to skin pathologies such as contact dermatitis or carcinogenesis (2;3). This implies a need
for safety assessment for all ingredients of cosmetic products and the need to employ appropriate
models to test chemical ingredients for their potential to cause skin irritation, sensitization, as well as

genotoxic damage.

Animal testing was the method of choice for dermatotoxicological testing for decades. Decreasing
acceptance of animal use in cosmetic testing in the public, arising from ethical concerns, forces the
revision of traditional procedures and the establishment of alternative methods. In addition, animal
testing for cosmetics was prohibited by the 7th Amendment to the EU Cosmetics Directive including
skin irritation and genotoxicity. The need for adequate substituting test models is evident, but even
though several alternative skin models are available only little knowledge exists about the

resemblance of their xenobiotic metabolizing capacities compared to native human skin.

For years, keratinocyte-derived cell lines have been used for investigations of mechanisms of action
of dermatotoxic compounds or the prevention of skin diseases (4-10) as they represent a cost- and
time-effective tool to address these questions. They may also be appropriate to explore human
metabolic inter-individual differences (11). The most critical issues concerning immortalized
keratinocyte-based monolayer models have been the lack of three-dimensional tissue (3D)
properties as well as accumulation of spontaneous chromosomal aberrations. Due to these
insufficiencies, 3D human epidermal equivalents were developed over the last years (12-14). Such 3D
skin models consist of primary human keratinocytes which are grown at the air-liquid interphase and
differentiate into a multilayered 3D tissue. They were already examined e.g. by COLIPA for their
suitability for genotoxicity testing (15-17). However, until now, a systematic assessment of xenobiotic
metabolism capacities of monolayer cultures in comparison to human skin and 3D models has never

been performed.

Therefore, the aim of this study was the characterization of the xenobiotic metabolizing activities of
native human skin compared to in vitro models such as (i) the commercially available 3D epidermal

model EpiDerm™ (EPI-200, MatTek Corp.) based on human primary keratinocytes and (ii) several
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human skin-derived cell monolayers. The latter one including the well-known keratinocyte-based cell
lines, HaCaT (18) and NCTC 2544 (19) as well as primary human epidermal keratinocytes (NHEK). For
use in dermatotoxicology it is necessary that alternative testing methods reproduce xenometabolic
pathways of human skin so that the results of in vitro testing are meaningful. Particular concern for
the evaluation of the toxicity of compounds is the activation of genotoxic compounds via CYP and
also the effect of compounds to induce the activity of these enzymes. In order to characterize the
enzyme metabolism of skin models compared with human skin in this study, cells and EPI-200
epidermal models were primarily treated with 3-methylcholanthrene (3-MC) as a prototypical

arylhydrocarbon receptor agonist and CYP inducer.

Page 4 of 29
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MATERIALS AND METHODS
Chemicals and materials

All chemicals, if not otherwise specified, were purchased from Sigma-Aldrich (Germany) in highest
purity available. Cell culture media were obtained from PAA (Austria) and PromoCell (Germany), the
DC protein quantification kit from BioRad (Germany). Prostaglandin E2 EIA monoclonal and
fluorescent COX kit was acquired from Cayman Chemical Company (USA). Liver microsomes were

bought from Celsis In Vitro Inc. (USA).

Keratinocyte / tissue culture

HaCaT cells were cultured in DMEM, NCTC 2544 and A431 cells were cultured in MEM each
containing 10 % (v/v) fetal calf serum (FCS) and 1 % (v/v) of antibiotic-antimycotic solution (PAA, Cat.
No. P11-002). A431 were supplemented with non-essential amino acids (PAA, Austria). Primary NHEK
keratinocytes from 30- 40 year old female donors were cultured in KGM-2 containing supplements
from Promocell (Germany). For subsequent enzyme assays, media were FCS-free if not otherwise

specified.

The human reconstituted epidermis EpiDerm™ (EPI-200) was purchased from MatTek Corporation,
Ashland, USA (donor 1188 and for one experiment 254). After delivery, the tissue recovered for 24 h
at 37 °Cand 5 % CO, in serum-free EPI-100-NMM-PRF media (900 pL per model). Induction

experiments were carried out in EPI-100-NMM-PRF medium.

Enzyme induction

Cells and EPI-200 epidermal models were treated with 3-methylcholanthrene (3-MC), rifampicin
(RIF), dexamethasone (DEX) and 6-(4-chlorophenyl:imidazo[2,1-b]thiazole-5-carbaldehyde O-(3,4-
dichlorobenzyl)oxime (CITCO, (20) in DMSO (stock concentration 10, 50, 100 and 10 mM,
respectively) and cyclophosphamide (CP, 50 mM in PBS). Incubation times for induction were 24 h
(CYP1), 48 h (CYP3A) and 72 h (CYP2) unless otherwise noted (timepoints chosen and adjusted in

accordance to hepatocyte data (Hewitt et al., 2007a)). Maximum solvent concentration was 0.1 %.
Cell viability, cytotoxicity and protein content assessment

Assay kits for measurement of cell viability (Cell Titer Blue and CytoTox One, Promega Corp) were
applied according to the manufacturer. Protein in monolayer cell culture was determined using
CBQCA protein quantification kit (Molecular Probes/Invitrogen, Germany) and bovine serum albumin

as reference protein.
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Human ex vivo skin samples

Skin samples were obtained from the hospital Kaiserswerther Diakonie in Disseldorf, Germany. The
samples originated from female patients of different age and unknown pharmacological background.
Patients were informed and agreed to donate removed tissue for scientific purpose. The use of ex
vivo skin from breast reduction has been fully approved by the local Ethics Committee at the
Heinrich-Heine-University of Disseldorf. Skin samples were collected immediately after surgery and

kept cold during the transport (< 1 h).

Preparation of subcellular fractions from human ex vivo skin and EPI-200 models

Microsomal and cytosolic fractions from human skin were prepared in accordance to previously
described methods (21) using a Ultra Turrax T25 homogenizer. The number of individual microsomal
preparations was n=8 for EPI-200 and n=10 for skin biopsies. The functionality of the preparation
protocol was confirmed by comparing CYP enzyme activities of commercially available mouse liver
microsomes with obtained results of in house preparation of mouse microsomes which were highly

comparable (data not shown).
Cytochrome P450 enzyme activity assays

CYP1/2B activities were measured via resorufin-based substrates (supplemental material and
methods). Dicoumarol (10 uM) was added to all resorufin-based CYP experiments to prevent

metabolism of the reaction product resorufin by NQO1 (22) and Phase Il enzymes.

The multi-CYP1/2 substrate 7-methoxy-4-trifluoromethylcoumarin was assayed according to the

method described by (23).

CYP3A was assayed by using 7-benzyloxyquinoline as substrate according to (24). The luminescent
Luc-BE CYP3A-assay was carried out as recommended by the manufacturer (Promega, USA;

supplemental material and methods).

Cyclooxgenase enzyme activity assays

PGE, formation as a measure for COX-2 activity (25) was measured using a monoclonal EIA and a COX
fluorescent activity assay kit (Cayman Chemical Company, Ann Arbor, USA; supplemental material

and methods).

Statistics
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All experiments were conducted at least n=3. Using the Student’s unpaired t-test; p < 0.05 was
considered significant. LOD was defined as mean of blank measurements plus 3 times standard

deviation of the blank. LOQ was defined as the 2-fold LOD.
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RESULTS
XENOBIOTIC PHASE | METABOLISM IN HUMAN SKIN AND EPI-200 MODELS

Performance of all CYP assays was verified with rat, mouse, minipig and human liver microsomes
(HLM). All of those displayed substantial hepatic enzyme activities for CYP1A1/1B1 (EROD), CYP1A2
(MROD), CYP2C9 (MFC O-dealkylase) and CYP3A (BQ-dealkylation and luminescence generated from
Luc-BE), whereas no CYP2B6 activity (PROD) was seen above the limit of detection (LOD; < 0.2 pmol
min™ mg™ in resorufin dealkylase assays) in any human sample (Fig. 1a- e). In contrast to liver, human
skin and EPI-200 microsomes displayed no EROD, MROD, MFC O-dealkylase and —in common with
the human liver samples — no PROD activities above the LOD. In our coworkers' study at BASF, similar
results in native human skin as well as reconstructed epidermal (MatTek) and full thickness skin

(Phenion) models were obtained (supporting table 1; (26)).

In contrast to resorufin dealkylase activities, BQ- and Luc-BE (CYP3A) rates were 76 (£ 41) and 94 (+
13) pmol BQ min™ mg™ and 0.05 (+ 0.03) and 0.08 (+ 0.05) pmol Luc-BE min™ mg™ in skin and EPI-200
microsomes, respectively. These values just exceeded the given LOD. In the study conducted by our
coworkers (BASF), CYP3A examined via BROD also remained below their respective LOQ. These data
indicate very low to undetectable basal enzyme activities in human skin as well as in the EPI-200

model.

CYP-mediated biotransformation is increased upon treatment with specific inducers. Therefore we
investigated CYP induction in intact EPI-200 models by systemic application of prototypical inducers.
In intact models, basal EROD, MROD, PROD and MFC activities were below the LOD and the BQ
turnover was 5.5 (£ 0.9) pmol min™ mg™ (Fig. 2b) confirming our measurements in microsomes.
EROD and MROD activities, however, were inducible by 3-MC after 24 h in a concentration-
dependent fashion up to 1.7 (£ 0.8) pmol min™ mg™ for EROD and 0.7 ( 0.3) pmol min™ mg* for
MROD (Fig. 2a). Basal and rifampicin- or CITCO-induced (72 h) PROD and MFC activities remained
below the LOD. CYP3A4 activity was not inducible by rifampicin or dexamethasone after 48 h (Fig.
2b).

Basal COX activity in microsomes was present (23.5 + 8.7 pg min™* mg'1 and 33.7+£19.8 pg min™ mg'1
of PGE, formation; Fig. 1 f). Basal PGE, production in intact EPI-200 tissue was about 10-fold lower
(3.6 + 1.9 pg min™ mg™). After treatment with 3-MC, PGE, formation in intact tissues increased

approximately 2-fold to 7.6 pg min™ mg™* within 24 h in a concentration dependent manner (Fig. 2c).
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Inter-individual variability and the duration of inducer treatment may impact on enzymatic activities.
Therefore, basal microsomal CYP1A/1B and COX activities were measured in EPI-200 models from
two different donors (donors 1188 and donor 254) after 24, 48 and 72 h upon tissue arrival.
Independently from donor and time point after arrival, EROD activity was below the LOD. Also PGE,

formation over time was similar under all conditions tested (supporting online material, Figure 5).
XENOBIOTIC PHASE | METABOLISM IN CELL LINES

As shown in figure 3a, basal EROD activity for HaCaT was below detection and for NCTC and NHEK
cells just above the LOD at 0.2 - 0.3 pmol min™ mg™. EROD and MROD activities were increased by 3-
MC in all three cell lines (Fig. 3a). At 5 uM 3-MC, the highest EROD and MROD induction was seen in
NCTC 2544 with 114 + 77 pmol min™ mg™® and 70 pmol min™ mg™, respectively. At that concentration
HaCaT cells showed 75 pmol min™ mg™ for EROD and 35 pmol min™ mg™ for MROD. NHEKs displayed
maximal EROD activity with 2.5 uM 3- MC (11.1 + 6.6 pmol min™ mg™). Similar results were obtained
using MFC (data not shown). Thus, immortalized cell lines like NCTC 2544 and HaCaT are more
responsive to CYP-induction by 3-MC than primary keratinocytes. Moreover, inducer concentrations

for maximum differ between cell types (Figure 3a).

The ability to induce CYP2B in hepatocytes decreases rapidly when cells are transferred to monolayer
cultures (27) (28). To find out if this is also the case for keratinocyte cultures, we tested the
inducibility of CYP2B (PROD) by rifampicin (RIF, 0-50 uM), CITCO (0-10 uM) and cyclophosphamide
(CP, 0-500 puM) which was reported to induce CYP2B6 more than 2-fold in hepatocyte culture (29).
None of these chemicals elevated PROD activity in any cell type after 24 to 72 h (example for

cyclophosphamide shown in Fig. 3a).

Basal CYP3A activity was detectable in the immortalized HaCaT und NCTC cell lines with 38 + 13 pmol
min? mgtand 33 + 5 pmol min™ mg™, respectively, as measured by BQ as CYP3A substrate for
monolayer cells. These values were comparable with turnover rates obtained for microsomal
activities of human skin and EPI-200. In contrast, no BQ turnover was measured in NHEKs (Fig. 3b). As
serum conditions affect metabolic activities in vitro (30), we also assayed BQ in immortalized cells
using inactivated serum. Treatment with either serum, rifampicin or dexamethasone treatment for
48 h failed to increase BQ metabolism above basal levels in HaCaT and NCTC cells. Dexamethasone

decreased BQ turnover in NCTC, an effect which was similar to that seen in intact EPI-200 (Fig. 2b).

PGE, formation as a measure of COX activities was detected in HaCaT (0.05 + 0.03 pg min™ mg™),
NCTC (0.02 + 0.01 pg min™ mg™) and the epidermal squamous cell carcinoma strain A431 (0.07 + 0.02

pg min™ mg™) employed as a tumor cell line control. In contrast, primary NHEKs exhibited more than
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100-fold higher PGE, production (5.1 + 2.8 pg min™ mg™; Fig. 4). Incubation of monolayers with 3-MC
did not significantly affect COX activities (Fig. 3c). The highest increase in PGE, production in the cell
culture experiments was measured at inducer concentrations between 1 to 2 uM 3-MC, which
caused an up to 1.7-fold, 1.5-fold and 1.4-fold increase, though not significant induction of PGE2
production in HaCaT, NCTC and NHEK.

Page 10 of 29



Page 11 of 29

O©CONOOOPAWN-

11

DISCUSSION

For the first time, drug metabolizing enzyme activities of human skin, 3D epidermal models and
keratinocytes were compared. Thereby, CYP1A1, 1B1, 1A2, 2B6 and 3A activity were below the limits
of quantification in any of the cell models tested. However, basal CYP3A4 and COX activities were

present in all human skin models except for CYP3A4 in NHEKSs.

Studies from two groups determined that human skin possesses CYP-dependent microsomal enzyme
activity metabolizing polycyclic aromatic hydrocarbons or is induced by such compounds (31-33).
Moreover, high CYP activities were observed in epidermal hair follicles (34). As skin is a
compartmented organ, it was a major finding that the main CYP metabolism of skin takes place in the
epidermal layer, i.e. epidermal keratinocytes, rather than in dermal fibroblasts (35;36) and

references therein). This is why only epidermal models were chosen in this study.

A variety of researchers have studied CYP mRNA, protein and/or activity in skin and keratinocyte-
derived in vitro models (11;17;30;37-39). As CYP mRNA expression does not always correlate well
with enzyme activity (36;39), CYP mRNA expression in skin will not be discussed here although others
have made extensive investigations into this aspect (17;36;38;39). With regard to enzyme activity,
previous results are ambiguous. For example, while one group identified CYP1A1 and 1B1 protein
and EROD activity in human untreated epidermis (40), others, in agreement with our findings, did not
(30). In 3D epidermal models, CYP activity measurements were more in harmony with our findings in
that basal CYP1A1/1B1 protein expression and basal EROD activity were consistently below limits of
detection (41;42). Basal CYP1 activity measured in some human skin microsomes may arise from
lifestyle or nutrition as food constituents and contaminants are well known to induce AhR-dependent
CYP expression (43) or might be due to seasonal variation as CYP expression is dependent on
seasonal UV irradiation (44). These inconsistencies will not be present in 3D skin models as primary
keratinocytes used for generation of such models are cultivated under standard conditions before

application.

Wattenberg and Leong (45) illustrated that cutaneous arylhydrocarbon hydroxylase activity is
induced by 3-MC in rats. Similar findings were reported in human skin (31;32). EROD and MROD
inducibility by 3-MC in 3D skin models in agreement with Harris et al. (41) was confirmed in this study

clearly demonstrating the presence of functional CYP protein (Fig. 2a).

Keratinocyte monolayers differ from the more complex 3D epidermal model. NHEKs and NCTC cells
showed very low basal CYP1A/1B activity while these activities were below the limit of detection in

HaCaT cells. Moreover, CYP1A/1B in all three cell types were inducible by 3-MC with the lowest
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induction rate in NHEKs. These basal CYP1A/1B activities as well as their induction responses in
HaCaT and NHEK or NCTC measured in this study support the recently reported data using B(a)P or 3-
MC as inducers (46;47). It was also observed that CYP1A/1B activities decreased in all monolayer
keratinocytes after maximal induction (Fig. 3a). Since no significant cytotoxicity of 3-MC was
detected in our setup (LDH, data not shown), the proposed mechanism for this observation is
substrate inhibition, as reported for resorufin-based CYP substrates like EROD earlier (48).
CYP1A1/1B induction by 3-MC was also observed in 3D models, but, in contrast to monolayers, no
substrate inhibition occurred. This is possibly due to a different distribution of the compound within
the 3D model where all cells are exposed via the medium. Also, the amount of cells/surface area is
much higher in a 3D model. These data suggest that EpiDerm models due to their 3D structure are

suitable alternative models for studying CYP1A/1B induction in skin (Fig. 2a).

CYP2B6 activitiy was not detectable at the basal nor at induced levels in skin microsomes (basal), EPI-
200 models or cell lines (Fig. 1b,2a,3) and is most probably not transcribed in human skin as indicated
by Hu et al. (2010). In contrast to our findings, Gelardi et al. (2001) reported measurable PROD
activity in NCTC cells. Here, PROD activity in HLM did not exceed the detection limit, while rodent
liver samples showed significant PROD activity (Fig. 1b) indicating that the suitability of the PROD
assay for human samples is questionable and rather suited for experiments based on rodent catalytic
activity. Such species-specificities of CYP towards particular substrates have been reported previously

(49).

To answer the question if native skin and/or skin cell-derived in vitro models possess basal or
inducible CYP2B6 activity, we employed the broad spectrum CYP substrate MFC, which is mainly
metabolized by CYP2B6 (50). In contrast to HLM, human skin and EPI-200 microsomes did not
metabolize MFC (Fig. 1c). Induction experiments in the cell lines of this study with model inducers for
a variety of CYP enzymes suggest that induced MFC turnover is due to enhanced CYP1A/1B activity
since selective inducers of CYP2B6, 2E1 and 3A did not significantly alter MFC metabolism (Suppl.
Table 2). Lack of basal MFC turnover in skin and epidermal models/cell lines also indicates that there
is no measureable basal MFC turnover via CYP1A1, 1B1, 1A2, 2B6, 2C19 and 2E1. These data are in
agreement with Rolsted et al. (2007) who reported that two keratinocyte cell lines lack basal CYP2B6
activity. However, these authors did find CYP2C9 (a minor pathway in MFC metabolism) and CYP2E1
enzyme activities in human skin microsomes. Lack of MFC turnover in our studies does not
necessarily contradict these reported activities for CYP2C9 and 2E1 as the MFC substrate might have

lower sensitivity and specificity towards these enzymes.

Page 12 of 29



Page 13 of 29

O©CONOOOPAWN-

13

The CYP3A family is of particular importance for xenobiotic detoxification in skin as many drugs
employed in dermatology are metabolized by these enzymes. Members of the CYP3A family have
been reported to be present in rodent (51) as well as in human skin, where CYP3A5 appears to be the
key enzyme at the basal level without inducer (35;52). Both CYP3A substrates utilized in this study
indicate low basal CYP3A activity in skin which is in agreement with Rolsted et al. (30). For the first
time, this study shows that CYP3A activity in EPI-200 models and human skin is very similar (Fig. 1d,
e). In contrast to Rolsted et al. (30), basal CYP3A activities were detected in HaCaT cells. This might
be due to different HaCaT sub-clones because this cell line has been existing for a long time (18).
Differences in HaCaT sub-clones were observed recently also for N-acetylation activities (47). NCTC
cells also exhibited basal CYP3A activity. In any of these in vitro models, CYP3A activity was not
inducible above a factor of 1.2 under the conditions tested (Fig. 2b & 3b). CYP3A activity was lacking
in NHEKs as was also seen in the Rolsted et al. (30) study. This was not due to lack of FCS in the
culture medium of primary cells which, in contrast to immortalized cell lines, are cultured without
serum since (i) Rolsted et al. (30) tested this hypothesis and (ii) EPI-200 expressed basal CYP3A
activity in serum-free medium (Fig. 1 & 2). These data suggest that keratinocytes like NHEK are not a
suitable alternative model for studying CYP3A metabolism-dependent effects in skin cells and that

the choice of cell line, sub-clone and culture conditions may be crucial for the experimental outcome.

A very different picture is obtained for COX activities. COX is thought to play a major role in
activation of chemicals during the COX catalyzed peroxidase reaction (53). This is especially
important for genotoxins and sensitizers. COX enzyme activities were measured at well-detectable
levels in all models tested. In EPI-200, duration of incubation (24-72 h; Fig. 5) or donor (Suppl. Fig. 1)
did not affect COX activities. The largest difference in COX activities is seen between immortalized
and non-immortalized cellular systems: PGE, production is lower in immortalized than in primary
cells or native skin (Fig. 1f, 4). Thereby, e.g. EPI-200 and HaCaT PGE, production was found to be
very similar to COX metabolism rates reported by others (54;55). One possibility causing differences
in COX activity — as already discussed for CYP3A - was presence/absence of serum. We ruled out this
option by cultivating NHEK in serum-containing media (data not shown). We also included a
squamous cell carcinoma line (A431) in our studies because COX-2 is known to be a major player in
inflammation and tumorigenesis (56;57). However, these cells produced the same low amount of
PGE, as the other immortalized lines (Fig. 4). Therefore, a further possibility might be loss of cellular
PGE, production during the cellular immortalization process. This hypothesis is supported by the
observation that COX-2 expression is lower in breast cancer cell lines and specimens compared to
normal mammary epithelial cells (MEC) and that immortalization of hMEC causes a dramatic

decrease in COX-2 expression by an unknown mechanism (58).
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Data on COX induction by xenobiotics in skin is rare. We have recently shown that AhR activation
causes COX-2 induction in mouse skin and HaCaT cells (4). Here, PGE, formation was induced via the
AhR ligand 3-MC in HaCaT, NHEK and EPI-200 (Fig. 2c, 3c). However, induction was only statistically
significant in EPI-200. These data indicate that in vitro models based on primary cells are the method

of choice and that EPI-200 models are the most suitable for experiments involving COX induction.

In conclusion, basal CYP activities are very low in comparison to substantial COX activities in
reconstructed epidermis and human skin microsomes. In contrast, basal and inducible
biotransforming capacities from monolayer cells differed from organotypic tissues and most
interestingly also from each other. Hence, reconstructed tissues such as EPI-200 should rather be
considered for dermatotoxicological studies as they maintain phase | native-like metabolic
competence. For some chemical testing queries, usage of simple monolayer cultures might also be

plausible but they have to be chosen with care.
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FIGURE LEGENDS

Figure 1: Specific CYP activity (pmol min™ mg™) was examined in positive control microsomes from
liver compared to untreated human skin (n=10) and EPI-200 (n=8) microsomes. Rat liver microsomes
(Rat ARO) were from Aroclor 1254-induced animals, all other microsomes were non-induced
samples. LOD = limit of detection. Specific PGE2 formation (pg min™ mg™) was examined in untreated
human skin (n=10) and EPI-200 (n=8) microsomes.

a: Activity of CYP1 measured by ethoxyresorufin O-deethylation (EROD) and methoxyresorufin O-
demethylation (MROD) assays.

b: Activity of CYP2B measured by pentoxyresorufin O-depentylation (PROD).

c: Activity of CYP1 and CYP2 measured by the broad spectrum substrate MFC.

d: Activity of CYP3A measured by the substrate BQ.

e: Activity of CYP3A measured by the substrate LucBE.

f: Basal levels of PGE, production in skin and EPI-200 microsomes. The data are shown as pg PGE,
mint mg™.

Figure 2: Induction of enzyme activity in intact EPI-200 models by the model compounds 3-MC, RIF
and DEX [uM)]. The asterisks indicate significant difference (p=0,05) to solvent (DMSO) control.

a: Induction of CYP1 (EROD, MROD) and CYP2B (PROD) in intact EPI-200 models induced by the
model compound 3-MC [uM]. PROD induction was additionally examined by specific CYP2B inducer
treatment (CITCO and cyclophosphamide) which lead to the same result as depicted here. Activity is
shown as pmol min™ mg™.

b: Induction of CYP3A in intact EPI-200 models induced by rifampicin (RIF) and dexamethasone (DEX).
Activity (pmol min™ mg™) was determined via benzyloyxquinoline (BQ) assay.

¢: PGE, production in intact EPI-200 upon 3-MC [uM] treatment. The data are shown as pg PGE, min™
mg™.

Figure 3: Induction of enzyme activity in immortalized cell lines (HaCaT, NCTC) and primary
keratinocytes (NHEK) by the compounds 3-MC, CP, RIF and DEX [uM]. The asterisks indicate
significant difference (p=0,05) to solvent (DMSO) control.

a: Induction of CYP1 (EROD, MROD) und CYP2B (PROD) activity induced by 3-MC [uM]. PROD
induction was carried out using rifampicin, CITCO and cyclophosphamide (72 h). The latter compound
is depicted here (CP), but the same result was obtained with the other two CYP2B inducers. Activity is
shown in pmol min* mg™.

b: Induction of CYP3A activity rifampicin (RIF) and dexamethasone (DEX) for 48 h. The assay was BQ.
The data are shown as specific activity (pmol min™ mg™). The dagger labels rates that are significantly
different to DMSO controls and the RIF group.

c: PGE, production in keratinocytes upon 3-MC treatment. The data are shown as pg PGE, min™ mg™.

Figure 4: Basal levels of PGE, production in immortalized cell lines (HaCaT, NCTC), a squamous cell
carcinoma line (A431) and primary keratinocytes (NHEK). The data are shown as pg PGE, min™ mg™.
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Materials

Positive controls for microsomal enzyme activities

These positive controls included induced Sprague-Dawley rat liver microsomes as well as non-
induced liver microsomes from ICR/CD -1 mouse, Goettingen minipig and mixed gender pooled
human donors. Rat liver enzymes were induced by Aroclor 1254 except for the CYP3A assays BQ and
Luc-BE where dexamethasone-induced rat liver microsomes were used. The human liver microsome

(HLM) preparations had moderate CYP activity according to the manufacturer.

Methods

Preparation of subcellular fractions from human ex vivo skin and EPI-200 models

Skin samples without subcutaneous fat were cut into small pieces and homogenized on ice (4 °C)
employing a blender (SW18, Ultra-Turrax, Germany) according to Nelson et al. (21). Briefly, ice-cold
homogenisation buffer (250 mM Potassiumphosphate, 150 mM KCI, 1 mM EDTA at pH 7,25) was
added at approximately 2 times the volume of the tissue sample. Skin tissue was thereafter shred
carefully under constant cooling until it yielded a homogeneous suspension that was centrifuged at
9.000 g and 4 °C for 20 min to remove debris. The supernatant was taken to an ultracentrifugation
step at 100.000 g and 4 °C for 60 min. The resulting supernatant contained the cytosolic and the
pellet the microsomal protein fraction. Microsomes were resuspended in microsome buffer (250 mM
potassiumphosphate, 30 % glycerol at pH 7,5) and carefully homogenised. Protein was quantified by
the DC assay kit (BioRad, Germany) with bovine serum albumin as standard. Protein samples were
stored in aliquots at -80 °C. Protein extraction from EPI-200 was carried out using the same
procedure as described above, except that whole epidermis models (at least 20 single
models/preparation) were processed in a Potter-Elvehjem-homogeniser containing 2 mL

homogenisation buffer.

Cytochrome P450 enzyme activity assays

For measuring CYP1/2B activities in living monolayer cultures and Epi-200 models, resorufin-based
substrates (all solved in DMSO) were employed. Resorufin as the reaction product in the respective
media or assay solution was used to generate the standard curves. Ethoxyresorufin was used for
assaying CYP1A and CYP1B1 (EROD), methoxyresorufin for CYP1A (MROD) and pentoxyresorufin for
CYP2B (PROD) according to a protocol described by (30). Shortly, serum-free media containing 2,5

MM resorufin substrate and 10 uM dicumarol were applied to PBS-washed monolayer cells and



O©CONOOOPRWN--

resorufin formation kinetics were measured 21 min at 37 °C and excitation and emission wavelength
of 544 nm and 590 nm on a Thermo Ascent Fluoroskan fluorometric plate reader. To check for
glucuronidation or sulfatation of resorufin, cells and cell-free wells were incubated under the same

conditions with 1 uM resorufin instead of alkylated substrate.

CYP activity in microsomes was determined in 100 mM Tris-HCl buffer (pH 7,5) containing 10 uM
dicumarol, NADPH-regeneration kit with MgCl, (Promega, USA) according to the manufacturer, 2 uM
resorufin substrate and 5 % v/v (ca. 0,1 mg protein in total) of microsome preparations. All

measurements were carried out at least in triplicate at a final volume of 100 uL in 96-well plates.

The multi-CYP1/2 substrate 7-methoxy-4-trifluoromethylcoumarin (MFC) was assayed according to
the method described by (23). The assay was calibrated with the reaction product 7-hydroxy-4-
trifluoromethylcoumarin in the respective media. MFC activity in microsomes was determined in a
200 pL reaction containing 0,1 M Tris-HCI (pH 7,4), 50 uM MFC substrate and 2,5 % microsome
preparation (0,1 mg protein in total for positive controls; 0,05 mg for skin and EPI-200 microsomes).
The reaction was incubated for 10 min at 37 °C, initiated by the addition of NADPH regenerating kit
and terminated after 5 min incubation at 37 °C with 120 pL of ACN/Tris 0,5 M solution (80/20 v/v)
and centrifuged at 12.000 g for 10 min to pellet the protein. 100 pL of the supernatant were
transferred to a black 96-well plate and measured at 390 nm and 538 nm on a Thermo Ascent
Fluoroskan fluorometric plate reader. Media from cell and tissue cultures were treated the same

way.

A spectrofluorometric CYP3A assay was carried out by using 7-benzyloxyquinoline (BQ, dissolved in
DMSO) as substrate ((50)). The assay procedure was modified according to (24). It was calibrated
with the reaction product 7-hydroxyquinoline (TCI GmbH, Germany) in the respective media. The
reaction mixture contained 100 mM Tris-HCl buffer (pH 7,5), NADPH-regeneration kit, 120 uM BQ
and 5 % microsome preparation (0,02 mg protein for positive controls except for human liver
microsomes (0,005 mg); 0,01 mg for skin and EPI-200 microsomes) in a final volume of 100 puL. The
reaction mix was incubated 10 min without, subsequently 10 min with BQ substrate at 37°C and
stopped by adding 100 uL of TCA (6 % w/v). The sample was centrifuged 10 min at 12.000 g and the
supernatant was then removed and added to 400 pL 1,6 M glycine-NaOH-buffer (pH 10,4). All
measurements were carried out in triplicates at a final volume of 100 uL in 96well plates at an
excitation and emission wavelength of 355 nm and 510 nm on a Thermo Ascent Fluoroskan
fluorometric plate reader. In cell culture, 48 h after adding respective inducers, BQ was added to the
cells at a final concentration of 120 uM in medium containing 10 uM dicoumarol. Due to the long

assay duration, medium contained 10 % FCS (immortalized cells) or EPI-100 NMM PRF (NHEK, EPI-
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200) was used to maintain the cells viable. Cells incubated with BQ for 24 h at 37°C. The media were

then removed and 100 pL aliquots processed as described above.

The luminescent Luc-BE as a second CYP3A-assay was carried out as recommended by the
manufacturer (Promega , USA). D-Luciferin was used to calibrate the measurement. Shortly, the
substrate (5 mM) was pre-incubated with distilled water and microsomal protein or luciferin
standards for 10 min in the dark at room temperature. Positive controls contained 0,1 mg of protein,
whereas 0,05 mg of protein were used for assaying activity in skin and EPI-200 microsomes. The
reaction was started by the addition of NADPH regenerating solution and kept dark at room
temperature for 10 min. Then, detection reagent was added and the mixture was incubated for
further 20 min under the same conditions before luminescence was detected using a MicroLumat

Plus microplate luminometer (Berthold Technologies GmbH & Co. KG, Germany).

Cyclooxgenase enzyme activity assays

PGE, and its metabolites formed by were detected using a monoclonal EIA and a COX fluorescent
activity assay kit (Cayman Chemical Company, USA). In monolayer cell culture and intact EPI-200,
media from inducer treatment were removed after 24 h incubation using the corresponding media
for preparation of the standards. Media samples were incubated overnight on EIA plates and
afterwards color (405 nm) was developed with Ellman’s reagent according to the manufacturer’s
protocol. In microsomal preparations, PGE, production assay was carried out according to a protocol
by Vane (59) using modified Bucher medium, arachidonic acid (final concentration 30 uM) and 5 %
microsomal protein in a 100 pl reaction which was incubated for 30 min at 37 °C. The reaction was
terminated by heating the sample at 70°C for 60 seconds. After a short centrifugation step at 12.000
g, the sample was transferred to ultrafiltration tubes (Millipore, Germany) and centrifuged at 12.000
g through a 10 kDa cut-off membrane before the solution was analyzed using the above mentioned
Cayman EIA kit. The background control contained the reaction mixture with buffer instead of

microsomes.

In an additional assay to examine donor- and time-dependent effects on COX activity, the COX
fluorescent activity assay kit from Cayman Corp. was used employing the compound 10-acetyl-3,7-
dihydroxyphenoxazine (ADHP) forming resorufin upon COX action. The assay was conducted as
recommended by the manufacturer and measured at 544 nm and 590 nm on a Thermo Ascent

Fluoroskan fluorometric plate reader.
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SUPPLEMENTAL MATERIAL LEGENDS

Figure 5 (SUPPLEMENT): COX activity (nmol min™ mg™) was measured by the fluorescent ADHP assay
(Cayman Corp.) in microsomes prepared from EPI-200 after different cultivation durations (24-72 h).
Ovine COX-1 is shown as positive control. Donor 1188 was the regular donor. Donor 254 is a special

donor upon request (MatTek Corp.).

Table 1 (SUPPLEMENT): Specific CYP activity (pmol min™ mg™®) was examined in positive control
microsomes from rat liver (Han Wistar) compared to untreated human skin. LOQ EROD: 1.57; LOQ

PROD: 5.08; LOQ BROD: 4.42. * Jaeckh et al. 2011 (26)

Table 2 (SUPPLEMENT): MFC turnover (pmol min™ mg™) 24 h after treatment with respective
inducers (n=3). 3-MC= 3-methylcholanthrene; RIF= rifampicin; CP= cyclophosphamide; Et= ethanol

p.a. All concentrations are [uM] except for ethanol [%o].
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SUPPLEMENT: Figure 5
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SUPPLEMENT: Table 1
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EROD PROD BROD
rat control * 33.93+1.17 16.72 £ 0.2 69.41+0,31
human skin 0.6 £0.22 0.82+£0.07 0.32+0.09
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SUPPLEMENT: Table 2
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Die siebte Anderung der EG-Kosmetik-Richtlinie (76/768/EWG) verbietet seit 2009
den Gebrauch von in vivo Testmodellen fiir die kosmetische Testung bestimmter End-
punkte wie z.B. Genotoxizitit. Aus diesem Grund ist die Entwicklung und
Charakterisierung entsprechender in vitro Modelle dringend erforderlich, um neue Sub-
stanzen zu testen. Bis zum heutigen Zeitpunkt ist die metabolische Kompetenz weder
von humaner Haut, noch von alternativen in vitro Modellen zufriedenstellend
charakterisiert, obwohl die Haut das First-Pass-Organ fiir viele Chemikalien, darunter
auch Kosmetika und Therapeutika, ist. Daher gibt es einen zunehmenden Bedarf, die
fremdstoffmetabolisierende Kapazitit von humaner Haut im Vergleich zu den
Aktivitdten von in vitro Modellen zu verstehen. In dieser Publikation wurden die
Aktivititen der Phase 2 Enzyme GST, UGT und NAT in humaner ex vivo Haut, dem
3D-Epidermis-Modell EpiDerm™ 200 (EPI-200), immortalisierten
Keratinozytenzelllinien (HaCaT und NCTC 2455) und primiren normalen humanen
epidermalen Keratinozyten (NHEK) gemessen und verglichen. Alle untersuchten in
vitro Modelle exprimierten basale GST-Aktivitdt in der gleichen Gréenordnung wie
humane Haut. Ahnliches gilt auch fiir NAT- und UGT-Aktivitiiten, daher kommen wir
in dieser Publikation zu dem Schluss, dass sowohl in vitro 2D-Keratinozyten Modelle,
als auch 3D-Modelle die Phase 2 Aktivititen von humaner ex vivo Haut gut
widerspiegeln. Aus diesem Grund kénnen auch Monolayer Zellkulturen ein schnelles,
kostengiinstiges ~ und  brauchbares =~ Werkzeug  zur  Abschitzung  des
Gefahrdungspotentials einer Substanz darstellen, z.B. wenn diese in erster Linie durch
Phase 2 Enzyme metabolisiert wird. Die in dieser Publikation erhobenen Daten helfen
dabei, den Fremdstoffmetabolismus der Haut besser zu verstehen und erweitern das
Wissen tiber in vitro Alternativmodelle, die in der dermatotoxikologischen Testung zum

Einsatz kommen.
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ABSTRACT

The 7" Amendment to the EU Cosmetics Directive prohibits the use of animals in cosmetic testing for
certain endpoints, such as genotoxicity. Therefore, skin in vitro models have to replace chemical
testing in vivo. However, the metabolic competence neither of human skin nor of alternative in vitro
models have so far been fully characterized, although skin is the first-pass organ for accidentally or
purposely (cosmetics and pharmaceuticals) applied chemicals. Thus, there is an urgent need to
understand the xenobiotic metabolising capacities of human skin and to compare these activities to
models developed to replace animal testing. We have measured the activity of the Phase Il enzymes
GST, UGT and NAT in ex vivo human skin, the 3D epidermal model EpiDerm 200 (EPI-200),
immortalized keratinocyte-based cell lines (HaCaT and NCTC 2455) and primary normal human
epidermal keratinocytes. We show that all three Phase Il enzymes are present and highly active in
skin as compared to Phase I. Human skin therefore represents a more detoxifying than activating
organ. This and the corresponding work on Phase | metabolism (Goetz et al., submitted) compare for
the first time systematically enzyme activities of xenobiotic metabolism in four different in vitro
models directly to human skin. We conclude from our studies that 3D epidermal models, like the EPI-
200 employed here, are superior over monolayer cultures in mimicking human skin xenobiotic

metabolism and thus better suited for dermatotoxicity testing.

