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Einleitung

1 Einleitung
Die Gesundheit von Nutztieren stellt derzeit einen der wichtigsten Produktionsfaktoren in der
modernen Tierhaltung dar. Bezlglich der Tierproduktion gelten vor allem die friihen
Lebensphasen als besonders kritisch. Bis vor einigen Jahren wurden gerade in dieser
Produktionsphase antibiotische Leistungsforderer eingesetzt, um die 6konomisch ndtigen
Lebendmassezunahmen bei mdglichst geringem Futteraufwand zu erreichen. Im Hinblick auf
die zunehmende Entwicklung und Verbreitung von Kreuzresistenzen gegeniiber
Antibiotikaprdparaten mit therapeutischer Bedeutung in der Human- und in der
Veterindrmedizin sprach die Européischen Union im Rahmen des vorbeugenden
Verbraucherschutzes 2006 ein endgiltiges Einsatzverbot der letzen 4 bis dahin zugelassenen
antibiotischen Leistungsforderer (Salinomycin, Monensin, Avilamycin, Flavomycin) als
Futterzusatz aus (Verordnung (EG) Nr. 1831/2003 Artikel 11 Absatz 2). Die
Nutztiererndhrung wird dadurch bis heute vor die Herausforderung gestellt, den
Gesundheitsstatus und die erwiinschte Leistung von Nutztieren auf alternativem Weg zu
garantieren (Wenk 2005). In der Geflugelproduktion fiihren besonders in der frihen Phase
nach dem Schlipfen Durchfallerkrankungen, die durch Infektionen mit Salmonella spp. und
mit pathogenen Escherichia coli-Stammen hervorgerufen werden (Selbitz et al. 2011), zu
Problemen. Bei Schweinen treten sehr hdufig nach der Trennung vom Muttertier
Absetzdurchfille oder die Odemkrankheit auf, die beide durch toxinbildende Escherichia
coli-Stdmme hervorgerufen werden (Kyriakis et al. 1998, Vogeli und Bertschinger 1999,
Kamphues 1999). Diese Erkrankungen fiihren bei den genannten Nutztierspezies durch
sinkende Futteraufnahme und verschlechterte Nahrstoffabsorption zu extremen
LeistungseinbuRen und gehen héaufig auch mit einer erhéhten Mortalitat einher. Bei der Suche
nach nichtantibiotischen Alternativen treten phytogene Verbindungen aufgrund ihrer

Antibiotika-ahnlichen Eigenschaften mehr und mehr in den Fokus der Forschung.

1.1 Phytogene Futterzusatze

Die heterogene Gruppe der phytogenen Futterzusatze fasst verschiedenste Pflanzen,
Pflanzenteile, Gewirze und daraus extrahierte oder durch Wasserdampfdestillation
gewonnene Produkte wie &therische Ole und Fettharze zusammen, die zur Erhéhung des
Leistungsvermdgens landwirtschaftlicher Nutztierbestande eingesetzt werden (Windisch et al.
2008).
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Es existieren verschiedene Klassifizierungssysteme zur Einteilung phytogener Substanzen.
Demnach werden sie:

e nach dem genutzten Pflanzenteil (ganze Pflanze, Wurzel, SproRachse, Rinde, Blatt,

Blute, Frucht und Samen),

e nach dem Habitus (Kraut, Riedgras, Gras, Strauch, Schlingpflanze, Baum),

e nach dem Vorkommen (tropische, subtropische, gemaRigte Klimazone),

e nach der Darreichungsform und Aufbereitung (Tinktur, Absud, Tee, Sirup,

Wasserdampfdestillation, Extraktion mit anderen L&sungsmitteln) oder

e nach der botanischen Systematik
eingeteilt (Wenk 2005, Windisch et al. 2008). In der Tiererndahrung kann des Weiteren in die
vier Subklassen der Krauter und Gewdrze (einjahrige, nicht verholzte Pflanzen), der Pflanzen
und Pflanzenextrakte, der atherischen Ole (Wasserdampfdestillation) sowie der Oleoresine
untergliedert werden (Windisch und Kroismayr 2006).
In der Humanmedizin stellt die Phytotherapie (traditionelle chinesische Medizin) bereits seit
Jahrhunderten eine wichtige Praventions- und Behandlungsstrategie dar. Wéhrend Kréuter
und Gewidrze in L&ndern des asiatischen und afrikanischen Raumes bereits intensiv genutzt
werden, steigt deren Verwendung in den Industrienationen in den letzten Jahren erst
allméhlich an. Dabei werden in Europa von 100% der phytotherapeutischen MaRRnahmen
beispielsweise 49% in Deutschland und jeweils 10% in Italien, Frankreich und
GroRbritannien eingesetzt (ICMR Bulletin 2003).
Da phytogene Verbindungen im Vergleich zu synthetischen Antibiotika Produkte auf
Naturbasis sind, scheinen sie sich besonders gut als potenzielle Leistungsforderer im
Tierfutter zu eignen (Hashemi et al. 2008). Eine Vielzahl an phytogenen Verbindungen findet
bereits als Futterzusatz in der Tierernahrung zur Verbesserung der Tiergesundheit
Verwendung (Windisch et al. 2008).
Dabei kommen Substanzen und Extrakte verschiedenster Pflanzenfamilien zum Einsatz. Flr
die Schweinefltterung sind beispielsweise die Vertreter der Pflanzenfamilien der Liliaceae,
der Labiatae, der Zingiberacae und der Umbelliferae besonders interessant (Tabelle 1).
Derzeit werden phytogene Futteradditive hauptsachlich auf der Basis von Krautern und
itherischen Olen der genannten Pflanzenfamilien angeboten. Zudem finden héufig
Mischungen verschiedener Krauter, Extrakte und atherischer Ole Verwendung. Allerdings ist
bisher wenig hinsichtlich ihrer Wirkungsmechanismen bekannt beziehungsweise

wissenschaftlich belegbar.
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Futtermittelrechtlich wird der Einsatz von phytogenen Verbindungen in der Tiererndhrung auf
europaischer Ebene durch die EG-Verordnung Nr. 1831/2003 geregelt. Nach dieser Regelung
des EU-Futtermittelrechts werden Futtermittelzusatzstoffe als Stoffe, Mikroorganismen oder
Zubereitungen definiert, die die Beschaffenheit des Futtermittels, die Beschaffenheit der
tierischen Erzeugnisse oder die Tiergesundheit positiv beeinflussen.
Je nach ihrer Funktion werden die Futtermittelzusatzstoffe einer der folgenden funf
Kategorien zugeordnet:

(1) Technologische Zusatzstoffe (FlieRféahigkeit, Stabilitat, Lagerfahigkeit)

(2) Sensorische Zusatzstoffe (Aroma, Schmackhaftigkeit)

(3) Ernadhrungsphysiologische Zusatzstoffe (Spurenelemente, Vitamine, Aminosauren)

(4) Zootechnische  Zusatzstoffe = (Phosphorausscheidung, = Ammoniakemmission,

Stabilisierung der Darmflora, Férderung der Verdaulichkeit)

(5) Kokzidiostatika und Histomonostatika
Die Mehrzahl der aktuell zugelassenen phytogenen Addititve gehort dabei in die Kategorie 2
der sensorischen Zusatzstoffe, da die zugrunde liegenden Zulassungsvoraussetzungen im
Hinblick auf Geschmacks- und Aromaverbesserung des Futters mit relativ wenig Aufwand zu
erfullen sind. Teilweise werden phytogene Futterzusiatze auch den zootechnischen
Zusatzstoffen zugeordnet, wobei die Anforderungen flir eine Zulassung in dieser Kategorie
deutlich anspruchsvoller und wissenschaftlich schwieriger belegbar sind, als fir die Kategorie
2.

1.2 Diskutierte Wirkungsmechanismen phytogener Futterzusatze
Durch den Einsatz phytogener Futteradditive kann die Tiergesundheit innerhalb eines
Tierbestandes gesteigert werden (Windisch et al. 2008) und mdglicherweise besonders in der
Jungtieraufzucht auftretenden Infektionskrankheiten, wie der Odemkrankheit und
Absetzdurchfallen, vorgebeugt werden. Diese positive Beeinflussung der Tiergesundheit
scheint dabei auf den folgenden 5 Wirkungen pflanzlicher Additive zu beruhen:

(1) Verbesserung von Futteraufnahme und Leistungsparametern

(2) Direkte antioxidative Wirkung

(3) Indirekte antioxidative Wirkung

(4) Antimikrobielle/bakterizide Wirkung

(5) Anti-inflammatorische Wirkung
Die Studienergebnisse aus aktueller Literatur zeigen, dass die verschiedenen phytogenen

Futterzusatze die genannten potenziellen Effekte in unterschiedlichem Male ausiben.
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Weiterhin wird auch ein Zusammenspiel zwischen den einzelnen Wirkmechanismen nicht

ausgeschlossen.

1.2.1 Verbesserung von Futteraufnahme und Leistungsparametern durch phytogene
Futterzusatze
In einigen Studien bewirkte der Einsatz von pflanzlichen Additiven eine verbesserte
Schmackhaftigkeit des Futters, woraus eine erhdhte Futteraufnahme und eine Verbesserung
der taglichen Gewichtszunahmen resultierte (Wald 2002, Windisch et al. 2008). In der
Literatur wird diese Eigenschaft im Besonderen Krautern und &therischen Olen aus der
Familie der Labiatae (Oregano, Thymian, Rosmarin) zugeschrieben. So konnte gezeigt
werden, dass eine Mischung von &therischen Olen aus Oregano und Nelke beziehungsweise
aus Oregano und Zimt in der Broilermast die Futteraufnahme deutlich reduziert und den
Futteraufwand signifikant verbessert (Halle 2001). Halle et al. (2004) beschrieben weiterhin,
dass eine gestaffelte Supplementierung des atherischen Ols aus Oregano (0; 0,1; 0,2; 0,5; 1
g/kg Futter) bei Broilern zu einer Verminderung der taglichen Futteraufnahme und einer
gesteigerten taglichen Lebendmassezunahme fiihrt, was sich in einer um 6 — 8 % verbesserten
Futterverwertung im Vergleich zur Kontrolle &uRerte. Auch fir das atherische Ol des
Thymians (0,1; 0,2 g/kg Futter) konnte eine reduzierte Futteraufnahme und eine gesteigerte
tagliche Gewichtszunahme belegt werden (Al-Kassie 2009). Die é&therischen Ole von
Rosmarin und Oregano (0,5 g/kg Futter) fuhrten bei Absetzferkeln zwar zu einer gesteigerten
Futteraufnahme, verbesserten jedoch auch die tégliche Lebendmassezunahme (Janz et al.
2007). Kyriakis et al. (1998) beschrieben neben der Verbesserung der Mastleitung von
Absetzferkeln durch den Zusatz von Oreganodl (12,5; 25 mg/kg Futter) zusétzlich einen
Riickgang der Diarrhoehéufigkeit. Auch die kombinierte Verabreichung von atherischen Olen
aus Oregano, Zitrusschalen und Chicoreée fuhrte bei Ferkeln zu einer positiven Beeinflussung
der Leistungsparameter (Zitterl-Eglseer et al. 2008).
Die leistungsfordernde Wirkung pflanzlicher Futterzusatze beruht scheinbar vor allem auf der
Stabilisierung der Futterhygiene, auf der positiven Beeinflussung des gastrointestinalen
mikrobiotischen Okosystems (Roth und Kirchgessner 1998) und auf einer Entlastung des
Immunsystems durch verringerten oxidativen Stress. Neben der Stabilisierung der Darmflora
durch eine Reduktion von pathogenen Bakterienkolonien und von Fermentationsprodukten,
wie Ammoniak und biogenen Aminen (Cross et al. 2007, Burt et al. 2007b), kdnnen
phytogene Futterzusitze zu einer Verbesserung der Futtereigenschaften und zu einer
verbesserten Nahrstoffverdaulichkeit (Windisch et al. 2008) beitragen.
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Dennoch existieren in der Literatur auch Studien mit genau gegenteiligen Ergebnissen, in
denen keine oder sogar negative Effekte phytogener Additive auf die Leistungsparameter
festgestellt werden konnten. So zeigten beispielsweise Basmacioglu Malayoglu et al. (2010),
dass die Supplementation mit atherischem Oreganodl (250 und 500 mg/kg) bei Broilern
keinen Einfluss auf die Futteraufnahme und —verwertung hatte. In einer anderen Studie mit
Legehennen wurde durch den Einsatz hoher Mengen an Gelbwurzelpulver (10 g/kg) die
Futteraufnahme drastisch verringert (Wenk und Messikommer 2002). Ebenso reduzierte ein
Futterzusatzstoff auf Oreganobasis (2 g/kg) bei Absetzferkeln die tégliche Gewichtzunahme
und verschlechterte dadurch die Futterverwertung insgesamt (Oswald und Wetscherek 2007).

Tabelle 1: Wirkungen ausgewéhlter Krauter- und Gewirzpflanzen

Name

(botanische Pflanzenfamilie | aktive Verbindung Stoffklasse Wirkung
Bezeichnung)

Ar_us . . Umbelliferaceae | Anethol Phgnylpropan- Verdauungsfordernd
(Pimpinella anisum) derivat

Gelbwurzel Zinaiberaceae Curcumin, Sesquiteroen Magensaft-fordernd,
(Curcuma longa) g Turmeron d P Antimikrobiell
Ingwer I . Magensaft-fordernd,
(Zingiber officinale) Zingiberaceae Gingerol Phenol Antientziindlich
Knoblauch - - R Verdauungsfordernd,
(Allium sativum) Liliaceae Allicin Disulfid Antiseptisch
Koriander Umbelliferaceae | Linalol Azyklisches Verdauungsfordernd,
(Coriandrum sativum) Monoterpen Antimikrobiell
Oreqano Verdauungsfordernd,
(Orig anum vulgure) Labiatae Carvacrol Monoterpen Antiseptisch,

g g Antimikrobiell
Rosmarin Verdauungsfordernd,
) T Labiatae Cineol Terpenoxid Antiseptisch,

(Rosmarinus officinalis) SRR
Antioxidativ

Salbei Verdauungsfordernd,

(Salvia officinalis) Labiatae Cineol Terpenoxid Antiseptisch,
Antimikrobiell

Schwarzkimmel Antiseptisch,

(Nigella sativa) Ranunculaceae Thymol Monoterpen Antioxidativ,

g Antimikrobiell

Verdauungsfordernd,

Thymian . Antiseptisch,

(Thymus vulgaris) Labiatae Thymol Monoterpen Antioxidativ,
Antimirkrobiell

Zusammengestellt nach: Sivropoulou et al. 1996, Lopez-Bote et al. 1998, Dorman et al. 1999, Kamel 2000,
Friedmann et al. 2002, Wetschrek 2002, Biiechi und Bolli 2004, Wald 2004

Fir die beschriebenen Wirkungen phytogener Futterzusatze werden zunehmend
Einzelverbindungen verantwortlich gemacht. Diese Einzelverbindungen stellen haufig den

Hauptinhaltsstoff der gesamten pflanzlichen Substanz, respektive des Pflanzenextrakts, dar
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und bilden chemisch betrachtet eine sehr heterogene Gruppe von Mono-, Di- und
Sesquiterpenenen sowie von Terpenoxiden (Tabelle 1).

1.2.2 Direkte antioxidative Wirkung phytogener Futterzusatze

Vor dem Hintergrund der Gesundheit von Nutztieren spielt die antioxidative Wirkung
phytogener Verbindungen eine besondere Rolle. Das antioxidative Abwehrsystem eines
Organismus stellt einen wichtigen Schutz vor oxidativem Stress und den damit verbundenen
Folgeschaden an DNA, Proteinen und Lipiden dar (Marnett et al. 2003). Oxidativer Stress
entsteht immer dann, wenn endogen bei der Energiegewinnung produzierte reaktive
Sauerstoffspezies nicht im gleichen Malie, indem sie gebildet werden, durch das antioxidative
Schutzsystem abgebaut werden kdnnen. Oxidativer Stress kann aber auch durch exogene
Noxen, wie UV-Strahlung und Ozon, hervorgerufen werden (Halliwell 1996, Willcox et al.
2004). Das gesamte antioxidative Potential einer Zelle beziehungsweise eines Organismus
kann in 2 Hauptkomponenten unterteilt werden (Halliwell 1996, Evans und Halliwell 2001,
Halliwell 2006):

(1) endogene antioxidative Enzyme (Glutathionperoxidasen, Superoxiddismutase,
Katalase) und Metallionen-bindende  Proteine  (Ferritin,  Coeruloplasmin,
Metallothionein)

(2) exogene nicht-enzymatische Antioxidantien (Vitamin E, Vitamin C, Carotinoide), die
vor allem Gber die Nahrung aufgenommen werden

In die Gruppe der nicht-enzymatischen Antioxidantien kénnen zundchst auch die meisten
phytogenen Futterzusétze eingeteilt werden. Die direkte antioxidative Wirkung beinhaltet
dabei das Unschadlichmachen von freien Radikalen, insbesondere reaktiver Stickstoff- und
Sauerstoffspezies, durch direkte chemische Interaktion (Halliwell 1996).

Die beschriebene direkte antioxidative Wirkung ist dabei stark von dem jeweiligen
Phenolgehalt der phytogenen Substanz abhédngig (Papageorgiou et al. 2008). Unter den
Krautern zeichnen sich Oregano und Thymian durch besonders hohe Gehalte an den
Monoterpenen Carvacrol und Thymol aus, deren chemische Grundstruktur direkt zur
Stabilisierung von freien Radikalen und damit zur Abpufferung von oxidativem Stress
beitragt (Skobot et al. 2003). Bei einer vergleichenden Analyse von 26 Gewirzextrakten
konnte in vitro flr Oregano eine sehr starke, fur Thymian und Rosmarin eine starke
antioxidative Aktivitat ermittelt werden (Shan et al. 2005). Viuda-Martos et al. (2010) stellten
in vitro als Folge der hohen direkten antioxidativen Wirkung von Oregano- und Thymiandl
eine starke Verminderung der Lipidperoxidation fest, wéhrend Rosmarindl einen geringeren

inhibitorischen Effekt auf die Lipidperoxidation zeigte. Letzteres Resultat basiert
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wahrscheinlich darauf, dass Rosmarin einen geringen Anteil an phenolischen Komponenten
als Thymian und Oregano aufweist.

1.2.3 Indirekte antioxidative Wirkung phytogener Futterzusatze

Viele in vitro und in vivo-Studien berichteten, dass pflanzliche Verbindungen durch eine
Steigerung der Enzymaktivitat von der Superoxiddismutase und der Glutathionperoxidase
(Youdim und Deans 2000, Wang et al. 2009) sowie durch die Erhéhung des
Glutathiongehaltes (Aherne et al. 2007) zu einem verbesserten antioxidativen Status
beitragen. Darlber hinaus gibt die aktuelle Literatur Hinweise auf einen weiteren bislang
nahezu unbeschriebenen Mechanismus, tber den phytogene Verbindungen wie Brokkoli,
Gelbwurzel und Thymian, das antioxidative Schutzsystem positiv beeinflussen (Sasaki et al.
2005, Lee HS et al. 2010, Boddupalli et al. 2012). Dieser Mechanismus beruht dabei
scheinbar auf der Induktion Xenobiotika-metabolisierender und antioxidativer Enzyme uber
die Nrf2-ARE-Signalkaskade.

Der zur Basischen Leucin-Zipper (bZIP)-Familie zdhlende Transkriptionsfactor Nrf2
(Nuclear factor erythroid 2 related factor 2) ist ein Cap-N-Collar-Protein (CNC), das flr die
Regulation der Genexpression von mehr als 600 zytoprotektiven Enzymsystemen
verantwortlich ist. Unter anderem reguliert Nrf2 Xenobiotika-metabolisierende und
antioxidative Enzyme sowie antiinflammatorische Signalwege.

In den spaten 1990er Jahren wurde der Transkriptionsfaktor Nrf2 in seiner molekularen
Struktur erstmals durch Itoh et al. (1999) beschrieben. Der Nrf2 beinhaltet 6 Nrf2-ECH-
Homologe Doménen (Neh1-Neh6), die in vielen Spezies hoch konserviert vorliegen. Fur die
Funktionalitat des Nrf2-Proteins sind die Doméanen Nehl und Neh2 besonders wichtig. Die
Nehl-Doméne wird aus der bZIP-Region, der CNC-Region sowie einer dazwischen liegenden
Region gebildet, die reich an basischen Aminoséuren ist und den eigentlichen DNA-
bindenden Teil des Nrf2-Proteins darstellt (Moi et al. 1994). Uber diese Neh1-Doméne bindet
der Nrf2 an so genannte Antioxidant Response Elements (ARE) in der Promotorregion seiner
Zielgene und reguliert deren Expression.

Die Neh2-Doméne des Nrf2-Proteins ist essentiell fir die Wechselwirkung des
Transkriptionsfaktors mit seinem Inhibitorprotein Keapl (Kelch-like ECH associated protein
1). In dieser Neh2-Doméne des Nrf2 existieren 2 Bindungsstellen (ETGE und DLG), die
jeweils mit der Kelch-Doméne des Keapl interagieren. Das ETGE-Motiv hat dabei eine
groRere Affinitat zur Bindung der Keapl-Untereinheit als das DLG-Motiv des Nrf2, sodass
scheinbar erst das ETGE-Motiv an ein Keapl-Dimer bindet und danach erst die DLG-Motiv
Interaktion stattfindet (,,hinge and latch“-Model).
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Bei Storungen der Keapl-Nrf2-Interaktion durch endogene oder exogene Agenzien
dissoziieren ETGE- und/oder DLG-Motiv des Nrf2 vom Keapl-Dimer, wodurch zum einen
die kontinuierliche Ubiquitinierung und der damit verbundene proteasomale Abbau des Nrf2
vermindert werden und zum anderen eine Nrf2-Freisetzung stattfindet (Hayes et al. 2009).
Nrf2 transloziert mit Hilfe von Import-Komplexen vom Zytosol in den Zellkern (Li et al.
2005, Li et al. 2006) und dimerisiert dort mit small Maf-Proteinen. Als Heterodimer bindet
Nrf2 ARE-Motive in der Promotorregion seiner Zielgene und induziert deren Transkription
(Tabelle 2).

Einen der wichtigsten endogenen Aktivatoren der Nrf2-ARE-Signalkaskade stellt oxidativer
Stress dar. Der Keapl/Nrf2-ARE-Signalweg kann aber ebenso durch exogene Induktoren
ausgelost werden. Zu diesen exogenen Induktoren z&hlen unter anderem auch phytogene
Substanzen, wie das Senfdl Sulforaphan aus Brokkoli oder das Curcumin aus der Gelbwurzel.
Beide Verbindungen bewirken eine Nrf2-vermittelten Aktivierung von Xenobiotika-
metabolisierenden und antioxidativen Enzymen mit einem ARE-Promotor (Pugazhenthi et al.
2007, Clarke et al. 2008). Bis dato fehlen jedoch im Hinblick auf eine indirekte antioxidative
Wirkung phytogener Substanzen noch aussagekréftige in vivo-Studien, insbesondere im
Nutztierbereich.

Tabelle 2: Haufig untersuchte Nrf2-Zielgene und deren Funktion

Nrf2-Zielgen Funktion

SOD1 (Superoxiddismutase 1) antioxidativ, Umwandlung Superoxidanion in Wasserstoffperoxid

antioxidativ, Reduktion von Hydroperoxiden und

GPx (Glutathionperoxidase) Wasserstoffperoxid
NQO1 (NADPH-abhéangige
Chinonoxidoreduktase 1)
HO1 (Hamoxygenase 1) antioxidativ, Him-Abbau

GCL (Glutamatcysteinligase) antioxidativ, Glutathionbiosynthese

Detoxifikation (Phase 1), Umwandlung von Aflatoxin B;-8,9-epoxid
zum Dihydrodiol

antioxidativ, verhindert Entstehung radikalischer Zwischenstufen

AFAR (Aflatoxin B1 Aldehydreduktase)

EPHX (Epoxidhydrolase) Detoxifikation (Phase Il), Hydratisierung von Epoxiden
GST (Glutathion-S-Transferase) Detoxifikation (Phase Il), Glutathionylierung
UGT (UDP-Glucuronosyltransferase) Detoxifikation (Phase Il), Glucuronidierung

Detoxifikation (Phase I11), Ausscheidung von

MRP (Multi-drug resistance protein) Konjugationsprodukten

Zusammengestellt nach: Rushmore et al. 1991, Prestera et al. 1995, Nguyen et al. 2003, Banning et al. 2005,
Mabher et al. 2007, Penning und Drury 2007, Wang X et al. 2007, Miao et al. 2009

1.2.4 Antimikrobielle Wirkung phytogener Futterzusatze

Da die gastrointestinale Mikroflora einen wichtigen Schutz vor dem Eindringen pathogener
Erreger und mikrobieller Toxine fiir den Wirtsorganismus darstellt, sollte diese sogenannte
Mikrobiota in einem stabilen Gleichgewicht gehalten werden. Die Ausbildung des als Eubiose

bezeichneten Zustandes der Darmflora kann unterstitzt werden, indem zum einen das

8



Einleitung

Wachstum apathogener Mikroorganismen gefordert und zum anderen pathogene Keime
abgetotet bzw. in ihrem Wachstum gehemmt werden (Savage 1977, Haenel 1982).

In der Literatur werden fur die verschiedensten phytogenen Verbindungen, besonders aber fur
die Vertreter der Labiatae (Oregano, Thymian, Rosmarin), antimikrobielle Effekte gegen
Escherichia coli (Burt et al. 2007a) und gegen Salmonella Typhimurium (Kilic 2006)
beschrieben. So wurden beispielsweise die dtherischen Ole aus Oregano und Thymian als
hochwirksame Hemmstoffe gegen das Wachstum des Gefliigel-pathogenen Escherichia coli-
Stamm O1:K1 eingestuft (Wald 2002). Zudem konnten Friedman et al. (2002) zeigen, dass
diese beiden atherischen Ole (Oregano, Thymian) eine bakterizide Wirkung gegen den am
weitesten verbreiteten human-pathogenen enterohdmorrhagischen Escherichia coli-Stamm
(EHEC 0157:H7) aufweisen. In diesem Zusammenhang konnte weiterhin gezeigt werden,
dass auch die Hauptinhaltsstoffe von Oregano- und Thymiandl, das Carvacrol und das
Thymol, eine deutliche, bakterizide Wirkung gegentiber Escherichia coli besitzen. Die in
vitro ermittelten minimalen Hemmkonzentrationen (MHK) von Carvacrol und von Thymol
lagen mit 100 und 300 pl/ml in einer dhnlichen GroRenordnung wie die MHK der bisher in
der Schweineproduktion eingesetzten Fltterungsantibiotika (Si et al. 2006), sodass sich eine
antimikrobielle Wirkung phytogener Futteradditive auch in vivo vermuten l&sst.

Dariiber hinaus konnte in vitro ebenfalls fir das im Brokkoli enthaltene Isothiocyanat
Sulforaphan schon in einer sehr niedrigen Konzentration von 3umol/l eine antimikrobielle
Wirkung gegen Escherichia coli gezeigt werden (Aires et al. 2009). Neben den oben
genannten Labiatae- und Brassica-Vertretern weisen auch die Pflanzen der Familie der
Zingiberaceae, wie die Gelbwurzel, antimikrobielle Eigenschaften auf. Das Curcumin der
Gelbwurzel bewirkte antibakterielle Effekte gegen gram-negative Bakterien (Wang Y et al.
2009).

Neben direkten antioxidativen und antimikrobiellen Eigenschaften starken phytogene
Futterzusatze wahrscheinlich zusatzlich durch eine Wachstumsférderung apathogener
Mirkoorganismen (z.B. Laktobazillen) die Barrierefunktion des Darms. In diesem Kontext
fuhrte die Gabe einer Mischung aus Carvacrol (Oregano), Zimtaldehyd (Zimtbaum) und
Capsicum Oleoresin (mexikanischer Pfeffer) bei Absetzferkeln zu einer vermehrten Anzahl
an Laktobazillen und zu einer Abnahme der Enterobakterienzahl (Manzanilla et al. 2004;
Castillo et al. 2006). Hingegen bewirkte die kombinierte Gabe atherischer Ole des Oregano,
des Anis und der Zitronenschale bei Schweinen durch eine Reduktion der Bakteriendichte und
durch eine Verringerung von biogenen Aminen im Chymus eine Senkung der mikrobiellen

Aktivitat im terminalen Ileum und Kolon (Kroismayr et al. 2008a).
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Zusammenfassend deuten die Ergebnisse bisheriger Studien daraufhin, dass die
leistungsfordernde Wirkung phytogener Zusatze in der Schweine- (Manzanilla et al. 2004)
und Gefligelernédhrung (Hernandez et al. 2004) neben einer Verbesserung des antioxidativen
Status der Tiere eher auf einer Stabilisierung der Darmflora als auf direkten antimikrobiellen
Effekten beruht.

1.2.5 Anti-inflammatorische Wirkung phytogener Futterzusatze

Die Eingangs (Punkt 1, Seite 1) fur junges Gefliigel und Absetzferkel beschriebenen
Durchfallerkrankungen gehen mit Entziindungsreaktionen in der Darmmukosa bzw. —wand
einher. Der Schlussel-Transkriptionsfaktor, der diese inflammatorischen Prozesse reguliert, ist
der Nuclear Factor 'kappa-light-chain-enhancer’ of activated B-cells (NFkB). Der aus den
zwei Untereinheiten p50 und p65 bestehende NFxB liegt unter physiologischen (nicht
inflammatorischen) Bedingungen inaktiv, an Inhibitorproteine (IxBs) gebunden, im Zytosol
vor. Werden die IkBs durch Inhibitor kappa B-Kinasen (IKK) phosphoryliert, mit Ubiquitin
markiert und abgebaut, kann der NFkB in den Kern translozieren und verschiedene pro-
inflammatorische  Zielgene, wie Adhesionsmolekiihle, inflammatorische Zytokine,
Wachstumsfaktoren, und anti-apoptotische Gene induzieren (Rayet und Gelinas 1999;
Baldwin 2001). Die von diesen Zielgenen kodierten Proteine lésen dann die eigentliche
Entzindungsreaktion aus. Durch Entzindungsmediatoren, wie den ebenfalls NFxB-
regulierten Tumornekrosefaktor o (TNFa), die Uber das Blut im gesamten Organismus
verteilt werden, liegt die Inflammation nicht unbedingt nur lokal begrenzt im Darm vor,
sondern kann den gesamten Organismus betreffen. Diese Entziindungen kdnnen ebenfalls zu
einer eingeschrankten Leistungsfahigkeit von Nutztieren flhren.

Auch fur pflanzliche Substanzen verschiedenster Herkunft konnten bereits in vitro und in
wenigen in vivo Studien anti-inflammatorische Effekte gezeigt werden. Beispielsweise
bewirkte das Curcumin der Gelbwurzel in vitro durch eine Inaktivierung von NFxB eine
reprimierte Expression der Zielgene TNFo und I1L6 (Jagetia und Aggarwal 2007). Weiterhin
wurden in vitro durch Curcumin die Cox2, ICAM und VCAM in ihrer Expession gehemmt
(Plummer et al. 1999, Madan et al. 2001, Colett und Campbell 2004). In einer weiteren in
vitro-Studie filhrte das atherische Ol des Rosmarins zu einer Hemmung der TNFa-
vermittelten Monozytenadhesion (Lian et al. 2010), die eine frilhe Phase in der
Entzindungsreaktion darstellt. Fur das Carnosol des Rosmarins wurden neben einer
Verminderung der Expression pro-inflammatorischer Mediatoren (IL-183, TNFa, IL-6, NF«B,

Cox2) auch induzierende Effekte auf Nrf2-regulierte Xenobiotika-metabolisierende (Phase-11)
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und antioxidative Enzyme beobachtet (Lian et al. 2010). Ahnliches wurde auch fiir Schweine,
die 1,8-Cineol, das Leitterpen des Rosmarindls, inhalierten, gezeigt (Bastos et al. 2010). Bei
Absetzferkeln bewirkte der diatetische Zusatz einer Kombination von &therischen Olen aus
Oregano, Anis und Zitronenschale (40 mg/kg Futter) eine verminderte Expression des NFxB
und seiner Zielgene Cox-2 und TNFa (Kroismayr et al. 2008b). Dadurch wurden sowohl die
Immunabwehr der Tiere entlastet als auch Nrf2-abhéngige Detoxifikationsprozesse in der
Leber reduziert (Kroismayr et al. 2008b).

Der im Rahmen einer jeden NFxB-vermittelten Entziindungsreaktion auftretende so genannte
,Oxidative Burst“ (Freisetzung von reaktiven Sauerstoffspezies) beeinflusst durch den
vermehrt entstehenden oxidativen Stress natirlich auch die redox-sensitive Keapl/Nrf2-ARE-
Signalkaskade (Miguel 2010). Es ist daher wahrscheinlich, dass die direkten, im Besonderen
aber die indirekten, antioxidativen Wirkungen phytogener Substanzen, vermittelt Gber den
Transkriptionsfaktor Nrf2, in engem Zusammenhang mit der Reduktion von NF«kB-
regulierten Zielgenen stehen. Detailierte, wissenschaftlich belastbare und in die Praxis
Ubertragbare in vivo-Studien zur Interaktion von Nrf2 und NF«B, insbesondere beim Einsatz
von phytogenen Futterzusitzen in der Nutztiererndhrung, fehlen allerdings bis dato. Uber den
beschriebenen Reaktionsweg kdnnten phytogene Verbindungen positive Effekte gerade im
Hinblick auf die Prévention und Therapie von Durchfallerkrankungen und den damit

verbundenen Darmentziindungen ausuben.
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2 Zielstellung

In Bezug auf den in der Einleitung geschilderten aktuellen Stand der Forschung zur Wirkung
phytogener Futterzusitze ergaben sich fur die vorliegende Arbeit die folgenden
Fragestellungen mit verschiedenen Teilaspekten:

> Fragestellung 1:

= In vivo-Evaluierung potenzieller leistungsfordernder Eigenschaften definierter
phytogener Futterzusitze (Brokkoliextrakt, &therische Ole aus Gelbwurzel,
Oregano, Thymian und Rosmarin) in zwei verschiedenen praxisrelevanten
Nutztierspezies (Broiler, Absetzferkel) unter physiologischen Bedingungen
= In vivo-Untersuchung potenzieller direkter und indirekter
Wirkungsmechanismen definierter phytogener Futterzusatze (Brokkoliextrakt,
atherische Ole aus Gelbwurzel, Oregano, Thymian und Rosmarin) in zwei
verschiedenen praxisrelevanten Nutztierspezies (Broiler, Absetzferkel)
= In vivo-Prifung potenzieller antimikrobieller Eigenschaften definierter
phytogener Futterzusatze (Brokkoliextrakt, &therische Ole aus Gelbwurzel,
Oregano, Thymian und Rosmarin) und Beeinflussung der Eubiose im
Darmtrakt von Absetzferkeln
Die zur Bearbeitung der Fragestellung 1 durchgefuhrten Versuche (V1 und V2) sind in
detaillierter Form in Tabelle 3 dargestellt.
Da in der aktuellen Fltterungspraxis meist Mischungen verschiedener Kréauter, Extrakte und
atherischer Ole eingesetzt werden, welche sich nur ungeniigend zur Charakterisierung der
Wirksamkeit einzelner phytogener Substanzen eignen, sollte in dieser Arbeit eine
vergleichende Bewertung unterschiedlicher phytogener Einzelsubstanzen getestet werden. Im
Hinblick auf die zuvor beschriebenen direkten antioxidativen und antimikrobiellen
Eigenschaften wurden zum einen drei &therische Ole aus der Pflanzenfamilie der Labiatae
ausgewadhlt: Origanum vulgare, Thymus vulgaris, Rosmarinus officinalis (Kulisic et al. 2007,
Windisch et al. 2008, Burt et al. 2007b, Kilic 2006). Zum anderen wurden ein Brokkoliextrakt
sowie ein datherisches Ol der Gelbwurzel (Curcuma longa) aufgrund ihrer bereits
beschriebenen  Eigenschaft  zur  Induktion  der  Nrf2-ARE-Signalkaskade als
Referenzsubstanzen gewahlt (Mandlekar et al. 2006, Pugazhenthi et al. 2007, Hayes et al.
2008, Yoon et al. 2008; Dinkova-Kostova und Talalay 2008). In diesem Zusammenhang ist es
erwéahnenswert, dass auch Thymian im Nagertiermodel eine induzierende Wirkung auf