Keywords: skin; xenobiotic metabolism; Glutathione S-Transferase; N-Acetyltransferase; UDP-

Glucuronosyltransferase

Abbreviations: GST= Glutathione S-Transferase; UGT= UDP-Glucuronosyltransferase; NAT= N-
Acetyltransferase; 3-MC= 3-methylcholanthrene; EPI-200= reconstituted epidermis model EpiDerm™

(MatTek); NHEK= normal human keratinocytes; HLM= human liver microsomes
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INTRODUCTION

Animal testing has been the method of choice for dermatotoxicological testing for decades.
Decreasing acceptance of animal use in cosmetic testing in the public arising from ethical objections
forces the revision of traditional procedures and the establishment of alternative methods. In
addition, for certain endpoints including skin irritation and genotoxicity animal testing for cosmetics
is already prohibited by the 7" Amendment to the EU Cosmetics Directive. The need for adequate
substitutes is evident, but even though several alternative skin models are available, only poor
knowledge exists about the resemblance of their xenobiotic metabolism capacities compared to
human skin. As e.g. genotoxicity and skin sensitization are often caused by metabolites of xenobiotics
rather than by the unmetabolized parent compounds, metabolic capacities which resemble the in

vivo situation of an organ are crucial for correct readouts in vitro.

To better understand the resemblance of in vitro models for metabolic potential of human skin, we
assessed Phase | (Goetz et al., submitted) and Phase Il enzyme activities in human ex vivo skin and
keratinocyte-derived skin models: a commercially available 3D epidermal model (EPI-200, MatTek
Corp.) which is based on primary keratinocytes, HaCaT keratinocytes (1), NCTC 2544 cells (2) as well
as primary normal human epidermal keratinocytes (NHEK). While phase | enzyme activities may
determine activation and toxification of compounds as is discussed in part one of this work (Goetz et
al., submitted), this phase Il paper (part two) assesses mainly, though not solely, detoxification
capacities of human skin and epidermal in vitro models. Enzyme activities determined here are

Glutathion-S-transferase (GST), UDP-Glucuronosyltransferase (UGT) and N-acetyltransferase (NAT).
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MATERIALS AND METHODS
Chemicals and materials

All chemicals, if not otherwise specified, were purchased from Sigma-Aldrich (Taufkirchen, Germany)
and were of highest purity available. Cell culture media were obtained from PAA (Pasching, Austria)
and PromoCell (Heidelberg, Germany). The CBQCA protein quantification kit was purchased from
Molecular Probes/Invitrogen (Darmstadt, Germany). NADPH regeneration system was purchased

from Promega (Madison, USA). Liver microsomes were from Celsis In Vitro Inc. (Neuss, Germany).

Cell/tissue culture

HaCaT cells were cultured in DMEM, NCTC 2544 were cultured in MEM each containing 10 % (v/v)
fetal calf serum (FCS) and 1 % (v/v) of antibiotic-antimycotic solution (PAA, Cat. No. P11-002).
Immortal cells were kindly provided by Helmut Sies, Heinrich-Heine University Disseldorf. Primary
NHEK keratinocytes (Promocell, Heidelberg, Germany) from 30-40 year old female donors (breast)
were cultured in Keratinocyte Growth Medium 2 and supplement mix from Promocell (Heidelberg,
Germany). All cells were maintained under standard conditions at 37°C and 5% CO,. Treatment of
cells was performed 24h after seeding in 48-well plates in the respective media. For subsequent
enzyme assays, the respective media were used without FCS supplement. The human reconstituted
epidermis EpiDerm™ (EPI-200) was purchased from Mat Tek Corporation, Ashland, USA (donor 1188
and for one experiment donor 254). After delivery, the tissue recovered for 24 h at 37 °C and 5 % CO,
in serum-free EPI-100-NMM-PRF media (900 pL per model), unless otherwise noted. EPI-200

induction experiments were carried out in EPI-100-NMM-PRF medium.

Enzyme induction

For enzyme induction, cells and EPI-200 epidermal models were treated systemically with 3-
methylcholanthrene (3-MC) dissolved in DMSO as a model genotoxin and incubated for 24 h. Final
maximum DMSO concentration was 0.1 %. All experiments were carried out at least in triplicates

with 3 independent lots of cells or skin equivalents and 3 repetitions per single lot.

Human ex vivo skin samples

Skin samples from breast reduction surgery were obtained from a hospital in Disseldorf, Germany.
The samples originated from n=10 female patients of different age (22-59 years). Patients agreed to
donate removed tissue for scientific purpose. The use of ex vivo skin from breast reduction has been

fully approved by the local Ethics Committee at the Heinrich-Heine-University of Diisseldorf (Project-
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Nr.: TOX_EF_D01/2008). Skin samples were collected immediately after surgery, kept cold during the

transport (< 1 h) and stored deep-frozen at -80°C until processed.

Preparation of subcellular fractions from human ex vivo skin and EPI-200 models

Subcutaneous fat was removed before the skin sample was homogenized in a blender (SW18, Ultra-
Turrax, Germany) that was kept on ice (4 °C) during the whole procedure. The homogenization
protocol was according to Nelson and coworkers (3). The microsomal fraction was resuspended in
microsome buffer (250 mM potassiumphosphate, 30 % glycerol at pH 7.5). Protein quantification was
done by using a DC kit (BioRad, Germany) with bovine serum albumin as standard. Protein extraction
from EPI-200 was carried out using at least 20 whole epidermis models, which were processed in a
glass homogeniser. The number of individual microsome preparations was n=8 for EPI-200 and n=10

for skin biopsies.

Glutathione S-transferase (GST) assay

GST activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB, 1 mM) and reduced
glutathione (1ImM) according to the protocol by Habig et al. (4). In cell culture and EPI-200, the
reaction mixture was applied to monolayers or single EPI-200 models. In EPI-200 induction
experiments, S9 protein from topically treated equivalents was measured. Equine liver GST was used

as a positive control.
UDP-Glucuronosyltransferase (UGT) assay

UGT was measured with 4-methylumbelliferone (4-MU, 100 uM) and UDP-glucuronic acid (1.7 mM)
as published by Sérgel and coworkers (5). Endpoints were measured at 390 nm and 460 nm on a
Thermo Ascent Fluoroskan plate reader. Monolayers and EPI-200 were incubated with serum-free
assay medium containing 100 uM 4-MU. Media samples were removed after 1 h (monolayer) or 2 h

(EP1-200) and diluted 1:20 in 10 mM NaOH before they were measured.

N-Acetyltransferase assay

NAT activity was determined with p-toluidine (200 uM) as described (6;7). Keratinocytes and EPI-200
were incubated 1h at 37 °C with serum-free media containing 200 uM p-toluidine. Media were then

removed and equally processed.

Statistical Analyses
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All data, if not otherwise specified, are presented as mean + standard deviation. Data were analyzed
using Student’s t test (Excel; Microsoft, Redmond, WA). P-values below 0.05 were considered as

significant.
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RESULTS
XENOBIOTIC PHASE [ METABOLISM IN HUMAN SKIN AND EPI-200 MODELS

GST activities were measured in cytosolic fractions of human skin and EPI-200 models because
cellular cytosols contain the larger GST superfamily involved in biotransformation of xenobiotics (8).
We employed CDNB as a common universal substrate for GST activity in these measurements (9).
GST:CDNB activity in untreated whole human skin cytosol was 20 + 6.8 nmol min™ mg* with inter-
individual differences from 12.8 to 34.2 nmol min™ mg™. In EPI-200 protein, CDNB conjugation rates
were approximately 3-fold higher than in protein from human skin (Figure 1a). GST from equine liver
served as positive control and the measured activity of 3505 + 490 nmol min™ mg™ is similar to

published data (10).

In contrast to rates in EPI-200 cytosolic protein, GST activity was substantially lower (4.2 + 1.6 nmol
min™ mg™) in intact epidermal models (Figure 1b). One hypothesis was that the insert membrane, to
which the model is attached, might restrain substrate flow and thus reduce measurable GST activity.
Assaying GST with loosely floating EPI-200 tissue (without insert, 1.5 + 0.4 nmol min™ mg™), however,
demonstrated that lower GST activity of intact EPI-200 was not due to the presence of the insert
membrane but most probably due a lack of bioavailability of substrate to the enzyme. The effect of
polycyclic aromatic hydrocarbons (PAH) on GST induction in EPI-200 has been examined in a

complementary study (Goetz and Hewitt et al., submitted).

4-MU was chosen for assaying UGT activity since it is a preferential substrate for UGT1A (11) and
UGT1 is the predominantly expressed group in skin (12). The reaction mixture contained 1 % DMSO
to overcome the lipid membrane constraint for the access of the cofactor UDPGA (13-15). This DMSO
concentration had no apparent effects on 4-MU glucuronidation in hepatocytes (16) or generally <
20% inhibition in recombinant UGT isoforms (17). UGT rates were 1.3 (+ 0.2) nmol min™ mg* in ex
vivo skin and 1.8 (+ 0.2) nmol min™ mg™ in EPI-200 microsomes which was not significantly different
from each other (Figure 2a). In comparison, rat liver microsomes (3-MC induced) displayed UGT
activity of 2.9 (+ 0.2) nmol min™ mg™ in our setup which is in the range reported in the literature (15).
UGT activity in human liver microsomes was similar to the rat (2.7 + 0.1 nmol min™ mg”, data not

shown).

UGT activity in whole intact EPI-200 (Figure 2b) was roughly 20 times lower than those measured in
the microsomal fraction (0.09 ( 0.03) nmol min™ mg‘l). Therefore, a similar cell membrane effect as

for GST activity was observed for UGT. Again, the influence of the insert membrane was insignificant.
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3-MC treatment elicited no relevant induction on UGT activity in EPI-200. At inducer concentrations
ranging from 0.2 to 10 uM 3-MC, no significant increase in UGT activity was observed in the
epidermal models compared to solvent control (0.11 + 0.02 nmol min™ mg™ and 0.09 (+ 0.01) nmol

min™ mg” for DMSO and 10 uM 3-MC, respectively; data not shown).

For determining NAT activity, a spectrophotometric method with the substrate p-toluidine was
chosen. Purified NAT from pigeon liver served as positive control (3.4 0.7 nmol min™ mg™). Figure 3a
demonstrates that NAT activities were in average approximately two times higher in skin than in EPI-
200 cytosol. However, the inter-individual variability was high. NAT polymorphisms might be
responsible for this finding (18-21). From 10 individuals tested, four were relatively slow
metabolizers of p-toluidine in this experimental setup (0.63 — 0.94 nmol min™ mg™). In comparison,
three other donors showed rapid conjugation of the substrate (1.73 — 3.03 nmol min™ mg) while the
cytosolic protein fractions of the remaining three donors displayed intermediate substrate turnover
(Figure 3d). In comparison to the rates from these ten donors, the cytosolic NAT:p-toluidine activity
of both EPI-200 donors, 1188 and 254, matches the range of the relatively slow metabolizing skin

donors (Figure 3c,d).

NAT activity in intact EPI-200 models (0.56 +0.07 nmol min™ mg™) was in the range of the rates
observed in their cytosolic fractions (Figure 3b), which thus differs to GST and UGT substrate
penetration behavior. The presence of the insert was again of minor importance for NAT activity in
intact EPI-200. A pre-experiment in EPI-200 confirmed previous knowledge that NAT activity was not
inducible by 3-MC (data not shown).

Incubation time and donor may influence enzymatic activities in vitro. Therefore, we measured GST,
UGT and NAT activities in cytosolic and microsomal fractions prepared from EPI-200 models from
two different donors (donors 1188 and donor 254, MatTek Corp.) 24, 48 and 72 h after tissue
delivery. Figures 1c-3c demonstrate that enzyme activities of both donors were highly comparable to
each other with regard to all enzymes tested. Moreover, enzyme activities did not decrease

significantly over the 72 h tested.

XENOBIOTIC PHASE Il METABOLISM IN CELL LINES

Basal GST:CDNB activity of all three keratinocyte monolayer cells — HaCaT, NCTC and NHEK - was
approximately 50 nmol min™ mg™ total protein (Figure 4a) and thus in the range of GST activity in

skin and EPI-200 cytosolic protein (Figure 1a). Monolayer cells were treated with various
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concentrations of 3-MC. The PAH did not cause a statistically significant GST induction in comparison

to the solvent control (Figure 4a).

At the basal level, UGT activity in all three keratinocyte cell types tested (Figure 4b) was in the range
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10 of activity measured in skin microsomes (Figure 2b). The highest basal activity of UGT:4-MU (1.99 +
0.97 nmol min™ mg?) was observed in HaCaT cells. There was no significant induction of UGT by 3-

13 MC (0.25 — 10 uM).

The most distinct differences in basal activity of monolayers were observed for NAT:p-toluidine
17 (Figure 4c). HaCaT showed the highest substrate turnover (0.65 + 0.37 nmol min™ mg™), while the
19 rates where approximately half in NCTC (0.35 + 0.22 nmol min™ mg™) and only a forth in NHEK cells
(0.16 + 0.08 nmol min™ mg™). No induction of NAT was observed in the cell lines, while a significant

22 reduction in activity after treatment with 1 uM 3-MC in NCTC cells was detected.
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DISCUSSION

There is the urgent need for sophisticated and well-characterized in vitro models as alternatives to
animal testing to assess hazards for human health with the overall goal of consumer protection. In
this regard, our work contributes to this necessity by characterizing xenobiotic metabolism capacities
of epidermal in vitro models and comparing such to human skin. As enzyme activities for phase |
xenobiotic metabolism from cytochrome P450 enzymes and cyclooxygenases (COX) is shown
elsewhere (Goetz et al., submitted), this work here focuses on phase Il drug metabolism of GST, UGT

and NAT.

GSTs comprise a multi-gene family of enzymes involved in the detoxification of a wide variety of
chemicals, especially electrophilic compounds (22). The most abundant forms are thereby the
soluble, cytosolic GST-A, -M, -T and —P forming homo- and heterodimers (8). Human epidermal
keratinocytes are known to express significant levels of GST activity towards the universal substrate
CDNB (23) and also in human skin cytosol, GST activity has been described (24). Corresponding to
these reports, we found noticeable total GST activity in cytosolic protein from human skin which was
in the nanomolar range. This compares to cytosolic protein from EPI-200 models with a 3-fold lower
GST activity. This finding matches the results reported for human epidermal and EPI-200 protein by
Harris et al. (25). A proposed reason for the higher GST activity in the 3D epidermal models
compared to human skin was that protein preparations from human whole skin contains dermal
protein, which is lacking in the epidermal model. However, epidermal cells presumably represent the
major site of xenobiotic metabolism (26;27) and, in contrast to this study, Harris et al. (2002) used
scraped-off epidermis for their protein preparation which excludes dilution of epidermal by dermal
protein. From this data we conclude that basal cytosolic GST:CDNB activity seems to be constitutively
higher in EPI-200 keratinocytes than in cells derived from human skin, possibly due to donor variation
or culture conditions used for the EpiDerm. This is also in accordance to a recent study (12) detecting
about 2-3 times higher gene expression of GSTA4 and P1 in EPI-200 from various donors compared to
full thickness buttock skin. GST-Pi was earlier described as the predominant epidermal GST isoform

(24).

That GST activity in intact EPI-200 models was 15-fold lower than in the cytosolic preparations was
probably due to barred accessibility of CDNB to the enzyme. It must also be kept in mind that the
membrane passage of the lipophilic compound before conjugation is faster than that of the water-
soluble glutathione conjugate which is produced intracellularly. CDNB accesses the cell via the
membrane by diffusion, while excretion of the conjugate is conducted in an ATP-dependent manner

by an organic anion transporter (28). In contrast, excretion is likely to occur faster in cells grown as a
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monolayer than in a complex epidermal model. Indeed, CDNB conjugation rates in all intact
keratinocyte monolayers were higher than in intact EPI-200. The difference to intact EPI-200 was
significant in NHEK. Cell monolayer GST activities were also up to two-fold higher than activities from
human skin cytosols. However, we related activities from cells to total cellular protein, while human
skin activity was matched to total cytosolic protein. This probably explains the slightly different mean
GST activities between these systems. The basal GST activity of keratinocytes detected in our
experiments is thereby in agreement with reported ranges (23;29). With regard to induction of GST,
3-MC did not induce enzyme activity in keratinocytes monolayers or 3D epidermal models. This might
be due to an already high GST activity in these cells as in comparison e.g. human liver cytosols
possess 3 to more than 600 nmol min™ mg® CDNB:GST activity (30;31). Lack of significant GST
induction was also seen in NCTC 2544 by 3-MC (32).

The GST results indicate that human skin as well as all in vitro skin alternatives exhibit GST activities
in the low nanomolar range which is high compared to liver, an organ which primary role is
metabolism and detoxification. This is also true for intact 3D epidermal models although our
measurements show that caution has to be exercised to ensure penetration of compounds when
used as an in vitro test system. GST with CDNB as substrate exhibited the highest conjugation rates of
all skin Phase Il enzymes examined in these experiments. Therefore, all in vitro models tested

represent GST metabolism of human ex vivo skin well.

Glucuronidation involves the conjugation of a suitable functional group present on a variety of
structurally unrelated substrates with glucuronic acid (in our setup 4-MU) and plays an important
cytoprotective role (33). The reaction requires UDP-glucuronic acid (UDPGA) as cofactor and is
catalyzed by the enzyme UGT (17). This metabolic pathway leads to the formation of water-soluble
metabolites (11) similar to the metabolism product of the GSTs. Reports on UGT enzyme activity
mostly refer to liver, while activity data on skin UGT is rare. However, reports on indolylacetic acid
glucuronides and generation of triclosan glucuronides demonstrate the presence of UGT activity in
skin (34;35). Our results support these findings by measuring 4-MU:UGT activity in microsomal
preparations from human ex vivo skin. UGT activity of EPI-200 microsomes compares very similarly to
skin preparations. Remarkably, the ability of human skin to glucuronidate xenobiotics was found to
be approximately 50 % of the UGT rates in human liver microsomes. Similar data have been reported
for rat skin UGT, whose activity was 10-50 % of that in rat liver (36). In the intact EPI-200 models
there was 20 times lower UGT activity than in respective microsomes. Membrane diffusion and
excretion are assumed as factors influencing UGT activity. Basal UGT activities in HaCaT, NCTC and
NHEK monolayer cells were in the range of skin and EPI-200 microsomes and thus, these

keratinocytes/keratinocyte-derived cells represent UGT activity of ex vivo human skin.
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Previous publications report inducibility of UGT by 3-MC in skin and skin cells in various species (as
reviewed in Oesch et al. 2007 (36)) on the expression level. In our experiments UGT was not induced
by 3-MC neither in intact EPI-200 nor in keratinocytes. Besides, enzyme activity and gene expression
data might not necessarily correlate well. Nevertheless, UGT activity of epidermal in vitro models

display human ex vivo skin adequately.

Human skin also bears high activity of cytosolic N-acetylation for detoxification of e.g. arylamines or
hydrazines (37;38) and therefore provides 'first-pass' metabolism in skin (39). Unlike the NAT2
enzyme, which is found predominantly in the liver and GI tract, NAT1 is distributed widely in
extrahepatic tissues of the body including skin (20;40). Our determination of NAT activities in human
skin and EPI-200 cytosols revealed activities in the nanomolar range. This is in agreement with
previous data on human skin (37;40). NAT1 is a polymorphic enzyme. Especially the *10 allele seems
to determine fast acetylation, whereby fast and slow acetylaters are distinguished by a factor of 4 in
enzyme activity within a Chinese population (41). The 10 skin donors investigated in this study reveal
an approximately 5-fold difference between the fastest and the slowest metabolizers which is in the
same order of magnitude than the Chinese study (Fig. 3d). Based on these results we attributed NAT
activity of EPI-200 models, both donors 1188 and 254, the slow metabolizer phenotypes. NAT rates in
such EPI-200 cytosolic preparations were in the same range than in intact EPI-200 models implying
that the substrate penetrates cell membranes very well. B-naphthylamine and o-toluidine penetrate
human skin fast and at high percentages (42). Presumably, p-toluidine, the NAT substrate employed
in this study, shares related penetration characteristics and thus infuses the tissue of the epidermal
model faster and at higher concentrations than substrates for GST and UGT. Moreover, the product
of N-acetylation, as opposed to the other Phase Il reactions, is not rendered hydrophilic, but retains
its lipophilic character which facilitates membrane passage. This leads to faster enrichment of the

conjugate in the medium.

Basal NAT activity towards p-toluidine in monolayer cells varied across cell types. While HaCaT
displayed the highest and NHEKs showed the lowest NAT activity, NCTC cells found themselves in the
middle. Thereby, NHEKS had an approximately 4-fold lower NAT activity than HaCaT cells, which is in
accordance to recently published data on NAT rates towards the substrate pABA (43). Bonifas and
coworkers (43) also reported that the difference in NAT activity in HaCaT cells and NHEKs is not due
to cell culture conditions. However, one would expect NAT activity of NHEKs to vary amongst
different donors and thus must be assessed for each individual. Our data shows that HaCaT have the
closest NAT activity to human skin. Despite differences in acetylation capacities, skin and all
epidermal in vitro models possess comparable NAT activities in the very low nanomolar range and

thus reflect NAT activity found in human ex vivo skin.
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Oesch et al. (36) comprehensively reviewed that drug metabolism is different in skin from various
species and also in skin cells and assumed that 3D organotypic models come closest to the situation
of whole skin. This and the respective work on phase | metabolism (Goetz et al., submitted) provide
an experimental rationale to this assumption comparing for the first time systematically enzyme
activities of xenobiotic metabolism in four different in vitro models directly to human skin. This work
clearly indicates that 3D epidermal models, like the EPI-200 employed here, are superior over
monolayer cultures in mimicking human skin xenobiotic metabolism. This superiority ensues not so
much from phase Il metabolism which is present at high and similar rates in skin and all epidermal in
vitro models tested, but relates to distinct phase | enzyme activities, especially cyclooxygenases, in
monolayer compared to 3D organotypic cultures. Therefore, depending on the proposed metabolism
of a compound, e.g. mainly acetylation, monolayer cultures might still represent a quick, inexpensive

and useful tool for hazard assessment.
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FIGURE LEGENDS

Figure 1: GST activity towards CDNB (nmol min™ mg™).
a: Enzyme activity in the cytosolic fraction from skin and EPI-200.
b: Enzyme activity in fully intact EPI-200 models assayed with insert (+ insert) or without (- insert).

c: Enzyme activity in cytosolic fractions prepared from EPI-200 after different cultivation durations
(24-72 h) in donors 1188 and 254 (MatTek Corp.).

Error bars are mean +/- SD. The asterisk indicates significant difference (p=0.05).

Figure 2: UGT activity towards 4-MU (nmol min™ mg™).
a: Enzyme activity in microsomes from skin and EPI-200.
b: Enzyme activity in fully intact EPI-200 models assayed with insert (+ insert) or without (- insert).

c: Enzyme activity in microsomes prepared from EPI-200 after different cultivation durations (24-72
h) in donors 1188 and 254 (MatTek Corp.).

Error bars are mean +/- SD.

Figure 3: NAT activity towards p-toluidine (nmol min™ mg™).
a: Enzyme activity in the cytosolic fraction from skin and EPI-200.
b: Enzyme activity in fully intact EPI-200 models assayed with insert (+ insert) or without (- insert).

c: Enzyme activity in cytosolic fractions prepared from EPI-200 after different cultivation durations
(24-72 h) in donors 1188 and 254 (MatTek Corp.).

d: Individual NAT activities depending on skin donor (D= donor number).

Error bars are mean +/- SD.

Figure 4: Specific phase Il enzyme activities measured in living monolayer cell culture (HaCaT, NCTC,
NHEK).

a: GST:CDNB, b: UGT:4-MU, c: NAT:p-toluidine, induced by the model compound 3-MC [uM]. For
each substrate, cells from n=3 independent passages were used.

Error bars are mean +/- SD. The asterisk indicates significant difference (p=0.05) to solvent control
(DMSO).
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Effects of the genotoxic compounds, benzo(a)pyrene and cyclophosphamide on

phase 1 and 2 activities in EpiDerm™™ models

Da die siebte Anderung der EG-Kosmetik-Richtlinie (76/768/EWG) seit 2009 den
Gebrauch von in vivo Modellen zur Testung von Kosmetika auf Genotoxizitdt untersagt,
besteht die Notwendigkeit passende in vitro Alternativmethoden zu entwickeln. Der
Mikronukleus Assay in dreidimensionalen (3D) EpiDerm™ Epidermismodellen (EPI-
200) (RSMN) bietet daher einen vielversprechenden neuen Ansatz fiir die Evaluierung
des genotoxischen Potentials dermal applizierter Chemikalien. Die durchgefiihrten
Untersuchungen zeigten, dass sowohl die Aktivitdit von Phase 1 Enzymen des
Fremdstoffmetabolismus (7-Ethoxyresorufin-O-Deetylierung und Testosteron Metabo-
lismus), die bei der metabolischen Aktivierung vieler potentiell genotoxischer Substan-
zen von Bedeutung ist, als auch entsprechende Phase 2 Aktivitidt (GST und UGT) in
dem untersuchten in vitro Modell EPI-200 basal vorhanden ist. Mit Ausnahme von
GST, dessen Aktivitit zwischen 24 und 48 Stunden abfiel, waren die untersuchten
Enzymaktivititen iiber einen Zeitraum von 72 Stunden konstant. Fiir weiterfithrende
Untersuchungen wurden die genotoxischen Chemikalien Cyclophosphamid (CPA) und
Benzo(a)pyren (B(a)P) appliziert. Die EROD Aktivitdt wurde durch B(a)P signifikant
induziert, nicht aber durch CPA. CPA, B(a)P und die Kontrollsubstanz B-Naphtoflavon
filhrten alle zu einer geringen Induktion der GST-Aktivitit, wobei das Ausmal3 der
Induktion, literaturkonform, deutlich hinter dem fiir EROD ermittelten zuriickblieb.
Zusammenfassend ist eine Anzahl an metabolischen Enzymaktivititen in EPI-200-
Hautmodellen vorhanden und zumindest die CYP1 Familie ist auch signifikant
induzierbar. Aus diesem Grund bendtigt der RSMN Assay moglicherweise kein
exogenes metabolisches Aktivierungssystem fiir Substanzen, die iiber diese Wege

aktiviert oder detoxifiziert werden.
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Abstract
1. The micronucleus assay in the 3D human reconstructed EpiDermTM skin model (RSMN) is a

promising new assay for evaluating genotoxicity of dermally applied chemicals.

O©CoONOOOPRWN-

11 2. To complement the testing of metabolically activated chemicals, such as cyclophosphamide
13 (CPA) and benzo[a]pyrene (B[a]P), we measured phase 1 (ethoxyresorufin O-deethylation
15 (EROD) and testosterone metabolism) and 2 activities (UGTs and GSTs) in non-treated and
17 genotoxin treated EpiDerm™ models in a study design which mimics the RSMN assay. The
19 assay involved a 3 dose dosing regimen over 72 h to take into account effects e.g. enzyme

21 induction, which require longer than the standard 2 dose 48 h assay.

25 3. These studies demonstrated the presence of basal phase 1 and 2 activities of EpiDerm™

27 models.

31 4. With the exception of GST all of the activities measured did not reproducibly change over

time.
It was possible to measure enzyme induction using this assay design. EROD activity was
39 significantly induced by B[a]P but not by CPA. CPA and B[a]P had little or no reproducible

effects on GST and UGT activities.

. . . . 9 ™ .
In conclusion, a number of metabolic enzyme activities were present in the EpiDerm ™ skin

model and at least the CYP1 family was inducible.
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Introduction

As a result of the 7" Amendment of the Cosmetics Directive [EU, 2003], cosmetic ingredients can no
longer be tested for genotoxicity in in vivo assays. Therefore, much effort has been made on the
development of a micronucleus assay in the 3D human reconstructed EpiDerm"™ skin model (RSMN)
[Curren et al., 2006, Dahl et al., 2011, Hu et al., 2009a, Munn et al., 2009]. This is a promising new
assay for evaluating genotoxicity of dermally applied chemicals and results to date demonstrate
international inter-laboratory and inter-experimental reproducibility of the assay for chemicals that do
not undergo metabolism [Aardema et al., 2010]. Ongoing studies in the Colipa-funded (European
Cosmetics Association) project include the testing of chemicals which are metabolically activated to
the genotoxic metabolite. Initial findings suggest that the EpiDerm™™ model can also correctly identify
a number of genotoxicants which have been shown to be metabolically activated in hepatic models
and human lymphocytes (data not shown), e.g. cyclophosphamide [Cao et al., 1993; Elhajouji et al.,

1994] and benzo[a]pyrene (B[a]P [Elhajouji et al., 1994; Wu et al., 2003].

EpiDermTM [Hu et al., 2010] and other reconstructed skin models [Luu-The et al., 2009] are prepared
from primary human keratinocytes and have been shown to exhibit a metabolic potential which is
similar to normal human skin, at least with respect to the mRNA expression of these enzymes [Hu et
al., 2010]. However, the presence of mRNA expression does not always infer that the respective
enzyme protein is present and, moreover, functional [Pushparajah, 2008a]. There are reports of
functional enzyme activity measurements in skin models and, indeed, EpiDerm™ models have been
reported to have measureable N-acetyltransferase activities [Hu et al., 2009b]. We have extended
investigations of the metabolic capacity of EpiDerm" ™ models to include a study design which mimics
the pre-validated RSMN [Dahl et al., 2010] with the measurement of a limited number of basal phase
1 and 2 activities. Few have reported whether the chemicals under investigation alter the metabolic
enzyme levels; therefore, we have also investigated whether known genotoxicants alter (i.e. either
increase or decrease) enzyme activities when they are applied to EpiDerm™ models under the same
incubation conditions as those used in the RSMN assay. The design of these studies includes a 72 h

total treatment period (i.e. 3 daily doses) for two reasons (1) some metabolic enzyme activities (e.g.

URL: http://mc.manuscriptcentral.com/txen E-mail: C.loannides@surrey.ac.uk
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PXR or CAR mediated CYPs) require an induction period of up to 72 h [LeCluyse et al., 2000];
therefore, we wanted to maximize the chances of detecting an alteration in enzyme activities and (2) in
certain circumstances, the extension of the RSMN incubation time from 48 h to 72 h may be required,

especially for metabolically activated genotoxicants [Dahl et al., 2010].

Cyclophosphamide and B[a]P were chosen as model bioactivated genotoxicants for these studies.
B[a]P is metabolized mainly by CYP1B1, CYP1A1 and microsomal epoxide hydrolase [Hvastkovs et
al., 2007] and in part by CYP2C9, and CYP3A4 which produce the 3-hydroxy metabolite [Gautier et
al., 1996]. In the skin, pro mutagen and mutagen formations are dependent on the CYP1 family, which
is inducible by UV radiation and environmental poly aromatic hydrocarbons [Afaq et al., 2009,
Swanson, 2004], to the ultimate carcinogen, B[a]P-diolepoxide. Modulation of CYPs has been shown
to alter the amount of DNA adducts formed in HepG?2 cells [Wei et al., 2009]; therefore, metabolism
plays an important role in the mechanism of B[a]P carcinogenesis. CYP1A1 is reported to be absent in
native human skin but is induced by B[a]P [Oesch et al., 2007], making this an appropriate test
chemical for our studies. Since CYPIA1 and CYP1BI1 are responsible for the bioactivation of many
pro- genotoxicants [Pelkonen and Nebert, 1982], the O-deethylation of the CYP1 substrate
7-ethoxyresorufin (EROD) was measured in EpiDerm™ models 24 h after each dose of test chemical.
Rather than add the substrate to the medium underneath the model, 7-ethoxyresorufin was added in
acetone to the surface — in the same way as the test chemicals. The presence of lipophilic solvents is
known to enhance compound penetration into the skin [Guy et al., 1990]; therefore, we dissolved both
test chemicals and substrates in acetone to maximize penetration into the models. Previous studies
have shown that treatment of the EpiDerm™ models with 10 pl acetone is not toxic and does not
cause an increased frequency of micronuclei compared to non-treated models [Dahl et al., 2010]. The
penetration into the deeper epidermal layers of the relatively lipophilic 7-ethoxyresorufin from the
model surface was considered to be greater than when it was added to the more hydrophilic medium.
The incubation time was set to 6 h to allow for both penetration of the substrate into the model and

metabolism (which is known to be much lower than in hepatic models [Oesch et al., 2007]). We found
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that this was sufficient to allow some of the metabolites to be detected in the medium below the

model.

The metabolism of cyclophosphamide is mainly via CYP2B6, and this enzyme is also induced by
cyclophosphamide in human hepatocytes [Gervot et al., 1999]. Cyclophosphamide is also metabolized
via CYP2A6, 2C8, 2C9, 2C19, 3A4 and 3AS5 but these CYPs have a much lower contribution than
CYP2B6 [Xie et al., 2003]. Notably, the expression of CYP2B6 is reported to be absent in the
EpiDerm™ donors (donor 1188 and 254) used in these studies [Hu et al., 2010b]. Of the other CYPs
involved in cyclophosphamide metabolism, only CYP2C9 and CYP3AS were expressed [Hu et al.,
2010b]. We therefore used testosterone as a marker substrate for CYP2B6 (163-hydroxide), CYP2C
(producing 16a-hydroxide but also partly responsible for producing 163-hydroxide) and CYP3A4
(6B-hydroxide and 2f3-hydroxide) [Tachibana and Tanaka, 2001]. The major metabolite of testosterone
in skin is androstenedione [Beckley Karty et al., 1997], which is catalyzed by 17p-hydroxysteroid
oxidoreductase and CYP2C19 in the liver [Tachibana and Tanaka, 2001]. Therefore, this metabolite
was also quantified in EpiDerm™ model incubates with testosterone. As with ethoxyresorufin, this

lipophilic substrate was dissolved in acetone and added to the surface of the EpiDerm™ models.

B[a]P is reported to also induce glutathione S-transferase (GST) activities in HepG2 cells, which
confers protection against the formation of reactive metabolites [Wei et al., 2009]. The skin exhibits
appreciable GST activity [Oesch et al., 2007], although still not in levels as high as those reported in
human liver (300-500 nmol/min/mg protein in liver slices incubated with CDNB [Pushparajah et al.
2008b] and the EpiDerm™ models used in our studies have been shown to express certain GSTs [Hu
et al., 2010b]. Considering B[a]P induced GST activities in liver slices [Pushparajah et al. 2008b], it
was of interest to determine whether B[a]P also alters the levels of this detoxification enzyme under
the conditions of the 72 h RSMN assay. The reactive metabolites of cyclophosphamide are also
detoxified by GSTs [Dirven et al., 1994]; therefore, the effect of both B[a]P and cyclophosphamide on
the metabolism of the broad spectrum GST substrate, CDNB, was also measured. The conjugation of

CDNB with glutathione is catalyzed by a number of GST isoenzymes, including the o, p and mt-classes

4
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[Sherratt and Hayes, 2002] with & representing the predominant class in human skin [Raza et al.
1991]. It was not possible to measure GST activity by adding the substrate to the surface of the model;
therefore, CDNB metabolism was measured in S9 prepared from the models 24 h after test chemical

dosing.

The metabolites of B[a]P are also subject to conjugation by UDP-glucuronosyltransferases (UGTs,
[Mackensie et al., 1993]), of which UGT1AG6 is reported to be present in the EpiDerm™ donors used
in our studies [Hu et al., 2010b]. Therefore, basal UGT activities in acetone and test chemical treated
EpiDerm™ models were measured using 4-methylumbelliferone as a broad spectrum substrate. As
with 7-ethoxyresorufin and testosterone, this substrate was dissolved in acetone and added to the
surface of the EpiDerm™ models and the amount of glucuronide metabolite formed was determined

by measuring the amount of 4-methylumbelliferone consumed over 6 h of incubation.

These studies were designed to determine basal metabolic enzyme activities over time under the same
conditions as those used in the RSMN assay and whether the test chemicals themselves altered the
activities. In addition to metabolic activities, the morphology of the EpiDerm™ models was monitored
over 72 h. This allowed a comparison of activities with the visual differentiated state of the models

with respect to time.
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Methods

Materials

The EpiDerm™ Skin Model, EPI-200-MNA-kit (including the phenol red-free New Maintenance
Medium (containing keratinocyte growth factor) and Ca**- and Mg**-free Dulbecco's phosphate-
buffered saline (CMF-DPBS) was from MatTek, USA. The donors used were EPI-200-MNA-D2-254
(donor 254) and EPI-200-MNA-D2-2 1188 (donor 1188). All chemicals, unless otherwise specified,

were purchased from Sigma-Aldrich (Germany) and were of the highest purity available.

Cryosectioning of EpiDerm™ models

EpiDerm™ models were retained for cryosectioning with hematoxylin-eosin staining at 24 h, 48 h and
72 h after arrival. Briefly, the models embedded in tissue freezing medium (Sakura TissueTek, USA)
and frozen in a cryostat. The models were then cut into sections (8 um) and mounted onto microscope
slides (Thermo Superfrost, Germany). The sections were fixed in ice-cold acetone, dehydrated and

stained with hematoxylin-eosin.

Treatment of EpiDerm™ models

An overview of the treatment of the EpiDerm™ models is shown in Figure 1. On the day of receipt
(Day 0), 1 ml of warmed New Maintenance Medium was transferred into the appropriate wells of 6-
well plates. The EpiDerm™ models were then transferred into 6-well plates. The EpiDerm™ models
were incubated at 37 £+ 1°C in a humidified atmosphere of 5 + 1% CO, in air (standard culture
conditions) for 1 h before dosing with 10 pl of the test chemical, vehicle control, or reference
compound on to the surface of the models. The term “reference compound” refers to compounds
which are known to induce activities in human hepatocytes but not necessarily in skin models. The
doses of test compounds were 2 pg/cm® and 50 pg/cm” B[a]P and 50 pg/cm” and 1000 pg/cm’
cyclophosphamide. The top doses were based on those which are known to cause micronuclei in
EpiDerm™ models [Aardema et al., 2010; Zhao et al., 1999]. The vehicle control, acetone, has been
shown not to increase the rate of micronucleus formation in this model [Dahl et a., 2010] and can

therefore be considered to be a “true negative” chemical. The models were incubated under standard
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culture conditions. After 24 h (Day 1), 48 h (Day 2) and 72 h (Day 3), the medium from each model
was collected and stored for lactate dehydrogenase measurement using the CytoTox 96® Non-
Radioactive Cytotoxicity Assay from Promega Corp, USA. The lactate dehydrogenase activity in the
medium without models was also determined. On Day | and 2, the medium was replaced with fresh
warm New Maintenance Medium, and the model was dosed again and incubated under standard
culture conditions. Twenty-four hours after each dose of test chemical (on Days 1, 2 and 3), the phase
1 and 2 enzyme activities were measured in 2-3 models per experiment (two experiments per enzyme
activity measured). For each activity measured, the medium was refreshed 1 h prior to the addition of

the substrate.

EROD activity was measured by applying the substrate, 7-ethoxyresorufin, directly to the epidermal
model surface and measuring the metabolite, resorufin, in the tissue and medium. The phase 1 and 2
inhibitors, dicoumarol (which inhibits DT-diaphorase [Nims et al., 1984] and salicylamide (which
inhibits sulfate- and glucuronide-conjugation [Bennet et al., 1975; Heath and Dingell, 1974]) did not
significantly affect the production of resorufin under the conditions used in these studies (data not
shown). Ethoxyresorufin (10 pl of 2.5 mM solution in acetone) was added to the surface of the
models. The models were then incubated for 6 h in standard culture conditions. After this time the
medium and models were separated. The models were homogenized in 200 pl homogenization buffer
(0.25 M potassium phosphate, 0.15 M potassium chloride and 1 mM EDTA pH 7.25) using a Retsch
TissueLyser and then centrifuged at 9000 xg for 5 min at 4°C to remove debris. The fluorescence of a
100 pl aliquot of the medium, the model S9 fraction and appropriate control samples (to account for
background fluorescence from the 7-ethoxyresorufin and medium components) was measured at an
excitation wavelength of 544 nm and an emission wavelength of 590 nm. The amount of resorufin

formed was calculated with respect to a standard curve.

Testosterone metabolism was measured by applying 10 pul of 50 mM testosterone (equivalent to a final
concentration of 500 uM when considering the medium and skin volumes) to the surface of the

models and incubating for 6 h under standard culture conditions. The concentration of testosterone
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was in line with that used by others characterizing hepatic models [Brown et al., 2007] and was
purposely high to take into account maximum exposure of this substrate to all layers of the EpiDerm™
models. Preliminary results showed that testosterone hydroxides were not significantly conjugated
since inclusion of salicylamide in the incubation did not affect the amount of 6B-hydroxytestosterone
detected (data not shown). After 6 h, the medium and models were separated and immediately frozen
and stored at -80 °C until analysis. The internal standard, 11o-hydroxyprogesterone (50 pl of 5 pg/ml
solution in methanol:water 55:45 (v/v)) was added to 450 ul of medium. Dichloromethane (4 ml) was
added and the sample mixed. The organic phase was transferred to a new tube and evaporated using an
Eppendorf concentrator at 30°C for 30 min. The samples were reconstituted in 200 pl methanol:water
55:45 (v/v). The EpiDerm™ models were homogenized in 500 pl methanol:water (70:30 (v/v)) and
then spiked with 50 pl 11a-hydroxyprogesterone. The homogenized samples were centrifuged at 9000
xg for 10 min and the supernatant was extracted in the same way as for the medium samples. The
samples were analyzed by HPLC (Beckman Gold Nouveau System) using EC 250/4 Nucleosil 100-5
C18 column and a CC 8/4 Nucleosil 100-5 C18 guard column (Macherey-Nagel, Germany)
maintained at 37 °C. The mobile phases were (A) 100 % ultrapure HPLC water and (B) 100% MeOH
(Carl Roth, Germany). The gradient was as follows: 0-13 min 55 % B; 13-20 min 100 % B; 20-29 min
55 % B. Peak detection was carried out with a Shimadzu SPD UV detector set to 252 nm. The
chromatograms were analyzed with the Beckman Gold Nouveau software. Testosterone,

androstenedione and hydroxytestosterone metabolites were quantified using synthetic standards.

UGT activity was measured by adding the substrate, 4-methylumbelliferone, directly to the epidermal
model surface and measuring the decrease in fluorescence in the skin and medium compared to control
incubations (containing the same concentration of substrate in trans-wells without EpiDerm™
models). 4-Methylumbelliferone (10 pul of a 10 mM stock solution in acetone) was added to the
surface of the models which were then incubated for 6 h in standard culture conditions. After this time
the medium and models were separated. The models were homogenized in 100 pl methanol:water
70:30 (v/v), using a Retsch TissueLyser and then centrifuged at 9000 xg for 5 min at 4°C to remove

debris. A 10 pl aliquot of the samples (medium and the model S9 fraction) was added to 190 ul 10
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mM sodium hydroxide and the fluorescence was measured at 390 excitation and 460 nm emission
using a microplate spectrofluorimeter. The amount of substrate remaining was calculated with respect
to a standard curve of 4-methylumbelliferone. Background fluorescence from the medium was

measured and confirmed to have no influence on the measurement of the substrate.

Unlike the other three activities, GST activity was measured by addition of the substrate, CDNB, to
tissue S9 fractions. At each time point, the EpiDerm™ models were homogenized in 100 pl
homogenization buffer. The homogenized samples were centrifuged at 9000 xg and 4 °C for 10 min to
remove debris. The resultant S9 fraction contained on average 3.6 + 0.4 mg/ml protein). A 20 pl
aliquot was added to 180 pl of the reaction mixture. The reaction mixture contained 100 mM
potassium phosphate buffer (pH 6.5 (at which pH non-enzymic conjugation is minimal [Habig et al.,
1974]), 1 mM CDNB and 1 mM reduced glutathione. The reaction was started by the addition of
CDNB and the production of the conjugate was followed by measuring the rate of absorbance change
over 5 min in a plate reader set at 340 nm. Rates were calculated using the extinction coefficient 9.6

mM™' cm™ [Habig et al., 1974] adjusted to the path length of the solution per well (5.03 mM™" cm™).

Statistical evaluation

Results were compared using the Student’s unpaired t-test. p < 0.05 was considered significant. “n” is

the number of models in each experiment.
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Results

Morphology of EpiDerm™ models over 72 h

Figure 2 shows the cross section of the EpiDerm™ models at 24 h, 48 h and 72 h in culture. After 24
h, the EpiDerm™ model contained basal, spinous, granular, and cornified layers, reflecting the
structure of epidermis in vivo. There was notable stratum corneum thickening of the models over time.
Apart from the thickness, there was little difference in the structure of the stratum corneum between
24 h and 48 h but by 72 h it was less compact than earlier time points. The basal, spinous, granular

cells were still evident at 72 h.

Basal activities in EpiDerm™ models over 72 h

Table 1 summarizes the phase 1 and 2 activities measured in EpiDerm™ models treated with the
vehicle control, acetone, over 72 h. These data are the average values from two experiments and up to
six models and differences were based on the average value, as well as the reproducibility across the
two experiments. EROD activities at all three time points were considered to be at the limits of
detection of the assay design (0.025 pmol/min/model, considering the background fluorescence of the
ethoxyresorufin present in either the EpiDerm™ models and medium, data not shown). The majority
(97-90%) of the metabolite, resorufin, was detected in the medium at all incubation time points. The
only hydroxy- metabolite, 63-hydroxytestosterone, was present in all models at each time point
measured. The majority (71-75%) of this metabolite was detected in the medium after the 6 h
incubation at each time point. When testosterone 63-hydroxylase activities from all models were
averaged, this activity at 24 h was not significantly different from that at 48 h or 72 h. Although there
was a statistically significant difference (P<0.05) in a single experiment (Figure 4A) between the 24 h
and 72 h time points, the actual difference was 2 pmol/min/mg protein, which cannot be considered
relevant when compared to the range of activities (thousands of pmol/min/mg) in human hepatocytes
[LeCluyse et al., 2000)]. Androstenedione was also formed by all EpiDerm™ models and, like 6f3-
hydroxytestosterone, most of this metabolite was detected in the medium (80 %). The production of
androstenedione was similar in EpiDerm™ models incubated at 24 h, 48 h and 72 h. Unlike the

metabolites of testosterone, the parent compound itself was mainly detected in the EpiDerm™ models
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(66-73% of the total applied). The amount of testosterone remaining in the EpiDerm™ models was the
same at all time points (73 + 11%, 73 + 15 and 66 + 18% in the models at 24 h, 48 h and 72 h,

respectively).

The average UGT conjugation of 4-methylumbelliferone in six EpiDerm™ models was maintained
over 72 h and any statistically significant changes within a single experiment were not reproducible
(Figure 6A and B). As with resorufin and the testosterone metabolites, the majority of the substrate, 4-
methylumbelliferone, was detected in the medium (between 80 and 100%). GST activity was highest
in models at 24 h and by 48 h the activity had decreased from 84.1 nmol/min/mg to approximately 50

nmol/min/mg. The GST activity did not decrease further between 48 h and 72 h.

Effect of B[a]P on phase I and 2 activities

The effect of B[a]P on the basal EROD activities is shown in Figure 3A. Both 2 pg/cm” and 50 pg/cm’
B[a]P caused a significant increase in EROD activity in EpiDerm™ models. The effect was evident
after 24 h and was still present after 72 h. The increase in EROD activity was not dose-dependent, for
example, after 24 h treatment with 2 ug/cm” and 50 pg/cm’ B[a]P, EROD activity increased from
approximately 0.02 pmol/min/model to 0.12 + 0.06 pmol/min/model and 0.16 + 0.02 pmol/min/model,
respectively. After 48 h, EROD activities in EpiDerm™ models treated with 2 pg/cm” and 50 pg/cm®
B[a]P were marginally higher than at 24 h (0.18 + 0.01 pmol/min/model and 0.19 + 0.04
pmol/min/model, respectively, Figure 1A). After 72 h, the increase in EROD activity above acetone
treated controls was diminished, whereby the activity in 2 pg/cm? treated models was only 0.10 + 0.00
pmol/min/model. EROD activity in 50 ug/cm’ B[a]P treated models was lower than those treated with
the lower B[a]P dose, however, this was not due to cytotoxicity of B[a]P. The lactate dehydrogenase
release into the medium in models treated with both doses of B[a]P was the same as vehicle control

models at each time point (Table 2).

There were no significant effects of 2 pg/cm® and 50 ug/cm” B[a]P on testosterone 6B-hydroxylase

activities in EpiDerm™ models at any of the three time points measured (Figure 4A). The activities
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remained between 1.0 and 3.1 pmol/min/model. By contrast, the production of androstenedione was
statistically increased by 50 pg/cm® B[a]P after 24 h of treatment (Figure 5A). This effect was not
evident after 48 h of treatment and by 72 h, both 2 pg/cm” and 50 pg/cm® B[a]P caused the production
of androstenedione to significantly decrease compared to the acetone treated models (the production of
androstenedione was 23.7 + 0.9 pmol/min/model in acetone treated models compared to 10.4 + 1.4 and

14.6 + 0.7 pmol/min/model in 2 pg/cm® and 50 pg/cm” B[a]P treated models, respectively).

UGT activity was not significantly affected by 2 pg/cm® and 50 ug/cm” B[a]P at any time point tested
(Figure 6). An additional reference compound was included to determine whether UGT activity could
be induced by a known hepatic UGT inducer under the conditions applied in these studies. Rifampin,
at a dose of 25 pg/em® (equivalent to 20 uM if it was added to the medium) did not significantly alter
UGT activities after 72 h treatment (80.7 £ 3.4 pmol/min/model in rifampin treated EpiDerm™

models compared to 87.7 + 6.6 pmol/min/model in acetone treated EpiDerm™ models).

GST activities in EpiDerm™ models treated with 2 ug/cm” B[a]P were equivalent to those in the
acetone control models (Figure 7A). GST activity was marginally higher in EpiDerm™ models treated
with 50 ug/cm’” B[a]P after 48 h (63.1 nmol/min/mg compared to acetone treated models with 48.6
nmol/min/mg) but it was not possible to determine the statistical significance because only two models
were analyzed for this treatment. Additional EpiDerm™ models were treated with 5 pg/cm’ beta-
naphthoflavone (equivalent to 50 uM if it was added to the medium) for 72 h, in which CDNB
metabolism in duplicate models was increased 1.6-fold above the duplicate acetone control treated

models (from 36.2 nmol/min/mg to 57.5 nmol/min/mg).

Effect of cyclophosphamide on phase 1 and 2 activities

EROD activities in EpiDerm™ models treated with 50 pg/cm?® and 1000 pg/cm’ cyclophosphamide
were equivalent to the corresponding acetone control models at each time point measured (Figure 3B),
which did not exceed the limits of detection of the method. Likewise, these doses of
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cyclophosphamide had no effect on testosterone 63-hydroxylase activities at any of the time points
measured and were between 1.8 and 3.0 pmol/h/model (Figure 4B). At 1000 pg/cm’,
cyclophosphamide did significantly decrease androstenedione production compared to the acetone

treated models but this was evident at 72 h only (Figure 5B).

UGT activities were not significantly affected by 50 pg/cm” and 1000 pg/cm® cyclophosphamide, or
25 pg/em” rifampin, at any time point tested (Figure 6B). UGT activities remained between 78.3 and
117.2 pmol/min/model. There was no dose-dependent effect of cyclophosphamide on GST activities
(Figure 7B). There was a decrease in activity at 72 h in models treated with 1000 pg/cm’
cyclophosphamide compared to acetone control models at the same time point but it was not possible
to determine the statistical significance because only two models were analyzed for this treatment. The
decrease in GST activities measured in acetone treated EpiDerm™ models was also observed in

cyclophosphamide treated models (Figure 7B).

13
URL: http://mc.manuscriptcentral.com/txen E-mail: C.loannides@surrey.ac.uk



O©CoONOOOPRWN-

Xenobiotica Page 14 of 38

Discussion

These studies were designed to determine a number of basal metabolic enzyme activities under the
same conditions as those used in the RSMN assay. The reason for this was that we wanted to
investigate whether (a) selected activities were present in the EpiDerm™ models during the course of
a 72 h RSMN assay, (b) they changed with time and (c) the test chemicals themselves altered the
activities. At least for UGT and GST activities, it was also possible to measure any decreases since the

basal levels were well above the limits of quantification.

Phase 2 detoxification pathways were clearly measureable in all models at each time point measured.
Although there was some decrease in GST activities in acetone treated models between 24 h to 48 h,
this drop did not continue between 48 h to 72 h. UGT activities remained constant throughout the 72 h
experiment. In contrast to phase 2 activities, basal phase 1 bioactivating activities were at the limit of
detection throughout the incubation. These findings are in agreement with others [Hu et al., 2010b]
who found the overall expression of phase 2 enzymes to be more pronounced than that of Phase 1
enzymes in the EpiDerm™ model (as well as in human skin). The predominance of phase 2 pathways,
which generally result in detoxication, over phase 1 activities supports the theory that skin acts as a
barrier to toxins in terms of metabolic as well as a physical barrier. This is of significance for certain
groups of cosmetic ingredients such as aromatic amines, which may be directly N-acetylated, rather

than being hydroxylated to potentially genotoxic moieties [Skare et al., 2010; Goebel et al., 2009].

Although there was little change in the basal enzyme activities measured, there was some change in
the morphology of the models. Over time, the stratum corneum increased in thickness. Despite this
increase in the lipophilic nature of the upper layers of the models, the ratio of substrates and/or
metabolites in the model and medium was unaltered. This is applicable to testosterone, which may
have been expected to form a reservoir in the stratum corneum due to its highly lipophilic nature [van
de Sandt et al., 2004]. However the amount of testosterone remaining in the EpiDerm™ models was
the same at all time points. This may also have been true for B[a]P which is also highly lipophilic but

the amount of this test compound was not determined in these studies.
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We have shown that B[a]P, at doses which are known to induce micronuclei in the RSMN assay (data
not shown), markedly induced EROD activity after 24 h. The induced levels were highest at 48 h, after
which, they decreased during the last 24 h of the assay. The induction we observed can be expected
because B[a]P is known to bind with high specificity to the aryl hydrocarbon receptor, which in turn
modifies CYP1A1/2 and CYP1BI1 expression [Li et al.,1998]. Others have also shown significant
induction of aryl hydrocarbon hydroxylase, ethoxycoumarin O-deethylase, and/or EROD in rat skin
after dermal application of a number of chemicals including polycyclic aromatic hydrocarbons and 3-
methylcholanthrene [Khan et al., 1989; Raza and Mukhtar, 1993]. Topical application of BaP to rats
has been shown to induce not only skin enzymes but also enzymes in other organs, although induction
in the latter is lower than in the skin [Mukhtar and Bickers, 1981]. The induction of the expression of
CYP1AL1 and aryl hydrocarbon receptor in human ex vivo skin after application of B[a]P to the
epidermis has also been demonstrated [Costa et al., 2010]. In their studies, the skin was placed
epidermal side down in a 6-well plate containing 15 pl B[a]P but no medium for 18 h. The dose of
B[a]P used was much lower (19 ng/cm®) than used here and it was shown to cause significant loss of
viability and lipid peroxidation. However, there were measureable amounts of basal CYP1A1 and aryl
hydrocarbon receptor proteins (using western blotting) which were both increased by B[a]P (by
approximately 10-fold) under these conditions. The doses of B[a]P used in our studies were not toxic
to the models at any time point, according to the marker of viability, lactate dehydrogenase release,
which was used in our studies. The EpiDerm™ models may be more robust than ex vivo skin discs
since they are continually growing in the presence of specialized medium; whereas the ex vivo model
lacked this form of functional maintenance. As a result of the continuing growth, the structure of the
EpiDerm™ models changed over time, such that more stratum corneum was present by 72 h, possibly
causing the B[a]P-induced EROD activities in the upper layers to be lower than at earlier times.
Despite this decrease, it was still possible to measure induction of EROD activity over the entire
RSMN assay duration. The induction of EROD activity after 24 h in EpiDerm™ models was also
demonstrated by Curren et al. [2007] who treated them by adding 10 uM 3-methylcholanthrene to the
medium. EROD activity was measured by incubating the models with 2.5 uM ethoxyresorufin and
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33.3 uM dicoumarol for 30 min at 37°C. The lack of effect of cyclophosphamide on EROD activities
over time was therefore not due to a general unresponsiveness of the models to aryl hydrocarbon
receptor mediated inducers - or due to cytotoxicity, since no increase of lactate dehydrogenase release
was observed at either cyclophosphamide dose. It is important to demonstrate that a model exhibits
induction responses similar to native skin since investigations in to the modulation of xenobiotic
metabolizing enzymes will enhance our knowledge of not just genotoxicity but also general skin

pathologies [Ahmad and Mukhtar, 2004].

Cyclophosphamide has been reported to induce a number of CYP activities in primary human
hepatocytes, including CYP3A4, CYP2CS, CYP2C9 and CYP2B6 levels [Chang et al., 1997; Gervot
et al., 1999; Lindley et al. 2002]. We therefore used testosterone as a substrate in our studies since it is
metabolized to a number of metabolites via CYP-selective pathways. In humans CYP2B6 catalyses
the formation of 160-hydroxytestosterone, CYP3A3/4/5 catalyses the formation of formation of 2[3-
and 6B-hydroxytestosterone and CYP2C9/19 catalyses the formation of androstenedione [Yamazaki
and Shimada, 1997; http://www.icgeb.org/~p450srv/]. In the skin, which generally lacks CYP2C
enzymes [Luu-The et al., 2009], androstenedione is most likely to be produced from the
interconversion of testosterone and androstenedione catalyzed by 173-hydroxysteroid dehydrogenase
2, which is distributed around the basement layer of the epidermis [Hikima and Maibach, 2007]. The
kinetics of this enzyme have been investigated in cultured human keratinocytes [Milewich et al.,
1986]. The only metabolites detected in the EpiDerm™ models using non-radiolabelled testosterone
were 63-hydroxytestosterone and androstenedione. Neither cyclophosphamide nor B[a]P altered the
production rate of 6B-hydroxytestosterone, suggesting that CYP3A4/5 is not affected by these test
compounds during the course of the RSMN assay. CYP3A4 is responsible for the metabolism of over
50% of marketed drugs [Zuber et al., 2002] and is therefore an important CYP to investigate;
therefore, future studies should include treatment of the EpiDerm™ models with known and FDA
recommended hepatic CYP3A4 inducers, such as rifampin [Huang and Stifano, 2006] to determine
whether this CYP is also inducible in skin models, especially if the 72 h dosing regimen is employed

in the RSMN assay. The production of androstenedione was significantly increased by the highest
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1

2

3 dose of cyclophosphamide after 24 h but not at later times. This may reflect an induction of

4

5 CYP2C9/19 and/or 17B-hydroxysteroid dehydrogenase, the levels of which decrease over time due to
6

7 the increase in the number of corneocytes in the models. Further studies are needed to confirm the

8

9 reproducibility of this effect and CYP selective inhibitors could be included to identify which CYPs, if
10

1 any, are involved in the production of androstenedione.

12

13

14

12 GSTs play a role in metabolism of both B[a]P and cyclophosphamide; therefore, if GSTs are

:]]; modulated by these test chemicals, their genotoxic effects may also be modified. The n-class is

;g reported to be the predominant isoform in skin [Zhang et al., 2002] and is almost exclusively involved
g; in the detoxification of the ultimate B[a]P metabolite, (+)-anti-benzo[a]pyrene 7,8-dihydrodiol 9,10-
32 epoxide ((+)-anti-BPDE). Since EROD activity was significantly induced by B[a]P under the

gg conditions used here, we investigated whether GSTs could also be induced. The reference control

gg chemical, beta-naphthoflavone, increased GST activity by 1.6-fold, the magnitude of which may be
gg expected since the extent of induction of this enzyme is known to be low compared to the CYP1

g; family [Pushparajah et al., 2008b]. Likewise, B[a]P increased GST activities but only at 48 h and by
gi 1.3-fold (the statistical significance of this result could not be made due to duplicates being taken for
35

36 most of the samples). Cyclophosphamide also caused a 1.3-fold increase in GST activity after 72 h at
37

38 the lower dose tested. Future studies will include the use of an isoform-selective substrate in order to
39

40 elucidate whether the lower induction of GST was due to the non-specificity of CDNB.

41

42

43

44 The aims of these studies were to determine whether selected phase 1 or 2 activities could be

45

46 measured and/or altered during the course of the RSMN assay. B[a]P and cyclophosphamide were

47

48 used as examples of chemicals which are bioactivated in the skin and caused significant micronuclei
49

50 formation in EpiDerm™ cells under the conditions used (data not shown) i.e. a local effect. This

51

52 shows that this model has the necessary metabolic capacity to bioactivate these chemicals and does not
53

54 require additional metabolic supplements (such as S9 and NADPH regenerating system). Other dermal
55

56 models may need additional S9-mix in the medium in order for this chemical to cause a genotoxic

57

58 effect [Flamand et al., 2006] However, it may be that the skin does not take part in the bioactivation of
59
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a genotoxicant and that the site of bioactivation is systemic (e.g. via hepatic enzymes). In this case, the
absorption of the chemical through the skin into the systemic circulation will affect the genotoxic
potential of the chemical and the contribution of dermal metabolism will be negligible [Flamand et al.,
2006]. Conversely, some dermally applied chemicals may be extensively detoxified by the skin before
entering the circulation (e.g. hair dyes by N-acetyltransferase 1 [Goebel et al., 2009]); therefore, the
presence of detoxification enzymes (GSTs, UGTs, N-acetyltransferase 1 etc) in the EpiDerm™ model

is important to establish.

In conclusion, we have demonstrated the presence of basal phase 1 and 2 activities of EpiDerm™
models incubated according to the RSMN assay. With the exception of GST which decreased between
24 h and 48 h, all of the activities measured did not change over time. It was possible to measure
enzyme induction using this assay design. Of the enzymes tested, EROD activity was significantly
induced by B[a]P but not by cyclophosphamide. CPA and B[a]P had little or no reproducible effects
on GST and UGT activities. Since a number of metabolic enzyme activities are present and at least the
CYPI family is inducible in the EpiDerm™ skin model, the RSMN assay may not require an
exogenous metabolic activation system for compounds that are activated or detoxified via these
pathways. Further studies investigating the effect of inclusion of cofactor regenerating systems will
help to elucidate the contribution of dermal metabolic enzymes to the genotoxicity of selected positive

control chemicals.
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Table 1. Phase 1 and 2 activities over 72 h in EpiDerm™ models treated with acetone. The number of

models (n) tested are shown. LOD = limits of detection (0.025pmol/min/model).

Time after first treatment

Activity n
24 h 48 h 72 h

Phase 1
EROD

6 At LOD At LOD At LOD
(pmol/min/model)
Testosterone 63-hydroxylation

6 1.4+£0.6 30+£1.2 2.6£0.5
(pmol/min/model)
ASD formation

6 182+£5.3 19.4+£10.3 17.1£73
(pmol/min/model)
Phase 2
UGT

6 1104 £ 12.7 86.2+194 97.3+£19.8
(pmol/min/model)
GST

34 84.1 +4.1 48.6 +4.5 50.4+19.9

(nmol/min/mg protein)
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Table 2. Effect of (A) B[a]P and (B) CPA on LDH release from EpiDerm™ models over 72 h. The

Xenobiotica

viability was expressed as the % LDH released from treated models compared to vehicle control. The

amount of LDH in the medium from vehicle control samples compared to medium without Epiderm™

models was 164 + 55%, 122 £ 26% and 116 £ 20% at 24 h, 48 h and 72 h, respectively.

B[a]P CPA
Time (h)
2 ug/em® 50 pg/cm’ 50 pg/cm’ 1000 pg/cm?
24 103 £5 98 £ 19 93+1 105+2
48 102+3 102 £3 104 £2 109 £0
72 108 £2 114 £3 118 £8 110+0
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Figure 3.

A)

pmol/min/model

(B)

pmol/min/model

0.25

0.20

0.15

0.10

0.05

0.00

0.25

0.20

0.15

0.10

0.05

0.00

URL: http://mc.manuscriptcentral.com/txen E-mail: C.loannides@surrey.ac.uk

24h

48h

Xenobiotica

Acetone

Acetone D’I

50-CPA

24h

1000- CPA

Acetone |:|-|

Acetone

1000 - CPA

72h

1000 - CPA

32

Page 32 of 38



Page 33 of 38

O©CoONOOOPRWN-

Xenobiotica
Figure 4.
(A)
5_
4__
1.
e t
T 3 al
=
£ .
£
2 2 -
g
(=%
1_
O_
2 el 5|5 255
2 28 m m ) m m
8 8 I ] 8 [l oI
< < || & < | &
24h 48h 72h
(B)
5_
4_
3
S 3 4
=
=
£ T
S 2 A
g
(="
l_
O_
Q 0] [}
£ SEEE- S - - - R -
= ol gl oo | & 0| O
5t o 8| o | o ==
< S| <|n| g 2|7
24h 48h 72h

URL: http://mc.manuscriptcentral.com/txen E-mail: C.loannides@surrey.ac.uk

33



O©CoONOOOPRWN-

Xenobiotica

Figure 5
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Figure 6.
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Figure legends

Figure 1. Overview of the dosing of test chemicals and enzyme activity determination.

Figure 2. Cross-sections of EpiDerm™ models incubated for 24 h, 48 h and 72 h. The pictures

represent one (Donor 254) of the two donors analysed.

Figure 3. Effect of (A) B[a]P and (B) cyclophosphamide on ethoxyresorufin O-deethylase activities in
EpiDerm™ models over 72 h. The doses were 2 pg/cm?® and 50 pg/cm” B[a]P (denoted “2” and “50”,
respectively) and 50 ug/cm’® and 1000 pg/cm’ cyclophosphamide (denoted “50” and “1000”,

respectively). Mean + SD. * denotes a statistical significance of <0.05. The dotted line represents the

LOD.

Figure 4. Effect of (A) B[a]P and (B) cyclophosphamide on testosterone 63-hydroxylase activities in
EpiDerm™ models over 72 h. The doses were 2 pg/cm”® and 50 pg/cm” B[a]P (denoted “2” and “50”,
respectively) and 50 pg/cm? and 1000 pg/cm’ cyclophosphamide (denoted “50” and “1000”,
respectively). Mean + SD, * = p < 0.05 difference from control at respective time point, § =p < 0.05

difference from 24 h acetone control, = p < 0.05 difference between 2 ng/cm’ and 50 pg/cm’ B[a]P.

Figure 5. Effect of (A) B[a]P and (B) cyclophosphamide on androstenedione formation in EpiDerm™
models over 72 h. The doses were 2 pg/cm” and 50 pg/cm’ B[a]P (denoted “2” and “50”, respectively)
and 50 pg/cm’® and 1000 pg/cm’ cyclophosphamide (denoted “50” and “1000”, respectively). Mean +
SD. *=p < 0.05 difference from control at respective time point, T = p < 0.05 difference from 24 h

acetone control, = p < 0.05 difference between 2 pg/cm’ and 50 pg/cm” B[a]P.

Figure 6. Effect of (A) B[a]P and (B) cyclophosphamide on UDP-glucuronosyltransferase activities in
EpiDerm™ models over 72 h. The doses were 2 pg/cm’® and 50 pg/cm’ B[a]P (denoted “2” and “50”,

respectively) and 50 pug/cm’ and 1000 pug/cm’ cyclophosphamide (denoted “50” and “10007,
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respectively). The reference compound was 25 pg/cm” rifampin (RIF) which was dosed in the same
way as B[a]P and cyclophosphamide but UDP-glucuronosyltransferase activities were only measured
after 72 h. Mean + SD, * = p < 0.05 difference from control at respective time point, T = p < 0.05

difference from 24 h acetone control.

Figure 7. Effect of (A) B[a]P and (B) cyclophosphamide on glutathione S-transferase activities in
EpiDerm™ models over 72 h. The doses were 2 pg/cm? and 50 pg/cm” B[a]P (denoted “2” and “50”,
respectively) and 50 pug/cm” and 1000 pug/cm® cyclophosphamide (denoted “50” and “10007,
respectively). The reference compound was 5 pg/cm? beta-naphthoflavone (BNF) which was dosed in
the same way as B[a]P and cyclophosphamide but GST activities were only measured after 72 h.

Mean of two models per treatment and time point.
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AhRR function revisited: Investigations in adult primary human fibroblasts

Die Haut als Grenzflichenorgan des menschlichen Korpers hat als First-Pass-Organ fiir
dermale Exposition die Féhigkeit, auf exogenen Noxen wie z.B. polyzyklischen
aromatischen Kohlenwasserstoffe (PAK) oder ultraviolette (UV) Strahlung zu
reagieren. In der Epidermis ist daher mit CYP und COX-Enzymaktivitdt Fremdstoft-
metabolismus der Phase 1 vorhanden, durch den lipophile Substanzen funktionalisiert
werden konnen. Die dafiir notwendigen metabolischen Reaktionen fiihren jedoch auch
zur Generierung von oxidativem Stress, was fiir die proliferativ aktiven Zellen der Epi-
dermis nicht von grofer Bedeutung ist, fiir die groftenteils nicht proliferierenden
Fibroblasten der Dermis jedoch durch Akkumulation von zelluldren Schiden wie
Mutationen an der mitochondrialen DNS ein Problem darstellt. Aus diesem Grund ist es
nicht verwunderlich, dass in der Vergangenheit in Fibroblasten ein nicht funktioneller
AhR-Signalweg beschrieben wurde. Dieses soll mit einer hohen AhR-Repressor Ex-
pression in diesen Zellen zusammenhéngen, von dem in Uberexpressionsstudien gezeigt
werden konnte, dass er mit ARNT dimerisiert, XRE im Promoterbereich von AhR-Ziel-
genen blockiert und somit in einer negativen Riickkopplungsschleife die Transkription
AhR-regulierter Gene blockiert. In dieser Studie iiberpriifen wir dieses Konzept der
»AhRR-Theorie* anhand von transkriptionellen und funktionellen Untersuchungen an
25 verschiedenen primdren humanen Fibroblasten (NHDF). Dabei konnten wir
bestétigen, dass der AhR-vermittelte Signalweg in humanen Fibroblasten in der Tat
nicht funktionell ist. Dieses Phinomen korreliert jedoch nicht mit einer hohen AhRR-
Expression, da der AhRR in primdren humanen Fibroblasten, sowie in MEF Zellen,
etwa 6-fach niedriger exprimiert wird, als in primédren Keratinozyten. Des Weiteren
konnten wir in exemplarisch durchgefiihrten funktionellen Untersuchungen zur EROD-
Aktivitdt weder in NHDFs noch in MEF-Wildtyp-Zellen eine Induktion durch AhR-
Liganden nachweisen. Interessanterweise war auch in AhRR-defizienten MEF-Zellen
lediglich eine marginale EROD-Aktivitdt um das quantitative Detektionsminimum zu
beobachten. Im Gegensatz dazu waren die als Positivkontrolle mitgefiihrten NCTC
2544 Keratinozyten durch beide AhR-Liganden gut induzierbar (um 100 pmol/min/mg).

Des Weiteren konnten wir zwar auf transkriptioneller Ebene durch die Behandlung der
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Zellen mit dem HDAC-Inhibitor TSA die in der Literatur beschriebenen
»duperinduktion® von CYP1AL1 verifizieren, in dieser Studie konnten wir aber erstmals
zeigen, dass diese auf der Ebene der Enzymaktivitit keine Auswirkung hat. Zusammen-
fassend zeigen wir in dieser Publikation, dass zwar der AhR-Signalweg in primiren
Fibroblasten nicht funktionell ist, dass dieses aber nicht mit einer hohen AhRR-

Expression einhergeht.
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ABSTRACT

The skin as the first pass organ for dermal exposure towards environmental and
pharmaceutical agents exhibits the ability to react to exogenous noxae like polycyclic
aromatic hydrocarbons or ultraviolet radiation by inducing cytochrome P450 (CYP)-
catalyzed reactions. The drawback of CYP-mediated metabolism is generation of
oxidative stress and its associated cellular damages. Such harm is especially dangerous
for a tissue when the cellular turnover rate is low, like in postreplicative fibroblasts of
the dermis, as then damage accumulates over time. Therefore, it has been thought that
CYP1 activity is repressed by high aryl hydrocarbon receptor repressor (AhRR)
expression in fibroblasts. Here we revisited this ‘AhRR hypothesis’ in primary human
fibroblasts (NHDF) of 25 individuals and AhRR deficient (") mouse embryonic
fibroblasts. According to the current literature, we found (i) AhRR expression in
NHDFs, (ii) moderate CYP1A1 mRNA induction by AhR activators with large
interindividual differences, and (iii) HDAC-dependent CYP1A1 mRNA induction.
However, CYP1A1l mRNA induction at these low expression levels in NHDFs and in
AhRR™ does not translate into CYP1 enzyme activity. Therefore, our data confirm that
CYPI activity in NHDFs is repressed, but reveal that not the AhRR but a so far

unidentified factor represses CYP1 activity in these cells.

INTRODUCTION

The arylhydrocarbon receptor (AhR) repressor (AhRR) — like the AhR itself - belongs
to the group of basic helix-loop-helix (bHLH)-PAS (homologues of Period/ARNT(AhR
nuclear translocator)/Single minded) proteins and is an integral part of the AhR
signaling machinery (Mimura et al, 1999a). The AhR is a ligand-dependent
transcription factor which, in its unligated state, rests as a multi protein complex in the
cytoplasm of most cells of the body including skin (Fujii-Kuriyama et al., 1992;Bickers
et al., 1984). Upon ligand binding, the receptor sheds its co-factors, translocates into the
nucleus where it dimerizes with its partner ARNT, binds to xenobiotic response
elements (XREs) in the promoter region of AhR-dependent genes and initiates
transcription (Rowlands and Gustafsson, 1997;Abel and Haarmann-Stemmann,

2010;Fujisawa-Sehara et al., 1987). Besides genes which are involved in xenobiotic



metabolism, one gene of the AhR gene battery is the AhRR itself (Mimura et al.,
1999b). Overexpression studies suggest that the AhRR also forms heterodimers with
ARNT also binding to XREs and blocking AhR target gene transcription (Mimura ef al.,
1999b). This transcriptional hindrance is probably due to the lack of a transactivation
domain in the AhRR protein that is present in the AhR (Sogawa et al., 1995;Mimura et
al., 1999b). Thereby, the AhRR is thought to form a negative feedback loop on the AhR
gene battery including its own transcription. Such AhR signaling was found in almost

all cells of the body including skin (Ahmad et al., 1996;Das et al., 1986).