Xenobiotika-metabolisierende Enzyme bewirkte (Sasaki et al. 2005).
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Um die im ersten Versuch (V1) ermittelten direkten und indirekten Wirkmechanismen besser
auf einen bestimmten Inhaltstoff des jeweiligen phytogenen Futterzusatzes zurtickfihren zu
konnen, erfolgte im zweiten Versuch (V2) mit Absetzferkeln eine Standardisierung der
eingesetzten phytogenen Testsubstanzen auf ihre jeweiligen Hauptkomponenten (150 mg/kg).
Aufbauend auf den Ergebnissen der Versuche 1 und 2, die unter physiologischen
Bedingungen mit gesunden Tieren durchgefiihrt wurden, ergab sich dann die zweite
Fragestellung dieser Arbeit, die antiinflammatorische Wirksamkeit phytogener Futterzusatze
nach Induktion einer Entzundung zu prifen:

> Fragestellung 2:

= Prufung potenzieller anti-inflammatorischer  Eigenschaften  definierter
phytogener Futterzusitze (Brokkoliextrakt, &therische Ole aus Gelbwurzel,
Oregano, Thymian und Rosmarin) in vitro an der porcinen Dinndarmzellline
IPEC-J2 unter Escherichia coli-Infektion und in einem Rattenmodel mit milder
DSS-induzierte Kolitis
= Untersuchung potentieller Interaktionen zwischen antioxidativen und anti-
inflammatorischen Wirkmechanismen phytogener Futterzusétze in vitro und in
vivo unter Entziindungsstimulus
Die zur Bearbeitung der Zielstellung 2 durchgefihrten Versuche (V3 und V4) sind in
detaillierter Form in Tabelle 3 dargestellt.
Da es sich bei dem in vitro-Versuch mit IPEC-J2-Zellen um ein reines Industrieprojekt,
finanziert von der Firma DELACON Biotechnik Ges.m.b.H. handelte, sind die Ergebnisse
bislang nicht publiziert. Der in vitro-Versuch (V4) wurde dabei in Zusammenarbeit mit der
Freien Universitat Berlin durchgefuhrt. Die Einordnung der Versuchsergebnisse in den
wissenschaftlichen Kontext erfolgte zusammen mit den Ergebnissen der Versuche 1 bis 3,
aus denen 3 Originalarbeiten mit Erstautorenschaft hervorgegangen sind, im Diskussionsteil

der vorliegenden Dissertationsschrift.
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Tabelle 3: Ubersicht tiber die in der vorliegenden Arbeit durchgefiihrten Versuche (V1-V4)

Getestete Konzentration Spezies/ Untersuchte Parameter
Substanz Zelllinie
V1 | Brokkoliextrakt | 3000 mg/kg Extrakt Broiler - Futteraufnahme, Gewichtszunahme,

Gelbwurzeldl 150 mg/kg Ol (Ross 308) Futterverwertung

Oregano 150 mg/kg Ol - TEAC und TBA-RS in &therischen Olen

Thymian 150 mg/kg Ol und Gewebe

Rosmarin 150 mg/kg Ol - Nrf2-regulierte xenobiotische und
antioxidative Enzyme
- Enzymatische Aktivitdt von SOD und GPx

Originalarbeit: Mueller K, Blum NM, Kluge H, Mueller AS. Influence of broccoli extract and various essential
oils on performance and expression of xenobiotic- and antioxidant enzymes in broiler chickens. Br J Nutr. 2012
V/0l.108, No. 4, 588-602

V2 | Brokkoliextrakt | 150 mg/kg Sulforaphan Absetzferkel | - Futteraufnahme, Gewichtszunahme,
Gelbwurzeldl 150 mg/kg ar-Turmeron (DL x DL) | Futterverwertung
Oregano 150 mg/kg Carvacrol X Pietrain) - TEAC und TBA-RS in &therischen Olen
Thymian 150 mg/kg Thymol und Gewebe
Rosmarin 150 mg/kg 1,8-Cineol - Nrf2-regulierte xenobiotische und

antioxidative Enzyme
- Bakterielle Untersuchung von Kot- und
Mukosaproben

Originalarbeit: Mueller K, Blum NM, Kluge H, Bauerfeind R, Froehlich J, Mader A, Wendler KR, Mueller AS.
Effects of broccoli extract and various essential oils on intestinal and faecal microflora and on xenobiotic enzymes
and the antioxidant system of piglets. OJAS. 2012 Vol.2, No.2, 78-98. doi:10.4236/0jas.2012.22012

V3 | Brokkoliextrakt | 8.750 mg/kg (2 mmol/kg | Ratten - Futteraufnahme, Gewichtsentwicklung,

Sulforaphan) (Wistar) mit | Disease Activity Index

Gelbwurzeldl 1.494 mg/kg (2 mmol/kg | und ohne - Histologische Untersuchung von
ar-Turmeron) milder DSS- | Kolonkryoschnitten

Thymian 618 mg/kg (2 mmol/kg Kolitis - NF«B regulierte inflammatorische
Thymol) Parameter

Rosmarin 680 mg/kg (2 mmol/kg - Nrf2-regulierte xenobiotische und
1,8-Cineol) antioxidative Enzyme

Originalarbeit: Mueller K, Blum NM, Mueller AS. Examination

of the anti-inflammatory, antioxidant, and

xenobiotic-inducing potential of broccoli extract and various essential oils during a mild DSS-induced colitis in

rats. ISRN  Gastroenterology. 2013 Vol. 2013, Article ID 710856, 14 pages. http:/
dx.doi.org/10.1155/2013/710856
V4 | Apfelextrakt 1 25-10uM IPEC-J2- - NF«B regulierte inflammatorische
Apfelextrakt 2 2,5-10 uM Zellen mit Parameter
Gelbwurzeldl 1-100 uM und ohne - Nrf2-regulierte xenobiotische und
Sulforaphan 1,25-7,5uM Escherichia | antioxidative Enzyme
Glucoraphanin 1,25-7,5uM coli-
Infektion

Versuchsbeschreibung, Ergebnisse und Diskussion unter Punkt 3.4

Weitere Details beziiglich der verwendeten Materialien und der angewandten Methodik sowie eine ausfiihrliche
Beschreibung und Diskussion der Ergebnisse der einzelnen Versuche (V1-V4) sind den Originalarbeiten bzw.

dem Punkt 3.4 zu entnehmen.

Abk.:

DL, Deutsche Landrasse;

DSS, Natriumdextransulfat; GPX,

Glutathionperoxidase; NFxB, Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells, Nrf2, Nuclear
factor erythroid 2 related factor 2; SOD, Superoxiddismutase; TBA-RS, 2-Thiobarbituric Acid-Reaktive
Substances; TEAC, Trolox® Equivalent Antioxidant Capacity.
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3.1 Mueller K, Blum NM, Kluge H, Mueller AS. Influence of broccoli extract and various
essential oils on performance and expression of xenobiotic- and antioxidant enzymes in
broiler chickens. Br J Nutr. 2012 Vol.108, No. 4, 588-602
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Abstract

The aim of our present study was to examine the regulation of xenohiotic- and antioxidant enzymes by phvtogenic feed additives in the
intestine and the liver of broilers. A total of 240 male Ross-308 broiler chickens (1d old) were fed a commercial starter diet for 2 weeks. On
day 15, the birds were assigned to six reatment groups of forty birds each. The control (Con) group was fed a diet without any additive for
3 weeks. The diet of group sulforaphane (SFN) contained broceoli extract providing 0075g/kg SFN, whereas the diets of the other four
groups contained 0-15 g'kg essential oils from turmeric (Cuo), oregano (Oo), thyme and rosemary (Ro). Weight gain and feed conversion
were slightly impaired by Cuo and Oo. In the jejunum SFN, Cuo and Ro increased the expression of xencbiotic enzymes (epoxide hydro
lases 1 and 2 and aflatoxin B1 aldehyde reductase) and of the antioxidant enzyme haeme oxygenase regulated by an ‘antioxidant response
element' (ARE) compared to group Con. In contrast to our expectations in the liver, the expression of these enzymes was decreased by all
the additives. Nevertheless, all the additives increased the Trolox equivalent antioxidant capacity of the fejunum and the liver and reduced
Fe-induced lipid peroxidation in the liver. We conclude that the up-regulation of ARE genes in the small intestine reduces oxidative stress in
the organism and represents a novel mechanism by which phytogenic feed additives improve the health of farm animals.

Key words: Chickens: Phytogenic feed additives: Broccoli extract: Essential oils: Xenobiotic enzymes: Antioxidant system

Since the ban on antbiotic feed additives in the European
Union (EU) in 2000, research in alternative substances has
gained in importance. In particular for growing broilers and
for weaned pigs, several feed additives have been investigated
with regard to the prevention of diarrhoea and to increasing
general performance and health. Besides pre- and/or probio-
tics and organic acids, phylogenic subslances are maost
commonly used for this purpose. Phytogenic feed additives
comprise a heterogenous group of plant-derived products
including herbs, spices, essential oils or other preparations.
In particular, labiatae plant oils from Origanum vwdgare,
Thymus vulgaris and Roesmarinus officinalis have  been
reported 10 promote the performance and health of poultry
via three different mechanisms™.

The first mechanism suggests that essential oils (EOQ) posi-
tively affect the growth and performance of chickens by
improving feed palatahility, secretion of digestive enzymes

and nutrient digestibility. Data regarding this topic are, how-
ever, nol consistent™ >,

The second mechanism suggests that the EO of labiatae
plants exert antibiotic-like bactencidal and/or bacteriostatic
effects on several pathogenic intestinal micro-organisms.
Maost of the studies in this context have been camied out
in wvitro, frequently in the context of food safety of meat
products. For instance, carvacrol, the main monoterpene
compound in oregano- and thymbra spicata oil, exhibited a
distinct bactericidal activity against Escherichia coli, including
an  enterohaemorrhagic strain®™, Salmonelia  enterica™,
Staphylococcus epidermis and S, awrens, and  numerous
other bacteria™. However, the limitation of the bactericidal
effects of EO was demonstrated in an expenment with
Caco-2 cells. The addition of oregano oil (0a) and thyme oil
(To) to the culture media in a concentration (0-05%) that
strongly inhibited the growth of enteroinvasive E. coli also

Abbreviations: ABCCZ, ATP-hinding cassette subfamily C member 2 AFAR, allatoxin B1 aldehyde reductase; ARE, antioxidant response element; ARP1, acid
rhosomal protein 1; Con, control; Cu/Zn 50D, eytosolic Cu/#n superodde dismutase; Cuo, turmeric ol; CYPLAT, eytochrome P430 Family 1 subfamily A
polypeptide 1; ELFA, elongation factor Te; EO, essential oils; EPHX1, microsomal epoxide hydmlase; EPHXZ, cytosolic epoxide hydrolase; EU, European
Union; GAPDH, glycerine aldehyde-3-phosphate dehydrogenase; GPx, glotathione peroxdase; GPxl, cytosolic glutathione peroidase; GPx2,
gastrointestinal glutathione peroddase; GST, glutathione-Stransferses; HMOX, haeme oxygenases; Keapl, Kelchlike erythroid CNC homalogue-
associated protein 1; Mn 50D, mitochondrial Mn superoxide dismutase; Nrf2, nuclear factor erythroid 2-related factor 2; O, oregano ofl; Bo, rosemary
oil; 8FN, sulforaphane; 500, supemodde dismutase; THARS, thiobarbituric acid-reactive substances; TEAC, Trolox equivalent antioxidant capacity;
To, thyme oil; TrxR, thioredoxin reductase,

*Corresponding author: Professor A, 5. Mueller, fax 49 345 5527124, email andreas musller@flardw uni-halle de
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was harmful to the cells, whereas lower EQ concentrations
(0:01%), causing no cell damage, exhibited a drastically
reduced bactericidal ucL'n,'iLy( ' However, the in vivo bacteri-
cidal activity of the EO from labiatae plants in vivo is in doubt.
Whereas two trals with growing broilers reported that even
low dietary concentrations of carvacrol (100 mg/kg)(m and
thymel HSmg/kg)ﬂzJ had a bactericidal adivity against
E. coli and Clostridiae, or
Lactobacillae  positively™ ™" in another study an even
higher concentration of Qo (1000mg/kg) failled to influence
bacterial counts in facces and in caecal chyn‘lusw.

The third mechanism suggests that the EO of labiaie planis

influenced the growth of

positively affect animal health by direct antioxidant effects
based on the high availability of the phenolic terpenes carva-
crol and thymol. The TROLOX™ equivalent, also referred to as
Trolox equivalent antioxidant capacity (TEAC), is a common
method to study the antioxidant potential of antioxidant com-
pounds in comparison to the water-soluble vitamin E deriva-
tive TROLOX™ as the reference substance. In witro testing of
the TEAC value (mmol TROLOX"™/g DM) of ethanolic extracts
of twenty-six spices showed that oregano had the highest anti-
oxidant potential within labiatae plants (TEAC value: 100-7),
followed by msemary (38-8) and thyme (381",

Beside the EO of labiatae plants, similar mechanisms improv-
ing the performance and health of farm animals have
been reported for Zingiberceae plant extracts, particularly for
wrmeric (Curcuma fonga 1), Comparable to labiatae oils,
turmeric oil (Cuo) contains a highly active terpene, the sesqui-
terpene ar-turmerone. Ar-wrmerone has been demonstrated
o evolve a strong bactericidal activity against several micro-
(mrganisms(lsj. The limited direct antioxidant activity of Cuo
(TEAC value: approximately 25-5)° 1% compared 1o labiatae oils
derives from the fact that ar-wrmerone is nota phenolic erpene.

Broceoli extract, containing the isothiocyanate sulforaphane
(SFN) in the form of its glucosinolate precursor glucoraphanin,
is a phytogenic substance that has not vet been swdied
as a feed additive, and it is not yet permitted in the EUL In
human nutrition, broccoli extract and SFN are genemlly
accepted dietary supplements exerting a high anti-carcinogenic
potential, in particular against intestinal cancers”. The safety
of broceoli extract has been proven for humans™. Promising
results for SFN have also been published with regard 10 a
strong bactericidal activity against various pathogenic intestinal
micm-nrgmisms( " The anti-carcinogenic effects of turmeric
and of SFN are based on the induction of genes with an ‘anti-
oxidant response element’ (ARE) in their DNA promoter. ARE
containing genes include xenobiotic- and antioxidant enzymes
such as glutathione-S-transferases (GST), epoxide hydrolases,
aflatoxin Bl aldehyde reductases (AFAR), hacme oxvgenases
(HMOX), thioredoxin reductase (TR) and cytosolic Cu/Zn-
superoxide dismutase (Cu/Zn SOD) 162028

ARE gene induction depends on the transcription factor
‘nuclear factor erythroid 2-related factor 2" (Nrf2). When the
cells are protected sufficiently against oxidative stress, Nrf2
is associated with the Kelch-like erythroid CNC (cap-'n'-
collar) homologue-associated protein 1 (Keapl) in the cytosol.
Oxidative  stress or electrophiles  like SFN o lerpenes

LZ7)

modify Keapl at redox-sensitive =SH-groups™", leading 10

Nrf2 liberation and its nuclear translocation. Subsequently,
Nrf2 hinds o the ARE promoter sequence of the aforemen-
tioned xenobiotic- and antioxidant enzymes and initiates the
up-regulation of their gene expression™,

In contrst 10 a number of studies that have investigated the
beneficial effects of phytogenic feed additives via the mechan-
isms (1)-(3), their indirect antioxidant potential via the induc-
tion of xenobiotic- and antioxidant enzymes has not been
studied in farm animals 6l now. To the best of our knowl-
edge, only one tral has reported on the induction of xeno-
bictic enzymes by thyme in mouse liver™®.

Consequently, we aimed to study the induction of ARE-
regulated xenobiotic- and antioxidant enzvmes by varous
EO from labiatae plants in the intestine and the liver of fast-
growing broiler chickens. We used broccoli sprouts extract
and Cuo as reference substances, both having a proven
impact on ARE gene expression. Moreover, we studied the
effects of broceoli extrct, not yet pemitted as a feed additive
in the EU, on performance parameters.

Methods and materials
Bird husbandry and diets

The protocol of the broiler study was approved by the
Regional Council of Halle and by the Animal Welfare Commit-
tee of the Martin Luther University Halle-Wittenberg (record
token: 45.202-3-559 MLU). Further, a cenificate of exemption
for feeding the broccoli sprouts extract, not yet permitted 1o
be used as a feed additive in the EU, was attested by the veter-
inary administrative  office, Saxony Anhalt, Halle (record
token: 203.2.1/2210).

A total of 240 male Ross-308 broiler chickens (1 d old) tmean
body weight: 419 (se 0-57) g) were obtained from a hatchery
(Gefliigelhof Mickern ZN (Zucht and Nutzvieh) der Lohmann
& Co. AG, Mockern, Germany) and fed a commercial starter
diet (Landkornstarer, DEUKA, Konnern, Germany) without
phytogenic feed additives for 14d. On day 15, the birds were
assigned to the six experimental groups of forty birds each,
with a mean live weight of 442 (s 14-7) g. Broilers were kept
in a stinless-steel cage battery in groups of eight birds per
cage and fed the experimental diets for 21d. The experimental
design included five cages of eight birds per diet. The broilers
had free access to their diets and water. During the experiment,
temperature, humidity and lighting were controlled. The tem-
perature was gradually reduced from 34°C on day 110 19°C on
day 35. The lighting regime consisted of a 12h light—4 h dark -
4 h light-=4 h dark cycle. The light intensity of 20lux and all
ather housing conditions were in accordance with the nec-
ommendations for poultry of the Society for Laboratory
Animal Science™”. During the 21d experimental perod, the
control (Con) group was fed a diet, meeting the nutritional
requirements of growing broilers, without a phytogenic addi-
tive. Minerals, vitamins and essential amino acids were added
to all diets as recommended for brollers by the Society of
Nutrition Physinl(mgyo Y and the National Research Council=?,
The diet of group SFN contained 3000 mg/kg broccoli sprouts
extract providing 750 mg/kg SFN, whereas 1500 mg/kg of the
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essential oils from € Jonga (Cuo), T vudgaris (To), O. vudgare
(Da) and rosemary oil (R. officinalis, Ro) were added to the
diets of the other four experimental groups The active ingredi-
ents in the broceoli sprouts extract and the EO, as provided
by the manufacturers, had the following concentrtions
(g/100g =%): broccoli sprouts extract (SFN, 500), Cuo (ar-
turmerone, 3000, Oo (carvacral, 6540), To (thymaol, 490) and
Ra(1,8-cineole, 46-0). Premixes of all phytogenic feed additives
were prepared in 20 g wheat bran and 10g sunflower oil and
added to 970 g of the basal diet(Table 1). All diets were pelleted
with a pellet mill using a 3mm dye. Feed intake and individual
live weight were recorded once a week. Feed conversion
was caleulated from the ratio of feed intake (g) and weight
gain (g). On day 35, the broilers were killed after stunning
for organ sampling (liver, small-intestine mucosa and colon),
Small-intestine mucosa samples were taken from a 15 cm jejunal
segment located 10cem distal to the duodenum. Colon tissue
was taken from a 10cm segment located distal 1o the caecum.

RNA preparation and real-time RT-PCR assay including
stability analysis of four selected reference genes in the
jejunal mucosa, colon and liver

Relative mRNA expression levels were measured for GSTa,
HMOX1, TrxR1, microsomal epoxide hydrolase 1 (EPHX1),
cytosolic epoxide hydmolase 2 (EPHX2), AFAR, cvtochrome
P450, family 1, subfamily A, polypeptide 1 (CYP1A1) and
ATP-binding cassette, sub-family C (cystic fibrosis transmem-
brane conductance regulator multidrug resistance-associated

Table 1. Composition of the basal diet”

Ingredient Basal diet (gkg)
Wheat (DEUKA GmbH und 5000
Company KG, Konnern, Germany)
Maize (DEUKA GmbH und Company KG) 1655
Soyabean meal, 44% CP 2500
(DEUKA GmbH und Company KG)
Soyabean oil 40.0
Calciumn phosphate (Sigma-Aldrich, 10.0
Taufkirchen, Gemany)
Calciun carbonate (Sigma-Aldrich) 150
MNaCl (Sigma-Aldrich) 3.00
Vitamin and mineral premixt 8.00
Lysing hydrochloride |Sigma-Aldrich) 4.00
oL-Methionine (Degussa, Duesseldorf, Germany) 3.00
L-Threonine | Sigma-Aldrich) 150
Total 1000
AME . cormaiag (Calculated; MJ/kg) 12.73

AME, apparant melabolisable enargy, CP, crude prolain

"The complete diels had the folowing nulnent conlenls according 1o e National
Ressarch Council recommandations for pouttry™ and did not differ betwsan ta
diets: DM (analysed), 91%; gross energy (analysad), 17-25MIkg AMEy comesed
(calculsted), 12-88MJikg (the daviation n AME. .y Detwasen basal and
complate dal resulled from adding the differant phyloganic fead additives in
fams of pramixes as described in Mathods and malenals); crude fal (analysad),
6644 a/kg DM; CP (analysad), 201 g'kg DM fibra (analysad), 41-0g/kg DM; crude
ash (analysed), 53-Bg'kg DM,

tPramix suppbad the following according 1o the suppber (BASU-Minaraliutiar
GmbH, Bad Sulza, Gemmany; per kg of complete dief): Ca, 2.3g; vilamin A, 3-89
(as refnyl acelais), cholecalcferol, 0-008mg; vitamin E, 38229 (as OL-a-
focophearyl acelate); vitamin Ks, 2mg; thiaming, 2mg; riboflavin, §-6mg; vitamin
Bs, 5myg; vilamin Baz, 002mg; miacin, 88mg; fofic acid, Tmg; biotin, 0-15myg;
Cao-panthotenate, 15myg; chaline chlonide, 07g; Cu, 5myg; Zn, 51myg; Fe,
B1mg; Mn, Timg; |, 0-6mg; Sa, 02mg.

protein; CFTR/MRP), member 2 (ABCC2). Therefore, total
RNA was isolated from the liver, jejumal mucosa and colon of
four birds per repetition and the experimental group (r 120,
half the number of experimental birds) using Trizol® reagent
(Invitrogen GmbH, Darmstadt, Germany), according to the
manufacturer's protocol. RNA concentration and purity were
evaluated photometrically at 260 and 280 nm. Additionally,
RNA quality was controlled by checking the integrity of the
185- and 285-ribosomal RNA bands and by controlling the
absence of genomic DNA. In brief: following the denaturation
of 45 ul of diluted RNA (05 pg/pl) with 20 ul 5% gel running
buffer, 3-5pl formaldehyde and 10 pl formamide at 70°C for
10min, the samples were chilled on ice. Then, 10wl of a
ethidium bromide solution (1-0pg/pl) and 20pl of sample
loading buffer were added and the samples were run in 12 %
agarose gels, containing 22 M-formaldehyde and visualised
under a UV-imager (Syngene, Cambridge, UK). Subsequently,
1:5 pg of the RNA of two birds per treatment were pooled and
subjecled 0 reverse transcription using a commercial comp-
lementary DNA synthesis kit (RevertAid™ First Strand synthesis
kit; Fermentas GmbH, 5t Leon-Rot, Germany). In this manner,
w10 complementary DNA pools per treatment were generated
and could be subjected 1o mENA expression analysis by real-
time detection PCR (RT-PCR) using a Rotorgene 6000 appariius
{(Corbett Research/QIAGEN GmbH, Hilden, Germany). The comp-
lementary DNA obtained by reveme transcription (20 pl) was
diluted 25-fold (final volume 50 ) with diethylpyrocarbonate-
treated sterile water. The standard PCR protocal consisted of an
initial denaturation step (95°C, 3min), followed by 25-32
amplification  cycles (demturation: 95°C, 25s, annealing:
60°FC, 30s, and elongation: 72°C, 55s). Subsequent to the
identification of the correct length of the amplification pro-
ducts in 1-2% agarose gels, refative quantification of mRNA
expression was performed using the AAC, method®?,
In accordance with the curent guidelines for the proper deter-
miration of gene expression dala in various tissues (MIQE
guidelines)®Y a set of four reference genes was selected
and their expression stability (M) was ranked according to
the standard procedure™. Acid ribosomal protein 1 (ARP1),
glycerine  aldehyde-3-phosphate  dehvdrogenase (GAPDH),
elongation factor la (ELFA) and Bractin were selected as
capable reference genes reported in current linJF‘JUJFCOGJT']‘
and their expression (€, values) was measured in the jejunum,
the colon and the liver. The treatment independent expression
stability (M) was determined by calculating the & ratios of
one gene with all the other genes. Subsequently, the standard
deviation of the logarithmically transformed ratios was calcu-
fated and pl{]ﬂcd(m. According to their expression stability
M, indicated by a decrease of standard deviation, a ranking
of the most stable reference genes was compiled for each
tissue investigated. The best set of housekeeping genes was
used for normalisation of the expression data of the target
genes. The expression values of the target genes were normal-
ised using the arithmetic mean of the G values of ARP1 and
Bractin in the jejunal mucosa, of GAPDH and ELFA in the
colon, and of GAPDH and B-actin in the liver.

The primers used in PCR and their gene bank accession
numbers were as follows:
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ARP1(X13876.1), primer forward (3 — 3): ATC GAC ATCGGA
AGC CTC AT, primer reverse (5' — 3'): GAC CAA AGC CCATGT
CAT CA; GAPDH (NM204305.1), primer forward (5 — 3): CCT
CTC TGG CAA AGT CCA AG, primer reverse (5" — 3% TCT CCA

GG TGG TGA AGA CA; ELFA (L00677.1), primer forward
(5' = 3): ACC TCT GCG TCT GCC TCT TC, primer reverse
(5' = 3"): TTC GCT AAG GGC TTC ATG GTS B-actin (LO8165),
primer forward (5" — 3'): ATG AAG CCC AGA GCA AAA GA,
primer reverse (5 — 3): GGG GTG TTG AAG GTC TCA AA:
GSTe (NMOD1001777), primer forward (5" — 37): TTC TCT CCA
CCT GAG GCA AAG, primer reverse (5 — 3 GGC TTC CAT
GAG CTG AAC ATC; HMOXL (NM205344), primer forwarnd
(5' = 3 CTG GAG AAG GGT TGG CTT TCT, primer reverse
(5' =3 GAA GCT CTG CCT TTG GCT GTA; TrxRl
(NMO01030762), primer forward (5" — 3% AGT CAT TTC TGG
CCACTG GAA, primer reverse (5 — 37 TTGGTGATGGACAGA-
GTGGTG; EPHXL (XM419497), primer forward (5' — 3 CAA
GTG ATG CTT GGG GCT TAC, primer reverse (5' — 3): ACC

5C AGTGTC TGG TTT GGT; EPHXZ (NM001033645), primer
forward (5 — 3. GAA AGC CCT TAT CCG TTC CAC, primer
reverse (5 — 30 GGT CTC ATG TTC CGG TAC CAA; AFAR
(XM4176282), primer forward (5" — 3'): CAA ACT GCA GGG
TTC TCT TGG, primer reverse (5' — 30: GAA GTA GTT GGG
GCA GTC GTG; CYP1A1 (NM205146), primer forward (5' — 3
GAAGATTCAGGCAGAGCTGGA, primer reverse (5' — 30: AGT
AGC CAT TCA GCA CCG TGT;, ABCC2 (XMA21698), primer for-
ward(5' — 3'): CCG CAG CATCAG TAC ACA GAG, primer reverse
(5" — 3" GAA GGA AAA GCC CAA ACC AAC

Differential superoxide dismutase activity in the liver

The differential measurement of SOD activity (total SOD, mito-
chondrial Mn SOD (Mn SOD) and Cu/Zn SOD) in the jejunum
andtheliverwas assayed usinga photometric standard procedure
in which the inhibition of pyrogallol (1,2 3-trihydroxybenzol)
autoxidation by the SOD activity of the samples is recorded .
Following this, 1:5 (w/v) crude homogenates of the liver were
prepared in 01 M-potassium phosphate buffer (pH 6-5). The
formation of purpurogallin by pyrogallol oxidation was
measured for 3min at 420 nm. Each determination included a
blank without the liver homogenate. Here, one unit of S0OD
activity was defined as the 50% inhibition of pyrogallol auto-
xidation to purpurogallin by the samples’ SOD activity. The
determination of Mn SOD was carried out as previously men-
tioned, in 50 mM-Tris succinate buffer, containing addiionally
100 my-potassium cyanide 1o inhibit Cu/Zn SOD. Activity of
Cu/Zn SOD was calculated from the difference of otal SOD
and Mn SOD activity. Data were nomalised 1o 1 mg of protein.
Organ sample pools were generated in an analogous manner
as described for mRNA expression. The SOD activity of each
sample pool (r 10) was measured in duplicate.

Glutathione peroxidase 1 activity in the liver and
combined activity of glutathione peroxidases 1 and 2

in the jejunum

The activity of liver cytosolic glutathione peroxidase (GPx1)
and the combined activity of GPxl and gastrointestinal

glutathione peroxidase (GPx2) in the jejunal cviosolic super-
natant were measured spectrophotometrically  (Ultrospec
3300 pro; Amersham Pharmacia Biotech, Freiburg, Germany)
at 340nm using the assay protwcol coupled to glutathione
reductase and NADPH?®. NADPH oxidation, which is pro-
portional to glutathione peroxidase (GPx)-dependent per-
oxide reduction, was recorded for 3min. For both enzymes,
H,0; was used as substrate. Here, one unit of GPx1 and of
combined GPxl- and GPx2 activity was defined as 1 pmol
NADPH oxidised per min and normalised to Tmg protein.
Organ sample pools were generated in oan analogous
manner as described for mBNA expression. GPx activity of
each sample pool (n 10) was measured in duplicate.

Trolox equivalent antioxidant capacity = TROLOX™
equivalent in the essential oils, the jejunal mucosa and the
liver

TEAC in 1:5 (w/v) crude homogenates of the liver and of the jeju-
nal mucosa as well as of the essential oils used in the study was
measured using the method originally described by Miller
0 with modifications of Wang et al “Y. The method is
based on monitoring the inhibition of 2,2azino-bis (3-ethyl-
benzothiazoline-6-sulphonic acid (ABTS) radical formation

ef al

spectrophotometrically at 600 nm and 20°C for 15 min. The reac-
tion mixture contained PBS buffer, ABTS reagent (0-15mm),
Hz0;: (0-1 mm) and metmyoglobin (2-50 ). Since TROLOX™
inhibitory capacity decreases progressively with time, the
sample TEAC values were caleulated by companson 1o the
TEAC values of a TROLOX™ standard curve (concentration
range: 0-21-0pM). The comparisons were done for the linear
range of the reaction. Mean TEAC values for the liver and the
jejunal mucosa were caleulated as the arithmetic mean of the
individual TEAC values measured after 3, S and 10 min. Before
the determination of the TEAC values of the FO, a dilution
with 70% (v/v) ethanol was carried oul. The TEAC values of
the samples were expressed in pmol TROLOX® equivalent
per g organ fresh matter or mmaol TROLOX™ equivalent per
100 g essential oil. Organ samples were pooled inan analogous
manner as described for mRNA expression. The TEAC value of
each sample pool (r 10) was measured in duplicate.

2-Thiobarbituric acid-reactive substances in the liver

(TBARS) were
measured in the liver of the broilers as a parameter of lipid
peroxidation according o a modified protocol from Wong

2-Thiobarbituric  acid-reactive  substances

et al “% TBARS concentration was measured in liver samples
subsequent 1o the provocation of lipid peroxidation with
FeS04 in order 1o test their antioxidant capacity. Then, 25pl
of the 1:5 (w/v) liver crude homogenates were mixed with
375pl HsPOy (044M) in sealable glass whbes. Afier the
addition of 25l FeSOy solution (005M), 200ul agqua bidest
and 125 pl 0-6% 2-thiobarbituric acid, the samples were incu-
bated in a thermo block at 100°C for 60 min. Determination of
the blank was carried out, using 25 pl of potassium phosphate
buffer (071 M) instead of the liver homogenate. Following the
incubation at 100°C, the samples were chilled on ice and
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750pl of methanolic NaOH (10ml of 1M-NaOH 4+ 90ml
methanol) were added. Afler thorough vortexing and centrifu-
gation at 4000 g at 4°C for 10 min, the extinction was measured
spectrophotometrically at 532nm. Sample TBARS concen-
trations were calculated from a calibration curve prepared
with 1,1,3,3 -tetraethoxypropane in a concentrtion range of
0-60-1-20 pM. TBARS concentration of each sample pool (n
10) was measured in duplicate.

Protein concentration of samples

Protein concentration in the liver eytosol, jejunal mucosa, colonic
tissue and in the samples for liver immunoblot analysis of Nif2
was determined using the standard method (JFBmdF(ermJ, adap-
ted to the needs for measurement in a ninety-six-well plate reader.

Immunoblot analysis of nuclear factor erythroid 2-related
factor 2 in whole liver cell lysate

For the analysis of Nrf2 protein expression in whole liver cell
lysate 1:10 tw/v), liver homogenates were prepared in a non-
reducing radioimmuno precipitation assay (RIPA) lysis buffer
(50 mm-Tris—=HCI, 150 mM-NaCl, 1 mym-phenylmethylsulphonyl-
fluoride, 1 mM-EDTA, 1-:0% sodium desoxycholate, 0-1% SDS
and 1% TritonX-100, pH 7-4). Then, 60 pg of protein were sep-
arated according to the standard method™ under non-redu-
cing conditions on 10 % SDS-polyacrylamide gels (50mA, 4°C,
2h). Separated proteins were transferred onto a polyvinyli-
dene membrane (PALL Biotrace 045 pm™; Pall GmbH,
Dreieich, Germany) by semi-dry blotting (25 min at a constant
6V (approximately 60mA)). After blocking the membranes
overnight at 4°C in Tris-buffered saline-Tween (TBST) (20 mu-
Tris—HCI, 150mmM-NaCl, 0-1 % Tween 20, pH 7-6) containing
5% non-fat dry milk and 0-2% bovine serum albumin, the anal-
ysis was continued by a 12 hincubation with the firstantibody, a
polyclonal anti-rabbit-Nrf2 antibody (Abcam, ab 31 163), in TBS
(1:1000) followed by a 1h incubation with the secondary
antibody (1:3000) linked 10 homemdish peroxidase (Goal
Anti-Rabbit TgG-h 4+ 1). Subsequent to three washes with
TBST, the protein bands were detected using an ECL-kit (GE
Healthcare Burope GmbH, Freiburg, Germany). Oplical density
ofthe 57 kDa band, representing active Nrf2, and of the 101 kDa
band, representing ubiquitinated Nrf2 Chitp://www.abcam.
comy/ index. html? pageconfig=reviews&intAbID= 31 163), were
evaluated with a Phoretix Totallab TLI00 imager (BioStep
GmbH, Jahnsdorf, Germany) after scanning the membranes
with the biostep Bio-Imaging Systems F-ChemiBIS 3-2M lumi-
nescence reader (Berthold Technologies, Bad Wildbad,
Germany). The intensity of the Nrf2 bands was normalised to
Bractin, carried along as the standard. Moreover, the ratio of
active NrfZubiquitinated Nrf2 was caleulated. Whole liver
tissue protein pools (r 10) were generated in an analogous
manner as described for mRNA expression. Immunoblaot anal-
ysis was carried out in duplicate for four selected sample pools.