The skin is the largest organ of the human body and represents the body’s protective
surface as the first and outermost contact site for environmental noxae, which have the
ability to overcome the physical barrier of the skin (Merk et al., 2006;0esch et al.,
2007;Swanson, 2004;Ahmad and Mukhtar, 2004). These include lipophilic chemicals
like polycyclic aromatic hydrocarbons (PAH) or ultraviolet (UV) radiation. Not only
liver - as the first-pass-organ for oral exposure — but also skin as the first-pass-organ for
dermal exposure, possesses capacities for xenobiotic metabolism with the goal of
eliminating lipophilic compounds (extensively reviewed in (Oesch et al., 2007)). The
ability of skin to metabolize PAH has long been described in vivo in animals and
humans. Skin cells express the AhR and AhR-activation by PAH causes induction of
Cytochrome P450 (CYP)1A1l and 1B1 which hydroxylate such xenobiotics (Levin et
al., 1972;Alvares et al., 1973b;Alvares et al., 1973a;Bickers et al., 1984;Go6tz et al.,
2011). In contrast to inducible CYP enzymes, phase 2 drug metabolism enzymes like
GST, NAT or UGT are constitutively present in skin and thus guarantee detoxification
of hydroxylated metabolites (Oesch et al., 2007;Gotz C et al., 2011). That the same
drug metabolism is also essential for skin after UV exposure is a relatively new
realization. We and others showed in vitro and in vivo that upon UV irradiation, natural
AhR ligands are formed intracellularly from free tryptophan (Rannug et al.,
1987;Bergander et al., 2004;Fritsche et al., 2007;Wincent et al., 2009;Wei et al., 1999).
Among those, 6-formylindolo-3,2b-carbazole (FICZ) is the most potent AhR ligand
(Rannug et al., 1987;Rannug et al., 1995). FICZ is metabolized by CYP enzymes and
thus induces their expression (Wei et al., 2000;Bergander et al., 2004;Wincent et al.,
2009;Wei et al., 1998;Bergander et al., 2003). Hence, AhR signaling is indispensable
for skin xenobiotic metabolism of PAH and UV photoproducts.



The drawback of such CYP monooxygenase-catalyzed metabolic reactions is generation
of oxidative stress (Puntarulo and Cederbaum, 1998;Morel et al., 1999). A tissue with a
high cellular turnover rate is up to a certain limit sparsely harmed by oxidative stress
because structural cellular damages, like mitochondrial DNA mutations or other
macromolecular modifications, do not accumulate over time. Such a tissue, where cells
constantly proliferate, is the epidermis consisting of keratinocytes. A completely
different situation is given in the dermis. Dermal fibroblasts are postreplicative and rest
in the dermis for decades producing extracellular matrix (Fritsch, 2009). For them,
accumulation of damage is pathogenic and causes tissue degeneration. Therefore,
fibroblasts must try to keep their oxidative stress level low. As one source of reactive
oxygen species (ROS) production is xenobiotic metabolism (reviewed in (Gonzales FJ,
2005)), repression of metabolism is a necessary consequence for the fibroblast,
especially with regard to the fact that the epidermis as the outer barrier is metabolically
competent (Du L et al., 2006;Swanson, 2004;Afaq and Mukhtar, 2001;Pendlington e?
al., 1994). Consequently, the function of the AhRR to repress AhR-mediated cyplal
mRNA expression and hence supposedly cyp metabolism in fibroblasts, an observation

made in mouse embryonic fibroblasts (MEFs), seemed plausible (Oshima et al., 2007).

In this study, we revisited this ‘AhRR hypothesis’ in primary human fibroblasts from 25
individual breast reduction donors. We confirmed that AhR-mediated signaling is

impaired in human fibroblasts but that this is not due to high expression of the AhRR.

RESULTS

EXPRESSION OF AHR SIGNALING COMPONENTS IN HUMAN SKIN CELLS
AND MEFs

It was previously reported that AhR signaling in fibroblasts is not functional due to the
high levels of AhRR expression in those cells. The AhRR is thought to repress
activation of the AhR via an internal feedback mechanism (Mimura ef al., 1999a). Real
time RT-PCR analyses of NHDFs of 25 different donors from 5 age groups reveal for
one that mRNA steady state levels of components of the AhR signaling pathway
(AhRR, AhR and ARNT) are each expressed in similar copy numbers among the 25

individuals. The 5 different age groups also do not differ significantly from each other.



Thereby, the expressions of AhRR, AhR and ARNT do not exceed 0.01, 0.07 and 0.18
copies/10” transcripts B-Actin, respectively, in those cells (Fig. 1A-C). Comparison of
these expression patterns to the distribution of AhR signaling components in NHEKS,
AhRR™" and AhRR™ MEFs reveals that NHDFs express up to 6 times less AhRR than
NHEKs, whereas the AhRR expression in AhRR"" MEFs is at the same level as in
NHDFs and AhRR” MEFs do not express the AhRR at all (Fig. 1D). A similar result
was obtained for the expression of AhR (Fig. 1E) and ARNT (Fig. 1F): for both, gene
expression was lowest in NHDFs (up to 0.07 and 0.18 copies/10* transcripts B-Actin,
respectively), whereas AhR is highest expressed in NHEKs (~16/10* B-Actin) compared
to AhRR”* and AhRR” MEFs (up to 5.9 and 7.9 copies/10* transcripts B-Actin,
respectively). In contrast, ARNT is highest expressed in AhRR™* and AhRR” MEFs
(152 and 109 copies/ 10* transcripts B-actin) followed by NHEKS (7.1 copies/ 10*
transcripts B-actin). As shown as examples for the age groups 20-29 and > 60, the
interindividual differences inside the different age groups are bigger than the differences
between the different ages, but do not reach statistical significance (supplementary

figure 1, Fig. 1A+B).

INDUCIBILITY OF AHR SIGNALING BY AHR AGONISTS IN HUMAN SKIN
CELLS and MEFs

In order to verify that AhR signaling in fibroblasts is not functional as reported
previously by others (reviewed in (Haarmann-Stemmann and Abel, 2006;Evans et al.,
2008)) we challenged the 25 different NHDF strains with 250 nM of the AhR agonist
B(a)P (Fig. 2A-F). Indeed, B(a)P did not increase CYP1A1 copy numbers significantly.
However, plotting the obtained data as x-fold of solvent control (supplementary figure
2) discloses a significant increase in CYP1A1 induction for the age groups 40-49, 50-59
and > 60. In the age group 50-59 preincubation of cells with the competitive AhR
antagonist MNF (10 uM) inhibited this CYP1A1 induction significantly. However,
figure 2B — F, which shows the detailed analysis of figure 2 A (each graph representing
one age group) clearly demonstrates that the inducibility of CYP1AI after treatment
with B(a)P displays large interindividual differences. If these differences in inducibility
of CYPIA1 in NHDF cells is due to respective AhRR content of the cells was
determined by linear regression analyses. With a coefficient of determination (r*) of

0.02 (Fig. 21, basal) and 0.008 (Fig. 2J, induced) it is not likely that basal or inducible



CYPIALI expression in NHDFs is determined by AhRR expression. In contrast to those
findings, CYP1AI1 of AhRR”" MEFs is 3200-fold inducible by 10 uM of the AhR
agonist 3-MC (Fig. 2G). However, this represents a change of copy numbers from
0.00003 to 0.1 copies/10* transcripts B-Actin. AhRR"™" MEFs do not show a significant
change in CYP1A1 expression. In NHEKs CYP1A1 expression is significantly induced
by 250 nM B(a)P approx. 3-fold (from ~100 to ~300 copies/10* B-actin).

CYPIA1 ENZYME ACTIVITY IN NHDFS COMPAIRED TO AHRR™" AND AhRR™
MEFS

Functional relevance of CYPIA1l induction reflects in CYP1 enzyme activity.
Therefore, we measured for the first time EROD activity in NHDFs, AhRR™" and
AhRR”" MEFs. For NHDFs, three individuals from the lowest (1) and highest (2) age
group, respectively, which displayed the largest CYP1A1 mRNA induction upon AhR
activation, were chosen for the functional analyses. NCTC 2544 cells, a keratinocyte
cell line with known CYP1 induction upon AhR activation (Go6tz et al., 2011), were
used as a positive control. B(a)P and 3-MC (0.01, 0.1, 0.25, 1 and 10 uM) did not
induce EROD activity above the limit of quantification (LOQ); indicated by dotted line)
in any of the NHDFs under any condition tested, whereas NCTC cells presented a
significantly inducible EROD substrate turnover (from basal 1 to induced 100 — 200
pmol min"'mg™”; Fig.3 A-C). EROD activity was also not detectable in AhRRR"" MEFs
upon any treatment (Fig. 3D), whereas 1 pM B(a)P or 3-MC resulted in a marginal
EROD activity at the level of the LOQ at 0.8 pmol min"'mg” in AhRR” MEFs (Fig.

3E). Compared to keratinocytes, this turnover rate is negligible.

EFFECT OF HDAC INHIBITION ON EXPRESSION OF CYPIAl AND AHRR
MRNA AND EROD ACTIVITY IN NHDFS

Previous works from our own laboratory (Haarmann-Stemmann ef al., 2007) and others
(Oshima et al., 2007;Gradin et al., 1999) showed that HDAC inhibition leads to a
superinduction of CYPIA1 mRNA in fibroblasts. HDACs are recruited by the AhRR
and they are necessary for its transcription inhibitory activity (Gradin ef al., 1999). In
the same three NHDF cell strains already employed for the induction experiments in
Fig.3, HDACs were inhibited by TSA (0.5 uM). As expected, TSA increased CYP1A1

mRNA expression, whereas in the same samples AhRR mRNA expression was



diminished (Fig. 4; A-F). However, EROD enzyme activity analyses in these cells for
all three individuals demonstrated that the so far called ‘superinduction’ of CYP1AT1 by
HDAC inhibition does not lead to an increase in measurable EROD activity above the
LOQ — despite the reduction in AhRR mRNA expression (Fig. 4G-1). None of these
treatments decreased cell viability (Supplementary Fig. 3).

DISCUSSION

For a decade now it is thought that the AhRR represses AhR-dependent xenobiotic
metabolism in HeLa cells or fibroblasts (reviewed in (Evans et al., 2008;Haarmann-
Stemmann and Abel, 2006)). This assumption is founded mainly on mRNA expression
or overexpression experiments (Mimura et al., 1999a). Therefore, we revisited this
common knowledge ‘AhRR hypothesis’ by expanding the data base for (i) primary
human fibroblasts from 25 different donors, (i) physiological stoichiometry of AhR
signaling compounds and involvement of HDACs in these not genetically manipulated
cells and (ii1) a functional readout, CYP1 activity. The data is confirmed by including
AHRR™" and AHRR™ MEFs and set in relation to keratinocytes which are known to
possess approximately 10% of liver CYP1 activity (Smith C.K. and Hotchkiss S.A.M.,
2001). This thorough revisiting of the AhRR hypothesis revealed that - at least in
primary human fibroblasts — the AhRR does not control AhR-dependent CYP activity.
However, our data do not necessarily contradict the current literature, but extends the
existing knowledge to primary cells from 25 individual adult human donors and the
functional endpoint CYP activity, which had not been assessed with regard to the AhRR

before.

Since the 1980s it has been known that inhibition of protein synthesis (e.g. by
cycloheximide) causes superinduction of TCDD-induced CYPIA1 mRNA expression
in liver cell lines (Israel et al., 1985). Moreover, inhibitors of protein synthesis blocked
the down-regulation of AhR function after short-time incubations with AhR-agonists
(Lusska et al, 1992). These interesting phenomena caused by protein synthesis
inhibitors were ascribed to inhibited synthesis of a short-lived repressor of AhR
function, the entity of which at that time remained elusive. Then, in 1993, Gradin et al.
observed a lack of basal and inducible CYP1A1 by Northern Blot analyses in fibroblasts

(Gradin et al., 1993). XRE reporter gene experiments revealed a smaller luciferase



induction upon AhR-ligand exposure in fibroblasts than in keratinocytes and HepG2
cells. The clue for the AhRR was further established by an EMSA in the same study:
nuclear protein of TCDF-treated fibroblasts showed 2 XRE-specific protein-DNA
complexes. One of those did not react with the AhR antiserum and was also not visible
in keratinocytes and HepG2 cells. This was thus the first identification of the AhRR,
although the name had not been established yet. Final recognition of the AhR repressing
molecular function was based on the observation that overexpression of a novel bHLH-
PAS protein with N-terminal similarities to the AhR modulated AhR signaling (Mimura
et al., 1999a). Sequence identification of this now called AhRR facilitated expression
analyses and certainly enriched research in the AhR field. One important observation
was that AhRR expression level is tissue-specific (Tsuchiya et al., 2003;Iwanari et al.,
2002). E.g. ACHN, A549, HT-1197, HeLa, and NEC14 cells express very different
levels of AhRR. But not only in tumor cells of distinct origins but also in normal tissues
of rodent and humans AhRR levels differ tremendously (Nishihashi et al.,
2006;Korkalainen et al, 2004;Tsuchiya et al, 2003;Yamamoto et al,
2004;Bernshausen et al., 2006;Hosoya et al., 2008). This cell-specificity is indirectly
supported by the above-mentioned XRE-reporter gene experiments from Gradin et al.
(Gradin et al., 1993). Their data suggest that two cell types, fibroblasts and
keratinocytes, within the organ skin might contain high and low levels of AhRR
expression, respectively. In the present study we found the AhRR, AhR and ARNT
expressed in human fibroblasts and keratinocytes, not by northern blot analyses but by
real time RT-PCR (Fig. 1). We identified gene expressions for AhRR in the same order
of magnitude in both cell types and for AhR an up to 1500-times higher expression in
keratinocytes compared to fibroblasts. Our findings are in contrast to previous work of
Akintobi et al (Akintobi et al., 2007) who found a 6-fold higher expression of AhRR vs.
AhR in human fibroblasts than in human keratinocytes. These differences might be due
to interindividual or gender variation (Supplementary Fig. 1), especially since the

Akintobi study does not reveal how many individuals from which gender were tested.

Gene induction experiments with B(a)P from this study are in agreement with the work
from Hosoya et al. (Hosoya et al., 2008). While the CYP1A1 was induced up to 8-fold
by B(a)P in NHDFs from this study, it was 25-fold induced by B(a)P in murine skin

fibroblasts. Differences in magnitude of induction are possibly due to different B(a)P



concentrations (250 nM vs. 1 uM), incubation times (48 vs. 24 hrs), species or cellular
age, as our donors were 20-60 year old females and the Hosoya study used skin
fibroblasts from neonatal mice. In contrast, Gradin et al. (Gradin et al., 1993) did not
observe CYPIA1 induction by TCDF in fibroblasts derived from neonatal foreskin,
which may be due to the method of detection, because real time RT-PCR is more
sensitive than northern blot analysis, the age of the donors or even the skin location
where fibroblasts were gained from. Fibroblasts of the same donor, prepared from skin
from different parts of the body, display differences in their expression profile (Chang
et al., 2002). The role of the AhRR in magnitude of CYP1A1 induction in fibroblasts
was tackled by the usage of AhRR proficient and deficient mouse fibroblasts. Hosoya et
al. (Hosoya et al., 2008) as well as this study (Fig. 2G) observed higher CYP1Al
induction after treatment with an AhR agonist in AhRR™ MEFs (150- (Hosoya) and
3000-fold (this study), respectively). The differences in magnitude between the two
studies might be explained by inducers (B(a)P vs. 3-MC), incubation times (24 vs. 48
hrs) or cell type (neonatal fibroblasts vs. MEFs).

To critically challenge the role of the AhRR in control of CYP1Al expression in
fibroblasts we took a step back from ‘fold of gene induction’ to the raw data, i.e. AhRR
copy numbers, which were derived from a product-specific copy number standard.
These analyses revealed that copy numbers of this gene are very low with 0.01 and
0.015 copies/10* transcripts p-Actin in fibroblasts and MEFs, respectively. As the actual
gene copy numbers for the AhRR have not been reported previously, we cannot
compare our data to any other study. But within our data we see that fibroblasts and
MEFs express the AhRR in the same order of magnitude. Surprisingly, also primary
keratinocytes express the AhRR at a similar very low level (0.06 copies / 10* transcripts
B-Actin; Fig. 1D). Despite this low expression level we wanted to know if there is any
functional relevance of the AhRR on AhR signaling. Therefore, we employed two
strategies: first, we correlated gene copy numbers of basal and induced CYP1Al
expression with AhRR expression and second, we measured CYP1 enzyme activity
with the EROD assay in primary fibroblasts as well as in the in AhRR"* and ”~ MEFs.
Expression level of the AhRR does not correlate with neither basal nor induced
CYPIAT1 gene expression level (Fig. 2 [+G). However, CYP1A1 did not correlate with
AhR or ARNT expression either (data not shown). AhRR expression and inducibility of



CYPIALI also showed no association in nine different tumor cell lines in an earlier study
(Tsuchiya et al., 2003). Therefore, these data suggest that in the physiological
stoichiometry of the cell, the AhRR does not necessarily determine AhR signalling.
That this suggestion is true for human fibroblasts is strongly supported by our functional
data. Measurements of enzyme activity in human fibroblasts (chosen were the
individuals with highest CYP gene expression / induction) and in AhRR™* and - MEFs
clearly showed that in the copy number range of CYP1A1 gene expression (up to 10
copies hCYP1A1/10* transcripts p-Actin), there is no EROD activity measurable above
the LOQ in primary human fibroblasts (Fig. 3 A-C). Wildtype MEFs also displayed no
EROD activity, whereas AhRR” MEFs just reached the LOQ (at 1 pmol/min/mg
Ethoxyresorufin) with inducer concentrations up to 1 uM (Fig. 3 D+E). As this enzyme
activity is very low, especially in comparison to keratinocytes (100-200 pmol/min/mg
Ethoxyresorufin; Fig. 3, (Go6tz et al., 2011)), we doubt the physiological relevance of
this pathway for CYP1A1 activity in fibroblasts.

Previous work identified the association of AhRR function with HDAC activity
(Haarmann-Stemmann et al., 2007;0shima et al., 2007). As this was supposed to be the
molecular mechanism of CYP1A1 expression control, we treated our 3 best inducible
individuals with the HDAC inhibitor TSA in presence or absence of B(a)P. Our study
reproduces the previous results that CYP1A1 transcripts are strongly induced upon TSA
exposure, which in our cells correlates with a down-regulation of AhRR expression.
However, measuring EROD activities in those cells, the substrate turnover never
reached the LOQ clearly showing that CYP1A1 mRNA expression is over all too low to
be translated into physiologically relevant CYP1 activity in these cells.

Taken together, by revisiting the ‘AhRR hypothesis’ in primary human fibroblasts from
25 human individuals we reproduced the current literature by showing that (i) the AhRR
is expressed in NHDFs, (i1) CYP1A1 mRNA is moderately induced in these cells by
AhR activators and that (iii)) HDAC inhibition by TSA elevates CYP1A1l. However,
CYPIA1 induction at these very low expression levels does not translate into CYPI
enzyme activity. Thus, although we agree that CYP activity in primary human
fibroblasts is repressed, our data gives strong indications that not the AhRR but a so far

unidentified other factor mediates the repression of CYP activity in these cells.



Practically, this is of relevance not only for environmentally-induced skin diseases, but
also for therapeutical interventions as AhR modifying compounds are used as
sunscreens as well as therapeutics. E.g. coal tar which contains a variety of AhR
agonists has been used for psoriasis treatment (Goeckerman W, 1931) or the antifungal
ketoconazole has recently been identified as an AhR agonist (Tsuji et al., 2011). To
understand the effects and side effects of such compounds on different skin cell types
on a molecular basis, knowledge of regulation of AhR signalling is essential. This work

contributes to the comprehension of AhR signalling in primary human fibroblasts.

MATERIALS AND METHODS
Chemicals and materials

All chemicals, if not otherwise specified, were purchased from Sigma-Aldrich
(Germany) and were of highest purity available. Cell culture media were obtained from
PAA (Austria) and PromoCell (Germany). The CBQCA protein quantification kit was
purchased from Molecular Probes/Invitrogen (Germany). Cell Titer-Blue cell viability
assay was purchased from Promega (USA). Multi-well plates and cell culture devices

were obtained from Greiner (Germany) and Carl Roth GmbH (Germany).
Preparation of primary fibroblasts

NHDFs: Dermal fibroblasts from 25 healthy probands were prepared from skin samples
from breast reduction surgery obtained from the hospital Kaiserswerther Diakonie in
Diisseldorf, Germany. The samples originated from female patients of five different age
groups (20-29, 30-39, 40-49, 50-59, >60; five each) and unknown pharmacological
background. Patients were informed beforehand and agreed to donate removed tissue
for scientific purpose. The preparation of primary human fibroblasts has been fully
approved by the Ethics Committee, Heinrich-Heine-University of Diisseldorf (Project-
Nr.: TOX EF D01/2008). Skin samples were collected immediately after surgery, kept
cold during the transport (< 1h) and processed immediately. Briefly: subcutaneous fat
and half of the dermis were removed before skin samples were cut into ~0.5 cm” pieces.
Skin pieces were washed in 70 % Ethanol immediately followed by sterile PBS. Skin
pieces were incubated with dispase (10 mg/ml in PBS, sterile filtered) at 37°C and 5 %
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CO, for two hours, afterwards epidermal sheets were removed and dermal pieces were
plated in cell culture dishes. Pieces were left to dry for 30 minutes, then medium was
added. Fibroblasts started to migrate out of the dermal pieces approximately after 1-2
weeks. Cells were used for experiments in passages 1-7. Cell labeling: F = fibroblast;
number = age; D + number = internal identification number; W = female (German:

weiblich); B = breast.

MEFs: Murine embryonic fibroblasts (MEF) were generated from embryos of Wildtype
and AhRR-deficient mice (H.W. and L.F. unpublished) at embryonic day 14. Cells were
maintained in DMEM containing 10% FCS, 1% Glutamine, 0,1% 2-Mercaptoethanol

and 1% Penicillin Streptomycin and were used as passage 3 cells for all experiments.
Cell culture

NHDFs were cultured in DMEM High Glucose with stable Glutamine containing 10 %
(v/v) fetal calf serum (FCS) and 1 % (v/v) of antibiotic-antimycotic solution (PAA, Cat.
No. P11-002). MEFs were cultured as mentioned above. NCTC 2544 were cultured in
MEM containing 10 % (v/v) fetal calf serum (FCS) and 1 % (v/v) of antibiotic-
antimycotic solution. Primary normal human epidermal keratinocytes (NHEK-c;
PromoCell GmbH, Heidelberg, Germany) from a 29 year old female donor (breast)
were cultured in full KGM2 Media (PromoCell, Germany) supplemented with
supplement mix and 50 pg/ml gentamycin (PAA, Pasching, Austria) and 2.5 pg/ml
amphotericyne (PAA). All cells were maintained under standard conditions at 37°C and
5 % CO,. Treatment of cells was performed 24 h after seeding in 6-well plates (RNA
analysis) or 48-well-plates (EROD/CTB) in the respective media. For subsequent

EROD assay, the respective media were used without FCS supplementation.
RNA isolation, Reverse transcription-PCR and real time RT-PCR

Total RNA was isolated from cells using PeqLab Total RNA Kit (PeqLab, Erlangen,
Germany) according to the manufacturer’s instructions. RNA concentration was
assessed by spectrophotometry at 260 nm. Reverse transcription was performed as
follows: for cDNA synthesis 500 ng of total RNA, 1 pg of p(DT)15 primer (Roche,
Switzerland) and 5 mM solutions of each ANTP were dissolved in 10 pl of H>O and
heated for 5 min at 65°C. The samples were chilled, and 4 pl of 4 x RT buffer (250 mM
Tris HCl, 375 mM KCI, 15 mM MgCl,) and 200 U of M-MLV reverse transcriptase
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(Promega, Madison, USA) were added to a final volume of 20 ul. The samples were
reverse transcribed at 37°C for 50 min, and the reaction was inactivated at 70°C for 15
min. Real time RT-PCR was performed by using the Rotor Gene Q device (Qiagen,
Hilden, Germany). The PCR mix consisted of 1/10 volume of Quanti Tect SYBR Green
FAST PCR Master Mix (Qiagen, Hilden, Germany), 0.5 uM solutions of each primer,
2.5 ul of cDNA (after RT-PCR diluted 1:2.5 with H,0), in a final volume of 15 ul. The
application started with an initial incubation step of 7 min at 95°C to activate the DNA
polymerase. The conditions for PCR amplifications were 47 cycles of 10 sec at 95°C for
denaturation, 35 sec at 60°C of primer annealing, elongation and fluorescence detection.
PCR-primer sequences for human and murine CYP1A1, AhRR, AhR, ARNT and -
Actin are given in the supplementary materials Table 1. The quantification of PCR
products was estimated from fragment-specific standard curves and was calculated with
the Rotor Gene Q 1.7 (Qiagen, Hilden, Germany) software. Standard curves were
prepared by using 1.5 x 10% to 1.5 x 10’ ¢cDNA copies per ul and amplified as described
above. MEFs: For qPCR analyses 1 x 10 6 cells stimulated with 10uM 3MC or DMSO
as control for 3h RNA was extracted using the Mini RNA Isolation kit (Zymo
Research, Heidelberg, Germany). First-strand cDNA was synthesized from 1 pg of total
RNA using a mixture of oligo(dT),, ;s primers and Revert Aid reverse transcriptase
(Thermo Fisher Scientific, Bonn, Germany) according to the manufacturer’s

instructions.
EROD activity

For measuring CYP1AT1 activities in living monolayer cultures, ethoxyresorufin (solved
in DMSO) was employed according to a protocol described by (Rolsted et al., 2008).
Resorufin as the reaction product in the respective media or assay solution was used to
generate standard curves. Shortly, serum-free media containing 2.5 uM ethoxyresorufin
and 10 uM dicumarol (to prevent metabolism of the reaction product resorufin by
NQO1 (Asher et al, 2002) and Phase II enzymes) were applied to PBS-washed
monolayer cells and resorufin formation kinetics were measured 21 min at 37°C at
excitation and emission wavelength of 544 nm and 590 nm on a Thermo Ascent
Fluoroscan fluorometric plate reader. Suitability of the EROD assay for both species,
human and mouse, was shown by comparing EROD activities of liver microsomes for

the two species (Gotz et al., 2011). Cells were treated with the synthetic AhR agonist 3-
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methylcholantrene (3-MC) and the environmentally relevant AhR agonist
benzo(a)pyrene (B(a)P) dissolved in DMSO. These were added to the culture medium.
Standard incubation times for induction were 24 h and final maximum solvent
concentration was 0.2 % unless otherwise noted. All experiments were carried out three
times in triplicate employing each three independent cell lots unless otherwise noted.
For experiments with H-DAC inhibitor TSA (0.5 uM in EtOH) cells were coincubated

with the respective inhibitor and B(a)P or respective solvent.
Cell viability and protein content assessment

Assay kit for measurement of cell viability (Cell Titer Blue, Promega Corp., Madison
WI, USA) was applied as described by the manufacturer. Protein in monolayer cell
culture was determined using the CBQCA protein quantification kit (Molecular
Probes/Invitrogen, Germany) using bovine serum albumin as reference protein at ex 465

nm and em 550 nm on a Thermo Ascent Fluoroscan fluorometric plate reader.
Statistics

All experiments were conducted at least three times. Statistical analyses for significance
were performed using the Student’s unpaired t-test; p < 0.05 was considered significant.
Data are presented as means + SD. LOQ was defined as mean of blank measurements
plus 9 times standard deviation of the blank. Correlations analyses were performed by

using the GraphPad Prism 5 statistical Software.
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TABLES

Figure 1: Expression of AhR signaling components in human skin cells and MEFs
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Figure 2: Inducibility of AhR signaling in human skin cells and MEFs
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Figure 3: CYP1A1 enzyme activity in NHDFs compaired to AhRR** and AhRR”- MEFs
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Figure 4: Effect of HDAC inhibition on expression of CYP1A1 and AhRR mRNA

as well as EROD activity in NHDFs
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FIGURE LEGENDS

Figure 1: Expression of AhR signaling components in human skin cells and MEFs. Real-
time RT-PCR detection of AhRR, AhR and ARNT in NHDFs of different aged donors (A-C),
AhRR"" and AhRR™” MEFs, as well as NHEKs (D-F). Messenger RNAs of AhR signaling
components were detected in different cells after 48 h in culture (if not otherwise noted),
expression of each gene was normalized to 10* transcripts B-Actin.

A: Expression of AhRR in NHDFs cells of 5 different age groups, each bar representing 5
individuals (n = 25).

B: Expression of AhR in NHDFs cells of 5 different age groups, each bar representing 5
individuals (n = 25).

C: Expression of ARNT in NHDFs cells of 5 different age groups, each bar representing 5
individuals (n = 25).

D: Comparison of AhRR expression in NHDF (n = 25), AhR"" MEFs (n = 2-5), AhR” MEFs
(n = 2-5) and NHEKs (n = 3). AhRR expression in normalized to 10* copies p-Actin, analysis of
METF cells was performed after three hours.

E: Comparison of AhR expression in NHDF (n = 25), AhR”" MEFs (n = 2-5), AhR” MEFs (n
= 2-5) and NHEKs (n = 3). AhRR expression in normalized to 10* copies p-Actin, analysis of
METF cells was performed after three hours.

F: Comparison of ARNT expression in NHDF (n = 25), AhR™" MEFs (n = 2-5), AhR” MEFs
(n = 2-5) and NHEKs (n = 3). AhRR expression in normalized to 10* copies p-Actin, analysis of
MEEF cells was performed after three hours.

Figure 2: Inducibility of AhR signaling by AhR agonists in human skin cells and MEFs.
Real-time RT-PCR detection of CYP1A1 in NHDFs of different aged donors (A—F), AhRR™*
and AhRR"MEFs (G), as well as NHEKs (H).

A: Summary of inducibility of CYP1A1 in NHDFs cells of five different age groups (20-29, 30-
39, 40-49, 50-59 and > 60), each bar graph represents five different individuals (n = 25). Real-
time RT-PCR detection of CYP1A1 was performed after pre-treatment with 10 uM MNF for 1
hour followed by 48 hours incubation with B(a)P (250 nM). Expression of CYP1Al is
normalized to 10* transcripts p-Actin.

B - F: Graphs show detailed analysis of A, each graph representing one age group (B: 20-29, C:
30-39,D: 40-49, E: 50-59 and F: > 60). Real-time RT-PCR analysis of CYP1A1 was performed
after pre-treatment with 10 pM MNF for 1 hour followed by 48 hours incubation with B(a)P
(250 nM). Expression of CYP1A1 is normalized to 10* transcripts B-Actin.

G: Inducibility of CYPIA1 in AhRR™ and AhRR” MEFs. Real-time RT-PCR analysis of
CYP1A1 was performed after treatment with 10 pM 3-MC for three hours. Expression of
CYPI1ALI is normalized to 10* transcripts B-Actin. * indicates significant increase compared to
solvent control (DMSO), p < 0,05, n =4-5.

H: Inducibility of CYP1A1 in NHEKSs. Real-time RT-PCR analysis of CYP1A1 was performed
after pre-treatment with 10 pM MNF for 1 hour followed by 48 hours incubation with B(a)P
(250 nM). Expression of CYP1A1 is normalized to 10* transcripts B-Actin.

I-J: Correlation of AhRR and CYP1A1 (I: basal, J: induced by 250 nM B(a)P) expression in
NHDFs. Basal AhRR expression is plotted on the x-axis, basal (I) or induced (J) CYP1Al
expression is plotted on the y-axis. Linear regression line and coefficient of determination (r°)
values are shown, n = 25.
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Figure 3: Induction of EROD activity in NHDF-cells and MEFs by different
concentrations of the AhR-agonists 3-MC and B(a)P (0,01 — 10 uM). The asterisks indicate
significant differences (p < 0,05) to solvent (DMSO) control. NCTCs were used as a
positive control, § indicates significant differences (p < 0,05) to solvent (DMSO) control of
NCTCs. The red line indicates the LOQ for each cell strain. Each graph represents three
independent experiments.

A: Induction of EROD activity in NHDF of a 21 year old female donor (F21D16WB) induced
by different concentrations 3-MC and B(a)P. Activity is shown in pmol min” mg™.

B: Induction of EROD activity in NHDF of a 60 year old female donor (F60D44WB) induced
by different concentrations 3-MC and B(a)P. Activity is shown in pmol min" mg'".

C: Induction of EROD activity in NHDF of a 64 year old female donor (F64D41WB) induced
by different concentrations 3-MC and B(a)P. Activity is shown in pmol min" mg™.

D: Induction of EROD activity in wildtype MEFs (MEF ") induced by different concentrations
3-MC and B(a)P. Activity is shown in pmol min™ mg™.

E: Induction of EROD activity in AhRR knock out MEFs (MEF™) induced by different
concentrations 3-MC and B(a)P. Activity is shown in pmol min™ mg.

Figure 4: Effect of HDAC inhibitor Trichostatin A (TSA; 0,5 pM in EtOH) on expression
of CYP1A1 (A-C) and AhRR (D-F) mRNA expression, as well as EROD activity (G-I) in
three different NHDF cell strains (F21D16WB, F60D44WB, F64D41WB).

A — F: CYPIAI and AhRR mRNA levels were quantified using real-time RT-PCR and
normalized to 10* transcripts p-Actin. Cells were treated for 16 h with different concentrations
of B(a)P (0,25, 1 and 10 pM) alone or cotreated with TSA. Each graph represents one
experiments performed in duplicates, experiments were done in three different individuals
(A+D: F21D16WB, B+E: F60D44WB, C+F: F64D41WB).

G - I: Change in EROD activity in NHDF-cells by different conentrations of B(a)P (1 and 10
puM) alone or cotreatment with TSA (0,5 uM in EtOH). NCTCs were used as a positive control,
§ indicated significant differences (p < 0,05) to solvent (DMSO) control of NCTCs. The red line
indicates the LOQ for each cell strain. Each graph represents one experiment in triplicates (G:
F21D16WB; H: F60D44WB; I: F64D41WB). Activity is shown in pmol min™ mg™.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1: Primers used for real-time RT-PCR analysis.

Species Gene Accession number NCBI Sequenz (5'-3')
F: cctica tce tgg aga cct tce
CYP1A1 NM 000499.3 R: atg gtt gat ctg ccactggtt t
F: cag tta cct ccg ggt gaa ga
AhRR NM_020731.4 R: cca gcg caa agc cat taa ga
F: tgg tct ccc cca gac agt ag
homo sapiens |AhR NM 001621.4 R: ttc att gcc aga aaa ccaga
F: ccctagtct cac caa tcg tgg atc
ARNT NM 001668.3 R: gta gct gtt gct ctg atc tcc cag
F: ccccag gca cca ggg cgt gat
B-Actin NM_001101.3 R: ggt cat ctt ctc gcg gtt ggc cttggg gt
F:aac gtcatg agt gcc gig tgt
CYP1B1 NM_000104.3 R: ggc cgg tac gtt ctc caa atc
F.cccaca gca cca caa gag ata
CYP1A1 NM 009992.4 R: aag tag gag gca ggc aca atg tc
F: agg cttacc atg gga gct ga
AhRR NM_009644.2 R: cgc agg aca gaa agcttg tc
F: gac agt ttt ccg gct tct tg
mus musculus |AhR NM 013464.4 R: cgc tic tgt aaa tgc fct cgt
F: tgc ctc atc tgg tac tgc
ARNT NM 001037737 .2 R: gaa cat gctgct cac tgg aa
F: cta caatga gct gcg tgt gg
B-Actin NM_007393.3 R: tag ctc tic tcc agg gag ga
F:acatcc cca aga ata cgg tc
CYP1B1 NM_009994.1 R: tag aca ggt fcc tca ccg atg
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Supplementary Figure 1: Expression of AhR signaling components in
different indivuals of primary human fibroblasts
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Supplementary Figure 1: Expression of AhR signaling components in different individuals
of NHDFs. Graphs show detailed analysis of Figure 1 A-C, regarding the age-groups 20-29
(A) and > 60 (B). Real-time RT-PCR detection of AhRR, AhR and ARNT in NHDFs of
different age groups. Messenger RNA of AhR signaling components were analyzed after 48 h in
culture, expression of each gene was normalized to 10" transcripts p-Actin.
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Supplementary Figure 2: Inducibility of AhR signaling by B(a)P in NHDF cells - fold
of solven control
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Supplementary Figure 2: Inducibility of AhR signaling by B(a)P in NHDF cells. Real-time
RT-PCR detection of CYP1A1 in NHDFs of five different age groups (20-29, 30-39, 40-49, 50-
59, > 60), each bar graph represents five different individuals (n = 25). Real-time RT-PCR
detection of CYP1A1 was detected after pretreatment with 10 uM MNF for 1 hour followed by
48 hours incubation with B(a)P (250 nM). Expression of CYP1A1 is depicted as fold of solvent
control, normalized to B-Actin. * indicates significant differences compared to solvent control, #
indicates significant differences compared to B(a)P treated cells (p < 0,05).
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Supplementary Figure 3: Effect of HDAC inhibition on cell viability in NHDFs
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Supplementary Figure 3: Effect of HDAC inhibitor Trichostatin A (TSA; 0,5 uM in
EtOH) on cell viability in three different NHDF cell strains (F21D16WB, F60D44WB,
F64D41WB).