Statistical analysis

Data are presented as means with their standard  errors
(except for Table 6 and related remarks). Following assu-
rance of the nomuality of diswribution (Shapiro-Wilk test and

Kolmogorov—Smirnov test) and the homogeneity of variances
(Levene's test), the data were analysed with SPSS 19.0 (SPSS,
Inc., Chicago, 1L, USA) for Windows using the one-way
ANOVA procedure. If varances were homogenous, significant
differences between means (P<<0:05) were evaluated with the
least significant difference-test; if not, the Games Howell test
was used. Box plots for the analysis of reference gene stability
were generated with SPSS 19.0 for Windows (SPSS, Inc.).
Other figures were prepared with Microsoft Excel (version
2003; Microsoft Corporation, Redmond, WA, USA).

Results

Performance parameters (feed intake, body weight, weight
gain, feed conversion)

All birds showed no clinical abnormalities during the whole
experiment, and no broilers were lost. Both in the initial
feeding period (days 1-14) on the commercial starter diet
and in the experimental period on diets with the phytogenic
feed additives, feed intake did not differ between groups
(Table 2). Weight gain between groups was not different
in the initial feeding period and in the first 2 weeks of the
experimental period (Table 4).

However, in week 5 (days 29-35), broilers of the Cuo
group showed a significanty reduced weight gain compared
to group Con and to all the other expenmental groups with
phytogenic feed additives (SFN, Oo, To, Ro). The lower
weight gain of group Cuo compared to group Con was also
apparent when weight gain data for the experimental period
(days 15-35) and the whole expenment (days 1-35) were
compared. Broilers of the Oo group produced a significantly
lower weight gain over the whole experimental period
(days 1-35) compared to Con broilers (Tables 3 and 4).
Conseguently, brollers of groups Cuo and Oo had a reduced
feed conversion compared 10 Con birds (Table 5). Although
no statistical significances could be analysed, broiles of
the other groups receiving diets with phytogenic feed addi-
tives (SFN, To, Ro) also showed an overmll somewhat lower
performance than Con broilers, as indicated by weight gain
and feed conversion.

Selection of reference genes

Table 6 shows the medians of the @ values of the four selected
reference genes GAPDH, ARP1, ELFA and B-actin in the jejunal
mucosd, the colon and the liver with their individual standand
deviations. Calculation of the percental standard deviation
revealed the following results: In the jejunum, the & values
of Bractin produced the highest percentual standard deviation
from the median (£7-58%), whereas that of ARP1 (£6-21 %)
was the lowest. Jejunal GAPDH (7-47 %) and ELFA (£7-08 %)
showed the highest G values, with intermediate values for
the percentual standard deviation. In the colon, the following
percentual  standard  deviations were  caleulated: GAPDH
(*£555%), ARP1 (*£646%), ELFA (+4-67%) and B-actin
(£ 018%). Data for the liver percentual standard deviation
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Table 2. Feed intake (0 of growing broilers fed diets containing different phytogenic additives for 21d°

(Mean values with their standard errors)

Initial period Experimental period
Days 1-14 Days 15-21 Days 22-28 Days 29-35 Days 15-35 Days 1-35
Group Mean SEM Mean SEM Mean SEM IMean SEM Mean SEM Mean SEM
Feed intake (g)
Con 360 1460 1072 083 148.2 014 1915 355 148.3 1.44 1040 1.44
SFN 362 2:20 1065 2.51 1476 161 1948 1.65 1501 122 1045 1.52
Cuo 366 0:34 1084 084 145.5 379 1956 381 1514 1:36 1055 076
Oo 354 1.45 1020 2.80 144.6 1.71 1869 348 1467 1.78 1022 1.55
To 365 1.98 1099 1.37 145.0 4.02 1918 573 150.8 277 1041 1.90
Ro 346 1.56 1025 387 1452 1.78 1863 335 1468 2:24 1019 1.87

Con, contral; SFN, suforaphans; Cuo, tummenc oil; Oo, aregana al; Ta, thyma oil; Ro, rasamary oil.

* For details of diels and procaduras, sea fa Methods and matarisls sacfon.

were: £4-70% for GAPDH, £10:4 % for ARPL, £ 6-42% for
ARP1 and *361% for B-actin.

Tao select the most stable pair of reference genes, expression
stability (M) was recalculated after repetitive exclusion of the
worst pefforming gene. The most stable pairs of reference
genes after successive exclusion were ARP1 and B-actin in
the jejumal mucosa, GAPDH and ELFA in the colon, and
GAPDH and B-actin in the liver (Table 6).

Expression of antioxidant response element-regulated
xenobiotic-and antioxidant enzymes in the jejunum, the
colon and the liver

The amlysed normalised gene expression pattem of selected
ARE-regulated xenobiotic-and antioxidant enzymes depended
on the phytogenic feed additive and on the organ investi-
gated. The jejunal expression of all ARE-regulated genes was
up-regulated by the reference additives SFN and Cuo com-
pared to group Con (Table 7, jejunum), with significant
changes for HMOX]1 (average factor: 1:73), EPHXL (avemge
factor: 2:10) and AFAR (average factor: 2-10). Among the labia-
e oils, only Ro effected a significant up-regulation of
HMOX1, EPHX1 and TrxR1 compared to group Con, whereas
0o and To produced no significant changes. In the colon, the

expression pattern originating from feeding the phytogenic
feed additives differed distinetly from the jejunal profile
(Table 7, colon). The number of ARE-regulated genes influ-
enced by the reference additives SFN and Cuo was distinetly
lower in the colon than in the jejunum. AFAR was the only
colonic gene showing a significant up-regulation by SFN
addition to the diet (factor: 1:82) compared to the Con
group. Cuo solely increased colonic TrxR1 expression by the
factor 2-41. Ro influenced the expression of colonic ARE-
regulated genes most powerful, including HMOX1 (factor:
1-98), EPHX1 (factor: 1:32) and TeeR1 (factor: 2:31). Interest-
ingly, Oo and To that remained without a significant influence
on the jejunal expression of ARE-regulated genes had the
highest impact on colonic TrxR1 expression (average factor:
3-52). In addition, colonic AFAR expression also responded
significantly to Oo reatment (factor: 1:96). In contrast 1o our
expectations, both the reference additives SFN and Cuo and
the labiaae oils Oo, To and Ro caused a more or less pro-
nounced down-regulation of the mRNA expression of the
ARE-regulated enzymes in the liver of the broilers (Table 7,
liver). In particular, Cuo and Ro decreased the mENA concen-
trations of the antioxidant enzymes HMOX1 and TrxR1, and
that of the epoxide metabolising enzymes EPHXL and 2 10 a
level of 40-50% of that amalysed in the Con group (Table 7,

Table 3. Body weight (q) of growing broilers fed diets containing different phytogenic additives for 21d°

(Mean values with their standard errors)

Initial period Expermental period
Day 1 Day 14 Day 21 Day 28 Day 35

Group Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Body weight (g)

Con 410 0.57 444.9 208 927.5 231 1465.2% 152 2350.9° 269

SFN 422 067 443.2 169 9176 218 1444.4%% 23.8 2301.4%0 19.7

Cuo 413 0.52 437.5 9.68 9130 177 1427.07% 29.6 2234.3% 77

Qo 41.8 0.54 441.8 158 905.8 205 1401.8" 125 2245.3" 427

To 41.8 0.54 442.9 130 928-6 194 144617 B.79 2307.6%" 279

Ro 434 0.58 440.2 1241 9076 214 1421.0" 22.8 227964 301

Can, control; SFM, sufforaphana; Cuo, turmearic o, 0o, aregano ail; To, fiyma of; Ro, rasamary oil.
& Maan valuss with uniike suparscrpl leflars within a column wera significantly diffarant in the least significant differance 1ast ar the Games Howall

tast (P<0-05).

* For details of disls and procaduras, sae tha Methods and materials sachan.

21



Originalarbeiten

NS British Journal of Nutrition

Phytogenic additives and xenobiotic enzymes 7

Table 4. Weight gain (g) of growing broilers fed diets containing different phytogenic additives for21d°

(Mean values with their standard errors)

Initial perod Experimental period
Days 1-14 Days 15-21 Days 22-28 Days 29-35 Days 15-35 Days 1-35
Group Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Weight gain (g/d)
Con 289 131 689 0.60 768 360 126.5" 2.91 90.8° 080 660" 068
SFN 286 1.08 678 1.23 753 306 122.4* 1.63 885" 0:39 6462 051
Cuo 28:3 062 679 1.40 734 430 115.3" 3.27 85.6” 145 626" 085
Oo 28:6 1.00 663 1.36 709 146 120.9" 101 B6.0° 116 630" 109
To 287 0.82 694 163 739 1.87 1231 2.77 888" 130 6472 071
Ro 264 174 668 1.51 738 1.69 1222 361 876" 089 63.9%" 077

Can, contral; SFN, sulfaraphans; Cuo, umanc oil; Oo, aragana of; Ta, thyma ail; Ra, rosamary oil.
B M an values with uniike superscript letters within a column were significantly different in the least significant difference test or the Games Howell lest (P 0.05),

*For detals of diels and procedures, ses the Methads and matenals section,

liver). Cuo additionally reduced GSTa expression significantly.
In groups SFN, 0o and To, the expression of HMOX1, EPHXI
and EPHX2 was down-regulated by 15-40% of the Con level,
whereas TrxR1 expression was not influenced (Table 7, liver).

To judge the changes in the whole xenobiolic metabolising
system, we have additionally measured the gene expression of
the phase I cytochrome P450 enzyme CYPLAL and that of the
phase [T ATP-binding-cassette exporter ABCCZ, both having a
proven function in mycotoxin detoxification (Table 7, liver).
Cuo that caused the strongest down-regulation of all ARE-
regulated enzymes also reduced the expression of CYP1AL
and ABCC2 maost potently. Similardy for the other phytogenic
additives (SFN, Qo, To and Ro), their efficacy on CYP1AL
and ABCCZ mBNA reduction corresponded well o their
impact on the down-regulation of the xenobiotic- and anti-
oxidant enzymes investigated. This specific result suggests a
down-regulation of the complete liver xenobiotic metabolising
machinery by the phytogenic feed additives.

Differential jejunal- and liver superoxide dismutase
activity

Total SOD activity comprises the activity of the cytosolic
Cu/Zn enzyme (Cu/Zn SOD) and of the mitochondrial Mn
enzyme (Mn SOD). Cu/Zn SOD is an antioxidant enzyme

with an ARE sequence in its DNA promoter. Total jejunal
SOD activity was increased significantly by all phytogenic
additives, whereas it was decreased to a greater or lesser
extent in the liver (Table 8), as amalogously observed for
gene expression of the xenobiotic- and antioxidant enzymes.
Accordingly, the raise in jejunal SOD activity was based to a
higher percentage on an increased Cu/Zn SOD activity than
on changes of Mn SOD. The opposite way around, total
SOD activity and, in particular, that of Cu/Zn SOD activity
were reduced by the phytogenic substances in the liver.

Combined cytosolic glutathione peroxidase- and
gastrointestinal glutathione peroxidase activity in

the jejunum and liver cytosolic glutathione peroxidase
activity

In the intestine, cytosolic GPx activity comprises the activity
of GPx1 and that of GPx2, whereas cvtosolic GPx activity in
all other organs is restricted o GPx1 action. Both GPx1 and
GPx2 sensitively respond 1o oxidative stress with an up-
regulation. Comparably o Cu/Zn SOD, GPx2 also has an
ARE in its DNA promoter. As probably observed for Cu/Zn
SOD, all phytogenic feed additives increased GPx activity in
the jejunum to a different extent, but in contrast effected a
significant reduction of liver GPx activity (Table 8).

Table 5. Feed conversion (9/g) of growing broilers fed diets containing different phytogenic additives for 21d°

(Mean values with their standard errors)

Initial period Experimental period
Days 1-14 Days 15-21 Days 22-28 Days 28-35 Days 15-35 Days 1-35
Group Mean SEM Mean SEM Mean SEM Mean SEM Mean BEM Mean SEM
Feed conversion ratio (g/g)
Con 126 001 1.56 om 1.98 004 1.34" 0.05 1.65" 0.03 1.58" o002
SFN 127 003 1.64 0.09 2.02 009 1418 0.03 1.71%# 002 1.63" 001
Cuo 132 003 1.64 004 208 010 1.57% on 1.79" 0.03 1.70" 003
Oo 125 002 1.56 003 208 008 1.41%" 0.08 173" 0.03 1.64" on2
To 128 003 1.60 004 202 018 1.39%" 0.03 1.71% 002 1.63"" o002
Ro 123 003 1.54 003 200 004 1.39%" 0.05 1.68" 0.03 1.60" 003

Con, confrol; SFN, sufforaphane; Cuo, ummenc oil; Oo, aregano ol; To, thyme oil; Ro, rosemary oil,
B Maan values with uniike superscript letters within a column were significantly different in the least significant difference test or the Games Howell lest (P 0.05),
*For detals of disls and procaduras, ses tfha Mathods and matarals saction,
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Table 6. Cycle threshold values of four reference genes in the jejunal mucosa, colon and liver
of growing broilers fed diets containing different phytogenic additivest

(Medians and standard deviations)

GAPDH ARP1 ELFA B-Actin
Tissue MW 5D MW £l MW 50 MW £l
Liver 16.40° o077 15.42 161 15.54 1400 17.02* 061
Jejunum 17.04* 127 1577 0.98 16.08 114 14.06* 1.07
Colon 13.34° 074 12.40 0:80 11.39* 053 10.58 0-65

GAPDH, glycarine akdehyde-3phosphate dehydrogenase; ARP1, acid rbosomal prolein 1; ELFA, elongation
factor Ta.

*Within a fing indicates the most slable refarence ganes for the different lissues. Average exprassion slability
My of remaining reference genes was calculaled by stepwise exclusion of fhe least slable pair of reference
genas in the jeiunal mucosa, cobon and lver, Sample pools (n 680) far &l groups, cormesponding fo ten

sample poals per detary trealment were analysad,

1 For dalails of disls and procaduras, saa tha Mathods and materals saction.

Immunoblot analysis of nuclear factor erythroid 2-related
factor 2 regulation in the liver

All phytogenic feed additives decreased protein abundance
of active Nif2 in whole liver homogenate by 20-39%
compared to group Con. In contrast, relative protein concen-
tration of ubiquitinated Nrf2 was 2-20- 1o 360-fold higher in
the liver of broilers receiving any phytogenic feed additive
compared 1o Con broilers. As a consequence, in broilers fed
phytogenic feed additives, the ratio of active NrfZ:ubiguiti-
nated Nrf2 decreased to 28-40% of that in Con broilers
(Fig. 1(A) and (B)).

Trolox equivalent antioxidant capacity = TROLOX™
equivalent in the essential oils and the liver

The analysed TEAC values (mmol per 100ml) of the essential
oils were as follows: Cuo: 907 (sE 181), Oo: 120 (s8 10-1),
To: 116 (s 872) and Ro: 156 (s8 21-1) (Fig. 2). A TEAC
value for sulforphane or its glucosinolate precursor glucora-
phanin could not be analysed since these compounds possess
no direct antioxidant effects. Jejunal TEAC (pmol per g of
organ) was 3- to 7-fold lower than that in the liver (jejunum:
Con 294 (3£ 961), SFN 174 (se 36:6), Cuo 343 (s 22°9), Oo
392 (se 310), To 446 (s£ 431), Ro 364 (sk 59-8); liver Con

Table 7. mANA expression of xencbiotic- and antioxidant enzymes in the jejunal mucosa, colon and liver of growing broilers fed diets containing

different phytogenic additives for 214 relative to group control (Con) = 1*

(Mean values with their standard errors of the mANA abundance relative to group Con = 1.0 (n 10 pools of two animals per expernmental group))

Group. . . Con SFN Cuo 0o To Ro

ARE gene Mean SEM Mean SEM Mean SEM Mean SEM Maan SEM Mean BEM

Jejunum
GSTa 1.00" 026 155" 035 1.14° 062 112" 038 0-87 022 0.67" 012
HMOXT 1.00" 012 1607 020 1.86" 044 1.08 017 121 010 1.98° 050
EPHX1 1.00" 017 190% 030 219° 044 186°% 037 14077 021 1.80° 0:30
EPHX2 1.00" 019 1.54° 023 1.45" 029 137 0:38 1.14° 012 1.607 032
AFAR 1.00" 006 187%F 023 2.26% 037 116" 019 14077 026 1.37%F 022
TrxR1 1.00" 012 129" 023 1.62%8 041 127 018 119" 013 2,128 0.36

Colon
GSTu 1.00" 014 079" 010 0.99° 009 111 012 0.99° 014 1.10° 017
HMOXT 100 023 087 015 1,375 025 1567 044 1.39°8% 028 1.98° 043
EPHX1 1.00" 012 099 010 086" 006 095 009 100 0.07 1.32% 010
EPHX2 1.00" 012 084 008 089" 010 084 008 1.02° 006 093" 007
AFAR 1.00" 013 182" 028 095" 008 196" 043 0-93" 015 1.32" 0:29
TrxR1 1.00" 031 1.80°F 053 24184 073 3.90° 113 3.15%F 1.14 2.31%¢ 060

Liver
GSTu 1.00" 012 098" 008 067" 008 110" 007 0.98° 012 0.95" 006
HMOXT 1.00" 023 0627 005 0477 004 0627 007 0-74%F 0.07 0.62° 007
EPHX1 1.00" 007 0-85%F 007 0537 049 081° 008 0-66°F 0.08 053" 007
EPHX2 1.00" 014 0.5 006 03954 006 07§ 006 0-66% 010 047 006
AFAR 1.00" 012 1.01° 011 096" 009 095 014 0.79" 0.09 0.88" 014
TrxR1 1.00" 013 088 009 0.49° 004 1.02° 012 0.98° 015 0.59° 007
CYP1AT 1.00" 020 050° 008 017" 004 056" 008 0-45° 013 048" 009
ABCC2 1.00" 009 075" 015 0.49° 0186 1.02°F 014 0.98"¢ 023 0.55° 005

BFN, sufforaphans; Cuo, urmeanc all; Oo, aregano oil; To, thyme all; Ro, rosamary oll; G5Tae, gulathions-5 transfarase o HMOX1, haame oxygenasa 1; EPHX1, microsomal
apomda hydrolase; EPHX2, cylosolic epanide hydrolasa; AFAR, aflaloxin B1 aldebyde reductase; TrR1, thioredoxin reductass 1; CYP1AY, cylochroma P450 family 1

sublamily A polypaplide 1; ABCC2, ATP-binding casselle subfamily © mambar 2.