A - C: Change in cell viability in NHDF-cells by different conentrations of B(a)P (1 and 10
uM) alone or cotreatment with TSA (0,5 uM in EtOH). Lysis of the cells by adding 1:50 9 %
Triton X was used as a positive control. The red line markes the approximately 100 % cell
viability of untreaded (Medium) cells. Each graph represents one experiment in triplicates (A:
F21D16WB; B: F60D44WB; C: F64D41WB).
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2.5 Publikation 5

The Arylhydrocarbon Receptor (AhR) in keratinocytes is a universal sensor for

environmental stress that mediates skin aging

Extrinsische Hautalterung ist durch den fortschreitenden Verlust von Kollagenfasern
aus dem dermalen Kompartiment der Haut gekennzeichnet, was klinisch durch Falten-
bildung gekennzeichnet ist und hauptsdchlich auf die extrinsich-induzierte
Genexpression der Kollagen-degradierenden MMP-1 zuriickzufiihren ist. Zu den Um-
weltfaktoren, die bekannterweise zu Hautalterung fiihren und die MMP-1 aktivieren,
gehoren sowohl Ultraviolet-B (UVB)-Strahlung, als auch Tabakrauch und durch
StraBenverkehr verursachter Feinstaub, welche beide polyaromatische Kohlenwasser-
stoffe (PAK) wie Benzo(a)pyren (B(a)P) enthalten. In dieser Publikation zeigen wir,
dass die Wirkung aller drei Umweltfaktoren durch den selben molekularen Signalweg,
die Aktivierung des zytoplasmatischen Arylhydrocarbon-Rezeptors (AhR), vermittelt
wird. So fiihrt die Exposition von humanen erpidermalen Keratinozyten (NHEK) ge-
geniiber UVB oder B(a)P zu einer Induktion der MMP-1 mRNS Expression und
Enzymaktivitit. Diese konnte durch Pridinkubation der Zellen mit dem AhR-Inhibitor
3’-Methoxy-4’-nitroflavon (MNF) verhindert werden. Versuche mit pharmakologischen
Inhibitoren deuten darauf hin, dass die AhR-mediierte MMP-1 Aktivierung iiber die src
— Epidermal Growth Factor Receptor (EGFR) — MEK Signalkaskade vermittelt wird.
Die in vivo Relevanz fiir den AhR-Signalweg in extrinsisch induzierter MMP-1-
Expression konnte (i) im Nagermodel gezeigt werden, indem AhR-defiziente SKH-1
Miuse untersucht wurden und (ii) durch eine Plazebo-kontrollierte humane in vivo
Studie, in der der neuen AhR-Antagonisten 2-Benzyl-5,6-dimethoxy-3,3-dimethyl-
indan-1-1 (BDDI) verwendet wurde. Diese Untersuchungen identifizieren die AhR-
Aktivierung auf molekularer Ebene als den gemeinsamen Nenner der
umweltinduzierten =~ MMP-1  Aktivierung. Der AhR konnte folglich ein
vielversprechendes Zielmolekiil fiir die Privention von extrinsischer Hautalterung ab-

geben.
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Extrinsic skin aging is characterized by
progressive loss of collagen fibers from the
dermal compartment of skin, which clinically
presents as wrinkle formation and results to a
major part from  extrinsically-induced
expression of collagen degrading MMP-1.
Environmental stressors known to cause skin
aging and to activate MMP-1 include
Ultraviolet-B radiation (UV-B) as well as
tobacco smoke and traffic related particulate
matter, which both contain polyaromatic
hydrocarbons such as benzo(a)pyrene (B(a)P).
Here we provide evidence that all three
environmental factors may act through the
same molecular pathway, i.e. activation of the
cytoplasmic arylhydrocarbon receptor (AhR).
Accordingly, exposure of cultured human
epidermal Keratinocytes to either UV-B
radiation or B(a)P induced MMP-1 mRNA
expression and activity. This was prevented by
pre-treatment of the cells with the AhR
inhibitor 3’-methoxy-4’-nitroflavone (MNF).
Pharmacological inhibition indicated that this
AhR-mediated MMP-1 activation was mediated
downstream via the src — epidermal growth
factor receptor (EGFR) -MEK signalling
cascade. In vivo relevance of AhR signalling in
extrinsically induced MMP-1 expression was
shown (i) in rodents by employing AhR-
deficient SKH-1 mice and (ii) by a placebo-
controlled human in vivo study employing the
novel AhR antagonist 2-benzyl-5,6-dimethoxy-
3,3-dimethly-indan-1-one (BDDI). These studies
identify AhR activation as a common molecular
denominator of  environmentally-induced
MMP-1 activation. The AhR may thus
represent a promising target for the prevention
of extrinsic skin aging.

As an interface organ, skin is particularly
affected by extrinsic aging. The most important
environmental factors that initiate and propagate
extrinsic skin aging are ultraviolet (UV) radiation
from natural sunlight (1), tobacco smoke (2), and,
as recently reported, traffic-related particulate
matter (3). Chronic exposure to these exogenous
noxae leads to a rarefaction of collagen fibers in
the dermal compartment of skin, which clinically
presents as coarse wrinkles. A series of very
elegant studies has provided compelling evidence
that this loss of collagen results to a major part
from an extrinsically induced increased expression
and activity of the collagen degrading MMP-1 and
a lack of concomitant up regulation of its tissue-
specific inhibitor TIMP-1 (4). The basic molecular
mechanisms initiating extrinsically induced MMP-
1 expression are an active field of investigation and
are best understood for UV irradiation. It appears
that at least part of the effect is initiated by UV-
irradiation induced DNA damage in epidermal
keratinocytes, since enhanced DNA repair prevents
UV-induced MMP-1 expression (5). This
inhibitory effect, however, was only partial,
indicating the existence of additional mechanisms.
Also, MMP-1 expression due to DNA
photoproducts can not explain tobacco smoke and
particulate matter-induced MMP-1 expression.

In this regard we have recently shown that
irradiation of keratinocytes with UV-B causes
formation of tryptophan photoproducts, amongst
them formylindolo(3,2b)carbazole (FICZ), inside
the cells (6). This photoproduct is a high-affinity
ligand of a nuclear receptor, the AhR and activates
its signaling towards the nucleus and towards the
cell membrane. As was previously described for
polycyclic aromatic hydrocarbons (PAH) [e.g.,
B(a)P] and halogenated PAH [e.g.,



tetrachlorodibenzo-p-dioxin (TCDD)] (7;8), FICZ
binding causes AhR translocation into the nucleus
and activates genes including the xenobiotic
metabolizing enzyme cytochrome P450 (CYP)
1A1 (6;9). AhR activation involves shedding of its
chaperones Hsp90 and associated proteins such as
c-src (pp60src; (10)), and nuclear dimerization
with its partner ARNT. Dissociation of c-src from
the ligand-activated receptor induces c-src
translocation from the cytosol to the cell
membrane (11), where it is thought to trigger the
receptor for the epidermal growth factor (EGFR)
and to induce downstream targets like
cyclooxygenase (COX)-2 (12;13). Activation of
the AhR by UV-B generated FICZ thus leads to
signaling in two directions, towards the nucleus
and towards the cell membrane, and it involves
AhR translocation and src - ERKI1/2 signaling,
respectively (6;14).

Because the AhR is involved in UV-dependent,
tryptophan-reliant signal  transduction in
keratinocytes, we hypothesized that AhR activation
is implicated in extrinsic skin aging. This theory is
supported by the observation that besides UV
irradiation, cigarette smoke causes extrinsic skin
aging (2) and that many of the tobacco smoke
ingredients are PAH and thus ligands of the AhR
(15).  Furthermore, a recently published
epidemiological study shows a close correlation
between traffic-related air pollution  with
particulate matter and signs of extrinsic skin aging
such as coarse skin wrinkles (3). Since traffic-born
diesel exhaust particles are coated with
combustion-derived PAHs (16-18), the AhR-
pathway might be the common denominator in all
three cases of extrinsic skin aging.

Experimental Procedures

Reagents: The AhR antagonists MNF and 2-
benzyl-5,6-dimethoxy-3,3-dimethly-indan-1-one
(BDDI) were generated by O. Koch (Symrise,
Holzminden, Germany). All additional chemicals
used (unless otherwise noted) were purchased from
Sigma-Aldrich (Munich, Germany) and were of
the highest purity available.

Cell Culture and UV-B Irradiation: The
investigations were carried out with primary
normal human epidermal keratinocytes (NHEK-c;
PromoCell GmbH, Heidelberg, Germany). The
cells were cultured in Keratinocyte Growth
Medium 2 (PromoCell) supplemented with growth

factors and 50 pg/ml gentamycine (PAA,
Pasching, Austria) and 2.5 pg/ml aphotericyne
(PAA, Pasching, Austria). The cells were kept at
37°C in a humidified atmosphere containing 5%
CO,. Cells were exposed to UV-B through PBS.
For UV-B irradiation, a TL20W/12RS lamp, four
tubes in parallel connection (Philips, Eindhoven,
The Netherlands) was used, which emits most of
its energy in the UV-B range (290-320 nm) with an
emission peak at 310 nm. Sham-irradiated cells
were subjected to the identical procedure without
being UV-B-exposed. For inhibition of the AhR,
cells were treated for 1 h with 10 uM MNF before
irradiation. For inhibition of src kinases, MEK and
EGFR, cells were treated for 1 h with 10 uM of the
Inhibitors  PP2, PD98059 and BPDIQII,
respectively (Calbiochem, Darmstadt, Germany)
before irradiation. B(a)P and FICZ treatment was
carried out for indicated times and concentrations.
Controls for MNF, PP2, PD98059, BPDIQII or
FICZ were subjected to respective DMSO
concentrations.

RNA isolation, Reverse transcription-PCR and
real time RT-PCR: Total RNA was isolated from
NHEK cells using PeqlLab Total RNA Kit
(PeqLab) according to the manufacturer’s
instructions. RNA concentration was assessed by
spectrophotometry at 260 nm. Reverse
transcription was performed as follows: for cDNA
synthesis 500 ng of total RNA, 1 pg of p(DT)15
primer (Roche, Switzerland) and 5 mM solutions
of each dNTP were dissolved in 10 ul of H,O and
heated for 5 min at 65°C. The samples were
chilled, and 4 ul of 4 x RT-buffer (250 mM Tris
HCL, 375 mM KCL, 15 mM MgCl,) and 200 U of
M-MLYV reverse transcriptase (Promega, Madison
USA) were added to a final volume of 20 pl. The
samples were reverse transcripted at 37°C for 50
min, and the reaction was inactivated at 70°C for
15 min. real time RT-PCR was performed by using
the Rotor Gene Q instrumentation (Qiagen, Hilden,
Germany). The following forward and reverse
primers were used: MMP-1 5’-CAA TTT CAT
TTC TGT TTT CTG GC-3° and 5’-TGT AGA
TGT CCT TGG GGT ATC C-3°, TIMP-1 5’-GTG
GGG ACA CCA GAA GTC AA-3’ and 5’-GTG
GGA CCT GTG GAA GTA, CYPIAl 5-CCT
TCA TCC TGG AGA CCT TCC-3’ and 5’-ATG
GTT GAT CTG CCA CTG GTT T-3°, B-Actin 5’-
CCC CAG GCA CCA GGG CGT GAT-3’ and 5°-
GGT CAT CTT CTC GCG GTT GGC CTT GGG
GT-3’. The PCR mix consisted of 1/10 volume of



Qanti Tect SYBR Green FAST PCR Master Mix
(Qiagen, Hilden, Germany), 0.5 uM solutions of
each primer, 2.5 pl of cDNA (after RT-PCR
diluted 1 : 2,5 with H,0), in a final volume of 15
pul. The application started with an initial
incubation step of 7 min at 95°C to activate the
DNA polymerase. The conditions for PCR
amplifications were 47 cycles of 10 sec at 95°C for
denaturation, 35 sec at 60°C of primer annealing,
elongation and fluorescence detection. PCR-primer
sequences for human MMP-1, TIMP-1, CYP1A1
and B-Actin are given above. The quantification of
PCR products was estimated from fragment-
specific standard curves and was calculated with
the Rotor Gene 6 software. Standard curves were
prepared by using 1.5 x 10 to 1.5 x 10° ¢cDNA
copies per pl and amplified as described above.

MMP-1 activity assay: The MMP-1 activity
was determined using the SensoLyte Plus 520
MMP-1 Assay Kit (AnaSpec, San Jose, CA).
Briefly, 1 ml of conditioned media per well was
collected from the companion plate after 48 hours.
To measure MMP-1 activity, the conditioned
media was ten-fold concentrated by an
UFC501024 Amicon Ultra — 0,5 ml Centrifugal
Filters device (Millipore). In the MMP-1 assay,
100 pl of concentrated conditioned media were
added to each microplate well, which was
precoated with an MMP-1 antibody. After MMP-1
was pulled down, the MMP-1 substrate 5-
FAM/QXL520 FRET (fluorescence resonance
energy transfer) peptide was added to the well. To
measure total MMP-1 level, 1 mM p-
aminophenylmercuric acetate (APMA) was added
to the microplate wells to activate pro-MMP-1 for
1 h at 37°C. The fluorescence intensity
representing the MMP-1 activity was measured at
490/520-nm wavelength over a period of 16 hours.
Quantification of MMP-1 was calculated from the
resulting gradient equation.

Generation of AhR-deficient SKH-1 mice: AhR-
deficient SKH-1 hairless mice were generated by
breeding AhR-/- mice (B6.129-Ahrtm1Bra/J, (19))
onto the SKH-1 (Charles River) background for 10
generations. Primers and protocol used for
genotyping of the AhR deletion were previously
described (20). All mice were kept under specific
pathogen free conditios, at 12/12 hour light-
darkness cycle, and had access to standard chow
and water ad libitum. Mice were housed according
to standard procedures. For experiments SKH-

1:AhR-deficient mice and their SKH-1:AhR-
proficient littermates were used.

Irradiation and preparation of mouse skin:
Wildtype and AhR deficient SKH-1 mice were
irradiated with 180 mJ/cm” UV-B. 24 and 48 hours
after irradiation the mice were killed in a CO,
chamber and dorsal and ventral skin (internal
control) was dissected with a scalpel at the level of
the subcutis just below the panniculus carnosus.
After removal of the tissue debris skin samples
were snap-frozen in liquid nitrogen. For RNA
preparation pieces of approximately 1 cm’® skin
were disrupted in Total RNA Lysis Buffer
(PeqlLab) using the Tissue Disrupter device
(Qiagen, Hilden, Germany). RNA isolation was
performed using the PeqlLab Total RNA Kit
(PeqLab) according to manufacturer’s instructions.
RT-PCR and real time RT-PCR analysis were
performed as stated above using the following
forward and reverse primers: MMP-13 5°-ATC
CTG GCC ACC TTC TTC TT-3’ and 5’-TTT
CTC GGA GCC TGT CAA CT-3°, TIMP-1 5’-
TCC CCA GAA ATC AAC GAG AC-3’ and 5’-
AAG AAG CTG CAG GCA CTG AT-3’ and -
Actin 5’-CTA CAA TGA GCT GCG TGT GG-3’
and 5’-TAG CTC TTC TCC AGG GAG GA-3°.

Human volunteers: Approval had been obtained
from the Ethics Committee of the Heinrich-Heine
University. The study has been conducted
according to the ethical rules stated in the
Declaration of Helsinki Principles and the ICH
GCP guideline was observed insofar as applicable.
Ten healthy human volunteers (5 female and 5
male) were enrolled after written informed
consent. The age ranged from 24 to 55 years (mean
40.2 £ 10.5 SD, £ 3.3 SE) and all individuals had
no history of any severe skin disease, especially no
photosensitivity disorders. Skin types ranged from
Fitzpatrick type Il to III. Their buttock skin had not
been exposed to natural or artificial UV radiation
for a minimum of 1 year. None of the volunteers
used dietary supplements during the study.

Topical treatment of human skin in vivo: For in
vivo experiments two galenic formulations were
prepared: the placebo containing the galenic
preparation only and a galenic preparation
containing 0.5 % BDDI. All volunteers were
treated once daily on 4 consecutive days with the
two test-products on a skin area of 16 cm?” using 2
mg/cm® of the preparations. On the 4™ day two
hours post application of the substances volunteers
were irradiated with UVB (1.5 MED).



Irradiation of human skin in vivo: MEDs
(minimal erythema doses) for each volunteer were
determined. The dose of 1.5 MED was chosen as it
can be easily reached under physiological
conditions and in previous studies was shown to
consistently induce gene expression in vivo in
human skin. In each volunteer, two of the treated
and an untreated skin area (2,25 cm®) of their
buttock skin were exposed to a dose of 1.5 MED of
broadband UVB from a Dermalight 80 with a
maximum at 306 nm (Dr. K. Honle
Medizintechnik GmbH, Kaufering, Germany)
irradiation device. 24 hours after irradiation, 4 mm
punch biopsies were taken from (i) a sham-
irradiated control area (no UVB), (ii)) a UVB-
irradiated skin area (UVB), (iii) a skin area, which
was pretreated with BDDI and UVB-irradiated,
and (iv) a skin area, which was pretreated with the
placebo and UVB-irradiated. Biopsies were snap
frozen in liquid nitrogen and stored at -20° C for
further analysis. Total mRNA was isolated, reverse
transcribed and analyzed by real-time RT-PCR as
previously described (21).

Statistical Analysis: All data sets were analyzed
by Student’s ¢ test as appropriate. Data are
presented as means * SEM. Statistical significance
was assigned at the level of p < 0.05.

RESULTS

AhR dependent MMP-1 and CYPIAI mRNA
induction after UV-B and B(a)P treatment in
normal  human  epidermal  keratinocytes. 1If
activation of the AhR by UV-B and PAH leads to
increased MMP-1 expression and activity has not
been examined previously. As is shown in figure 1,
real time RT-PCR revealed that mRNA steady
state levels of MMP-1 were not only significantly
increased in NHEKs, if, as previously reported
(22), cells were irradiated with UV-B (Fig. 1 A),
but also after treatment with the PAH B(a)P (Fig. 1
B). Also, stimulation of unirradiated NHEKs with
the UV-inducible endogenous AhR ligand FICZ
resulted in increased MMP-1 mRNA expression
levels similar to those observed in UV-B-irradiated
or B(a)P stimulated cells (data not shown). Finally,
pre-incubation of cells with the competitive AhR
antagonist MNF inhibited the MMP-1 induction by
both stimuli significantly (Fig. 1). Similar results
were observed for the AhR signature gene
CYPI1A1 (Fig. 1). Importantly and in contrast to
MMP-1, neither UV-B irradiation nor B(a)P

stimulation increased TIMP-1 mRNA expression
(Fig. 1).

AhR-dependent MMP-1 activity after AhR
activation  in  normal  human  epidermal
keratinocytes. As mRNA expression does not
necessarily correlate with expression of the
respective protein, we next examined the MMP-1
enzyme activity using the SensoLyte Plus 520
MMP-1 Assay Kit (AnaSpec, San Jose, CA). As
shown in Fig. 2 activation of the AhR by B(a)P or
UV-B irradiation (data not shown) resulted in
enhanced MMP-1 enzyme activity in the
supernatants of NHEK cells which was inhibited
by pretreatment of the cells with the AhR
antagonist MNF (Fig. 2).

Pharmacological inhibitors of the EGFR
pathway  suppressed AhR-dependent MMP-1
induction. In previous work we showed that AhR-
dependent gene activation by UV-B and its
tryptophan product FICZ is transmitted towards the
EGFR via c-src (6). FICZ treatment of NHEK cells
leads to similar AhR-dependent MMP-1 induction
than the UV-B and B(a)P stimuli investigated in
this study (data not shown). Therefore, and based
on the knowledge that MMP-1 expression is driven
via the MAP kinase ERK1/2 (23), we hypothesized
that the UV-B- and B(a)P-triggered MMP-1
induction is mediated through the src — EGFR —
MEK signaling cascade. In order to investigate this
hypothesis we pre-treated cells 1 hour with
inhibitors (scr-kinase inhibitor: PP2; EGFR
inhibitor: BPDIQII; MEK inhibitor PD98059)
before they were stimulated with B(a)P or UV-B
radiation (Fig. 3). All applied inhibitors
antagonized AhR-dependent MMP-1 induction
demonstrating the involvement of this pathway.

Expression of MMP-13 and TIMP-1 in
irradiated dorsal skin of wildtype and AhR-
deficient SKH-1 mice. In order to assess the in vivo
relevance of our findings we generated AhR-
deficient (AHR KO) SKH-1 hairless mice and
AhR-proficient (WT) littermates. These mice were
irradiated with 180 mJ/cm” UV-B and analyzed for
MMP-13 (i.e. the functional mouse homologue to
human MMP-1) and TIMP-1 expression 24 and 48
hours after irradiation. As expected, MMP-13 in
skin of wildtype mice was induced significantly
three- to four-fold 48 hours after irradiation (Fig. 4
A) while TIMP-1 expression was not altered (Fig.
4 B). In contrast, AhR-deficient mice lack this
gene induction completely (Fig. 4 A)



demonstrating that the AhR mediates skin aging
also in vivo.

AhR-dependent MMP-1 induction in human
skin biopsies. To confirm the above human in vitro
and mouse in vivo findings of AhR-mediated skin
aging in human skin, we performed a human in
vivo study. Skin of healthy volunteers was
pretreated with an ointment containing a placebo
or an AhR antagonist before irradiation with UV-
B. Due to the high mutagenic potential of aromatic
nitro compounds (24), we were not able to apply
the AhR antagonist MNF and therefore developed
a new AhR antagonist which is safe for cosmetic
use, BDDI. BDDI is a benzylidene indanone
derivative which was designed by assistance of
force field minimization measurements based on
the known structural properties of the AhR ligand
binding site. Also, in independent studies', BDDI
was shown to be effective in inhibiting UV-B
radiation-induced =~ AhR  translocation  and
subsequent gene expression in vitro in cultured
human epidermal keratinocytes and UV-B
radiation-induced COX-2 expression in vivo in
human skin. Analysis of MMP-1 mRNA levels in
skin biopsies of ten healthy volunteers showed a
significant increase of MMP-1 mRNA expression
in untreated, irradiated or placebo pretreated,
irradiated, but not in irradiated, BDDI pretreated
skin (Fig. 5), as compared to placebo treated,
unirradiated control skin.

DISCUSSION

Aging processes concern almost all organs of
the human body and the environment’s
contribution to progression of deterioration has
been long recognized (25). In skin, ‘wear and tear’
is most obvious and therefore skin is gladly used as
a paradigmatic model organ for the study of
mechanisms of extrinsic aging (4). Two
environmental noxae which accelerate skin aging
in humans have been well described: exposure
towards the UV-B part of solar radiation ( =
photoaging) (4;26;27); and towards PAHs
containing tobacco smoke (2;28;29); There is one
common molecular pathway which is activated by
both, UV-B irradiation (6) and PAHs (15), which
is the AhR. If activation of the AhR by UV-B and
PAH indeed leads to accelerated aging had not
been studied yet. Here we provide evidence that

" E. Fritsche, manuscript in preparation

the AhR contributes to extrinsic skin aging via
induction of MMP-1 in primary human epidermal
keratinocytes in vitro and in mouse and human
skin in-vivo. Given the well-documented and
pivotal role of keratinocytes for collagen matrix
destruction, which - based on zymographic as well
as gene expression data - are the major cellular
source of MMPs that are produced in response to
exposure of human skin to solar UV irradiation in
photoaged skin (30), we propose that the AhR
serves as a sensor for environmental noxae
relevant for extrinsic skin aging. Note that this
sensor function may not be restricted to UV-B
radiation and PAHs, as shown in this study, but
include atmospheric ozone, although the relevance
of ozone pollution for skin aging remains to be
established (31).

The mechanisms of MMP-1 activation by UV
irradiation were thought to be well known. For
one, UV radiation causes direct DNA damage
which contributes to cutaneous MMP-1 release (5).
Secondly, common scientific knowledge identified
reactive oxygen species (ROS), especially the
superoxide anion, H,O, and resulting hydroxyl
radicals as the main detrimental molecules
generated by UV irradiation. These ROS induce
mitogen activated protein kinase (MAPK) signal
transduction resulting in increased kinase activity
of the MAPKs ERKI1/2, JNK and p38 and a
subsequent increase of transcription factor AP-1
which consists of c-Fos and c-Jun (27;32). AP-1
directly activates respective elements in the MMP-
1 promoter causing gene induction (33).

We now add a novel element to this picture by
showing that MMP-1 induction by UV-B
irradiation in primary keratinocytes is dependent
on the cytoplasmatic AhR. Two different strategies
support this conclusion: (i) the induction of MMP-
1 in NHEKSs in vitro and in human skin in vivo is
antagonized by the AhR antagonists MNF and
BDDI (Fig.1 & 5, respectively), and (ii)) MMP-13
is not induced by UV-B irradiation in the skin of
AhR deficient mice in vivo (Fig.4). The
responsible mechanism for AhR activation by UV-
B is the intracellular formation of the UV-B-
dependent tryptophan photoproduct FICZ (6)
which is by far one of the most potent natural AhR
ligands (34). This is supported by our observation
that treatment of NHEKSs with FICZ causes similar
AhR-dependent MMP-1 induction than UV-B
(data not shown). The involvement of the AhR in
MMP-1 induction was additionally confirmed here



by application of the specific AhR ligand B(a)P
(Fig.1 & 2). A potential role of the AhR in MMP-1
induction was previously suggested by Murphy et
al. (35). However, in this study, the artificial, non-
metabolized and thus persistent AhR ligand TCDD
was used, although it is well known that TCDD-
induced cellular actions beyond induction of
CYP1A1 are distinct from those triggered by
physiologically  relevant, shorter-lived AhR
ligands, an observation which might be explained
by different kinetics and lack in metabolism (36-
38). We also demonstrate for the first time that
MMP-1 induction by UV-B or B(a)P is mediated
through the src — EGFR — MEK signaling cascade
(Fig. 2). Thus, MMP-1 induction does not happen
through AhR nuclear translocation, ARNT
dimerisation and XRE-binding as it is well known
for the direct AhR target gene CYP1Al, but
follows the trait which we already described for
COX-2, involving MAPK signaling (14).

Our findings are also supported by indirect
evidence in the literature. Accordingly, it is well
known that small molecules with certain structural
characteristics ~ competitively  inhibit =~ AhR
activation (39). Some of these molecules also
prevent photoaging and/or inhibit UV-B-dependent
MMP-1 induction. An example for a molecule
which  does  both,  AhR-inhibition  and
photoprotection, is the soy isoflavone genistein,
which was shown to reduce UV-B-induced c-fos
and c-jun gene expression in mouse skin (40), UV-
induced AP-1 DNA-binding in a human
keratinocyte cell line (41), to inhibit cutaneous
aging induced by UV radiation in mice and to
protect against photodamage in humans (42;43).
Another example is luteolin, a flavone present e.g.
in celery and green pepper, which was found to
inhibit B(a)P-dependent AhR activation (44;45), to
suppress the expression of MMP-1 in human skin
fibroblasts (46), to reduce UV-B-induced
collagenase activity and UV-dependent MMP
induction in human dermal fibroblasts (47). Also,
the flavonole quercetin, which is present in onions,
apples, broccoli and green beans, antagonized
B(a)P-dependent AhR activation (44) and
prevented TPA-induced MMP-1 expression in
human dermal fibroblasts by interfering with
Erk1/2 signaling (48), i.e. a MAPK, which can be
activated by UV radiation (49) via the AhR
signaling pathway (6). Our finding that AhR
activation is critically involved in UV-B-induced
MMP-1 activation provides a scientific rational,

i.e. a common mechanistic explanation for the
beneficial effects reported for these substances. It
also indicates the possibility that other molecules
that are already known to or may be synthesized to
interfere with AhR signaling are suited for
protection of skin against UV-induced aging. As an
example for the 1% possibility we have recently
found that the green tea catechins epigallocatechin
(EGC) and epigallocatechin gallate (EGCG) can
inhibit ~ UV-B-dependent ~ AhR  activation®.
Interestingly EGCG inhibits AhR function through
a different mechanism than competitive
antagonism by binding to Hsp90, an AhR
chaperone, which then hinders its transcriptional
activity (50). Green tea polyphenols improve
photoaged skin 6 or 12 months after oral
supplementation in humans (51) and EGCG
hampers collagen destruction and collagenase up-
regulation after UV-B irradiation in fibroblasts
(52). Although the flavonoid’s mechanisms of
action have been mainly attributed to their
antioxidative capacities, they might exert their
beneficial effects through more than one
mechanism, e.g. AhR inhibition.

As proof of principle for the second possibility,
that is the development of novel AhR antagonist
for the prevention of photoaging of human skin,
we show in this study that topical application of
BDDI is effective in preventing or reducing UV-B-
induced MMP-1 expression. This molecule has
been newly synthesized by us in a two step process
from Benzaldehyde, Dimethyl acrylic acid ester
and Veratrole (US 2009/0208433 A1) based on the
known three dimensional structure of AhR ligands.
By virtue of its optimized structure BDDI is
capable of acting as a competitive antagonist to
natural AhR ligands such as FICZ>.

In summary, we here report that the AhR serves
as a cytoplasmatic molecular sensor, which via the
EGFR - MAPK signaling cascade mediates MMP-
1 induction in the skin in response to such diverse
environmental stimuli as UV-B radiation or PAHs.
In the skin, AhR-mediated MMP-1 expression is
not counteracted by concomitant TIMP-1 up
regulation (Fig 1) and therefore likely to contribute
to matrix degeneration and thus premature skin
aging. We therefore consider the AhR as a
promising target molecule for the prevention of
extrinsic skin aging. In this regard, AhR

% E. Fritsche, unpublished observation
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antagonism may not only protect against solar
radiation and tobacco smoke induced skin aging,
but also against the recently described skin aging
promoting activity of traffic-related particles (3),
which are generated in combustion processes and
known to serve as Trojan horses for PAHs bound
to the particles’ surface (53;54). It was recently
shown that particles reach most organs of the body
when taken up by inhalation (55). In this context
van Berlo and coworkers (56) showed that inhaled
diesel exhaust particles activate AhR signaling not
only in the rat lung, but also in an extrapulmonary

organ. Therefore, such particles are also suspected
to contribute to aging of other organs like the
cardiovascular system (57). If this novel aging
pathway is also of relevance for aging of other
organs which are exposed to PAH has to be
determined in future studies
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FIGURE LEGENDS

Fig. 1. Real time RT-PCR detection of MMP-1, TIMP-1 and CYP1A1 in primary human keratinocytes.
Messenger RNAs of MMP-1 (black), TIMP-1 (white) and CYP1A1 (grey) were detected in NHEK cells
after pre-treatment with 10 uM MNF for 1 hour followed by 48 hours incubation after 100 J/m* UV-B (A)
or with 250 nM B(a)P (B), respectively; n = 3, mean £ SEM, * p < 0.05 versus solvent control; # p < 0.05
versus UV-B (A) or B(a)P (B) treated cells.

Fig. 2. MMP-1 activity in primary human keratinocytes after AhR activation. MMP-1 concentration in
concentrated conditioned media was determined by SensoLyte® Plus 520 MMP-1 Assay Kit (AnaSpec,
San Jose, USA) after pre-treatment with 10 uM MNF for 1 hour followed by 48 hours incubation with 250
nM B(a)P. Each timepoint represents 6 individual datapoints. A shows a 16 hour kinetic; B reveals the
quantitative accumulation of MMP-1 protein over time; mean = SEM, * p < 0.05 versus solvent control; #
p <0.05 versus B(a)P treated cells.

Fig. 3. Real time RT-PCR detection of MMP-1 in primary human keratinocytes after pre-treatment
with EGFR pathway related inhibitors (10 pM) for 1 hour followed by B(a)P (250 nM) treatment for 24
hours. 4. B(a)P-treatment of pre-incubated cells; B. UV-B-irradiation of pre-incubated cells. (PP2: src-
kinase inhibitor; BP: EGFR inhibitor; PD: MEK inhibitor; n = 3, mean £ SEM, * p < (0.05 versus solvent
control; # p < 0.05 versus B(a)P (A) or UV-B (B) treated cells.

Fig. 4. Real time RT-PCR detection of MMP-13 in dorsal skin of SKH-1 WT and AhR KO littermates
after UV-B irradiation. WT and AhR KO mice were irradiated with 180 mJ/cm® UV-B, samples of dorsal
(UV-B) and ventral (internal control) skin were taken 24 and 48 hours after irradiation; n = 3-4, mean +
SEM, * p <0.05 versus WT expression.

Fig. 5. MMP-1 expression in human skin biopsies after UV-B irradiation. Messenger RNAs of MMP-1
were detected in human skin biopsies after pre-treatment with 0.5 % BDDI or Placebo, respectively for 4
days every day followed by UV-B irradiation (1.5 MED) on day 4. 4 mm bunch biopsies were taken after
another 24 hours. MMP-1 mRNA expression in unirradiated, untreated control skin were arbitrarily set as
1; n=10, mean £ SEM, ** p < 0.001 versus placebo.
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Figure 2
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Figure 4
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Figure 5
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The Arylhydrocarbon Receptor (AhR) in keratinocytes is
a universal sensor for environmental stress that
mediates skin aging
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2.6 Publikation 6

Estradiol protects dermal hyaluronan/Versican matrix during photoaging by

release of EGF from keratinocytes

Dermale Hyaluronsduren (HA) und Versikane sind Schliisselkomponenten der Dermis
und responsiv gegeniiber UVB-iduzierten Umstrukturierungen. Das Ziel dieser Studie
war es, die molekularen Mechanismen der Ostrogen (E)-vermittelten Effekte auf die
HA-reiche extrazelluldre Matrix (ECM) wihrend der Lichtalterung zu untersuchen. In
haarlosen SKH-1 Méusen, verursachten 10 Wochen UVB-Bestrahlung (3 x 1 MED (80
mJ/cm?®), wochentlich) einen deutlichen Riickgang der dermalen HA, welcher durch
Ovarektomie (OVX) noch verstirkt wurde. Subkutane Substitution mit Ostrogen iiber
Controlled Release Pellets hoben diese Effekte auf und bestitigten somit die protektive
Rolle des E,. Der Anstieg in dermaler HA korrelierte mit der Induktion der HA-
Synthase HAS3 durch E,. Zusétzlich wurde das HA-bindende Proteoglykan Versikan
durch UVB induziert, der Effekt konnte durch E, sogar noch verstirkt werden. In
kultivierten Hautfibroblasten reduzierte E, die Expression von HAS1 und Versikan und
hatte keinen Effekt auf HAS3. Aus diesem Grund konnte die direkte Aufregulierung
von HAS3 und Versikan iiber E, ausgeschlossen werden. E, induzierte jedoch die EGF-
Expression in UVB bestrahlter Haut in vivo und in Keratinozyten in vitro. EGF
seinerseits fiihrte zu einer induzierten Expression von HAS3 und Versikan in dermalen
Fibroblasten. Zusétzlich korrelierte die dermale HA- und Versikan-Induktion durch E,
positiv mit der Proliferation (Ki67) und negativ mit der Akkumulation von
inflammatorischen Makrophagen (Mac2) in der Dermis. Zusammengefasst weisen diese
Daten darauf hin, dass E,-Behandlung den Anteil an dermaler HA und Versikan iiber
eine parakrine Freisetzung von EGF induziert, welches mit den pro-proliferativen und
anti-inflammatorischen Effekten von E, in der Lichtalterung einhergehen konnte.
Folglich ist E, in der Lichtalterung tatsdchlich ein wichtiger Regulator des dermalen
HA- und Versikan-Gehaltes. Vermittelt wird dieser Effekt zumindest zum Teil durch
die parakrine Freisetzung von EGF aus Keratinozyten, welches dann die Expression von
HAS3 und Versikan in Fibroblasten induziert. Als eine Konsequenz erhoht E, die

Proliferation und hemmt die Inflammation. Dadurch identifiziert diese Publikation neue
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molekulare Ziele des E,, die die protektive Funktion dieses Hormons auf die dermale

Matrix wéhren der extrinsischen Alterung mediieren.
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Estradiol protects dermal hyaluronan/versican matrix during photoaging by release of

EGF from Keratinocytes.
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Dermal hyaluronan (HA) and versican are key
components of the dermis and are responsive to
UVB induced remodeling. Aim of the present
study was to explore the molecular mechanisms of
estrogen (E,) mediated effects on HA-rich ECM
during photoaging. In hairless Skh-1 mice 10
weeks of UVB irradiation 3 x 1 MED (80
mJ/cm?), weekly) caused a marked decline of
dermal HA, which was aggravated by ovariectomy
(OVX). Subcutaneous substitution of estrogen
(E;) by means of controlled release pellets
abolished these effects confirming the stimulatory
role of E,. The increase of dermal HA correlated
with induction of HA synthase HAS3 by E,. In
addition the HA-binding proteoglycan versican
was induced by UVB and further increased by E,.
In cultured skin fibroblasts E, reduced expression
of HASI1 and versican and had no effect on HAS3.
Therefore, direct upregulation of HAS3 and
versican by E, was excluded. However, E,
increased the expression of EGF in UVB
irradiated skin in vivo and in Keratinocytes in
vitro. EGF in turn upregulated the expression of
HAS3 and versican in dermal fibroblasts.
Functionally, dermal HA and versican induction
by E, correlated positively with proliferation and
negatively with accumulation of inflammatory
macrophages in the dermis. Collectively these data
suggest that E, treatment increases the amount of
dermal HA and versican via paracrine release of
EGF which may be implicated in the pro-

proliferative and anti-inflammatory effects of E,
during photoaging.

INTRODUCTION

Photoaging of the skin inevitably occurs at the sun
exposed areas such as face, neck and hands during life
span. This process is characterized by overlap of
intrinsic aging and extrinsic aging responses and also by
an overlap with photo carcinogenesis (1). It is well
established that the extracellular matrix (ECM) of the
skin is involved in this aging process. In particular the
cleavage of collagen by matrix metalloproteinases
(MMP) has been demonstrated (2). The partially
degraded collagen network heals imperfectly by de novo
collagen synthesis leaving micro scars in the skin.
Furthermore the collagen fragments that are released
during MMP induced collagen cleavage are bioactive
and participate in the regulation of fibroblast phenotype
during photoaging. In this context it has been established
that collagen fragments reduce collagen de novo
synthesis (3). Matrix degradation and changes in matrix

expression subsequently affect fibroblast phenotypes and
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thereby possibly perpetuate UVB induced aging
responses. In addition to collagen various reports
have suggested that other ECM molecules are
affected as well by UVB irradiation of the skin.
Among these dermal hyaluronan (HA) and
proteoglycans appear to be of great relevance (4-7).
HA is abundant in the dermis and is supposed to
contribute to the water content, the turgidity of the
skin and the diffusion of soluble factors and nutrients
(5). Furthermore, HA can support the proliferative
phenotype of fibroblasts and possibly opposes
apoptosis (8,9). HA is synthesized at the plasma
membrane by HA synthase isoenzymes-1,-2 and -3
(HAS1-3) (10). These enzymes extrude HA into the
extracellular space after assembly of UDP-glucuronic
acid and UDP-N-acetyl-D-glucosamine into a
growing chain of B(1-3) linked D-glucuronic acid and
N-acetyl-D-glucosamine disaccharides. The repeating
disaccharides are linked by hexosaminidic B(1-4)
bonds that form high molecular weight HA of up to
10" Da and up to 20 pum in length (11). The HAS
isozymes are expressed at a relatively low copy
number per cell but can produce large amounts of HA
in short time. In addition to transcriptional regulation
of HAS enzymes it has recently been shown that
regulation takes place on the posttranscriptional level
by phosphorylation, glycosylation and mono-
ubiquitination (12-14). As additional
posttranscriptional mechanism the formation of

homo- and hetereodimers has now been demonstrated

(13).

With respect to skin aging it has been shown that HA
is reduced by chronic UVB irradiation and likely
contributes to the aged phenotype of skin (8,15-17).
However opposing reports that detected no change of
dermal HA have been published as well as studies

that demonstrated increased HA in response to UVB

(15,18). The latter is likely an acute response associated
with erythema and heliodermatitis.

Hyaluronan is bound by versican, a large chondroitin
sulfate proteoglycan, through specific binding domains
termed link modules that each consist of approximately
100 amino acids and are part of the link protein domain.
The link protein domain 1is comprised of an
immunoglobulin domain and two link modules and is
present in the n-terminal globular G1 domain of versican
(19). Because multiple versican molecules bind to one
chain of HA, large networks of HA and versican are
formed. These HA and versican-rich matrices are known
to critically govern the proliferative and migratory
phenotype of mesenchymal cells (20). Recently it has
been demonstrated that versican accumulates in response
to UVB irradiation (7). However little is known about
how versican is affected during skin aging, what the
specific functions of versican might be during skin aging
and whether versican is responsive to estrogen.

Skin aging is accelerated after menopause and positive
effects on the skin including increased thickness,
increased moisture, decreased wrinkling and improved
wound healing responses became obvious upon estrogen
treatment of postmenopausal women (21). However
hormone replacement therapy is confounded by
thrombotic and malignant complications and is now
restricted to short term use in selected cases (22). It is
therefore of great interest to better understand the
molecular mechanisms that underlie the protection of the
skin matrix by E,. The aim of the present study was to
investigate the effect of E, on dermal hyaluronan and
versican matrix during UVB-induced skin aging by use

of ovariectomized and E, treated hairless skh-1 mice.

EXPERIMENTAL PROCEDURES
Materials
UVB Irradiation of Mice -Female hairless mice

(Skh:Hr1) (Charles-River) were housed according to

Page 2



standard procedures. Mice were randomly assigned to
either sham procedure or bilateral ovariectomy
(OVX) at the age of 8 weeks as described previously
(23). OVX mice were subdivided into four treatment
groups, which received either placebo or E, plus-
minus UVB-irradiation. E, treatment was performed
by implantation of subcutaneous slow-release
hormone pellets (Innovative Research of America)
prepared to dispense 1.1 pg/d E, for the entire
experimental period of 10 weeks. Placebo (P) pellets
served as control. After OVX and pellet implantation
at 8 weeks half of the mice were irradiated with UVB
light and the other half served as non-irradiated
controls. Animals were exposed to UV radiation in an
irradiation chamber as described previously (8) using
UV lamps with fluorescent bulbs (280 to 320 nm
with a peak at 313 nm TL 20W/12; Philips,
Eindhoven, The Netherlands). UVB irradiation was
performed three times per week at a dose of 80
mJ/cm? (irradiation time 1 minute 36 seconds)
equaling 1 minimal erythema dose (MED)
throughout a period of 10 weeks (figure 1A). The
light intensity was determined by means of a UV
meter (Waldmann, Villingen-Schwennigen,
Germany). Skin biopsies from the dorsal skin of 1 by
2 cm’ in size were obtained from control and UVB-
irradiated animals after 10 weeks of UVB. Sham
operated animals received placebo pellets plus-minus
UVB irradiation. Thus six experimental groups were
compared: 1) sham, placebo (S,P), 2) OVX, placebo
(X,P), 3) OVX, E; (X, E,), 4) sham, placebo, UVB
(S,P,UVB), 5) OVX, placebo, UVB (X,P,UVB) and
6) OVX, E,, UVB (X, E,UVB). All animal
experiments have been approved by the local ethical
committee for animal experiments.

Histology -Skin biopsies were frozen in tissue

freezing medium (Leica Nussloch, Bensheim,

Germany) in liquid isopentane at -40°C and 12 um
cryosections were prepared for immunohistochemical
staining. Affinityhistochemistry of (HA) was performed
with bovine HA binding protein (bHABP, Seikagaku,
Tokyo, Japan), detected with biotin-labeled streptavidine
(2 pg/ml, Calbiochem, Bad Soden, Germany). The
following primary antibodies were used Versican (LF99,
1:400, rabbit anti-human, kindly provided by Dr. Larry
Fisher, National Institute of Dental and Craniofacial
Research, NIH, Bethesda, Md), HAS3 (H64, 1:500,
Santa Cruz biotechnology, Santa Cruz, CA, USA), Mac2
(1:250, Cedarlane, Burlington, Canada), Ki-67 (1:50,
Novus biological, Littleton, CO, USA). The respective
biotinylated secondary antibodies (1:1000) were
obtained from Calbiochem. Detection was performed
using diaminobenzidine (Zytomed, Berlin, Germany) as
a chromogen. Nuclei were stained with hemalaun
solution (Merck, Darmstadt, Germany). The area
fraction was determined by Image J software in the area
of the papillary dermis excluding regions which
contained hair follicles. This analysis was performed in a
blinded fashion as described previously (8).

Cell culture -Human dermal fibroblasts from
female donors were purchased from PromoCell
(Heidelberg, Germany) and were maintained in
monolayer cultures in Dulbecco's modified Eagle’s
Medium (DMEM) without phenol red (Sigma Aldrich),
supplemented with 10% heat inactivated, charcoal
treated fetal bovine serum, 2 mmol/L. L-glutamine, and
antibiotics (100 units/ml  penicillin, 50 mg/ml
streptomycin-G). Normal human epidermal
keratinocytes (NHEK) were purchased from PromoCell
and cultured in kerationocyte media 2 (PromoCell). The
cells were maintained at 37°C, 5% CO, and 95%
humidified air.

UVB irradiation of the cells was performed with a Bio-

Sun irradiation system (Vilbert Lourmat, Munich)
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containing two 30W UVB sources (312nm). During
the UVB irradiation procedure (100 mJ/cm?;
irradiation time approximately 10 seconds) cells were
kept in phosphate buffered saline solution which was
replaced by DMEM containing 10% charcoal treated
FCS with or without 100 nM p-estradiol (Sigma
Aldrich) shortly after the irradiation. Cells were
harvested 24 hours after stimulation.

For the cell media transfer experiments NEHKs were
UVB irradiated and E, stimulated as described above
in keratinocyte media 2. The supernatant was
collected 24 hours after stimulation and was
transferred to fibroblasts in the presence or absence
of erlotinb (3uM LC Laboratories, Woburn. MA,
USA), EGF neutralizing antibody or isotype control
(both 035 pg/mL, abcam, Cambridge, UK).
Fibroblasts were harvested 24 hours after the media
transfer.

RNA Isolation and Quantification of Gene
Expression -Total RNA was isolated using RNeasy
total RNA kits (Qiagen, Hilden, Germany). The RNA
concentration was determined via photometric
measurement at 260/280. Aliquots of total RNA (1
ug) were applied for c¢cDNA synthesis using
Superscriptlll first-strand synthesis system for
reverse transcriptase-polymerase chain reaction (RT-
PCR) (Invitrogen, Karlsruhe, Germany). In order to
analyze the mRNA expression primers were designed
employing Primer Express 3.0 software (Applied
Biosystems, Darmstadt, Germany) based on
published mRNA sequences. The sequences are
given in table 1. Each real time RT-PCR was
performed in triplicates and the mean value
calculated. PCR was carried out using SYBR Green
PCR Master Mix (Applied Biosystems) as described
[15]. The 240! method was used for comparison

of the relative expression between control and treated

cells. A melting curve analysis was performed after
every run. Furthermore a negative control containing
only master mix, the primer pair and control water was
run on every plate.

Determination of HA and EGF in cell culture
supernatants — HA concentration in the supernatants was
determined by HA test Kit based on bHABP (Corgenix,
Peterborough, UK) 24 hours after stimulation and was
calculated as the ratio of HA and total cellular protein.
EGF concentration in the supernatants was determined
by EGF Human ELISA Kit (abcam, Cambridge, UK) 24
hours after stimulation according to the manufacturer’s
protocol.

HAS3 and versican immunoblotting. Versican
from cell culture supernatants or skin extracts was first
enriched by DEAE ionexchange chromatography,
chondroitin ABC lyase-digested and subsequently core
proteins were separated on SDS-PAGE and Western
blotted as described previously. (24). LF99 (1:1000) was
used as primary antibody.

HAS3 in skin homogenates or cell layer lysates was
detected by immunoblotting using anti-mouse-HAS3
antibody (H64, 1:1000 Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and anti-human-HAS3 antibody
(1:1000 Sigma Aldrich) respectively. B tubulin antibody
was from Sigma-Aldrich (1:1000, Munich, Germany).
Primary antibodies were detected by infrared-fluorescent
coupled secondary antibodies (1:5000 LI-COR, Bad
Homburg, Germany) allowing fluorescent detection (LI-
COR Odyssey Infrared Imaging System).

Determination of HA and EGF in murine skin —
For HA extraction murine skin biopsies were
lyophilized, dry weight was determined and samples
were digested by pronase (protease from Streptomyces
griseus, 6 mg/ml in 100 mmol/L Tris-HCI, pH 8, 1
mmol/L. CaCl2, and 1500 U/ml heparin, 60°C, 24 hours;
Sigma-Aldrich). Subsequently HA  was ethanol
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precipitated (12 hours, -20°C) and recovered by
centrifugation (10,000 x g, 4°C, 15 minutes).
Samples were diluted 1:20,000, the HA concentration
was determined by HA test Kit based on bHABP
(Corgenix, Peterborough, UK) and normalized to dry
weight (25).

EGF was detected in murine skin lysate, which was
prepared by homogenization in modified RIPA buffer
(50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.2%
sodium deoxycholate, 0.2% sodium dodecylsulfate
(SDS), 1 mM sodium ethylenediaminetetraacetate, 1
mM phenylmethylsulfonyl flouride, 5 pg/ml of
aprotinin, 5 pg/ml of leupeptin). Tissue and cell
debris was removed by centrifugation. EGF
concentration was determined by EGF Mouse ELISA
Kit (abcam, Cambridge, UK) according the
manufacturer’s protocol. Protein concentration was
analyzed with Bio-Rad protein assay (Bio-Rad
Laboratories, Munich, Germany).

Statistical Analysis - All data sets were
analyzed by ANOVA and the Bonferroni post hoc
test. Only the data presented in figure 5 were
analysed by Student’s ¢ test. Data are presented as
means £ SEM. Statistical significance was assigned

at the level of p < 0.05.

RESULTS

E, prevents loss of HA in response to UVB
irradiation

Hairless skh-1 mice were ovariectomized (OVX) to
deplete the animals from endogenous sex hormones.
As a control E, was substituted in OVX mice by
implantation of subcutaneous long release pellets (1.1
ng Er/day/mouse). This non irradiated group allowed
the characterization of the effect of E, on the

intrinsically aged dermal HA matrix at 18 weeks of

age. OVX caused a trend to reduced amounts of HA as
shown by affinity histochemistry (Fig. 1B). Of note E,
substitution reversed the effect of OVX and even
elevated dermal HA accumulation strongly above the
control level suggesting a stimulatory effect of E, on
dermal HA.

To investigate the role of estrogen during photoaging
skhl mice were irradiated with UVB (3 x 1 MED (80
mJ/cm2), weekly) for 10 weeks. Subsequently, skin
biopsies were collected from UVB exposed areas at the
back. Clearly, loss of HA was induced by UVB (S,P
UVB) and this loss was further aggravated by OVX (X,P
UVB). Again substitution of E, compensated the decline
of HA (X, E,,UVB) even to the level of E,-treated, non
irradiated, non OVX controls (X, E, Fig. 1B). The
results from the staining were confirmed by biochemical

measurement of HA from skin extracts (Fig. 1C).

HAS3 is responsive to E, in the skin of UVB

irradiated mice

To analyze the mechanisms that mediate the regulation
of HA content in response to E, and UVB mRNA
expression of HAS isozymes, hyaluronidases (Hyal) 1
and -2 were analyzed. Of note HAS3 expression
followed the same pattern as the HA content in response
to UVB and E, (Fig. 2A). In contrast HAS1 and HAS2
were regulated to a smaller degree and did not follow the
pattern of HA in the skin (online figure 1 A, B).
Therefore, HAS3 expression was further investigated in
detail by ICC and immunoblotting which confirmed the
regulation of mRNA expression (Fig. 2 B, C) and
strongly suggests that HAS3 is induced by E, both in

irradiated and non irradiated skin.

Furthermore, in non irradiated skin induction of Hyal2 in
response to OVX was detected (supplemental Fig. 1D)

which was rescued by E, substitution and could
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therefore contribute to the decline of HA in response
to OVX and the increase of HA in response to E,
treatment. In contrast Hyall was not regulated in a
fashion that could explain the observed changes in
dermal HA. Finally HA-receptors, CD44 and
receptor of HA mediated motility (RHAMM) were
determined by qRT-PCR. CD44 expression was
found to be unresponsive to both OVX/ E, and to
UVB-irradiation. RHAMM however was clearly
downregulated by OVX and rescued by E,
substitution in both UVB-irradiated and non
irradiated dermis which suggests that HA signaling
via RHAMM is responsive to E, (online figure Fig. 1
E, F).

Furthermore, quantitation of E, receptors by qRT-
PCR revealed that E2R3 was not detectable in the
dermis of female hairless skh-1 mice in any of the
experimental groups (data not shown). In contrast,
the E2Ra receptor (supplemental Fig. 1G) was
strongly expressed but the expression was not
affected by any of the experimental interventions.
These data suggest that the effects of estrogen were

mediated by the E2Ra receptor.

E2 and UVB increase versican content in the

dermal matrix

Subsequently, the response of the HA binding

proteoglycan versican was characterized.
Immunostaining of versican revealed that OVX did
not affect versican but that substitution of E, caused
marked dermal versican accumulation (Fig. 3A).
Furthermore, in response to UVB versican was
elevated in controls (S,P, UVB) and in OVX (X,P,
UVB) mice. Still an additional increase of versican
occurred after treatment of UVB irradiated X, E,
mice (Fig. 3A). Four splicing variants of versican are

known, V,, V,;, V, and V;. In order to obtain a

readout of overall versican mRNA expression initially a
primer was used that did not distinguish between the
splicing variants. Although versican content increased in
response to UVB the mRNA expression was not
changed or even decreased (Fig. 3B). However, the
increase of versican in response to E, in both non
irradiated and irradiated skin was paralleled by induction
of mRNA expression, which was particularly strong in
UVB irradiated skin (Fig. 3B). Next immunoblotting of
versican was performed in skin extracts and revealed a
major versican band at approximately 200 kDa, which
likely represented the versican splice variant V2 (Fig
3C) and closely resembled the regulation of versican as
evidenced by immunostaining. Therefore, subsequently
the mRNA expression versican V2 was analysed by
realtime RT PCR (Fig. 3 D) and found to parallel the
protein data shown in Fig. 3 A and C.

The changes of versican expression also occurred in the
epidermis as evidenced by quantitation of
immunostainings (data not shown) suggesting a similar
response to E, in the epidermis. In contrast regulation of
HAS3 was not detected in the epidermal compartment
(data not shown). Therefore, future studies may address

the effect of E, and versican in the epidermis.

In summary dermal HA was diminished by both E,
depletion and UVB-irradiation in an additive manner
whereas versican was markedly induced by UVB and
exogenous E,. Furthermore, the data suggest that HAS3
and versican V2 are the molecular targets of this

regulation.

Effects of E; on HAS isozymes and versican in

dermal fibroblasts in vitro

The above described in vivo results establish an
important role of endogenous and exogenous E, on the

composition of the dermal HA and versican matrix.
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Specifically E, counteracts the decline of HA that is
induced by UVB irradiation and elevates versican
content of photoaged skin. In search of the
underlying regulatory mechanisms two possibilities
were considered. First, direct transcriptional effects
of E, on HAS isozymes and versican may be
responsible. Second, indirect effects of E, on the
expression of growth factors that may in turn affect
gene expression could be involved. Therefore, it was
tested in vitro whether the HAS isozymes and
versican are responsive to E, and UVB. In monolayer
cultures of human skin fibroblasts HAS3 was not
affected by UVB or E, and versican mRNA was
downregulated in response to E, (Fig. 4 A,C).
Furthermore immunoblotting of versican from
supernatants revealed no effect on versican V2 (Fig.
4 D). In addition HAS1 and HAS2 were also
downregulated 24 hours after stimulation with 100
uM E, (data not shown). To investigate whether the
response of fibroblasts to E, and UVB would be
different at lower E, concentrations or lower UVB
doses experiments were performed with 0.1, 1 and 10
uM E, and in response to 10, 50 and 100 m)J
UVB/cm®. These experiments confirmed that HASI,
HAS2, HAS3 and versican were not directly induced
by E, or UVB in vitro (data not shown). Since neither
the estrogen response nor the acute UVB response in
vitro mimicked the results obtained in vivo, a direct
regulation of the involved genes in fibroblasts by E,
and UVB appeared to be unlikely as a mechanism

underlying the induction of HA and versican in vivo.

EGF is induced in response to E, in keratinocytes
and mediates changes in HAS3 and versican

expression.

Next a possible paracrine mechanism was addressed.

For this purpose skin biopsies were examined with

regard to differential regulation of growth factors known
to be involved in the regulation of HA matrix.
Specifically, it was searched for candidates that were
diminished by OVX and increased by E, substitution
both in non irradiated and irradiated skin. Interestingly,
the expression level of EGF was indeed downregulated
in OVX mice and was rescued by E, and therefore
concurred with the regulation of HA, HAS3 and versican
in non irradiated mice. Also in UVB irradiated mice
EGF mRNA paralleled the changes of HA, HAS3 and
versican expression (Fig. 5). Therefore, EGF expression
was also investigated by immunostaining in the
epidermis and measured in skin extracts using ELISA.
The results confirmed that EGF is indeed induced in
epidermis and in total skin extracts by E, (Fig.5 E,F). In
contrast, TGFB1-3 did not correspond to the changes of
HA, HAS3 and versican. Therefore, EGF was
considered as a promising candidate for a paracrine
mediator in response to E; and UVB and was studied in

further detail.

The effect of E, and UVB on the expression of EGF in
keratinocytes and dermal fibroblasts was examined in
vitro. Fig. 6 shows that EGF induces HAS3 mRNA,
HAS3 protein and HA synthesis in skin fibroblasts (Fig.
6 A-C). Furthermore, EGF induced total versican mRNA
(Fig. 6D), versican V2 protein (Fig. 6 E) and versican
V2 mRNA (Fig. 6 F). Next it was addressed whether
UVB and E, affect the release of EGF from
keratinocytes. Of note in keratinocytes E, induced
expression and release of EGF from both non irradiated
and irradiated keratinocytes (Fig. 7A,B). In dermal
fibroblasts EGF expression was not detectable under the
current experimental conditions (data not shown). Next,
conditioned medium derived from keratinocytes exposed
to E; and E; plus UVB was used to stimulate dermal
fibroblasts and found to induce HAS3 and versican V2

mRNA expression. The induction of HAS3 and versican
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V2 were blocked by both an EGF receptor kinase
inhibitor, erlotinib, and by a neutralizing antibody

against EGF (Fig. 7 C, D).

Therefore, it is proposed that in vivo E, induced
expression and release of EGF from keratinocytes in
a paracrine manner induced HAS3, HA and versican

expression in fibroblasts of the papillary dermis.

Differential effects of E, on dermal cell

proliferation and inflammation

Next it was attempted to link the specific changes of
dermal HA and versican to functional effects in the
dermis during photoaging. The proliferation of
dermal fibroblasts as determined by Ki-67
immunostaining and mRNA expression was
increased by E, both in non irradiated and in UVB
irradiated skin (Fig. 8 A, B). This was further
supported by the induction of TPX2 (microtubule-
associated homolog) mRNA expression which is also
indicative for proliferative activity (Fig. 8 C). It is
conceivable that this proliferative response is in part
due to the induction of HA and versican by E,,
because HA and versican are both thought to
contribute to proliferation of dermal fibroblasts. It
has also been suggested that HA plays a role in
inflammation either after generation of HA-fragments
or by supramolecular complexes of HA and HA-
binding proteins that form HA cables and allow
monocyte/macrophage adhesion. Interestingly, the
UVB irradiated dermis of OVX mice, which
contained the lowest HA and an elevated amount of
versican, the Mac2 immunostaining and mRNA
expression, indicative for macrophage content, were
increased. Furthermore, Mac2 expression was
strongly reduced by E, suggesting an anti-
inflammatory effect of E, during skin aging (Fig. 8
D, E). To further support this hypothesis the

expression profiles of chemokines and cytokines MCP-
1, IL6 and TNFalpha were analysed and found be
suppressed by E, (Fig. 8 F-H). Finally, the expression of
inducible cyclooxygenase 2 (COX2) was analysed as an
indicator of inflammatory activity. COX2 mRNA
expression was also strongly responsive to E, (Fig. 8I).
In summary, the in vivo data are consistent with a pro-
proliferative and anti-inflammatory effect of estrogen
that coincided with induction of both HAS3 and versican

in UVB irradiated skin (Fig. 9).

DISCUSSION

Estrogen has been known for a long time to have
beneficial effects on the skin which is particularly
obvious after the onset of menopause or the initiation of
estrogen treatment of post menopausal women (21).
Estrogens partially protect from skin aging by increasing
the thickness, reducing the wrinkling and augmenting
the moisture of the skin (26-28). It has been
demonstrated that estrogen treatment prevents loss of
collagen type 1 and increases de novo collagen synthesis
(29).  Furthermore, estrogens increase dermal
glycosaminoglycans which in turn may contribute to the
thickness and moisture of the skin (30-32). Loss of HA
from the skin appears to be part of the post menopausal
aging response. In male mice the administration of
estrogen increased the HA content of the skin (33).
However systematic animal studies addressing the
regulatory effect of estrogens on dermal HA, HAS
isozymes, HA-receptors and hyaluronidases of females
and importantly the underlying molecular mechanisms
are lacking. Furthermore, up to date nothing is known
about how E, may regulate the content and function of
HA and versican in the skin. Therefore, the aim of the
present study was to address changes of HA, HAS
isozymes, hyaluronidases, HA receptors and the HA-
binding proteoglycan versican in the context of

photoaging and E, responses.
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This study clearly shows that lack of endogenous E,
results in marked loss of dermal HA in hairless skh-1
mice and that the lack of E, aggravates the additional
loss of HA in response to UVB. Versican increased
during photoaging and was further increased by E,
treatment. The present data revealed that the
molecular targets that mediate the response to E,
differ between non irradiated and irradiated skin. The
former was associated with changes in expression of
HAS3 and Hyal2 whereas the latter corresponded
mainly to changes in HAS3 expression. Therefore
HAS3 was considered as a particularly important E,-
dependent regulator of dermal HA homeostasis

during intrinsic and extrinsic skin aging.

E, mediates changes in gene expression by activation
of intracellular E, receptors (E2R) o and —f3, which
translocate into the nucleus upon ligand binding and
affect the expression of genes with estrogen response
elements in the promoter region. In addition non
genomic E, effects occur through the GPR30
pathway (34). It has been shown that both E2R o and
—f3 are expressed in the skin and that both are
expressed in skin fibroblasts (21). However,
considerable variability appears with respect to the
ratio of both ER subtypes in various organs, ages and
species (35,36). Therefore, the expression of E2R a
and — was determined by realtime qPCR in hairless
skh-1 mice in the present study. As a result the E2Ra
receptor was strongly expressed in the skin biopsies
whereas the E2RB receptor was not detectable by
realtime qRT-PCR. Therefore the above mentioned
effects of E, on dermal HA and versican during
photoaging were attributed to E2R o. However
contribution of non genomic effects can not be

excluded on the basis of the present results.

Because the in vivo experiments showed that induction
of HAS3 and versican mRNA likely played a key role in
the estrogen response during photoaging, it was
addressed whether E, directly induced the involved
genes. However, it was found that HAS3 and versican
were not directly induced in fibroblast monolayer
cultures. Therefore, a direct transcriptional effect of E,
on HAS3 and versican gene expression was ruled out as
explanation for the in vivo results. As an alternative
explanation induction of paracrine factors by E, that
subsequently induce expression of HAS3 and versican
appeared plausible. This hypothesis is in line with the
report that E; indeed affects dermal ECM via paracrine
mechanisms in vivo. It has been shown that
postmenopausal loss of collagen might be due to lack of
E, mediated transforming growth factor B1 (TGFB1)

expression (37).

Here it is demonstrated that EGF showed an expression
pattern in response to ablation of endogenous sex
steroids and E, substitution that paralleled the changes of
the HA matrix both in photoaged skin and in non
irradiated skin. Specifically, EGF mRNA and protein
were reduced by OVX and induced by E,. EGF is known
to induce the expression of HAS2 and HAS3 in
keratinocytes thereby promoting the pro-proliferative
and migratory response to EGF (38,39). Because skin
extracts were used to determine EGF mRNA and
protein, which reflect epidermis plus dermis, both
keratinocytes and fibroblasts might be the source of EGF
in response to E,. However, immunostaining of EGF
already hinted to a pronounced EGF response in the
epidermis. The in vitro experiments demonstrated that E,
indeed induced EGF expression in keratinocytes but not
in dermal fibroblasts. Subsequently, EGF released from
keratinocytes in culture in response to E, and UVB was
shown to stimulate HAS3 and versican expression in

human skin fibroblasts. Therefore, it is proposed that E,
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stimulates keratinocytes to release EGF which in turn
induces HAS3 and versican expression in dermal
fibroblasts. The limitation of the in vitro experiments
is that they reflect an acute response to single UVB
irradiation whereas in vivo repetitive chronic dosing
of UVB was applied. However, the results are
agreeable with the observation in other biological
systems that EGF is involved in various estrogen
induced responses (40,41) or mimics E, responses

(42) both in vitro and in vivo.

These findings might also be relevant with respect to
the aged phenotype of fibroblasts. Interestingly, age
associated resistance to phenotypic activation of
fibroblasts is accompanied by reduced HA synthesis
and the failure to upregulate HA in response to
growth factors (43). EGF appears to be involved in
this process, because EGF signaling is critically
required for TGFB1 induced HA synthesis (44,45).
Furthermore, fibroblast proliferation is stimulated by
EGF and in aging fibroblasts this proliferative
response declines partly due to downregulation of
EGFR (46,47). Thus EGF is a growth factor that
opposes the aging phenotype of dermal fibroblasts
and this response involves in part HA-synthesis and
HA-signaling. It is therefore likely that induction of
EGF in keratinocytes by E, and paracrine stimulation
of HA and versican in dermal fibroblasts is involved
in the attenuation of the aged fibroblast and skin

phenotype by E,.

In vitro studies provided ample information about the
function of individual, single matrix components
including collagens, HA, HAS isozymes and
versican. However it is obvious that during
physiologic and pathophysiologic responses changes
in  matrix composition occur that involve

simultaneously multiple matrix molecules. Thereby

the microenvironment of the cells changes dramatically
and the cellular responses likely are the consequence of
the combined effects of these complex changes. These
include altered micromechanic forces, altered matrix
receptor signaling including integrins, HA-receptors,
CD44 and RHAMM and activation of alternative
receptors by degraded matrix molecules such as toll like
receptors that mediate “danger signals”(48). Therefore, a
possibly important finding of the present study was that
photoaging resulted in a dermal matrix characterized by
low HA content and high versican content. At present it
is unknown what the consequence of this shift in the
relative abundance of HA and versican may be for the
phenotype of cells and the aged phenotype of the skin. It
is however very interesting that treatment with E,
increases both HA and versican which resulted in a
matrix with high HA and high versican content.
Versican has 4 splicing variants that are characterized by
loss of glycosaminoglycan bearing domains and
therefore major differences in molecular weight and
chondroitin sulfate content (49). The function of the
different splice variants appears to be different, in part
opposing, in various biological systems (50). The current
data point towards versican V2 as the target of E2/EGF
mediated regulation in the skin. Whereas the function in
the skin has not been addressed, versican V2 has been
suggested to regulate matrix assembly in the central
nervous system (51). Therefore, versican V2 might be a
interesting candidate for regulating matrix assembly and

function in skin homeostasis and skin aging.

In the present study the proliferative capacity of
fibroblasts in the dermis was closely correlated with HA
and versican content in line with the pro-proliferative
role of both pericellular HA and versican (20).
Furthermore, estrogen clearly reduced the content of
inflammatory macrophages, the expression of MCP-1,

IL-6, TNFa and COX2 expression in UVB irradiated
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skin. Vice versa inflammation was highest in the
UVB-irradiated OVX mice that were characterized
by dermal ECM with the lowest HA content and high
versican content. It is believed that the
supramolecular structure of the pericellular matrix
determines whether the matrix acts homeostatic (5),
pro-inflammatory (52) or pro-migratory (20).
Therefore, it might be considered in the future that
the ratio of HA and versican plays a role in the

inflammatory response to UVB in the dermis.

In conclusion, during photoaging E, is indeed an
important regulator of dermal HA and versican content
in part by acting through paracrine release of EGF from
keratinocytes which in turn induces the expression of
HAS3 and versican in dermal fibroblasts. As a
consequence proliferation is increased by E, and
inflammation is inhibited. Thereby, the present study
identifies novel molecular targets of E, that may
contribute to the protective function of this hormone on

dermal matrix during extrinsic aging responses.

However, the present data do not prove the
Acknowledgements: This study was funded by the
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interrelationship between E2 induced matrix
remodeling and effects on proliferation or

inflammation.

Figure Legends

Figure 1 Induction of HA by E, in vivo. Hairless skh-1 mice were ovariectomized (X) at age 7-8 weeks or received a
surgical sham procedure (S) and received either a subcutaneous placebo pellet (P) as control or a subcutaneous long-
release E, pellet (1.1 pg E,/day/mouse) (E2). Subsequently mice were subjected to UVB irradiation (3x 1 MED,
weekly) for 10 weeks. At age of 18 weeks skin biopsies were obtained and the amount of HA was quantified. A,
Experimental protocol and abbreviations. B, Affinity histochemistry of the skin using biotinylated bHABP and
quantitative analysis (area fraction) of HA staining in the papillary dermis. C, Measurement of HA in skin extracts
using a bHABP based kit. 100x magnification; n = 7-12, mean + SEM, *, p < 0.05 versus S,P; #, p < 0.05 versus S,P
UVB; ¢, p <0.05 versus X,P; A p<0.05 versus X,P UVB.

Figure 2 Induction of HAS3 by E, in vivo. HAS3 expression was determined in skin biopsies from hairless skh-1 mice
that were treated as detailed in figure 1. At age of 18 weeks skin biopsies were obtained and the amount of HAS3 was
analysed. A, HAS3 mRNA expression in skin extracts. B, HAS3 immunostaining and quantitative image analysis of
the dermal compartment. C, HAS3 immunoblotting (H64) of total skin extracts and quantitative analysis. 100x
magnification; n = 7-12, mean + SEM, *, p < 0.05 versus S,P; #, p < 0.05 versus S,P UVB; ¢, p <0.05 versus X,P; A
p <0.05 versus X,P UVB.

Figure 3 Upregulation of versican in response to UVB and E; in vivo. Versican expression was determined in skin
biopsies from hairless skh-1 mice that were treated as detailed in figure 1. At age of 18 weeks skin biopsies were
obtained and the amount of versican was analysed. A, pan-versican immunostaining and quantitative image analysis.
B, mRNA expression of pan-versican in skin extracts. C, pan-versican immunoblotting (LF99) from skin extracts and

quantitative analysis of the main band between 238 kDa and 171 kDa. D, versican V2 mRNA expression in skin
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extracts. 100x magnification; n = 7-12, mean + SEM, *, p < 0.05 versus S,P; #, p < 0.05 versus S,P UVB; ¢, p <0.05
versus X,P; A p <0.05 versus X,P UVB.

Figure 4 HAS3 and versican expression in human skin fibroblasts in response to UVB and E,. Fibroblasts were either
untreated, received a single dose of UVB (100mJ/cm?®) or 100 nM E, or both and were analysed after 24 hours. A,
HAS3 mRNA; B, HAS3 immunoblotting (H64) and quantitative analysis; C, pan-versican mRNA expression; D, pan-

versican immunoblotting (LF99) and quantitative analysis; n= 3-6, mean + SEM, *, p < 0.05 versus control.

Figure 5 Gene expression profile in skin biopsies in response to UVB and E,. Mice were treated as detailed in the
methods and in the legend of figure 1. Skin biopsies were obtained at 18 weeks of age and gene expression was
determined by qRT-PCR. A, TGFB1; B, TGFB2; C, TGFB3; D, EGF; E, EGF in skin extracts determined by ELISA; F,
EGF-immunostaining and quantitative image analysis of the epidermis; n = 5-12, mean £ SEM, *, p < 0.05 versus S,P;

#, p <0.05 versus S,P UVB; ¢, p <0.05 versus X,P; A p <0.05 versus X,P UVB.

Figure 6 HAS3 and versican expression in human fibroblasts in response to EGF. Human skin fibroblasts were
stimulated with EGF (10 ng/ml) for 24 hours. A, HAS3 mRNA expression; B, HAS3 immunoblotting (H64) and
quantitative analysis; C, HA secreted into the medium during 24 hours after stimulation with EGF; D, pan-versican
mRNA expression; E, pan-versican immunoblotting (LF 99) and quantitative analysis; F, versican V2 mRNA

expression. n=3-6, mean = SEM, *, p < 0.05 versus control.

Figure 7 EGF release from keratinocytes in response to E2 and UVB. A, Keratinocytes were treated with 100 nM E,,
UVB (100 mJ/cm2) or both. After 24 hours EGF expression was analyzed by qRT-PCR. B, EGF was determined by
ELISA in cell culture supernatants of keratinocytes treated as in A. C, D, cell culture supernatants as in B were used to
stimulate human skin fibroblasts. After 24 hours HAS3 mRNA expression and versican V2 expression were
determined by qRT-PCR in the presence or absence of 3 pM erlotinib, EGF neutralizing antibody (EGF nAB, 0.35
pg/ml) or isotype control IgG (0.35 pg/ml). n=3-6, mean + SEM, *, p < 0.05 versus control.

Figure 8 Proliferation and macrophages in the dermis in response to E; and UVB in vivo. Immunostaining of the
papillary dermis of skin biopsies derived from 18 weeks old hairless skh-1 mice treated as described in the legend of
figure 1. A-C, proliferation; A, immunohistochemistry of Ki67 and quantitative analysis of the papillary dermis. B,
Ki67 mRNA expression. C, TPX-2 mRNA expression. D-I, inflammation; D, immunostaining of Mac2 as marker of
inflammatory macrophages. E, Mac2 mRNA expression. F, MCP1 mRNA expression. G, IL6 mRNA expression. H,
TNFa mRNA expression. I, COX2 mRNA expression as an inducible gene associated with inflammation and release
of inflammatory chemokines and cytokines. n = 3-12, mean + SEM, *, p < 0.05 versus S,P; #, p < 0.05 versus S,P
UVB; ¢, p <0.05 versus X,P; A p<0.05 versus X,P UVB.