Abcd Maan values with unlike superscrpl leflars within a row indicate significart differences in the laast significant difference lest or the Gamas Howell fast | P<0.05).

Tha suparscrpl ‘8’ was assignad 1o group Con.
*For detats of disls and procadures, saa tha Methods and malenals section.
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Table 8. Differential superoxide dismutase (S0D) activity and glutathione peroxidase (GPx) activity in the jejunal mucosa and the liver of growing broi-

lers fed diets containing different phytogenic additives for 21d°

(Mean values with their standard errors, n 10 pools of two animals per exparimental group)

Con SFN Cuo o To Ro

Group Mean SEM Mean BEM Mean SEM Mean SEM Mean BEM Mesan SEM
Jejunum

Total SO0 (U/mg protein) 4.88" 073 8.80% 054 728 o084 T20° 055 7.45° 086 7.42% 083

Cu/Zn SOD(U/mg protein)  367° 076  585° 052 6157 080 579" 048 619 077 &10° 070

Mn S0D (U/mg protein) 1.00" 007 1.25% 003 113" 009 1.41% 010 126" 010 132%F 014

GPx (mU/mg protein) 687" 057 7.28*% 085 318" o070 890 067 762 1.08 782 083
Liver

Total SOD (U/mg protein) 598 190  52.5%F 216 572" 237 51.2%°  1.58  561%%F 1.09 40.8° 382

CuZn SOD(U/mg protein) 474" 179 41.4%8 236 465" 224 306 1.55  452%%F 173 44.4%F 293

Mn 500 (Uimg protein) 12.2 038 11.2* 084 108" 049 11.6" 044 10.8* 070 93" 1.02

GPx (mU/mg protein) 26.2" 147 2218 103 207%° 063 17.0° 1.43  2p2h° 154 207°F 113

CuZn 50D, cylosolic Cu-Zn 500; Mn SOD, mitochondrial Mn SOD.

B2\ tean valuas with unlike suparscrpl letlers within & row ware significanlly differantin the least significant diferance last or the Games Howell ast (P< 0.05).

*For detals of diels and procedures, ses the Methads and matenals section,

282 (se 28-(0), SFN 680 (sE 52:2), Cuo 4% (st 34:9), Oo 992 (sk
57-4), To 1129 (s& 87-1), Ro 764 (sk 115)). All phytogenic feed
additives raised the jejunal and liver TEAC values significantly
compared to group Con. The TEAC values of Oo and To
directly reflected the TEAC values analysed in the jejunum
and in the liver of the broilers. Cuo which had a distinctly
lower TEAC value than the labiatae oils (Oo, To and Ro)
had a distinctly higher influence on the jejunal TEAC than
on the liver TEAC. Feeding Ro, with the highest analysed
TEAC, resulted in a lower liver TEAC than Oo- and To feeding,
whereas its influence on the jejunal TEAC was comparnble 1o
that of Oo and To. SFN, having no direct antioxidant activity,
increased the jejunal and liver TEAC significantly less than the
labiatae oils (Oo, To and Ro).

Concentration of thiobarbituric acid-reactive substances in
the liver

All the phytogenic feed additives tested, effected a reduction
of Fe-induced lipid peroxidation in the liver of the broilers
compared 1o the Con group (Fig. 3). Cuo feeding thereby
had the strongest effect, reducing TBARS by neary 60% com-
pared to group Con. To and Ro as well as SFN produced an
intermediate protection against the Fe-provoked lipid peroxi-
dation (reduction of about 40%), whereas Oo showed the
smallest effect in comparison (reduction of about 20%).

Discussion

Performance parameters (feed intake, body weight, weight
gain, feed conversion)

As mentioned in the introduction, the effects of phytogenic
feed additives, and in particular of labiatae oils on the
peformance pammelers of broilers are subject to a contro-
versial discussion. Whereas one study  reported on the
beneficial effects of extremely high dietary concentrations
of oregano leaves (up to 20 g/kg= 20kg/tonne) and Oo
(up o 10g/kg = 1-0kg/tonne) on weight gain and feed

conversion'®, other studies showed no effects™ or even
opposite effects on these parameters * In the last mentioned
study, the influence of Oo, To and Ro on the peformance of
broilers was studied. In this study, Qo and Ro impaired weight
gain and feed conversion compared to control broilers, whereas
To influenced these pammeters positively. Our results are par-
tially in accordance with these results™. Although we could
not confirm an improvement of peformance by To addition
to the diet, weight gain was reduced to a lesser extent by To
compared 10 Oo and Ro (Table 2). In studies on the effects of
turmeric on aflatoxin-metabolising enzymes, the addition of
500 g/t turmeric powder to the diets of Cobb % Cobb broilers
reduced body weight gain and feed conversion of these birds
compared to the Con 1%
results (Table 2), with the difference that the Cobb X Cabb broi-

- Our results for Cuo confirm these

ler<™® had a somewhat higher weight gain and a better feed
conversion than our Ross-308 broilers™ . Broceoli extrct
(SFN), not yet permitted as a feed additive in the EU, in our
trial also influenced the performance pammeters of the broilers,
slightly negative compared to group Con (Table 2). However,
this effect reached only a magninde comparable 1o that of To.
Feasible negative effects of broccoli extract on performance
may derive from the goitrogenic potential of isothiocyanates.
However, studies with human subjects have proven that even
high dietary concentrations of SFN affect thyroid metabolism
only negligibly"®%

Weight gain and feed conversion are the two maost import-
anl goals in today's animal nutrition. Frequentdy both par-
ameters are associated with general animal health. Our
present results and the outcome of a number of the aforemen-
(2.3,48) suggest that phytogenic feed additives
do not meet the criteria acting as mere growth promoters.

tioned studies

However, in these studies, induding our present experiment,
the animals were not subjected 1o a challenge with pathogenic
micro-organisms or loxic substances. It can be assumed that
the threat of infections and the challenge with feed contami-
nants increase under practical feeding conditions with a high
stocking rate. Experiments in which broilers were infected
with Eimeria fenella or fed aflatoxin-containing diets, Oo or
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(Con = 1-0)

Nrf2 protein expression

Group

Fig. 1. Nuclear factor erythiold 2-related factor 2 (Nrf2) protein exprassion in
whole liver lysate of growing brollers fed diets containing different phytogenic
additves for 21d. (A) Representative immunobiot of ubiguitinated Nrf2
(= Nrf2 marked with ubiguitin for proteasomal degradation, 101 kDa, uppar
lana), active N2 (57 kDa, midde lana) and p-actin (42 kDa, lower lana),
selected from four pools of whole liver tissue homogenate per experimantal
group. Immunablot analysis for each protein pool was performed in duplicata.
(B) N2 protein expression and mtio of active:ublquitinated Nd2 in whole
liver lysate of growing brollars fed diets containing different phytogenic
additves for 21d relative to group Con = 1.0, Values are means, with their
standard emars represemed by vedical bars of active and ubiguitinated Nrf2
protein abundance relative to group Con = 1.0 and the ratio of active NrfZu-
biquitinatad Nri2 relative to group Con = 1.0 (n 4 pools of two animals par
expeimental group). 2*°Mean values with unlike letters were significantly
differant in the least significant differance test or the Games Howall test
(P 0-05). The letter ‘a* was assigned to group Con. For details of diets and
procedures, see the Mathods and materals section, 3, Mir2 active; g, Nrf2
ublguitinated; -, active:ubiquitinated. Con, control, SFN, sulforaphane; Cuo,
tumeric oil, Oo, cregano ol To, thyme oil; Ro, resemary oil.

urmeric powder counteracted the depressed feed intake and

gmeh@m"m. Moreover, the exclusive addition  of

phytogenic substances as growth promoters (o animal feed
may be less effective than combinations with feed enzymes™?

or pre hiatics™”.

Antioxidant response element-regulated xenobiotic- and
antioxidant enzymes, Trolox equivalent antioxidant
capacity in the intestine

To the best of our knowledge, our data have shown for the
first time that labiatae oils have differentiated and promising
effects on ARE-regulated xenobiotic- and antioxidant enzymes
and on antioxidant capacity in the intestine and the liver of
fast-growing broilers. This assertion is also appropriate for
Cuo which is permitted as a feed additive in the EU and for
broccoli sprouts extract which is currently only accredited as
a dietary supplement for humans. Due to their known
impact on the induction of ARE-regulated genes, we have
applied the aforementioned phytogenic substances as the
reference additives in our swdy. For turmeric and SFNCY
derived from glucoraphanin cleavage by intestinal microbial
Brglucosidases, our data regarding their impact on the indue-
tion of intestinal ARE-regulated xenobiotic- and antioxidant
enzymes are in agreement with recent literature. & number

af cell culture studies and in vivo studies with human subjects
and laboratory animals have demonstrated the potential of
turmeric and SFN on the induction of ARE-regulated genes

. . (23
in the intestine

#2230 In humans, turmeric and SFN predo-
minantly have been established as preventive agents against
intestinal cancers. Their safety has been verified #4853
In farm animals, having a short life span and needed for
food production, the application of potent inductors of ARE-
regulated genes rather aims on their efficiency to strengthen
the intestinal barrier against toxic feed-derived substances
or endogenously produced toxic metabolites and thereby
impeding their absorption into the organism. In our trial,
Cuo and 5FN both induced a similar pattern of ARE-regulated
genes in the small intestine (Table 7, jejunum) with a parti-
cular focus on HMOX1, EPHX 1 and 2, and on AFAR™,
Further, our results have shown an effect of labiatae oils
(0o, To, Ro) on the expression of intestinal ARE-regulated
genes. The labiatae oils induced a differential expression pat-
tern depending on the oil and on the intestinal segment inves-
tigated (Table 7; jejunum, colon). Within the labiatae oils, Do
and To effected a smaller increase in jejunal ARE-regulated
enzymes compared 1o Ro. In the colon, feeding the phyto-
genic substances resulted in 2 more individual induction pat-
tern. In the colon, all the additives  induced TrxR1
possessing both, antioxidant properties, and a key role in
]'}Z\.'.-*\-.'sw‘.,'nLln.'.s"l.';('iﬁ'1 to a4 higher extent than in the jejunum.
Whereas SFN and Oo increased the colonic AFAR expression
potently, Ro had a high impad on HMOX1 expression. The
exact mechanisms by which EO and SFN influence ARE-regu-
lated genes differentially have not been studied o date. Tt can
be speculated that the different main terpene compounds of
EO and SFN modify Keapl at sensor —SH-groups by individ-
ual chemical reactions™™. Moreover, the number of ARE and
that of other transcription-faclorregulated elements in the
promoter region differ between the single xenobiotic- and
antioxidant enzymes investigated® ™. That terpenes increase
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Fig. 2. Trolox equivalent antioxidant capacity (TEAG) values of essential oils
() and TEAC values in jajunal (o) mucesa and the lver () of fast-growing
brodlers fed diets containing differant phytogenic additives for 21 d. Values are
means, with thair standard emrors reprasented by wedical bars (n 10 podls of
two animals par experimental group). **<9Mean values with uniike lettars
wera significantly differant in the least significant difference (LSD) test or the
Games Howell test for the jejunal TEAC values (P< 0.05). =2 Maan values
with unlike letters ware significantly different in the LSD test or the Gamas
Howell test for the liver TEAC valuas (P=0.05). For details of diets and
procedures, see the Methods and materials section. Con, control, SFN, sulfor-
aphane; Cuo, tummeri oil, O, cregano ol To, thyme oll; Fe, rosemary oil.
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Fig. 3. Thicbarbituric acid-reactive substances (TBARS) after iron provaca-
tion in the liver of fast-growing brodlers fed dets containing dfferent phyto-
genic additives for 21d. Values are means, with their standard errors
represented by vedical bars (n 10 pools of two animals per exparimental
group). *P<Mean values with unlike lattars were significantly dfferant in the
least significant dfferance test or the Games Howell test (P=0.05). For
details of diets and proceduras, see the Methods and materials section.

the expression and activity of ARE-regulated enzymes has
been demonstrated®**® In contrast to carvacrol (oregano)
and thymaol {Lh}mc)( "9 the main terpenes of Cuo (ar-wrmer-
one) and of Ro (1,8 cineole) % accounting for 30-50%
(v/v) of these oils, have no antioxidant phenolic groups in
their molecular structure. For this reason, sesquilerpenes like
ar-turmerone {turmeric) or terpenes with an epoxide function
like 18 cineole (rosemary) may induce ARE-regulated genes
more powerful than phenolic monoterpenes™. On the
other hand, the phenolic monoterpenes exert a higher direct

19" 1In this context, our results for the

antioxidant potentia
TEAC values of the oils and of jejunal mucosa are of interest
(Fig. 2). The TEAC value of a tissue comprises direct antioxi-
dant effects and that of the antioxidant enzymes increased
by secondary mechanisms. In our study, the broccoli-derived
isothiocyanate SFN, having no direct antioxidant properties,
produced the lowest increase in jejural TEAC compared to
group Con. From this fact, it can be concluded that the
increase in jejumal TEAC in group SFN mainly bases on the
induction of ARE-regulated antioxidant enzymes. For Cuo
showing an intermediate effect on jejunal TEAC, it can be
assumed that both, its moderate direct antioxidant effect and
the powerful induction of ARE-regulated antioxidant enzymes
by ar-turmerone™ ™% have contributed 1o jejunal TEAC
modulation (Fig. 2). Oo and To contain high concentrations
of the antioxidant phenolic tempenes  carvacrol  and
thymol™™. In contrast, both oils have induced ARE-regulated
enzymes only moderately. Therefore, the high jejunal TEAC
values of 0o and To may mainly result from their high carva-
crol and thymol content (Fig. 2). To complicate matters, Ro
had the highest TEAC value within the labiatae oils. Addition-
ally, Ro powerully induced intestinal ARE-regulated genes
(Table 7; jejunum, colon). However, its influence on jejunal
TEAC was not stronger than that of Oo and To. This conflict-
ing result could have two causes: on the one hand, the non-
antioxidant epoxy-terpene 1,8 cineole™™ may have produced
a strong induction of ARE-regulated antioxidant enzymes. On
the other hand, Ro additionally contains small amounts of the
phenolic diterpenes carnosic acid, carnosol and epimsmanol
coming along with 2 high direct antioxidant activi (1480
which may limit the further induction of ARE-regulated

antioxidant enzymes. In summary, our data showed a differen-
tiated response of intestinal ARE-regulated genes to dietary
treatment with the phytogenic additives SFN, Cun, Oo, To
and Ro. Future studies with tissue cultures and other farm
animal species should focus on the examination of the individ-
ual xenobioticand antioxidant enzyme induction pattern of
EO, and in paricular, on the examination of their pure main
terpenes and of SFN. In those studies, the added concentration
of the oils should be standardised to their main terpenes. The
results of those investigations may contribute 1o the creation of
new and optimised mixtures of phytogenic feed additives,

Nuclear factor erythroid 2-related factor 2, antioxidant
respanse element-regulated xenobiotic- and antioxidant
enzymes, Trolox equivalent antioxidant capacity and
thiobarbituric acid-reactive substances in the liver

In contrast to our expectations and to data from other
studies 2 EN and Cuo, the reference substances in
our experiment, as well as the labiatae oils, generally reduced
the expression of ARE-regulated genes in the liver (Table 7,
liver). Nevertheless, data from other trials feeding diets sup-
plemented with curcumin, quercetin and catechin o mice
and rats support our findings regarding a down-regulation
of xenobiotic- and antioxidant enzymes in the liver #3264
This effect may have two reasons:

(1) The dietary concentration of both reference additives was
oo low to produce an induction of ARE-regulated genes
also in the liver.

(2) The antioxidant protection achieved by the induction of
ARE-regulated genes in the intestine acted as a barrier
and protected the organism against the uptake of toxic
xenobiotics and against oxidative stress.

However, the second hypothesis seems to be more plaus-
ible, since we found a distinct up-regulation of SOD- and
GPx enzyme activity by all phytogenic feed additives com-
pared to the control in jejunal mucosa (Table 8). Intestinal
GPx activity, measured with HzO; as the substrmte, comprises
the activity of GPx1 and GPx2. GPx2 is an unusual seleno-
protein, induced by both, a sufficient selenium status and
by N2 Both peroxidases underlie a  coordinated
regulation. Tn the case of lacking GPx2 activity, GPx1 is up-
regulated o compensate reduced peroxide detoxification®”
Numerous studies have demonstrated that the loss of both
enzymes promotes the development of chronic inflimmatory
intestinal diseases. Moreover, it has been shown that GPx2
blocks the up-regulation of the proinflammatory inducible
cyclo-oxygenase 2. Further, GPx2 impedes the aguaporin-
mediated absorption of peroxides into the (Jnrguni.'srn':ﬁS ™

Our second hypothesis that the increased intestinal barrier
against pro-oxidants and inflammatory stress protects peri-
pheral organs like the liver from oxidative stress is further
supported by our findings for Nef2™ (Fig. 1(4) and (B)),
SOD (Table 8), GPx1 (Table 8), TEAC (Fig. 2) and TBARS
(Fig. 3). The coincident down-regulation of aclive Nrf2
(Fig. 1(A) and (B)) and xenobiotic- and antioxidant enzymes
(Table 7, liver) on the one hand, and higher TEAC values
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(Fig. 2) accompanied by a reduced, provoked lipid peroxi-
cation (Fig. 3) of all chickens receiving a phytogenic additive
on the other, suggest that the livers of supplemented broilers
had an increased antioxidative capacity and reduced oxidative
stress, making the further induction of antioxidant enzymes
dispcnsahlcqa'&“. This particular result was also supported
by the finding that protein abundance of ubiquitinated Nrf2
was significantly higher in broilers fed diets with phytogenic
additives than in Con broilers (Fig. 1(A) and (B)). Contrarily
it can be assumed that the livers of untreated Con broilers
were exposed to higher oxidative stress, as indicated by
the highest protein abundance of active Nd'2 and the lowest
of ubiguitinated N2, This, in turn, explains the higher
expression of  ARE-regulated  xenobioticand  antioxidant
enzymes in Con broiles™.