Figure 9 UVB and E2 mediated remodeling of dermal matrix. Schematic drawing to summarize the working
hypothesis that was deduced from the presented data. After chronic UVB exposure dermal matrix undergoes
remodeling from HA-rich and versican poor matrix with low proliferative and low inflammatory activity (left) to HA-

low and versican-rich ECM characterized by low proliferative but high inflammatory activity (middle). E2 upregulates
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via paracrine release of EGF from the epidermis HAS3 and versican which cause transition into HA-rich and versican-

rich dermal matrix with higher proliferative activity and reduced inflammation. This E2 mediated matrix remodeling

partially overwrites the UVB induced degeneration of the dermal matrix possibly setting the stage for skin

regeneration due to increased proliverative activity and by inhibition of inflammatory responses.
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Table 1: Primer sequences used for quantification of gene expression

Gene Primer sequence
human CD44 f5’-GCTATTGAAAGCCTTGCAGAG-3’

r 5’-CGCAGATCGATTTGAATATAACC-3’
human COX2 f5’-TGAGTGTGGGATTTGACCG-3’

r 5’-TGTGTTTGGAGTGGGTTTCA-3’
human EGFE f5’-AGTTTTTCTGAATGGGTCAAGG-3’

r 5-TCCAATTTATTGCCATTCCAG-3’
human GAPDH f5’-GTGAAGGTCGGAGTCAACG-3’

r 5’-TGAGGTCAATGAAGGGGTC-3’
human HAS1 f5- TACAACCAGAAGTTCCTGGG -3’

r5'- CTGGAGGTGTACTTGGTAGC-3’
human HAS?2 f5"-GTGGATTATGTACAGGTTTGTGA-3’

r5'- TCCAACCATGGGATCTTCTT-3’
human HAS3v1 f5- GAGATGTCCAGATCCTCAACAA-3’

r5’- CCCACTAATACACTGCACAC-3’
human Hyall f5’-CCAAGGAATCATGTCAGGCCATCAA-3’

r 5’-CCCACTGGTCACGTTCAGG-3’
human Hyal2 f5’-GGCTTAGTGAGATGGACCTC-3’

r 5’-CCGTGTCAGGTAATCTTTGAG-3’
human RHAMM f5’-GAATATGAGAGCTCTAAGCCTG-3’

r 5’-CCATCATACTCCTCATCTTTGTC-3’

human Versican pan

f5’-AGACTGTCAGATATCCCATCC-3’
r 5’-AATCCATAAGTCCTGACTCCT-3’

human Versican V1

f5’-CGTCGAATGAGTGATTTGAG-3’
r 5’-TTTCAGCCATTAGATCATGCAC-3’

human Versican V2

f 5’-AAGACAGGACCTGATCGCT-3’
r 5’-AGTGGCTCCATTACGACAGG-3’

human Versican V3

f5’-ACGACCTGATCGCTGCAA-3"
r 5’-CAAGTGGCTCCATTACGACA-3’

human Versican Vo

f5’-ACCAGGACCTGATCGCTGCAA-3’
r 5’-GTTCATTTTGCAGCGATCAG-3’

murine CD44 f5°-CAAGTTTTGGTGGCACACAG-3’
r 5°-CTGTAGCGGCCATTTTTCTC-3’

murine COX2 f5’-CCGGACTGGATTCTATGGTG-3’
r 5°-CCTTGAAGTGGGTCAGGATG-3’

murine EGF f5’-GCCACGCTTACATTCATTCC-3’

r 5’-ATCGCCTTGCTTTTCAACAC-3’
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murine E2R a

f5’-AGCTGCTCCTCCACTTGGT-3’
1 5’-GGCGTCGATTGTCAGAATTAG-3’

murine E2R p f5°-TACGGTGTCTGGTCCTGTGA-3’
r 5>-TACACTGATTCGTGGCTGGA-3’
murine GAPDH f5’-TGGCAAAGTGGAGATTGTTGCC-3’
r 5-AAGATGGTGATGGGCTTCCCG-3’
murine HAS] f5’-TATGCTACCAAGTATACCTCG-3’
r - TCTCGGAAGTAAGATTTGGAC-3’
murine HAS? f5’-CGGTCGTCTCAAATTCATCTG-3’
r 5’-ACAATGCATCTTGTTCAGCTC-3’
murine HAS3v] f5’-GATGTCCAAATCCTCAACAAG-3’

r 5’-CCCACTAATACATTGCACAC-3’

murine Hyall

f5’-AAGTACCAAGGAATCATGCC-3’
r 5’-CTCAGGATAACTTGGATGGC-3’

murine Hyal2

f5’-GGTGGACCTTATCTCTACCAT-3’
r 5’-TATTGGCAGGTCTCCATACTT-3’

murine IL6

f5°-GATGGATGCTACCAAACTGGA-3’
r 5’-GGTACTCCAGAAGACCAGAGGA-3’

murine Ki-67

f5’-CCAGCTGTCCTCAAGACAATC-3’
r 5’-CACTGGAAGTCCTGCCTGAT-3’

murine Mac?2

f5’-TGAGAGTGGCAAACCATTCA-3’
r 5’-GTCACCACTGATCCCCAGTT-3’

murine MCP1 (CcL2)

f5’-CCCAATGAGTAGGCTGGAGA-3’
r 5’-TCTGGACCCATTCCTTCTTG-3’

murine RHAMM f 5°-GCCACTCAGAAGGACCTCAC-3’

r 5’-TGCACAGCTAATTTCTTGGATG-3’
murine TGFB1 f 5°-CTAATGGTGGACCGCAACA-3’

r 5’-ACTGCTTCCCGAATGTCTGA-3
murine TGFB2 f 5°-CGAGGAGTACTACGCCAAGG-3’

r 5’-GTAGAAAGTGGGCGGGATG-3’
murine TGFp3 f 5. TTCGACATGATCCAGGGACT-3’

r 5’-TCTCCACTGAGGACACATTGA-3’

murine TNFo

f 5’-CGAGTGACAAGCCTGTAGCC-3’
r 5’-AGCTGCTCCTCCACTTGGT-3’

murine TPX2

f5-TCCCTGGATGCTAAGAGAGC-3’
r 5’-TTTCAACAGAGGCAACATGG-3’

murine Versican pan

f5’-ACCATGTCACTGGCTGTGG-3’
r 5’-AGCGGCAAAGTTCAGAGTGT-3’

murine Versican V1

f5’-GCCTACTGCTTTAAACGTCGA-3’
r 5’-GCAAACAGATCATGCAGTGG-3’

murine Versican V2

f5’-ACAGGACCTGATCTCTGCAAAA-3’
r 5’-CCATTCCGACAAGGGTTAGA-3’

murine Versican V3

f5’-ACGACCTGATCTCTGCAA-3’
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r 5’-CCATTCCGACAAGGGTTAGA-3’
murine Versican Vo | T 3’~AAGACAGGTCGATTGAGTGATAT-3’
r 5’-GCAAACAGATCATGCAGTGG-3’
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Figure 2
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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3  Abschlussdiskussion

Inhalt der vorliegenden Dissertation war es, die Reaktion der Haut auf exogene Noxen
wie UV-Strahlung, Pharmazeutika, Kosmetika und Umweltschadstoffen, denen sie als
Grenzflachenorgan des Korpers stindig ausgesetzt ist, ndher zu charakterisieren. Dabei
lag der Fokus auf Untersuchungen zur Rolle der AhR-Signalkaskade in der Haut vor

allem in Bezug auf extrinsische Alterungsprozesse.

3.1 Die Haut als Grenzfliichenorgan

Fiir die Homoostase des Organismus ist es essentiell, dass Hautzellen auf extrinsische
Faktoren reagieren konnen (Merk et al., 2006), denn die Haut, insbesondere die
Epidermis, bildet als das grofBte der Grenzflichenorgane die &uBerste Barriere des
Korpers. Adverse Effekte von exogenen Noxen auf die Haut beinhalten Irritationen,
Sensibilisierungen, Tumorentstehung sowie vorzeitige Alterungsprozesse. Wihrend
Irritationen der Haut physikalischer Natur sind, auf den physikochemischen Eigen-
schaften der Substanzen basieren und somit nicht durch Stérungen zelluldrer Prozesse
verursacht werden, sind an der Sensibilisierung, der Tumorentstehung sowie vorzeitigen
Alterungsprozessen intrazellulare Signalprozesse beteiligt. Dass der
Fremdstoffmetabolismus der Haut eine zentrale Rolle sowohl bei der Sensibilisierung
(Ott et al., 2009; Hagvall et al., 2008) als auch bei der Hautkarzinogenese spielt, ist
lange bekannt (Shimizu et al., 2000; Ikuta et al., 2009). Ob der Metabolismus auch in
exogen induzierte Alterungsprozesse involviert ist, ist jedoch bisher nicht untersucht.
Weiterhin spielt bei der Tumorentstehung sowie bei vorzeitigen Alterungsprozessen der
Haut die zelluldre Signaltransduktion eine entscheidende Rolle. Ein fiir die Toxikologie
zentrales Molekiil, welches den Fremdstoffmetabolismus moduliert (zusammengefasst
in Ramadoss et al., 2005), an zelluldren Signalprozessen beteiligt ist (zusammengefasst
in Elferink, 2003; Marlowe und Puga, 2005; Dietrich und Kaina, 2010) und fiir welches
eine Assoziation mit der Hauttumoriginese (Shimizu et al., 2000) sowie vorzeitiger,
extrinsischer Hautalterung beschrieben ist bzw. vermutet wird (Murphy et al., 2004;

Leung und Harvey, 2002; Lahmann et al., 2001) ist der AhR. Daher werden
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in den folgenden drei Unterabschnitten dieser Dissertation insbesondere die Rolle der
AhR-Signalkaskade in der Haut diskutiert werden. Folgende Aspekte werden dabei
fokussiert: (i) der Fremdstoffmetabolismus der menschlichen Haut, (ii) die Regulation
des Fremdstoffmetabolismus in der menschlichen Haut durch den AhR und (iii) die

Rolle des AhR bei vorzeitigen Alterungsprozessen der Haut.

3.1.1 AhR-abhingiger Fremdstoffmetabolismus in der Haut

Zu den AhR-abhéngigen fremdstoffmetabolisierenden Enzymen der Phase 1, die in der
Haut identifiziert werden konnten, gehdren CYP1AI1, 1B1, 2A6, 2B6, 2E1, 3A4 und
3A5 (Du L et al., 2006; Swanson, 2004). Die meisten dieser Gene wurden bisher jedoch
nur auf transkriptioneller Ebene untersucht. In Publikation 2.1 haben wir erstmals die
Enzymaktivititen in humaner Haut, epidermalen 3D-Aquivalenten, NHEKs, NCTCs
und HaCaTs verglichen. Da der Hauptanteil des CYP-Metabolismus in der Haut im
epidermalen Kompartiment stattfindet (Swanson, 2004; Baron et al., 2001) wurden in
Publikationen 2.1 — 2.3 ausschlieBlich epidermale in vitro Modelle auf ihre
metabolische Kapazitit hin untersucht. Eine Vielzahl an Studien hat die CYP-mRNS,
Protein und / oder Aktivitét von auf Keratinozyten basierenden in vitro Modellen unter-
sucht (ausfiihrlich zusammengefasst in Oesch et al., 2007; Rolsted et al., 2008; Gibbs et
al., 2007; Svensson, 2009; Rolsted et al., 2008). Da die CYP-mRNS Expression oft
nicht mit der tatsdchlichen Enzymaktivitit korreliert (Swanson, 2004; Svensson, 2009),
wurde fiir die vorliegende Dissertation (Publikation 2.1 — 2.3) die CYP-mRNS
Expression nicht beriicksichtigt, sondern der wesentlich aussagekriftigere Endpunkt der

Enzymaktivitdt untersucht.

Interessanterweise waren die basalen Aktivititen der AhR-abhingigen Enzyme
CYP1A1, 1B1 und 1A2 in allen untersuchten in vitro Modellen unterhalb des
quantitativen Detektierminimums. Das Gleiche gilt fiir CYP2B6 und 3A, die beide iiber
den Pregnane X Receptor (PXR) (Honkakoski et al., 1998; Xie et al., 2000) und den
Constitutive Androstane Receptor (CAR) (Xu et al., 2005) reguliert werden.

Im Bezug auf die Enzymaktivitit finden sich in der Literatur widerspriichliche

Ergebnisse. Wahrend zum Beispiel eine Studie basale CYP1A1 und 1B1 Protein und
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EROD Aktivitit in humaner Epidermis nachweisen konnte (Katiyar et al., 2000), war es
anderen (Rolsted et al., 2008) und uns nicht moglich, diese Ergebnisse zu verifizieren.
Auch in 3D-Epidermis-Modellen konnte basale CYP1A1/1B1 Proteinexpression, sowie
basale EROD Aktivitdt nicht nachgewiesen werden (Harris et al., 2002; Neis et al.,
2010), was mit unseren Beobachtungen iibereinstimmt. Diese Diskrepanzen sind
moglicherweise durch Faktoren wie Lebensfiilhrung und Erndhrung zu erkldren, da
einige Inhaltsstoffe von Lebensmitteln, wie z.B. Flavonoide, bekannte Induktoren fiir
die AhR-abhidngige CYP-Expression sind (Denison und Nagy, 2003). Eine andere
Moglichkeit sind jahreszeitlich bedingte Variationen in der CYP-Expression, da diese
von der saisonal bedingten UV-Exposition abhédngig ist (zusammengefasst in Rannug
und Fritsche, 2006). Diese Faktoren konnten in der CYP-Expression epidermaler 3D-
Aquivalente eine Rolle spielen, da Keratinozyten zwar unter Standardbedingungen
kultiviert werden, aber die Lagerung des Zellkulturmediums von der Produktion bis hin
zum Endbenutzer nicht standdardisiert werden kann. Exposition von Medium gegen-
tiber Sonnenlicht fiihrt zur Entstehung von Tryptophanphotoprodukten, welche
hochaffine AhR-Liganden sind und somit die basale CYP1-Expression in der Kultur

unter ,Standardbedingungen‘ modifizieren kdnnen (Oberg et al., 2005).

Anders verhidlt es sich mit der induzierbaren CYPI-Aktivitit in der Haut.
(WATTENBERG et al., 1962) konnten nach 3-MC Behandlung induzierte AHH-
Aktivitit in der Haut von Ratten nachweisen. Ahnliche Befunde wurden auch fiir die
menschliche Haut berichtet (Levin ef al., 1972; Alvares et al., 1973). Die in Publikation
2.1 identifizierte induzierbare EROD und MROD Aktivititen durch das PAK 3-MC in
3D-Hautdquivalenten stimmt mit der Arbeit von Harris ef al. iiberein, die ebenfalls

funktionelles CYP Protein nachweisen konnte (Harris ez al., 2002).

Monolayer-Keratinozytenkulturen unterscheiden sich deutlich von den komplexeren
3D-Epidermis-Aquivalenten (EPI-200). Sowohl primire humane Keratinozyten
(NHEKS), als auch die immortalisierte Keratinozytenzelllinie NCTC 2544 zeigten basal
sehr geringe CYP1A/1B-Aktivititen, in HaCaT-Zellen konnte keine basale Aktivitit
detektiert werden. Des Weiteren wurde CYP1A/1B in allen Monolayer-Modellen durch
den AhR-Liganden 3-MC induziert, in 3D-Modellen auch durch B(a)P, wobei NHEKSs

die niedrigsten Induktionsraten aufwiesen.
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In allen Monolayer-Keratinozytenkulturen nahm die CYP1A/1B-Induktion ab, nachdem
das Maximum der Induktion erreicht war. Da es sich dabei nicht um einen
zytotoxischen Effekt von 3-MC handelte (gemessen durch LDH im Uberstand), liegt
der Grund wahrscheinlich in dem Phédnomen der Substratinhibierung, was bereits in
fritheren Studien fiir Resorufin-basierte CYP-Substrate wie EROD aufgezeigt wurde
(Lin et al, 2001). Dieser Effekt war allerdings nicht in den 3D-Modellen zu
beobachten. Dieses konnte auf einer unterschiedlichen Verteilung der Induktoren inner-
halb der 3D-Modelle zuriickzufiihren sein, da in Monolayer-Kulturen alle Zellen durch
das Medium exponiert werden. Des Weiteren ist das Verhéltnis von Zellzahl zu Ober-
flaiche in 3D-Modellen wesentlich héher. Diese Daten lassen vermuten, dass EPI-200-
Modelle wegen ihrer 3D-Struktur eine brauchbare Alternative filir die Untersuchung von

CYP1A/1B-Induktion in der Haut sind.

Ein ganz anderes Bild ergibt sich bei der Untersuchung eines anderen AhR-abhéngigen
Phase 1 Enzyms: der Cyclooxygenase (COX). Von COX wird vermutet, dass es eine
Hauptrolle in der Aktivierung von Chemikalien spielt, da wihrend der COX
katalysierten Peroxidase-Reaktion eine Vielzahl von elektrophilen Substanzen
kooxidiert werden. Dieser Prozess ist besonders bedeutsam fiir Genotoxine und
Allergene (Vogel et al., 2000). COX-Enzymaktivititen wurden in gut detektierbaren
Mengen in allen getesteten Modellen reproduzierbar iiber verschiedene Donoren und
Inkubationszeiten gemessen. Ein groBer Unterschied zeigte sich jedoch zwischen
immortalisierten und nicht-immortalisierten Zellsystemen: Die PGE; Produktion war in
immortalisierten Zelllinien (HaCaT, NCTC) geringer als in priméren Zellen (NHEK)
oder ex vivo Haut. Dabei glichen die PGE,-Produktionen von EPI-200 und HaCaTs
denen, die von anderen Gruppen gefunden wurden (Natsch und Wasescha, 2007,
Moeller et al., 2008). Eine mogliche Erklarung fiir diese Unterschiede konnte im
Verlust der =zelluliren PGE,-Produktion wahrend des zelluldren Prozesses der
Immortalisierung zu finden sein. Diese Hypothese wird von der Beobachtung bestétigt,
dass die COX-2 Expression in Mammakarzinom-Zelllinien im Vergleich zu normalen
epithelialen Brustzellen (hMEC) geringer ist und dass die Immortalisierung von hMEC
zu einem dramatischen Riickgang in der COX-2 Expression fiihrt, wobei der zugrunde
liegende Mechanismus bisher nicht aufgeklért ist (Zhao et al., 2008). Kiirzlich konnte
die AG Fritsche zeigen, dass AhR-Aktivierung COX-2 Induktion in Maushaut und
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HaCaT Zellen induziert (Fritsche et al., 2007). In Publikation 2.1 wurde die PGE,-
Formation durch den AhR-Liganden 3-MC in HaCaTs, NHEKs und EPI-200-Modellen
induziert. Dennoch war die Induktion lediglich in EPI-200-Modellen statistisch
signifikant. Diese Daten zeigen, dass fiir die Studie der Oxidation von elektrophilen
Substanzen in vitro Modelle auf der Basis von primiren Zellen die Methode der Wahl
sind und dass EPI-200-Modelle am geeignetsten flir Experimente zur COX-Induktion
sind. Zusammenfassend sind die basalen CYP-Aktivititen im Vergleich zu den
substantiellen COX-Aktivititen in rekonstruierter Epidermis und humanen
Hautmikrosomen in allen untersuchten Modellen sehr gering, lassen sich jedoch deut-

lich induzieren.

Zu den AhR-abhingigen fremdstoffmetabolisierenden Enzymen der Phase 2 gehéren
die UGT1A6 (Bock et al., 1998) und die GSTA1 (Rushmore et al., 1990), aber auch die
N-Acetyltransferase (NAT) ist in der Haut sehr aktiv und wurde im Rahmen der Publi-
kation 2.2 untersucht. Humane epidermale Keratinozyten exprimieren signifikante
GST-Aktivitdt gegeniiber dem universellen Substrat 1-Chor-2,4-dinitrobenzen (CDNB)
(Zhang et al., 2002) und auch im Zytosol menschlicher Haut konnte GST-Aktivitét
nachgewiesen werden (Raza et al., 1991). Wir haben GST-Aktivitdten in zytosolischen
Proteinen von menschlicher Haut (Epidermis und Dermis) und EPI-200-Modellen ge-
messen, wobei letztere etwa dreifach hohere GST-Aktivititen aufwiesen (Publikation
2.2). Auch Harris et al. fanden hohere GST-Aktivititen, allerdings in abgeschabten Epi-
dermen (ohne Dermis) als in 3D-Epidermismodellen (Harris et al., 2002). Daraus
schlussfolgern wir, dass die basale zytosolische GST-Aktivitdit in EPI-200
Keratinozyten konstitutiv héher zu sein scheint als in humaner ex vivo Haut. Dabei kann
nicht ausgeschlossen werden, dass interindividuelle Unterschiede der Donoren fiir die
unterschiedlichen Aktivitdten verantwortlich sind. Um dieses zu ermitteln, miisste die n-
Zahl der Keratinozytenspender fiir die Epidermismodelle erhoht werden. Auch
Genexpressionsanalysen unterstiitzen diese Hypothese, da die Expressionen von
GSTA4 und P1 in EPI-200-Modellen von zwei verschieden Donoren im Vergleich zu
Vollhautbiopsien aus GesdBhaut 2-3 mal hoher waren (Hu et al., 2010). GST-P wurde
dabei als die dominante GST-Isoform in der Epidermis beschrieben (Raza ef al., 1991).

Da die Firma MatTek nur EPI-200-Modelle von zwei verschiedenen Spendern zum
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Verkauf anbietet, sind die Publikationen, die EPI-200 Modelle verwendet haben, alle

von den gleichen Spendern.

Die basalen CDNB-Konjugierungsraten (Publikation 2.2) reproduzieren die bisherige
Literatur (Zhang et al., 2002; Hirel et al., 1995). GST-Aktivititen in Keratinozyten
waren jedoch in allen intakten Monolayerzellen bis zu zweifach hoher als in EPI-200-
Modellen, der Unterschied zwischen EPI-200 und NHEK-Zellen war statistisch
signifikant. Dabei bleibt jedoch zu beachten, dass die Aktivitdten aus intakten Zellen
auf das zellulire Gesamtprotein abgeglichen wurden, wahrend die Aktivititen in
humaner Haut nur auf das zytosolische Protein bezogen wurden. Diese Tatsache erklart
wahrscheinlich die geringfiigigen Unterschiede in den mittleren GST-Aktivititen
zwischen den verschiedenen Systemen. Entgegen der Erwartung lieB sich die GST-
Aktivitdit weder in Monolayer-Keratinozytenkulturen, noch in epidermalen 3D-
Aquivalenten durch den AhR-Liganden 3-MC induzieren. Dieser Befund deckt sich mit
einer bereits 2001 veroffentlichten Studie, in der die basale GST-Aktivitit in NCTC
2544-Zellen durch 3-MC ebenfalls nicht induzierbar war (Gelardi ef al., 2001). Dies
konnte durch die bereits hohe basale GST-Aktivitét erklart werden.

Humane Haut und alternative in vitro Modelle (Publikation 2.2) besitzen GST-
Aktivitidten im geringen nanomolaren Bereich (20 — 60 ng/min/mg), was im Vergleich
zur Leber, dem wichtigsten Organ fiir Fremdstoffmetabolismus und Detoxifikation des
Korpers, welches etwa 3 ng/min/mg GST-Aktivitdt aufweist (Pacifici et al., 1988)
relativ hoch ist. Dabei wurde die GST von allen untersuchten Enzymen als das Phase 2
Enzym in der Haut mit den hochsten Konjugationsraten identifiziert. Aus diesem Grund
reprisentierten alle getesteten in vitro Modelle den GST-Metabolismus von ex vivo
humaner Haut gut. Da GSTs auch eine wichtige Rolle im Metabolismus des
genotoxischen AhR-Liganden B(a)P spielen, wurde in Publikation 2.3 weiterhin unter-
sucht, ob EPI-200-Modelle in der Lage sind, B(a)P zu metabolisieren. Die dominante
GST-Isoform in der Haut, GST-P (Zhang et al., 2002) ist fast ausschlieBlich fiir die
Detoxifikation des ultimativen B(a)P-Metaboliten 7,8-Dihydrodiol-9,10-Epoxids ver-
antwortlich. In unserem Versuchsaufbau induzierte B(a)P die GST-Aktivitdt in EPI-
200-Modellen, allerdings konnte die statistische Signifikanz nicht berechnet werden, da
nur Werte aus Duplikaten vorlagen. Dennoch kann aus diesen Befunden der Schluss

gezogen werden, dass EPI-200-Modelle geniigend metabolische Kapazitit besitzen, um
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B(a)P zu metabolisieren und Substanzen auf ihr genotoxisches Potential zu testen, ohne
dass eine weitere externe Zugabe von Enzymen, wie z.B. dem S9-Mix, erforderlich ist.
Dabei sind die metabolischen Raten der EPI-200-Modelle mit denen der humanen Haut

vergleichbar.

Ein weiteres in Publikation 2.2 untersuchtes AhR-abhingiges Phase 2 Enzym ist die
UGT. Es gibt in der Literatur nur wenige Indizien fiir UGT-Aktivitit in der Haut. Aller-
dings zeigen die Berichte iiber Indolylessigsdure-Glucuronide und die Bildung von
Triclosan-Glucuroniden, dass UGT-Aktivitdit in der Haut vorhanden sein muss
(Ademola et al., 1993; Moss et al., 2000). Unsere Daten aus Publikation 2.2
untermauern diese Befunde, indem wir UGT-Aktivitdt in der mikrosomalen Fraktion
humaner ex vivo Haut identifizieren konnten. Die UGT-Aktivititen von EPI-200-
Mikrosomen waren vergleichbar mit denen aus Haut-Prdparationen, was darauf hin-
deutet, dass sie die menschliche Haut in dieser Hinsicht gut widerspiegeln.
Erstaunlicherweise betrug die Fahigkeit der menschlichen Haut, Fremdstoffe zu
glucuronidieren, sogar ca. 50 % der UGT-Rate von humanen Lebermikrosomen. Basale
UGT-Aktivititen in HaCaT-, NCTC- und NHEK-Monolayer-Zellkulturen befanden
sich im Bereich der EPI-200 Mikrosomen. Sowohl in vitro Keratinozyten als
Monolayer-Kulturen, als auch epidermale 3D-Aquivalente reprisentieren also die UGT-

Aktivitdt von humaner ex vivo Haut sehr gut.

In friiheren Publikationen wurde die Induzierbarkeit von UGT mRNS durch den AhR-
Liganden 3-MC in der Haut und in Hautzellen von verschiedenen Spezies gezeigt
(ausfiihrlich zusammengefasst in Oesch et al, 2007). In denen zu Publikation 2.2
durchgefiihrten Experimenten konnten wir jedoch in keinem der untersuchten Modelle
eine UGT-Induktion nach 3-MC feststellen. Diese Diskrepanz konnte daran liegen, dass
bisher mRNS Analysen durchgefiihrt wurden, wir jedoch Enzymaktivitit gemessen
haben. Fiir CYP1ALl ist bekannt, dass diese beiden Endpunkte nicht immer gut
korrelieren (Swanson, 2004; Svensson, 2009), das konnte auch hier eine Erkldrung

bieten.

Obwohl kein AhR-abhéngiges Phase 2 Enzym, haben wir auch die NAT in Publikation
2.2 untersucht. Unsere Analysen bestitigen frithere Studien, die fanden, dass NAT in ex

vivo Haut basal exprimiert wird (Kawakubo ef al., 1990; Kawakubo ef al., 2000). Des
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Weiteren konnten wir auch in allen untersuchten in vitro Modellen NAT-Aktivitdten im
unteren nanomolaren Bereich messen und belegen damit, dass im Bezug auf dieses
Phase 2 Enzym auch Monolayer-Zellkulturen den Metabolismus der menschlichen Haut

gut nachstellen.

3.1.2 Rolle des AhRR in der fehlenden Induzierbarkeit von priméiren
Fibroblasten

Seit einem Jahrzehnt besteht bereits das Dogma, dass der AhRR den AhR-abhingigen
Fremdstoffmetabolismus in einigen Zelltypen, darunter Fibroblasten, reprimiert
(zusammengefasst in Haarmann-Stemmann and Abel, 2006; Hahn et al., 2009). Da
diese Annahme hauptsdchlich auf Untersuchungen auf transkriptioneller Ebene basiert,
haben wir in Publikation 2.4 dieses Dogma in priméren adulten normalen humanen
dermalen Fibroblasten (NHDF) von 25 verschiedenen weiblichen Donoren iiberpriift.
Diese Neubetrachtung der AhRR-Hypothese offenbarte, dass zumindest in NHDF der
AhRR nicht fiir die AhR-abhéngige CYP-Aktivitidt verantwortlich ist. Dennoch sind
unsere Daten in Einklang mit der aktuellen Literatur, sie erweitern die bisherige Daten-
lage lediglich um die Erkenntnisse aus Untersuchungen an 25 adulten humanen
Spendern, sowie die Analyse des funktionellen Endpunktes der CYP-Aktivitit, die
bisher im Bezug auf den AhRR noch nicht untersucht wurde. Unsere Ergebnisse zeigen
zum einen, dass die Genexpression der drei wichtigsten Komponenten des AhR-
Signalwegs, AhR, ARNT und AhRR, in NHDFs aller getesteter Individuen jeweils etwa
in der gleichen Grofenordnung liegt, wobei starke interindividuelle Unterschiede auf-
traten. Im Gegensatz zu Befunden aus der Literatur, die in humanen Fibroblasten etwa
zehnmal mehr AhRR identifizieren konnten als in Keratinozyten (Akintobi et al., 2007),
zeigen unsere Daten aber auch, dass der AhRR in NHDFs, AhRR-profizienten Maus-
fibroblasten (MEF"") und NHEKSs in der gleichen niedrigen GréBenordnung exprimiert
wird. Diese Diskrepanz riihrt wahrscheinlich von interindividuellen Unterschieden her,
zumal aus der Literatur nicht hervorgeht, ob die Studie an einem oder mehreren
Individuen durchgefiihrt wurde, oder welches Geschlecht die Zelldonoren hatten. Des
Weiteren, in Ubereinstimmung mit den Arbeiten von Hosoya (Hosoya et al., 2008), die

25-fach induzierte CYP1A1 Induktion nach B(a)P- Behandlung in murinen
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Hautfibroblasten gefunden haben, war die CYP1A1-Expression in NHDF durch B(a)P
in unserer Studie bis zu achtfach induziert. Die marginalen Unterschiede in der Gréfen-
ordnung der Induktion lassen sich auf verschiedene Weisen erkliaren: Zum einen wurden
unterschiedliche B(a)P-Konzentrationen verwendet (Hosaya: 1 puM, Publikation 2.4:
250 nM), zum anderen unterschiedliche Inkubationszeiten (24 vs. 48 Std.). Des
Weiteren konnen wir nicht ausschlieBen, dass die Spezies (Maus vs. Mensch) und das
Alter der Fibroblasten eine Rolle spielen, denn in der Studie von Hosaya wurde Haut
von neugeborenen Méusen verwendet, wéhrend es sich bei unseren Zellen um adulte
Donoren von 20-60 Jahren handelte. Zudem kénnen Unterschiede schon alleine aus der
Hautregion resultieren, aus der die Zellen isoliert wurden (Chang et al., 2002). Im
Gegensatz dazu gibt es eine weitere Studie (Gradin et al., 1993), die in Fibroblasten
keine CYP1A1-Induktion nach Belastung mit dem AhR-Liganden 2,3,7,8-Tetrachloro-
dibenzofuran (TCDF) beobachten konnten. Dies ist jedoch wahrscheinlich auf die
Methode der Detektion zuriickzufiihren. In der 1993er Studie wurde die Methode des
Northern Blot verwendet, wihrend wir in dieser Publikation die wesentlich sensitivere
Methodik der quantitativen real-time RT-PCR angewandt haben. Um die Rolle des
AhRR bei der CYP1AI1-Induktion in Fibroblasten ndher zu charakterisieren, wurden
AhRR-profiziente (MEF"") und AhRR-defiziente (MEF™") Mausfibroblasten (MEFs) in
die Studie miteinbezogen. Die beobachteten CYP1A1-Induktionen in MEFs™ sind im
Einklang mit der Literatur (Hosoya et al., 2008), wobei auch hier Unterschiede in der
GroBenordnung durch verschiedene Induktoren (B(a)P vs. 3-MC), sowie Inkubations-
zeit oder Zelltyp zustande gekommen sein konnten. Unsere Analysen offenbarten, dass,
trotz signifikanter CYP1A1-Geninduktion in MEFs”™ um das etwa 3000-fache, die
tatsichlichen Transkripte/10* Kopien p-Actin duBerst gering waren, namlich NHDEF:
0,01/ 104, MEF™": 0,015/ 10* B-Actin. Da bisher in der Literatur die Kopienzahlen des
AhRR nicht beschrieben wurden, konnen wir diese Ergebnisse nicht mit Daten aus
anderen Studien vergleichen. Uberraschenderweise exprimieren primire Keratinozyten
den AhRR in dhnlich niedrigen Quantititen (0,06 Kopien / 10* B-Actin). Um die
funktionelle Relevanz des niedrig exprimierten AhRR auf die Aktivierung des AhR-
Signalwegs zu untersuchen, wurden in Publikation 2.4 sowohl die basalen, als auch die
induzierten CYP1Al-Expressionen mit der entsprechenden AhRR-Expression

korrelieren. Die Korrelationskoeffizienten von 0,02 und 0,008 lassen keinen Zusam-
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menhang vermuten. Diese Erkenntnis wird durch Literaturdaten bestétigt, in denen —
ebenfalls im Widerspruch zu landldufigen AhRR Hypothese - in neun verschiedenen
Tumorzelllinien ebenfalls keine Korrelation der AhRR Expression mit der CYP1AI-
Induzierbarkeit verzeichnet werden konnte (Tsuchiya et al., 2003). Diese Daten deuten
darauf hin, dass der AhRR im physiologischen Gleichgewicht der Zelle nicht an der
Aktivierbarkeit des AhR-Signalwegs beteiligt zu sein scheint. Eine Annahme, die durch
unsere funktionellen Daten bestitigt wird, denn des Weiteren haben wir die CYP1-
Enzymaktivitit mittels EROD-Assay in NHDFs, MEFs”" und MEFs™ ermittelt, wobei
uns die gut induzierbare Keratinozytenzelllinie NCTC 2455 als Positivkontrolle diente.
Diese Analysen machen deutlich, dass die Kopienzahlen von CYP1A1 (bis zu 10
Kopien hCYP1A1/10" pB-Actin) in NHDFs keine messbare EROD-Aktivitit iiber dem
limit of quantification (LOQ) ergibt. Das Gleiche gilt fiir MEFs™", wiihrend MEFs” mit
1 pmol / min / mg Ethoxyresorufin bei bis zu 1 pg AhR-Ligand Aktivititen erreichen,
die marginal iiber dem LOQ liegen. Besonders im Vergleich zu der als Positivkontrolle
mitgefiihrten Keratinozytenzellinie NCTC 2455, die bei 100-200 pmol /min /mg
Ethoxyresorufin liegen, ist diese Aktivitit als sehr gering und unserer Meinung nach als

nicht von physiologischer Relevanz einzuschitzen.

In vorhergehenden Arbeiten konnte ein Zusammenhang der AhRR-Funktion mit HDAC
Aktivitét identifiziert werden (Haarmann-Stemmann et al., 2007; Oshima et al., 2007).
Aus diesem Grund behandelten wir verschiedene NHDF-Individuen mit dem HDAC-
Inhibitor TSA sowie in Kobelastung mit B(a)P. Wir konnten die bisherige Datenlage
reproduzieren und beobachteten eine starke Induktion von CYP1A1-mRNS nach TSA-
Exposition, die in unserer Studie mit einem Riickgang der AhRR-mRNS-Expression
einherging. Weitere funktionelle Analysen mittels EROD-Assay zeigten jedoch, dass
der Substratumsatz auch hier nicht {iber den Level des LOQ hinausging und daher nicht

in physiologisch relevante CYP1-Aktivitdt umgesetzt wurde.

Zusammengefasst konnten wir in unserer Studie zur Neuevaluierung der ,,AhRR-
Hypothese* die bisherige Literatur reproduzieren, da wir zeigen konnten, dass der
AhRR in NHDFs exprimiert wird, die CYP1A1-Expression auf mRNS-Ebene in diesen
Zellen iiber AhR-Liganden induzierbar ist und dass HDAC-Inhibition in einer
verringerten AhRR- und induzierter CYP1A 1-Expression resultiert. Wir konnten jedoch

auch zeigen, dass die interindividuellen Unterschiede in der CYP1A1-Induktion sehr
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grof} sind und dass die Geninduktion auf sehr geringem CYP1Al-Expressionsniveau
nicht in physiologisch relevante CYP1-Enzymaktivitit umgesetzt wird. Demnach
stimmen wir zu, dass CYP-Aktivitdt in priméren humanen Fibroblasten reprimiert ist,
unsere Daten geben jedoch starke Anhaltspunkte, dass dieses Phdnomen nicht auf die
reprimierende Wirkung des AhRR, sondern auf einen bisher noch nicht identifizierten

anderen Faktor zuriickzufiihren ist.

In der Praxis ist dieser Befund nicht nur von Relevanz fiir umweltinduzierte
Hauterkrankungen, sondern auch fiir die therapeutische Intervention, da AhR-
modifizierende Substanzen bereits sowohl als Sonnenschutz, als auch als Therapeutika
im Einsatz sind. So enthdlt zum Beispiel der in der klassischen Psoriasis eingesetzte
Teer eine Anzahl verschiedener AhR-Agonisten (Goeckerman W, 1931) und erst
kiirzlich konnte das Fungizid Kentoconazol als AhR-Induktor identifiziert werden
(Tsuji et al., 2011). Um die Effekte und Nebenwirkungen solcher Substanzen auf ver-
schiedene Hautzellen auf molekularer Ebene zu verstehen, ist das Wissen iiber die

Regulation des AhR-Signalwegs essenziell, wozu diese Arbeit beitrdgt.

3.1.3 Rolle des AhR in der durch MMP-1 mediierten extrinsischen Hautalterung

Zwei Umweltnoxen, die zur beschleunigten Hautalterung beim Menschen fiihren, sind
gut beschrieben: die Exposition gegeniiber UV-Strahlung (Lichtalterung; Gilchrest BA
und Krutmann J, 2006; Berneburg et al., 2000; Fisher und Voorhees, 1998) und die
Exposition gegeniiber PAK-enthaltendem Zigarettenrauch (Morita, 2007; Frances,
1998). Es gibt einen molekularen Signalweg, der sowohl durch UV-Strahlung
(zusammengefasst in Rannug und Fritsche, 2006), als auch durch PAKs (Denison und
Nagy, 2003) aktiviert wird: die AhR-Signalkaskade. Ob die Aktivierung des AhR durch
UVB und PAK tatsidchlich zu beschleunigter Alterung fiihrt, wurde vor den in Publika-
tion 2.5 durchgefiihrten Studien noch nicht untersucht. Darin zeigen wir erstmals, dass
der AhR {iber die Induktion von MMP-1 in primédren humanen Keratinozyten in vitro,
sowie in Maus- und humaner Haut in vivo zu extrinsischen Hautalterungsprozessen bei-

tragt. Mit dieser Publikation stellen wir die Hypothese auf, dass der AhR als Sensor fiir
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Umweltnoxen dient, die in der extrinsischen Hautalterung eine Rolle spielen. Diese
Funktion muss nicht auf die in dieser Studie untersuchten Parameter UVB-Bestrahlung
oder Belastung mit PAKs beschriankt sein, sondern kdnnte auch atmosphérisches Ozon
miteinbeziehen, obwohl die Relevanz von Ozonbelastung fiir die Alterung der Haut

noch bestétigt werden muss (Afaq und Mukhtar, 2001).

Bislang schien der Mechanismus der MMP-1 Aktivierung durch UV-Strahlung bereits
gut charakterisiert zu sein. Zum einen fiihrt UV-Bestrahlung in der Haut zu DNS-
Schéden, die zur Freisetzung von MMP-1 beitragen (Dong et al., 2008). Zum anderen
wurden Reaktive-Sauerstoff-Spezies (ROS) als Hauptursache fiir Schiadigungen der
Dermis nach UV-Bestrahlung identifiziert. Diese ROS induzieren die
Signaltransduktion der Mitogen-aktivierten-Protein-Kinase =~ (MAPK), welches
letztendlich in der Induktion des Transkriptionsfaktors AP-1 resultiert (Fisher und
Voorhees, 1998; Rittie und Fisher, 2002). AP-1 aktiviert dann direkt entsprechende
Elemente in der MMP-1 Promoterregion uns fiihrt somit zur Induktion des Gens

(Vincenti et al., 1996).

Mit Publikation 2.5 ergidnzen wir diese bisherigen Erkenntnisse, indem wir zeigen, dass
die MMP-1-Induktion durch UVB in primiren Keratinozyten vom zytoplasmatischen
AhR abhéngig ist. Zwei Beobachtungen unterstiitzen diese Schlussfolgerung: Zum
einen ist die Induktion von MMP-1 in NHEKS in vitro und in humaner Haut in vivo
durch AhR-Antagonisten hemmbar und zum anderen ist MMP-13 in der Haut von AhR-
defizienten Méusen in vivo durch UVB-Bestrahlung nicht induzierbar. Der fiir diese
Effekte verantwortliche Mechanismus ist die Bildung von Tryptophanphotoprodukten,
wie z.B. FICZ, welches in NHEKs zu dhnlicher MMP-1-Aufregulierung fiihrt wie UVB
(unpublizierte Daten). Die Beteiligung des AhR an der MMP-1-Induktion konnte
auBerdem durch Applikation des spezifischen AhR-Liganden B(a)P bestitigt werden.
Schon 2004 wurde eine mogliche Beteiligung des AhR an der MMP-1-Induktion be-
schriecben (Murphy et al., 2004). In dieser Studie wurde allerdings der nicht-
matabolisierbare und daher persistente AhR-Ligand TCDD untersucht. Abgesehen von
der CYP1Al-Induktion durch TCDD unterscheiden sich die Effekte dieses Liganden
stark von physiologisch relevanteren, kurzlebigeren AhR-Liganden, was auf eine unter-
schiedliche Kinetik und die fehlende Metabolisierung von TCDD zuriickzufiihren ist
(Matikainen et al., 2001; Gassmann ef al., 2010; Laub et al., 2010). Wir zeigen in
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Publikation 2.5 zudem erstmals, dass die AhR-abhingige MMP-1-Induktion durch UVB
oder B(a)P durch die src-EGFR-MEK-Signalkaskade mediiert wird. Demnach erfolgt
die MMP-1-Induktion nicht durch nukleédre Translokation des AhR, Dimerisierung mit
ARNT und Bindung an ein XRE im MMP-1-Promoter, wie es fiir klassische AhR-Ziel-
gene wie CYP1AL1 beschrieben wurde, sondern folgt dem von uns bereits fiir COX-2
beschriebenen Weg, an dem die MAPK-Signalkaskade ebenfalls beteiligt ist. Direkte
Anbhaltspunkte aus der Literatur unterstiitzen diese Befunde. So ist gut beschrieben, dass
kleine Molekiile mit bestimmten strukturellen Charakteristika die Aktivierung des AhR
kompetitiv inhibieren (Henry et al., 1999). Das Soja-Isoflavon Genistein ist eines dieser
Molekiile. Es reduziert die UVB-induzierte c-fos- und c-jun-Genexpression in der
Maushaut (Wang et al., 1998), die UV-induzierte AP-1-DNS-Bindung in einer humanen
Keratinozytenzelllinie (Maziere et al., 2000) und kann vor durch UV-Bestrahlung
verursachter Hautalterung in Médusen und Menschen schiitzen (Wei ef al., 2003; Kang ef
al., 2003). Ein weiteres Beispiel fiir eine solche Substanz ist Luteolin, ein Flavon aus
Sellerie und griiner Paprika, das die B(a)P-abhdngige AhR-Aktivierung inhibieren kann
(Zhang et al., 2003; Bothe et al., 2010). Zusitzlich inhibiert es in humanen Haut-
fibroblasten die MMP-1-Expression (Kim et al., 2004) und Aktivitéit (Sim et al., 2007).
Des Weiteren ist das Flavonol Quercitin zu nennen, welches in Zwiebeln, Apfeln,
Broccoli und griinen Bohnen vorkommt und die B(a)P-abhingige AhR-Aktivierung
antagonisieren kann (Zhang et al., 2003). Quercitin inhibiert aulerdem die TPA-indu-
zierte MMP-1-Expression in humanen dermalen Fibroblasten durch Interaktion mit der
MAP-Kinase ERK1/2 (Lim and Kim, 2007), welche {iber UV-Bestrahlung (Bode and
Dong, 2003) zumindest in Keratinozyten iiber den AhR-Signalweg aktiviert werden
kann (Fritsche et al., 2007). Unsere Befunde aus Publikation 2.5, dass AhR-Aktivierung
an der UVB-induzierten MMP-1-Induktion beteiligt ist, liefern eine gemeinsame
mechanistische Erklarung fiir die adversen Effekte, die durch diese Noxen vermittelt
werden. Sie zeigen aber auch die Moglichkeit auf, dass bereits bekannte oder neu zu
synthetisierende Molekiile, die mit der AhR-Signalkaskade interagieren, fiir den Schutz
der Haut gegeniiber UV-induzierter Alterung niitzlich sein kdnnten und bieten damit
einen wichtigen Ansatzpunkt fiir kiinftige praventivmedizinische Maflnahmen zum UV-
Schutz. Ein Beispiel dafiir sind die Griinteecatechine Epigallocatechin (EGC) und Epi-
gallocatechin Gallat (EGCG). Diese beiden Molekiile sind in der Lage die UVB-
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abhingige AhR-Funktion zu hemmen, indem sie an Hsp90, ein Chaperon des AhR,
binden und somit die transkriptionelle Aktivitdit des AhR verhindern (Palermo et al.,
2005). Supplementierung mit Polyphenolen aus dem griinen Tee verbessern den
Zustand der menschlichen Haut nach sechs bis zwolf Monaten (Janjua et al., 2009) und
EGCQG inhibiert die Destruktion und Kollagenase-Induktion nach UVB-Bestrahlung in
Fibroblasten (Bae et al., 2008). Bislang wurden diese positiven Effekte auf die
Hauthomdostase vor allem den antioxidativen Eigenschaften der Flavonoide zuge-
schrieben, die Inhibierung der AhR-Signalkaskade konnte jedoch in diesem

Zusammenhang ebenfalls eine Rolle spielen.

Zusammenfassend konnte in dieser Dissertation mit Publikation 2.5 erstmals gezeigt
werden, dass der AhR als zytoplasmatischer molekularer Sensor dient, der iiber die
EGFR-MAPK-Signalkaskade die Induktion von MMP-1 in der Haut als Antwort auf

diverse Umwelteinflisse wie UVB und PAKs mediiert.

In diesem Zusammenhang konnte die Antagonisierung des AhR nicht nur vor Licht-
und Zigarettenrauch-induzierter Hautalterung schiitzen, sondern auch vor der erst
kiirzlich beschriebenen alternspromovierenden Aktivitdit von Feinstduben, die in
Abgasen von Autos enthalten sind (Vierkotter et al., 2010) und auf ihrer Oberfldche
oftmals mit PAKs iiberzogen sind (Park und Kim, 2005; Vallius et al., 2005). Uber
Inhalation aufgenommene Partikel erreichen die meisten Organe des Korper (Kreyling
et al., 2009) und erst 2010 konnte nachgewiesen werden, dass inhalierte Partikel von
Dieselabgasen den AhR-Signalweg nicht nur in der Rattenlunge, sondern auch in extra-
pulmonalen Organen aktivieren konnen (van Berlo D. et al., 2010). Aus diesen
Beobachtungen lésst sich die Hypothese ableiten, dass diese PAK-iiberzogenen Partikel
auch zur Alterung anderer Organe wie z.B. dem kardiovaskuldren System beitragen
konnten (Schikowski et al., 2007). Ob der in dieser Dissertation (Publikation 2.5) neu
identifizierte Alterns-Signalweg iiber den AhR auch eine funktionelle Relevanz fiir das
Altern anderer Organe als der Haut hat, bleibt in kiinftigen Studien nédher zu

untersuchen.
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3.2 Der protektive Effekt von Ostrogen auf die Hauthoméostase

Der  Zusammenhang  zwischen  Stérungen des  Hormonhaushaltes und
Alterungsprozessen wird besonders bei Frauen in der Menopause offensichtlich.
Ahnlich wie bei dermalen Veridnderungen der extrinsischen Hautalterung durch UV-
Strahlung gehen die postmenopausalen Hautverdnderungen mit Faltenbildung und Re-
duzierung der Hautdicke einher und deuten auf eine Stérung der ECM-Homdostase hin.
Schon lange ist bekannt, dass Ostrogen (E,) sowohl die Hautdicke und den Feuchtig-
keitsgehalt der Haut erhoht, als auch die Faltenbildung vermindert (Sator et al., 2001;
Sator et al., 2007). Diese positiven Effekte des Ostrogens werden vor allem durch den
Schutz vor Verlust des Typ I Kollagens und der Neusynthese von Kollagen vermittelt
(Castelo-Branco et al., 1992). Dazu kommt, dass Ostrogene den Gehalt an dermalen
Glycosaminglykanen erhohen, welche ihrerseits einen positiven Effekt auf Hautdicke
und -Feuchtigkeit haben (Grosman et al., 1971; Uzuka et al., 1981; Bentley et al.,
1986). Ein weiteres Puzzelteil bei den postmenopausalen Alterungsprozessen der Haut
scheint der Verlust von Hyaluronsiure (HA) zu sein. In minnlichen Miusen erhohte der
Einsatz von Ostrogen den HA-Gehalt der Haut (Sobel and Cohen, 1970). Zusitzlich
konnten Experimente an ovarioektomierten (OVX) Ratten zeigen, dass ein kausaler
Zusammenhang zwischen Ostrogen, dem Phiinotyp der Hautalterung und UVB-
Bestrahlung besteht (Tsukahara et al., 2001). Diese Tiere entwickelten typische
Symptome der Hautalterung, die durch UVB-Bestrahlung noch beschleunigt werden,
was auf eine mdgliche antagonistische Wirkung von Ostrogen auf die Destruktion der
Hauthomdostase hinweist. Dennoch fehlten bislang systematische Tierstudien, die den
regulatorischen Effekt von Ostrogen auf die dermale HA, HA-Synthase (HAS)-
Isoformen, HA-Rezeptoren und Hyaluronidasen in weiblichen Méusen untersuchen und
wichtiger noch die zugrunde liegenden molekularen Mechanismen aufkldren. So ist bis
heute nichts dariiber bekannt, auf welche Weise E, den Gehalt und die Funktion von
HA und dem Proteoglykan Versikan in der Haut reguliert. Daher war das zugrunde lie-
gende Ziel von Publikation 2.6 die Verdnderungen von HA, HAS-Isoformen,
Hyaluronidasen, HA-Rezeptoren und des HA-bindenden Proteoglykans Versikan im

Kontext der Lichtalterung und der E,-Antwort zu untersuchen.

Die Publikation zeigt deutlich, dass der Verlust von endogenem E; in haarlosen SKH-1

Mausen zu einem Verlust der dermalen HA fiihrt und dass das Fehlen von E, den Effekt
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nach UVB-Bestrahlung noch verstirkt. Der Gehalt an Versikan hingegen wurde
wihrend der Lichtalterung erhéht, ein Effekt, der durch Ostrogenbehandlung noch ver-
starkt wurde. Die Daten aus Publikation 2.6 zeigen, dass das molekulare Zielmolekiil,
welches die E,-Antwort mediiert, in bestrahlter und unbestrahlter Haut ein anderes ist.
In bestrahlter Haut kommt es zu einer Anderung der HAS3 und Hyl2 Expression,
wihrend in unbestrahlter Haut HAS1 und HAS3 moduliert sind. HAS3 scheint ein be-
sonders wichtiger E,-abhingiger Regulator der dermalen HA-Homoostase in
intrinsischer und extrinsischer Hautalterung zu sein, da es in beiden Prozessen verandert
ist. Ostrogen mediiert Verinderungen in der Genexpression durch die Aktivierung
intrazelluldrer E,-Rezeptoren (ER) —a und —f, welche nach Ligandenbindung in den
Nukleus translozieren und dort die Expression von Genen mit estrogenic regulatory
elements (ERE) in ihrer Promoterregion regulieren. Zusétzlich gibt es nicht genomische
E,-Effekte, die durch den GPR20-Signalweg vermittelt werden (Hall et al., 2001). Es
konnte gezeigt werden, dass sowohl ER a, als auch ER f in der Haut exprimiert werden
und dass beide auch in den Fibroblasten der Haut zu finden sind (Verdier-Sevrain et al.,
2006). Im Verhiltnis der beiden ER-Subtypen gibt es sowohl im Vergleich von
verschiedenen Organen, als auch in Abhéngigkeit vom Alter und der untersuchten
Spezies eine hohe Variabilitit (Verdier-Sevrain et al., 2004; Haczynski et al., 2002). In
Publikation 2.6 wurde ER a in den Hautbiopsien von SKH-1 Miusen hoch exprimiert,
wihrend ER B mittels quantitativer PCR nicht detektierbar war. Aus diesem Grund
wurden die oben genannten Effekte von E; auf die dermale HA und Versikan wéhrend
der Lichtalterung dem ER o zugeschrieben, obwohl nicht-genomische Effekte auf der

Basis der vorliegenden Ergebnisse nicht ausgeschlossen werden konnen.

Da die in vivo Experimente in SKH-1 Mé&usen ergeben haben, dass die Induktion von
HAS3 und Versikan mRNS wahrscheinlich eine Schliisselrolle in der E,-Antwort
wiéhrend der Lichtalterung spielen, wurde weiterhin untersucht, ob E, direkt in die
Regulation der involvierten Gene eingreifen kann. Da E, die HASI1- und Versikan-
Expression in in vitro Fibroblasten-Kulturen inhibiert, wihrend andere HA-assoziierte
Gene keine Expressionsunterschiede zeigten, konnte ein direkter transkriptioneller
Effekt von Ostrogen auf die HAS3- und Versikan-Genexpression ausgeschlossen
werden. Alternativ ist die Induktion von parakrinen Faktoren durch E,, die nachfolgend

die Expression von HAS3 und Versikan induzieren, denkbar. Tatsidchlich kann
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Ostrogen in vivo iiber parakrine Mechanismen auf die ECM einwirken, denn der
postmenopausale Verlust von Kollagen geht mit einem Verlust der E,-mediierten Ex-

pression des Transforming Growth Faktor (TGF) B1 einher (Ashcroft et al., 1997).

In Publikation 2.6. konnte gezeigt werden, dass das Expressionsprofil von EGF parallel
mit den Verdnderungen der HA-Matrix sowohl in lichtgealterter, als auch in nicht be-
strahlter Haut verlief: so wurde EGF durch OVX reduziert und durch E, induziert. Des
Weiteren ist von EGF bekannt, dass es die Expression von HAS2 und HAS3 in
Keratinozyten induziert und dadurch sowohl proprolifertiv, als auch promigratorisch
wirkt (Pienimaki ef al., 2001; Pasonen-Seppanen et al., 2003). In in vitro Experimenten
konnten wir zeigen, dass Ostrogen in der Tat die EGF-Expression in Keratinozyten in-
duziert, nicht aber in Fibroblasten. Nachfolgend stimulierte EGF, iibereinstimmend mit
fritheren Berichten (Heldin ef al., 1989; Yamada et al., 2004), die HAS3 und Versikan
Expression in humanen Hautfibroblasten. Aus diesen Befunden schlieBen wir, dass E,
in Keratinozyten die Freisetzung von EGF stimuliert, welches nachfolgend die HAS3-
und Versikan-Expression in dermalen Fibroblasten induziert. Diese Befunde sind im
Einklang mit Beobachtungen aus anderen biologischen Systemen, dass EGF in ver-
schiedene Ej-induzierte Prozesse eingebunden ist (Ignar-Trowbridge et al., 1992;
Nelson ef al., 1991), bzw. in der Lage ist, die Ostrogen-Antwort zu imitieren (Gehm et

al., 2000).

Interessanterweise konnte in der Vergangenheit gezeigt werden, dass phianotypisch ge-
alterte Fibroblasten die HA-Synthese reduzieren und diese auch nach Stimulation mit
Wachstumsfaktoren nicht hochregulieren (Webber ef al., 2009). Da EGF fiir die TGF 1
induzierte HA-Synthese benétigt wird (Simpson et al., 2009; Simpson et al., 2010),
scheint dieses Signalmolekiil daran beteiligt zu sein. AuBerdem stimuliert EGF die
Proliferation in Fibroblasten, welche in gealterten Fibroblasten durch die
Herabregulierung des EGFR abnimmt (Shiraha et al., 2000; Reenstra et al., 1993). Dem
zu Folge handelt es sich bei EGF um einen Wachstumsfaktor, der dem Alternsphénotyp
von dermalen Fibroblasten entgegenwirkt. Daher ist es wahrscheinlich, dass die
Induktion von EGF in Keratinozyten durch E; und parakrine Stimulation von HA und
Versikan in dermalen Fibroblasten in der Ddmpfung der Alternseffekte in Fibroblasten

und der Haut durch E, beteiligt ist.
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Ein weiterer Befund aus Publikation 2.6 ist, dass Ostrogen in der Lage ist, den Gehalt
an inflammatorischen Makrophagen und COX-2 in der Haut deutlich zu reduzieren.
Dieser entziindungshemmende Effekt von E, konnte ebenfalls durch EGF-Freisetzung
mediiert werden, denn die COX-2-Expression wurde in Fibroblasten durch EGF
heruntergesetzt und die Entziindungsantwort war in UVB-bestrahlten OVX Mausen am

hochsten.

Da angenommen wird, dass die supramolekulare Struktur der die Zellen in der Dermis
umgebenden Matrix bestimmt, ob diese Umgebung homdostatisch (Stern und Maibach,
2008), proinflammatorisch (de La Motte et al., 1999) oder promigratorisch (Evanko et
al., 1999) wirkt, muss in kiinftigen Studien der Frage nachgegangen werden, ob das
Verhiltnis von HA zu Versikan eine Rolle in der Entziindungsantwort nach UVB-

Bestrahlung spielt.

Zusammenfassend konnten wir in Publikation 2.6 zeigen, dass Ostrogen in der
Lichtalterung ein wichtiger Regulator des dermalen HA- und Versikan-Gehaltes ist,
welches zumindest zum Teil durch die parakrine Freisetzung von EGF durch Keratino-
zyten zustande kommt. Als Konsequenz daraus erhoht E, die Proliferation und hemmt
die Entziindung. Dadurch werden in Publikation 2.6 neue molekulare Zielmolekiile von
Ostrogen identifiziert, welche die protektive Funktion dieses Hormons auf die dermale

Matrix wahrend extrinsischer Alterungsprozesse mediiert.

Ob der Arylhydrocarbon Rezeptor ebenfalls in diesem Prozess involviert ist, bleibt
offen flir weitere Untersuchungen. Aus Studien in humanen epidermalen Keratinozyten
gibt es allerdings Befunde, dass in diesen Zellen EGF zu einer verminderten CYP1A1
Induktion sowohl auf mRNS, als auch auf Enzymebene nach Belastung mit TCDD fiihrt
(Sutter et al., 2009). Diese Beobachtung stellt einen Bezug zwischen AhR- und EGFR-
Signalweg her, der in die gleiche funktionelle Richtung deutet, denn
Fremdstoffmetabolismus der Phase 1 durch CYP1A1 ist mit der Generierung von ROS
assoziiert und kann somit zur vorzeitigen Hautalterung beitragen. Zudem konnte die
Arbeitsgruppe um Fritsche zeigen, dass eine Aktivierung der AhR-Signalkaskade iiber
c-src auch zu einer Aktivierung der EGFR-Signalkaskade und somit zur Transkription

von COX-2 fiihrt (Fritsche et al., 2007), ein Phase 1 Enzym, welches vorwiegend
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Entziindungsprozesse mediiert und ebenfalls mit Alterungsprozessen in Verbindung

gebracht werden kann.

Inwiefern jedoch eine direkte Interaktion von AhR und ER in der extrinsischen
Hautalterung von Bedeutung ist, ist bis heute noch nicht eingehend untersucht worden.
Es wird jedoch schon lange ein inhibitorischer Crosstalk zwischen AhR- und ER-
Signaltransduktion vermutet, da eine chronische Belastung von Ratten mit dem AhR-
Liganden TCDD die Inzidenz von Mamma- und Uteruskarzinomen senkt (Kociba et al.,
1978). Mittlerweile zeigt eine groe Anzahl von Studien die Inhibierung der Expression
E,-abhingiger Gene durch einen aktivierten AhR (Safe und Wormke, 2003). Der diesen
Befunden zugrunde liegende molekulare Mechanismus ist bis zum heutigen Tag unge-
klart, es existieren aber verschiedene Hypothesen zur AhR/ER Interaktion (fiir
ausfiihrliche Ubersichtsarbeiten siehe Matthews und Gustafsson, 2006; Pocar et al.,
2005). So wird eine direkte Inhibierung des ER durch ein aktiviertes AhR/ARNT
Heterodimer iiber die Bindung an inhibitorische XRE in ER-Zielgenen diskutiert.
AuBlerdem benotigen beide Rezeptoren (AhR und ER) zum Teil die gleichen
Koaktivatoren, so dass ein aktivierter AhR durch Entzug dieser Kofaktoren zu einer
geringeren E>-Anwort fiihren kann. Des Weiteren sind die AhR-Zielgene CYP1A1 und
1B1 in der Lage, in die Ostrogensynthese einzugreifen und der AhR selbst wirkt als

Ubiquitinligase und kann somit zur Degradation des ER beitragen.

Diese Arbeiten deuten darauf hin, dass man in Bezug auf die extrinsische Hautalterung
erwarten konnte, dass die Aktivierung des AhR die positiven Effekte des Ostrogens auf
die ECM antagonisiert. Erste Versuche, die im Rahmen dieser Dissertation dazu durch-
gefiihrt wurden, weisen jedoch darauf hin, dass das gewihlte Zellsystem von priméren
Keratinozyten fiir diese Fragestellung allein nicht geeignet zu sein scheint. Diese Zellen
exprimieren beide ER-Subtypen in duBlerst geringem Mafle und das gesamte E,-System
scheint nicht funktionell zu sein. Um die molekularen Mechanismen der AhR/ER-
Interaktion im Bezug auf extrinsische Hautalterung aufzuklédren, sind demnach in vivo
Studien an AhR-defizienten Maiusen, oder aber zumindest Untersuchungen an

Vollhautmodellen notwendig.
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3.3 Humane in vitro Hautmodelle als Alternativmodell zur
Untersuchung von exogenen Noxen auf die Haut

Es gibt einen dringenden Bedarf an hoch entwickelten und gut charakterisierten in vitro
Modellen als Alternative fiir Tierversuche, um Risiken fiir die menschliche Gesundheit
abschitzen zu konnen. Dieses gilt nicht nur im Rahmen der neuen EU-
Chemikalienverordnung (1907/2007/EG) REACH (Registration, Evaluation and
Authorisation of Chemicals), die seit dem 01. Juni 2007 in Kraft ist und sich im Bezug
auf in vivo Versuche das Prinzip der 3Rs (refine, reduce, replace) von Russel und Burch
auf die Fahne geschrieben hat (Russel WMS und Burch RL, 1959). Im Rahmen der 7.
Anderung der EG-Kosmetik-Richtlinie (76/768/EWG) sind Tierversuche zur Testung
von Kosmetika auf Endpunkte wie z.B. Genotoxizitdt bereits seit 2009 untersagt.
Traditionell wurden Tests auf Haut-Verdtzungen und —Irritationen mittels des in den
1940er Jahren entwickelten Draize Tests gemessen, bei dem die zu testenden
Chemikalien/Kosmetika auf die Haut von Kaninchen aufgetragen wurden (DRAIZE et
al., 1948). Inzwischen miissen in vitro Hautmodelle, wie sie in dieser Dissertation in
den Publikationen 2. 1 — 2. 3 untersucht wurden, den Platz dieses und anderer
klassischer in vivo Modelle einnehmen. Allerdings ist die metabolische Kompetenz
weder von humaner Haut, noch von alternativen in vitro Modellen bisher
zufriedenstellend charakterisiert. Da die Haut das First-Pass-Organ fiir viele
Chemikalien, darunter auch Kosmetika und Therapeutika ist, ist das aber von

essentieller Bedeutung.

Die vorliegende Dissertation trdgt in vielerlei Hinsicht dazu bei, funktionelle
Reaktionen der Haut auf exogene Noxen besser zu verstehen. So haben wir in
Publikation 2.4 zeigen konnen, dass humane dermale Fibroblasten keine funktionelle
CYPI1A1 Aktivitit aufweisen und dass diese Tatsache nicht durch den AhRR vermittelt
ist, wie bisher in der Literatur diskutiert wurde. Des Weiteren konnten wir in Publika-
tion 2.5 den AhR als Sensor fiir extrinsische Noxen in der Haut identifizieren, der zur
Destruktion der ECM beitrigt, indem er die MMP-1-Expression und Aktivitit vermit-
telt. Zum anderen haben wir in den Publikationen 2.1 - 2.3 die
fremdstoffmetabolisierenden Kapazititen von in vitro Alternativmodellen im Vergleich

zu humaner Haut ausgiebig untersucht und charakterisiert.
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Zusammenfassend kommt diese Dissertation zu dem Schluss, dass 3D-Testmodelle wie
das in Publikation 2. 1 — 2. 3 untersuchte EPI-200 besonders fiir die Testung von
Chemikalien geeignet sind, da hier im Bezug auf die Phase 1 des
Fremdstoffmetabolismus Enzymaktivititen gefunden werden konnten, die denen in der
menschlichen Haut sehr dhnlich sind, vor allem was die Aktivitit der Cyclooxygenasen
angeht. Des Weiteren konnte vor allem in Publikation 2.3 deutlich gemacht werden,
dass die metabolische Kapazitidt des EPI-200 (hier im Bezug auf GST-Aktivitdt) aus-
reicht, auch genotoxische Substanzen zu identifizieren, ohne dass eine Zugabe von
metabolischen Supplementen (z.B. S9-Mix) erforderlich ist. Fiir einige ausgesuchte
Fragestellungen konnten auch Studien in Monolayer-Zellkulturen in Betracht kommen,
insbesondere, wenn Enzyme des Phase 2 Fremdstoffmetabolismus im Fokus des
Interesses stehen, denn dieser war in allen untersuchten in vitro Modellen (primére
Keratinozyten, NCTCs, HaCaTs, sowie den 3D-Epidermis-Aquivalenten EPI-200) sehr
hoch und untereinander vergleichbar. Daher kdnnten in Abhéngigkeit von der Frage-
stellung auch Monolayer Zellkulturen eine schnelle, kostengiinstige und niitzliche
Alternative zu Versuchen in 3D-Epidermis-Aquivalenten bieten. Wie fiir B(a)P in Pub-
likation 2. 3 gezeigt, wird es jedoch notwendig sein, eine groBBere Anzahl von Positiv-
und Negativsubstanzen im Hinblick auf ihre Metabolisierbarkeit in 3D-Epidermis
Aquivalenten und der korrekten Vorhersagbarkeit im Genotoxizititstest in solchen

Modellen zu untersuchen.
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4  Zusammenfassung

Die Haut ist als grofites Grenzflichenorgan des menschlichen Korpers einer Vielzahl
von exogenen Noxen wie UV-Strahlung, Pharmazeutika und Umweltschadstoffen direkt
ausgesetzt. Daher ist es fiir die Homoostase des Organismus essentiell, dass Hautzellen
als ,First-pass-Organ’ fiir dermale Exposition auf diese extrinsischen Faktoren reagieren
konnen. Sind die Detoxifizierungskapazititen der Haut erschopft, resultieren
Organpathologien wie Hauttumoren oder vorzeitige Hautalterung. Bei diesen Prozessen
spielt der Arylhydrocarbon-Rezeptor (AhR) als intrazelluldrer Stresssensor eine zentrale
Rolle. Er reguliert den Fremdstoffmetabolismus (FSM), ist an zelluldren
Signalprozessen beteiligt und seine Uberaktivierung wird mit extrinsischer Hauttumor-
entstehung sowie Hautalterung assoziiert. Ziel dieser Arbeit war es daher, funktionelle
Untersuchungen zur Reaktion der Haut auf exogene Noxen durchzufiihren und die Rolle
des AhR in diesem Kontext nidher zu definieren.

Die vorliegende Dissertation erweiterte das Verstdndnis der metabolischen Kapazitit
(Enzymaktivititen der Phase 1 und 2 des FSM) der menschlichen Haut, sowie
verschiedener auf Keratinozyten basierender in vitro Modelle. Dabei erwies sich das
3D-Epidermisdquivalent (EPI-200) der FSM Phase 1 Kompetenz der humanen Haut in
vivo am ndchsten, wohingegen die Phase 2 von allen in vitro Modellen inklusive
Monolayer Keratinozytenkulturen gut représentiert wird. Sollen solche in vitro Modelle
als Alternativen zum Tierversuch zum Abschitzen des Gefiahrdungspotentials von Sub-
stanzen genutzt werden, ist das Wissen um metabolische Potenzen im Vergleich zur
menschlichen Haut von grundlegender Bedeutung.

Des Weiteren helfen die Ergebnisse dieser Arbeit, die funktionellen Reaktionen der
Haut auf exogene Noxen besser zu verstehen. So wurde in dieser Arbeit die AhR-
Repressor (AhRR)-Hypothese iiberpriift, die die Repression der AhR-abhingigen CYP1
Aktivitdt in dermalen Fibroblasten diesem Protein zuschreibt. Wir konnten
nachdriicklich zeigen, dass nicht der AhRR, sondern ein bisher unbekanntes Protein
diesen Effekt vermittelt. In den Keratinozyten der Epidermis hingegen wurde der AhR
als gemeinsame Zielstruktur der umweltinduzierten Matrixmetalloproteinase (MMP)-1
Aktivierung durch polyzyklische aromatische Kohlenwasserstoffe (wie z.B. B(a)P) so-
wie UVB-Strahlung identifiziert, die {iber den Abbau von Kollagenen zur Destruktion
der extrazelluliren Matrix beitriigt. Diesem wird durch Ostrogen iiber eine parakrine
Freisetzung von EGF aus Keratinozyten entgegengewirkt, da EGF in Fibroblasten einen
positiven Effekt auf Makromolekiile der Extrazelluldren Matrix hat.

Die Ergebnisse dieser Arbeit tragen dazu bei, die AhR-Signaltransduktion in der
Physiologie und der Pathologie der Haut besser zu verstehen und somit den AhR als
Zielstruktur fiir die Pravention von extrinsisch vermittelten Pathologien der Haut nutz-
bar zu machen.
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The skin as the largest barrier organ of the human body is directly exposed to a variety
of exogenous noxae like UV irradiation, therapeutic agents as well as environmental
pollutants. Hence for the homeostasis of the organism it is essential that skin cells as
“first-pass-organ” for dermal exposure are able to react to these extrinsic factors.
Depletion of skin detoxification capacies leads to organ pathologies such as skin tumors
or premature skin aging. In all of these processes the arylhydrocarbon receptor (AhR)
plays a central role as a sensor for intracellular stress. This protein regulates the
xenobiotic metabolism (XM), is involved in cellular signalling processes and its over-
activation is associated with extrinsic tumor formation as well as skin aging. The aim
of this study was therefore to investigate functional reactions of the skin after exposure

to exogenous noxae and to define the role of the AhR in this context.

This dissertation extends the understanding of the metabolic capacity (enzyme activity
of XM phase 1 and 2) of the human skin as well as of different keratinocyte-based in
vitro models. Thereby the 3D-epidermis equivalent (EPI-200) was most similar to
human skin in vivo in regard to XM phase 1, whereas phase 2 was represented well in
all analysed in vitro models including monolayer keratinocyte cell cultures. For these in
vitro models to be used as alternatives to animal models in order to evaluate the hazard
potential of substances to human health, the knowledge of their metabolic potency in

comparison with human skin is of essential.

Furthermore the results of this thesis help to better understand the functional reactions
of the skin to exposure of exogenous noxae. Thus this work re-evaluated the AhR-
Repressor (AhRR) hypothesis, which attributes the repression of AhR dependent CYP1
activity in dermal fibroblasts to this protein. We could show impressively that not the
AhRR but a so far unknown protein mediates this effect. However in epidermal
keratinocytes the AhR was identified as the common denominator of exogenously in-
duced metrixmetalloproteinase (MMP)-1 activation by polycyclic aromatic
hydrocarbons (e.g. B(a)P) as well as UVB irradiation, which, by degradation of
collagens, accounts for destruction of the extracellular matrix. This effect is antagonized
by estrogens via paracrine release of EGF from keratinocytes. EGF in turn has a posi-

tive effect of macromolecules of the extracellular matrix.

The results of this thesis contribute to a better understanding of the role of the AhR
signalling pathway in physiological and pathological stages of the skin and therefore
utilizes the AhR as a target molecule for preventional strategies against extrinsically

mediated pathologies of the skin.
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6

2D

3D
3-MC
AG
AHH
AhR
AhRR
AIP
AP-1
ARNT
B(a)P
BDDI
bHLH
bzw
CAR
CE
CDNB
COX
CPA
CYP
DEJ
DNS
E,
ECM
EGC
EGCG
EGF
EGFR
EH

Abkiirzungsverzeichnis

zweidimensional

dreidimensional

Methylcolanthren

Arbeitsgruppe

Arylhydrocarbon Hydrolase (= CYP1A)
Arylhydrocarbon Rezeptor
AhR-Repressor

AhR-interargierendes Protein

Aktivator Protein-1

Arylhydrocarbon Receptor Nuclear Transkocator
Benzo(a)pyren
2-Benzyl-5,6-dimethoxy-3,3-dimethyl-indan-1-1
basic Helix-Loop-Helix
beziehungsweise

Constitutive Androstane Receptor
Cornified Envelope
1-Chor-2,4-dinitrobenzen
Cyclooxygenase

Cyclophosphamid

Cytochrom P450 Monooxygenase
Dermal/Epidermal Junction
Desoxyribonukleinsdure

Ostrogen

extrazelluldre Matrix

Epigallocatechin

Epigallocatechingallat

epidermaler Wachstumsfaktor
EGF-Rezeptor

Epoxidhydrolase



64 6 Abkiirzungsverzeichnis
ER Ostrogenrezeptor

ERE etrogenic regulatory element

ERK extracellular signal-regulated kinase
EROD 7-Ethoxyresorufin-O-Deethylierung
EPI-200 EpiDerm™ (3D Epidermismodel)

FICZ 6-Formylindolo(3,2-b)carbazol

FMO Flavin-abhéngige Monooxygenase

FSM Fremdstoffmetabolismus

GST Glutathion S-Transferase

HA Hyaluronséure

HAK halogenierte aromatische Kohlenwasserstoffe
HAS Hyaluronsédure Synthase

HDAC Histondeacetylase

hsp Hitzeschockprotein

HWZ Halbwertszeit

KO knock out

LDH Laktratdehydrogenase

LOD limit of detection

LOQ limit of quantification

LOX Lysyloxidase

MAPK mitogen-aktivierte Proteinkinase

MEC normale epitheliale Brustzellen

MED minimale Erythemdosis

MEF Mausfibroblasten (mouse embryonic fibroblasts)
MMP Matrixmetalloproeinase

MNF 3’-Methoxy-4’-nitroflavon

mt mitochondrial

NAT N-Acetyltransferase

NHDF normale humane dermale Fibroblasten
NHEK normale humane epidermale Keratinozyten

OovX

Ovarektomie



6 Abkiirzungsverzeichnis

PAK
PAS
PCR
Per
PGE,
PXR
RNS
ROS
RSMN
RT
Sim
SULT
TCDD
TCDF
TGF
TIMP
TPA
TSA
UDP
UGT
Uv
VS.
XRE
z.B.

polyzyklische aromatische Kohlenwasserstoffe

Homologe von Per/ARNT/Sim
Polymerasekettenreaktion

Period

Prostaglandin E2

Pregnane X Receptor
Ribonukleinsédure

reaktive Sauerstoffspezies
Mikronukleus Assay in EPI-200 Modellen
reverse Transkrition

single minded

Sulfotransferase
2,3,7,8-Tetrachlorodibenzo-p-Dioxin
2,3,7,8-Tetrachlorodibenzofuran
transforming growth factor

tissue inhibitor of matrixmetalloproteinases
tissue plasminogen activator
Trichostatin A
Uridindiphosphat-Glucose
UDP-Glukuronosyltransferase
ultraviolet

versus

Xenobiotika responsives Element

zum Beispiel
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