That feeding phytogenic feed additives protects peripheral
organs from oxidative stress is confirmed by results from
other studies reporting on reduced lipid peroxidation and
increased storage stability of broiler meat and fa 7,

In contradiction to our results, a study with broilers found
a distinct up-regulation of liver ARE-regulated genes (AFAR,
EPHXT) due 1o feeding diets with turmeric powder. However,
this response was triggered only by feeding aflatoxin simul-
taneously™. From this fact it can be conduded once again
that the regulation of liver ARE genes by phylogenic sub-
stances presumably depends largely on the exposure of an
organism to toxic substances and oxidative stress. In contrast,
an optimum protection against oxidative stress counteracts
the further induction of ARE-regulated xenobiotic- and anti-
oxidant enzymes in peripheral <Jrgun;<63'&“.

An issue that should be addressed at the end of the discus-
sion is the regulation of phase 11, T and IIT enzymes in a
unidirectional manner as analysed in our swdy (Table 7,
liver). This aspect is very important to keep the balance
between the single stages of xenobiotic metabolism™™ and
0 prevent the organism from damage. The simultaneous
down-regulation of CyplAl with an important function in
mycotoxin activation”™  of the xenobiotic-and antioxidant
phase TT enzymes im'csLigaLcd(m‘ and of ABCC2 responsible

for the excretion of conjugated mycotoxin metabolites™

is
a further indicator of a reduced exposure of the liver 1o
toxic metabolites and oxidative stress. In summary, our results
for the liver suggest that the induction of jejunal ARE-regulated
genes and the increase in jejunal TEAC in the small intestine
by phytogenic feed additives seem to act as a bamier against
oxidative stress in the (Jq;uni_-sn'l(ﬂ'm. This protective function
of essential oils and of broceoli extrct is also of particular
interest for human nutrition and with regard 10 inflammatory

(68,69, 713

bowel disease in humans . since we have used chick-

ens 4s 4 single-stomached animal species inoour study.

Conclusions

(1) On the one hand, our study confirmed results from the
literature that phytogenic feed additives do not merely
act as growth promoters under condiions without an
infectious or toxic challenge.

(2) On the other hand, our results have demonstrated for the
first time that broceoli extract, Cuo and the labiatae oils of
oregano, thyme and rosemary influence the expression of
ARE-regulated xenobiotic- and antioxidant enzymes. The
up-regulation of these genes in the inlestine seems Lo
build a bamier against oxidative stress in the organism.
In paricular, the up-regulation of ARE-regulated genes
in the small intestine may represent an attractive and
new mechanism by which phytogenic feed additives
improve the intestinal and general health of farm animals.

(3) However, different regulation patierns of the single phy-
togenic substances demonstrate the necessity for fulure
research with regard o this issue. Understanding the
different regulation patterns of single phytogenic feed
additives may contribute to the development of opti-
mised combinations of phytogenic substances in animal
nutrition and 1o the use of these substances as dietary
supplements for humans.

(4) Moreover, we have tested for the fist time a broceoli
sprouls extrct containing SFN as a phytogenic feed addi-
tive in animal nutriton. Compared 1o the other additives
tested, SFN did not show significant negative effects on
the performance parameters under well-controlled hous-
ing conditions without a microbial or toxic challenge.
Moreover, broceoli extract acted as a modulator of the
aforementioned ARE-regulated genes. For this reason,
broceoli extract, currently permitted only as a dietary sup-
plement for humans, has turned out to be an attractive
phytogenic feed additive for use in the future.
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ABSTRACT

Objective: Since the ban of antibiotics as growth
promoting feed additives in the EU in 2006 re-
search in alternatives has gained importance.
Phytogenic feed additives represent a hetero-
genous class of different plant derived sub-
stances that are discussed to improve the health
of farm animals by direct and indirect antioxi-
dant effects and by influencing microbial eubio-
sis in the gastrointestinal tract. Consequently
our study aimed to investigate the influence of
broccoli extract and the essential oils of tur-
meric, oregano, thyme and rosemary, as selected
individual additives, on intestinal and faecal mi-
croflora, on xenobiotic enzymes, and on the an-
tioxidant system of piglets. Methods: 48 four
weeks old male weaned piglets were assigned to
6 groups of 8. The piglets were housed indi-
vidually in stainless steel pens with slatted floor.
The control group (Con) was fed a diet without
an additive for 4 weeks. The diet of group BE
contained 0.15 g/kg sulforaphane in form of a
broccoli extract. 535, 282, 373 and 476 mg/kg of
the essential oils of turmeric (Cuo), oregano
(Oo), thyme (To) and rosemary (Ro) were added
to the diets of the remaining 4 groups to stan-
dardise supplementation to 150 mgl/kg of the
oils’ key terpene compounds ar-turmerone, car-
vacrol, thymol and 1,8-cineocle. The composition
of bacterial microflora was examined by culti-
vating samples of jejeunal and colonic mucosa
and of faeces under specific conditions. The
mRNA expression of xenobiotic and antioxidant
enzymes was determined by reversing transcrip-
tase real time detection PCR (RT-PCR). Total
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antioxidant status was assayed using the Trolox
Equivalent Antioxidant Capacity (TEAC), and
lipid peroxidation was determined by measuring
thiobarbioturic acid reactive substances (TBA-
RS). Results: Compared to Con piglets all addi-
tives positively influenced weight gain and feed
conversion in week 1. Over the whole trial period
no significant differences in perfermance pa-
rameters existed between the experimental groups.
Compared to group Con performance of Ro
piglets was, however, slightly impaired. Com-
pared to Con piglets Cuo, Oo and To increased
the ratio of Lactobacilli:E. coli attached to the
jejunal mucosa, whereas BE and Ro impaired
this ratio slightly. In contrast in colonic mucosa
Ro improved Lactobacilli:E. coli ratio. In faecal
samples an improvement of Lactobacilli:E. coli
ratio could be analysed for To and Ro. Ro was
the only additive that reduced the incidence rate
of piglets tested positive for enterotoxic E. coli
(ETEC). All additives significantly increased je-
junal TEAC and reduced TBA-RS. In the liver BE,
Cuo, Oo and To increased TEAC in tendency and
Ro significantly. Liver TBA-RS were slightly re-
duced by all additives compared to Con piglets.
Whereas the influence of BE, To and Ro on je-
junal TEAC mainly was derived from the induc-
tion of xenobiotic and antioxidant enzymes (in-
direct antioxidant effects), Cuo and Qo influ-
enced TEAC by direct antioxidant effects. Dis-
cussion and Conclusions: Our results have shown:
That within the labiatae oils Oo and To have the
potential to improve performance slightly. That
phytogenic substances have a small but not sig-
nificant influence on intestinal microflora. That
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phytogenic feed additives up-regulate the anti-
oxidant system of piglets either by direct or by
indirect antioxidant effects and that they may
thereby improve health status. That within the
labiatae oils Oo has a high direct antioxidant
potential whereas Ro potently induces xenobi-
otic and antioxidant enzymes. That broccoli ex-
tract is an attractive new phytogenic additive,
improving antioxidant status by indirect anti-
oxidant effects. That defined combinations of
selected phytogenic substances may produce
additive effects. That health promoting effects of
phytogenic additives in the future should be
studied systematically under the challenge with
pathogenic microorganisms or food derived to-
Xins.

Keywords: Pigs; Phytogenic Feed Additives;
Broccoli Extract; Essential Qils; Xenobiotic Enzymes;
Antioxidant System

1. INTRODUCTION

Weaned pigs and fast growmg broilers are frequently
affected by diarrhoea 1n the first weeks of their lives re-
sulting in impaired performance or the loss of ammals.
Antibiotics as feed additives were therefore used for a
long time in order to protect the animals from this harm.
The complete ban of the last three antibiotic feed addi-
trves in the European Unton (EU) 1 2006 bore the ne-
cessity to infensify research in alternatives. Besides the
supplementation of pig diets with pre- and/or probiotics
or organic acids. phytogenic feed additives have tumed
out as promising substances for this purpose.

In this context some studies reported that m particular
the essential oils (EQ) of labiatae plants (Origanum vul-
gare, Thymus vulgaris and Rosmarinus officinalis) m-
fluenced growth and performance of piglets positively
whereas other trials found no or even contrary effects
[1-5]. These contradictory results with regard to per-
formance are extensively summarised in a recent review
[6].

Antibiotic-like bactericidal and/or bacteriostatic ef-
fects on several pathogenic intestinal microorganisms
may represent another mechanism by which labiatae oils
influence the health of farm animals positively. However,
most of the studies regarding this topic have been carnied
out in vitre, frequently in the context of food safety of
meat products [7-9]. The bactericidal activity of EOs in
vive 1s also discussed controversially. Oils or herbal pre-
parations of labiatae plants rather seem to improve mi-
crobial eubiosis [10.11] than having direct bactericidal
effects against pathogenic bactenial strains [12].

A further mechanism by which labiatae oils may con-
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tribute to animal health may consist i their direct anti-
oxidant effects. Presumably the terpene compounds of
labiatae oils largely contribute to both their antioxidant
potential and to their influence on bacteria. The mam
terpene compounds of labiatae plants include the phenol-
lic terpenes carvacrol (oregano), thymol (thyme and
rosemary) and the epoxy-terpene 1,8-cineole (rosemary).
The measurement of the Trolox Equivalent Antioxidative
Capacity (TEAC, mmol TROLOX equvalent®/g test
substance) represents a frequently applied method to test
the antioxidant potential of labiatae oils. In this context it
could be demonsirated that oregano had the highest an-
tioxidant potential within labiatae plants (TEAC value:
100.7) followed by rosemary (38.8) and thyme (38.8)
[13].

Similar mechamsms improving performance and health
of farm animals as reported for labiatae extracts and oils
are also discussed for turmeric preparations (Curcuma
longa L.). Turmeric oil contains a highly active terpene
compound, the aromatic sesquiterpene ar-turmerone,
possessing both a strong bactericidal activity against
several microorganisms [14] and direct antioxidant ef-
fects [15].

Broccoli extract, containing glucoraphanin (GRA), the
glucosinolate precursor of the isothiocyanate sulforap-
hane (SFN), is a phytogenic substance that has been
tested as a feed additive only in one broiler study which
has been carried out i our group [16]. Due to the lack of
studies with other farm animals broccoli extract has no
current permission as a feed additive m the EU. In con-
trast i humans broccoli extract and SFN are generally
accepted dietary supplements with a high potential tn
cancer prevention [17]. In virro SEN exerted a strong
bactericidal activity agamst various microorganisms such
as Enterococcus faecalis, Staphylococcus aureus, Es-
cherichia coli S1 and 52, and Salmonella typhi [18].

The cancer protective effects of turmeric and of SEN
are believed to derive from the induction of enzymes
with an “Antioxidant Response Element” (ARE) in their
DNA. ARE contaiming enzymes mnclude a large number
of xenobiotic enzymes, such as glutathione-S-transfer-
ases (GST). epoxide hvdrolases (EPHX), aflatoxin alde-
hyde reductases (AFAR) and of antioxidant enzymes,
such as heme oxygenases (HMOX1) and cytosolic cop-
per/zinc-superoxide dismutase 1 (SOD1) [19-24]. The
increased transcription of genes with an ARE sequence 1s
initiated by translocation of the transcription factor “Nu-
clear factor erythroid 2-related factor 27 (Nif2) [25] to
the nucleus and its subsequent association with the ARE
sequence.

Both oxidative stress and electroplules like sulforap-
hane or terpenes can increase Nrfl translocation to the
nuclevs by modifying of redox sensitive cysteine-SH-
groups of Kelch-like ECH-associated protein 1 (Keapl)
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to which Nrf2 1s bound in the cytosol [25].

Consequently, in contrast to the direct antioxidant ef-
fect, the ability of phytogenic feed additives to induce
ARE regulated genes 1s referred to as indirect antioxidant
effect.

The systematical mvestigation of indirect antioxidant
effects of phytogenic feed additives in different farm
amimal species, mcluding pigs, has been carried out only
1n our broiler trial until today.

Another problem of a number of studies investigating
the influence of phytogenic additives on performance
parameters, mucrobial eubiosis, and on antioxidant ef-
fects consists m the use of blends of various phytogenic
substances
* Consequently the first aim of our present study with
piglets was to investigate systematically the impact of
labiatae oils (oregano, thyme, rosemary), a zingib-
eraceae oil (turmeric) and of a broccolt extract on
performance, microbial eubiosis and the antioxidant
system.

* The second aim of our study was to standardise the
addition of the different phytogenic substances to an
equal diefary concentration of their key compounds.

* The third aim of our trial was to give suggestions for
expedient combinations of the single additives 1n or-
der to maximise the impact on performance, micro-
bial eubiosis, and on direct and mdirect antioxidant
effects.

As the reference substances for the examination of m-
direct antioxidant effects and for the examunation of
xenobiotic enzyme nduction we used a broccoli sprouts
extract and turmenic oil, both having a proven impact on
these parameters [15,26-28].

2. METHODS AND MATERIALS
2.1. Pigs Husbandry and Diets

The protocol of the piglet study was approved by the
Regional Council of Halle and by the animal welfare
committee of the Martin Luther University Halle Wit-
tenberg (record token: 42502-3-559-MLU). Further a cer-
tificate of exemption for feeding the broccoli sprouts
extract, which has no current permission as a feed addi-
trve in the EU was attested by the vetennary administra-
tive office Saxony-Anhalt, Halle (record token: 203.2.1/
22.10).

48 four weeks old male weaned pigs [(DL x DL) x
Pietrain] were obtained from the Intitutes” own piggery
(NWZ Merbitz, Germany). After a 5 day acclumatisation
period the piglets (mean body weight: 95 + 0.11 kg)
were assigned to 6 groups of § animals. Piglets were
housed mndividually in stainless steel pens with slatted
floor and fed the experimental diets for 4 weeks.

The control group (Con) was fed a piglet starter diet
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without any additive. 3694 mg'kg broccoli sprouts ex-
tract, providing 369.4 mg'’kg GRA (150.0 mg/kg SFN),
were added to the diet of group BE. 535 mg turmeric
oil/kg diet (group Cuo), 282 mg oreganc oilkg diet
(group O0), 373 mg thyme oil’kg diet (group To) and
476 mg rosemary oil'kg diet (group Ro) were added to
the diets of the other 4 groups in order to standardise
total EQ addition to the amount of 150.0 mg'kg diet of
the individual key terpene compound of each essential
oil. The standardised main terpenes were ar-turmeron for
turmeric oil, carvacrol for oregano oil, thymol for thyme
oil, and 1,8-cineole for rosemary oil. The active ingredi-
ent in the broccoli sprouts extract and the EOs, as ana-
lysed by Delacon Biotechnik Ges m b H. (Steyregg, Aus-
tria), had the following concentrations (g/100 g = %):
broccoli sprouts extract (sulforaphane, 4.06), turmeric oil
(ar-turmerone, 30 0), oregano oil (carvacrol, 65.0), thyme
o1l (thymol, 49.0), and rosemary o1l (1_8-cineole, 45.0).
Premixes of the essential oils using Sipemat® as the car-
rier matrix were prepared by Delacon Biotechnik Ges.m.
b H. and added to the basal diet (Table 1).

Piglets had free access to their respective diet and wa-
ter. During the experiment temperature, humidity and
lighteing were controlled. The temperature was gradu-
ally reduced from 26°C on day 1 to 21°C on day 28
Lighting regime consisted of a 12 h light: 12 h dark cir-
cle. Minerals, vitamins and essential amino acids were
added to all diets as recommended for pigs by the Soci-
ety of Nutrition Physiology [29] and of the National Re-
search Council [30].

Feed intake and individual live weight were recorded
once a week. Feed conversion was calculated from the
ratio of feed intake (g) and weight gain (g). On day 28
piglets were exsanguinated after stunning for organ sam-
pling (blood, liver, jejunal mucosa, ileal mucosa and co-
lon). Mucosa samples of small intestine were prepared
from a 15 cm jejunal segment located 10 cm distal to the
duodenum. Ileum mucosa was obtained from a 10 em
segment located proximal to the caecum. Colon tissue
was taken from a 10 cm segment located distal to the
caecum. At the beginning [first bacterial examination
(BE)] and at the end (final BE) of the experiment faeces
samples were collected directly from the piglets’ anus
using rectal swabs.

2.2. Haemogram

Blood samples of each piglet were taken at the end of
the experiment using ethylenediamine tetraacetic acid
(EDTA) coated tubes. The haemogram was analysed at
the “Klinik fiir klemne Klaventiere und Forensische Medi-
zin” of the “Stiftung Tierdrztliche Hochschule Hannover”
using a high throughput haemoanalyzer (Nithon Kohden
Cell Tac alpha, MEK-6450K).
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2.3. Microbiological Determinations in
Faeces, Jejunal and Colonic Segments
of Piglets

In order to determine the counts of bacteria in faeces
(first and final BE) rectal swabs were cut off, put in 5 ml
cold sterile PBS-buffer and mixed for 10 s. To determine
bacteria attached to the jejunal and the colonic mucosa
immediately after slaughter the specific gut segments
mentioned under “Pigs Husbandry and Diets” were
thoroughly rinsed with sterile physiological sodium chlo-
nde solution (0.9%w/v). Subsequently the mucosa of
these jenunal and colonic segments was scraped off with
a sterile glass slide. Then 1 g of the mucosa preparations
were suspended i 5 ml cold sterile PBS-buffer and
mixed for 10 s. Solutions were transferred mto 50 ml
tubes containing 4 g sterile glass beads and stored at 4°C.
For microbiological determinations logl0-serial dilutions

Table 1. Composition of the basal diet.

81

of faeces and mucosa samples were prepared. 50 ul of
each serial dilution were disseminated on agar plates.
Specific culture media for the single bacterial strains and
ncubation conditions are shown m Table 2. Bacterial
counts are presented as CFU (colony forming units) per g
mucosa of per rectal swab. To determine the count of
aerobic mesophilic bioburden mucosa- and swab-prepa-
rations were plated on blood agar. For the determination
of the fraction of facultative anaerobic bactenia (Entero-
bacteriaceae, e.g. Escherichia and Enterobacter) as a part
of the aerobic mesophilic bioburden. Gassner agar was
used for cultivation. In order to determine coliform bac-
teria (e.g. E. coli, Salmonella), representing lactose-me-
tabolising Enterobacteriaceae, the samples were also in-
cubated on Gassner agar with additional supplementation
of the pH-indicator “soluble blue”. The analysis of the
samples after cultivation on Violet Red Bile agar with 4-

Ingredient g'kg basal diet
Maize (DEUKA GmbH und Co. KG Kémem, Germany) 282.0
Wheat (DEUEA GmbH und Co. KG, Kénnem, Germany) 2400
Barley (DEUEA GmbH und Co. KG, Kénnem, Germany) 2250
Soybean meal, 46% CP (DEUKA GmbH wnd Co. KG, Konnem, Germany) 205.0
Soybean oil 4.50
Calcium phosphate (Mischfutter und Landhandzl GmbH, Eddenitz, Germany) 6.50
Vitzmin and mineral premix” 200
Lysine hydrochloride (Feed Grade, China) 20
dl-methionine (Degussa, Duesseldorf, Germany) 1.50
|-threomme (Annemote Enrolysme) 1.80
l-valine {Sigma-Aldnch) 1.00
I-tryptophan (Sigma-Aldrich) 0.50
Total 1000
ME (calculated) [MIkg] 13.66

‘Premix supplied the following according to the suppher (BASU-Mineralfutter GmbH, Bad Sulza, Germany; per kilogram of complete diet): Ca, 5.2 g, B 0.8 g;
Na, 1.2 g; Mg, 0.11 amin A, 6 mg (as retinyl acetate); cholecaleiferol, 50 ug; vitamin E, 40 mg; vitznun K3, 3.0 mg; thiamine, 4.0 mz; ribofla
vitamin B6, 6.0 mg; vitamin B12, 0.04 mg; niacin, 32.0 mg; folie acid, 0.6 mg; biotin, 0.02 mg; pantothente acid, 230 mg; choline chlorids, 0.4 g; Gy
Zn, 440 mg; Fe, 570 mg; Mn, 14 6 mz; I 0.2 mz; Se, 0.2 mz; Co 0.3 mz. The complete diets had the following nutrient contents according to the NE
ommendations for swine [30] and did net differ between the diets: Dry matter (analysed): 89% Gross energy (analysed): 16.50 MIkg ME (caleulated): 13.84
MTkz. "Crude fat (analysed): 57.9 2’k dry matter. Crude protain (analysed):187 g/kg dry matter Fiber (analysed): 33.6 ke dry matter Crude 2sh (analysed):
321 gkg dry matter "*The deviation in ME betwaen basal and complate diet resulted from adding the diffsvent phytogenic fead additives in tarms of premixes
as described in Methods and matenals.

Table 2. Bacterial specific growing conditions.

Microbiota Culture medium Incubation

40 -42h, 37°C, aerobic
16-18h, 37°C, aerob
16-18h, 37°C, aerob
16-18h, 37°C, aerob

40- 42k, 37°C, anaerob

Aerebic mesephilic bioburden blood agar (BAP)

Entercbacteriaceas Gassner agar (GA)
Coliform bacteria Gassner agar, lactose posiive (GAlpo)
VEB-MUG agar, fluorescent (VEBflu)

Zeassler agar (Z88)

Ezcheniclua celi

Anaerobic mesephilic bioburden

VEB-MUG = Viclet Red Bile agar with 4-methvlumbellifery]-§-D-glucuronide.
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methylumbelliferyl-f-D-glucuronide (VEB-MUG) under
UV-exposure yielded the count of E. coli. Cultivation of
the samples prepared from jejeunal and colonic mucosa
and from rectal swabs on Zeissler agar under anaerobic
conditions vielded the count of anaerobic mesoplilic
bioburden, including fastidious anaerobic (Lactobacilli)
and facultative anaerobic bacteria.

The E. coli specific heat stable enterotoxin II {estb)
was determined 1n faecal samples using semiquantitative
PCR. Therefore bacterial colonies of selected agar plates
were collected in a solution consisting of 1.5 ml sodium
chloride (0.9%) and 0.5 ml glycerine. From this solution
an aliquot of 3 pl was added to the PCR. reaction mixture
contamning 1 * ammonium buffer, magnesium chlorde (2
mM), estb-primer (0.5 puM each), nucleotides (133 uM
each) and Taq Polymerase (0.03 U/ul). The nucleotide
sequences of the estb primers were as follows: for: 5
TGCCTATGCATC-TACACAAT 37 rev: 57 CTCCAG-
CAGTACCATCTCTA 3. Annealing temperature of the
primers was 55°C. Followmg amplification for 30 cycles
the resulting PCR products were run on 3% agarose gels
and visualised under UV light 1n order to confirm the ex-
1stence of enterotoxic estb producing E. coli in the sample.

2.4. RNA Preparation and Real Time RT-PCR
Assay Including the Stability Analysis of
Four Selected Reference Genes in
Jejunal Mucosa, lleal Mucosa, Colon
and Liver

To determine mRNA expression levels of GPx1 (glu-
tathione peroxidase 1), SOD1 (Cu/Zn-dependent super-
oxide dismutase), GSTa2 (glutathione-S-transferase al-
pha 2), HMOX1 (heme oxygenase 1), EPHX1 (micro-
somal epoxide hydrolase 1), AFAR (aflatoxin Bl alde-
hyde reductase) and KEAP1 (Kelch-like ECH-associated
protein 1) total RNA was 1solated from liver, jejunal mu-
cosa, ileal mucosa and colon using Trizol® reagent (In-
vitrogen) according to the manufacturers’ protocol. Fol-
lowing the photometrical determination of RNA concen-
tration and purnity at 260 nm and 280 nm, RNA quality
was checked by testing the integrity of the 185- and 285-
ribosomal RNA bands and by controlling the absence of
genomic DNA in 1.2% agarose gels. Reverse transcript-
tion of total RNA (3 ug) was carried out using a com-
mercial cDNA synthesis kit (RevertAid™ First Strand
synthesis kit, Fermentas, Latvia) mRNA expression was
analysed by real time detection polymerase chain reac-
tion (RT-PCR) as described previously [16]. Subsequent
ta the identification of the correct length of the amplifi-
cation products i 1 2% agarose gels, relative quantifica-
tion of mRNA expression was performed using the AACt
method [31]. In accordance with the current guidelines
for the proper defermination of gene expression data i
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various tissues [32], a set of four reference genes was
selected and their expression stability (M) was ranked
according to the standard procedure [33-35]. Beta actin
(f-Actin), glycerine aldehyde-3-phosphate dehydrogenase
(GAPDH). nibosomal phosphoprotein large PO subumnit
(RPP0) and beta-2-microglobulin (B2M) were selected
as capable reference genes reported in current literature
[34.35], and their expression (Ct values) was measured
i jejunum. ileum, colon and liver. The treatment mde-
pendent expression stability (M) was determined by cal-
culating the Ct ratios of one gene with all the other genes.
Subsequently the standard deviation of the logarithmi-
cally transformed ratios was calculated and plotted [33].
According to their expression stability M, mdicated by a
decrease of standard deviation, a ranking of the most
stable reference genes was compiled for each tissue in-
vestigated. The best set of housekeeping genes was nsed
for normalisation of the expression data of the target
genes. The expression values of target genes were nor-
malised using the arithmetic mean of the Ct values of
RPPO and GAPDH 1n jejunal and ileal mucosa, of RPP0
and B2M 1n colon, and of GAPDH and F-Actin in the
liver. Primer sequences used in PCR and their gene bank
accession numbers are shown in Table 3.

2.5. TROLOX® Equivalent Antioxidant
Capacity (TEAC) in Jejunal Mucosa,
Colon and Liver Tissue

TEAC was measured i 1:5 (w/v) crude homogenates
of jejunal mucosa, colen and liver using the method
oniginally described by Miller ef al. [36] with modifica-
tions of Wang ef al. [37]. The method 1s based on moni-
toring the mhibition of ABTS radical formation spectro-
photometnically at 600 nm and 20°C for 15 min. The
reaction mixture contamed PBS buffer. ABTS reagent
(0.15 mM), Hy0; (0.1 mM) and metmyoglobin (2.50
ulM). Sample TEAC values were calculated by compari-
son to TEAC values of a TROLOX® standard curve
(concentration range: 0 to 21.0 pM). The companson
was carried out 1 the linear range of the reaction (jejunal
mucosa: 10 min, colon: 7 mun, liver: 7 min). The TEAC
values of the samples were expressed in pmol TROLOXE
equivalent per g organ fresh matter and kg body weight.
Samples were measured in duplicate.

2.6. 2-Thiobarbituric Acid-Reactive
Substances (TBA-RS) in Jejunal
Mucosa and the Liver

To analyse lipid peroxidation in intestine and liver
samples 2-Thiobarbituric acid-Reactive Substances (TBA-
RS) were measured in 25 pl of 1:5 (w/v) crude homoge-
nates of jejunal mucosa and liver according to a modified
protocol from Wong et al [38]. After adding 375 ul
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Table 3. Primer sequences of the porcine primers for PCR analyses.
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Gene Gene [D Forward primer Reverse primer
AFAR NMO001038426.2 ACAAGCCAGGGCTCAAGTACA GCTCTCTTCCACCCACTTITGA
CwZnS0D AJ010339.1 TGCAGGTCCTCACTICAATCC GGCCAATGATGGAATGGTCT
EFHX1 NM214355.1 AAGGCCTGCACTTGAACGTAG TGCTCTGGATGTGCATGTAGC
GPxl NM214201 .1 CAAGAATGGGGAGATCCTGA GATAAACTTGGGGTCGGTCA
GSTA2 NM214389.1 ATGGTTGAGATTGACGGGATG ACAGTGGCAACAGCAAGATCA
HMOX1 NMO001004027.1 CACTCACAGCCCAACAGCA GTGGTACAAGGACGCCATCA
Keapl NMOO1114671.1 TGGCTGTATCCACCACAACAG CATTCGCCACTAATTCCTCTC
B-ACTIN DQ245171.1 GACATCCGCAAGGACCTCTA ACATCTGCTGGAAGGTGGAC
BIM NM213978.1 CGGAAAGCCAAATTACCTGA TCCACAGCGTTAGGAGTGAA
GAPDH AF017079.1 AGGGGCTCTCCAGAACATCATCC TCGLGIGCTCTTGCTGGGGTTGG
RPPO NMO001098598.1 CAACCCTGAAGTGCTTGACA GCCTTGACCTTTTCAGCAAG

H;PO, (0.44 M), 225 ul aqua badest. and 125 pl 0.6% 2-
thiobarbituric acid, the samples were incubated i a
thermo block at 100°C for 60 min. Blanks were deter-
mined using 25 pl of potassium phosphate buffer (0.1 M)
mnstead of the different crude homogenates. Subsequent
to heating the samples were chilled on ice and mixed
with 750 pl of methanolic NaOH (10 ml of 1 M NaOH,
90 ml methanol). After vortexing and centrifugating the
samples at 4000 g at 4°C for 10 mm, the extinction was
measured spectrophotometrically at 532 nm. To calculate
the samples” TBA-RS concentrations a calibration curve
with 1,1,3.3 -tetraethoxypropane in a concentration range
of 0.60 - 1.20 mM was prepared. The TBA-RS values
were expressed in nmol per g organ fresh matter and kg
body weight. Each sample (n = 8) was measured in du-
plicate.

2.7. Protein Concentration of Samples

Protein concentration in homogenates of jejunal mu-
cosa, colon and liver was determined using the standard
method of Bradford (1976) [39]. adapted to the needs for
measurement in a 96 well plate reader.

2.8. Statistical Analysis

Data are presented as means = SEM or as medians +
min. and max. values for bacterial counts. Following
assurance the normality of distnbution (Shapiro Wilk test
and Kolmogorov Smimov test) and the homogeneity of
variances (Levene’s test), data were analysed with SPSS
19.0 for Windows using the one-way ANOVA procedure.
If variances were homogenous, significant differences
between means (P =< 0.05) were evaluated with the Least
Significant Difference (LSD) test, if not the Games How-
ell test was used. All tables were prepared with Microsoft
Excel (Version 2003).

Copyright © 2012 SciRes.

3. RESULTS

3.1. Performance Parameters (Feed Intake,
Body Weight, Weight Gain, Feed
Conversion Ratio)

With the exception of two piglets (1 from group BE
and 1 from group Ro) which needed a single antibiotic
treatment, all other piglets showed no clinical abnormali-
ties during the whole experiment. The haemogram of
piglets in all groups (Table 4) indicated a good health
status, sinice no parameter laid outside the normal range.

During the whole experimental period no sigmificant
differences in feed intake could be registered between the
experimental groups (Table 5). Piglets of groups Cuo,
Oo and To had somewhat higher final body weights
compared to Con piglets. However, these differences
were not significant. Although piglets of group To had
the best feed conversion (1.35:1) compared to all the
other experimental groups, this parameter did not differ
significantly from any group.

3.2. Microflora in Jejunal and Colonic
Mucosa

Due to a high indrvidual variation, no significant dif-
ferences for aerobic mesophilic bioburden, Enterobacte-
riaceae, coliform bacteria, E. coli and anaerobic meso-
philic bioburden in jejunal mucosa existed between the
experimental groups (Table 6). However, it 1s obvious
from the jejunal data, that Con pigs had the highest
maximum counts for all bacterial classes investigated
(50% of the animals above the median value). including
coliform bacteria and E. coli. In contrast the number of
Lactobacills, calculated from the difference between an-
aerobic mesophilic bioburden and Enterobacteriaceae
was the lowest in the jejunal mucosa of Con pigs. Nev-
ertheless, comparison of E. coli median values revealed
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Table 4. Blood parameters of piglets feeding diets containing different phytogenic feed additives for 28 days.

Experimental group (MW = 5D)"

blood parameter (g1} Con BE
Hb 1131 66 1137 66
Het 366 23 3717 1B
MCHC 3000 64 3013 74
lymphocytes 381 66 543 91
segmented granulocytes 38 47 412 74
unsegmented granulocytes 225 16 2.08 18
eosinophile granulocytes  0.63 06 092 0.7

basophile granulocytes 030 03 050 03
monocytes 081 09 087 12

Cuo Oo To Ro
1153 49 113.0 33 1123 26 1139 &7
316 13 312 1.5 364 11 67 14
306.9 71 309.5 48 3086 84 3101 98
61.9 11.7 349 107 60.0 39 551 89
343 11.1 418 109 358 50 411 8.7
1.30 13 2.17 14 206 18 1.64 14
0.79 11 0.25 0.3 0.69 0.7 029 03
0.36 04 017 03 031 0.7 0.14 2
1.00 0.7 0.33 04 1.19 1.5 030 08

Values are arithmetic means (MW) = standard deviation (3D). Hb, haemoglobin; Het, hasmatocrit; MCHC, mean corpuscular kaemoglobin concentration,

Table 5. The effects of feeding diets containing different phy-
togenic feed additives for 28 days on final body weight (kg),
body weight gain (kg), daily feed intake (g) and feed conver-
sion ratio (g/g) m piglets.

Fmalbody  Weightgam  Feed mfake Feed conversion
weight n kg inkg m g'd ratio m g'g

Group Mean SEM  Mean SEM Mean SEM Mean SEM
Com 203 089 106 047 35354 273 142 003
BE 200 236 103 124 35028 378 138 003
Cue 210 118 115 069 5760 338 141 002
Oo 213 082 118 041 35895 250 140 003
Te 209 0353 115 047 35320 273 135 0.04
Fo 199 236 104 127 35302 193 145 0.06

Values represent means = SEM. ™% Mean values with unlike superscripts
within a column mdicate significant differences between means (P = 0.03)

the L5D test or the Games Howell test.

that Cuo. Oo, and To reduced the number of E. coli bac-
teria compared to Con piglets, whereas BE and Ro -
creased their number.

As similarly observed in jejunal mucosa also 1 colo-
nic mucosa no statistically significant differences re-
garding all bacterial classes investigated existed between
the experimental groups (Table 7). In contrast to the re-
sults for jejunal microflora in particular Ro piglets
showed a reduced E. coli number attached to colonic mu-
cosa compared to Con piglets. Moreover in colonic mu-
cosa LactobacilliE. coli ratio was betier in Ro piglets
than m Con piglets.

3.3. Microflora in Faecal Samples Collected
with Rectal Swabs

Additionally to the determination of bacteria attached
to jejunal and colonic mucesa we have defermined bac-
teral counts in the faeces of the piglets at the begmmning
and at the end of the trial (Table 8). Although the treat-

Copyright © 2012 SciRes.

ment of the piglets with the different phytogenic addi-
tives caused no significant changes m faecal E. coli and
Lactobacilli counts as well as in the LactobacilliE. coli
ratio, To and Ro influenced these parameters in tendency.
Whereas there existed no differences in the mitial E. coli-
and Lactobacilli counts between the experimental groups
(E. coli: 3.73 + 0.18; Lactobacilli: 6.54 = 0.12; Ratio
Lactobacill:E. Coli: 1.50 = 0.04), both To and Ro re-
duced final E. coli count distmctly and improved Lacto-
bacilliE. coli ratio compared to Con piglets and to pig-
lets of all the other treatments.

In this context our data regarding the heat stable en-
terotoxin estb produced by enterotoxic E. coli strains of
the serotypes O149:K91 with F4 or F6 fimbriae and
O138:K81 with F18 fimbniae are of mnferest. At the be-
ginning of the experiment estb was detectable with a
varying mcidence rate [12.5% (1 of 8) to 25.0% (2 of 8)]
in faecal samples of all experimental groups. The inci-
dence of esth detection rate remained unchanged m groups
BE, Oo and To. One more piglet of the Cuo group was
esth positive (+12.5%) at the end of the experiment. As
the only additive Ro reduced estb incidence rate by
12.5%, whereas in Con piglets the highest increase in
estb incidence rate (+25%) was analysed at the end of
study (Figure 1).

3.4. Expression of ARE Regulated
Xenobiotic and Antioxidant Enzymes in
Jejunal and lleal Mucosa and in Colon
and Liver Tissue

The expression patterns of selected ARE regulated
xenibiotic and antioxidant enzymes depended on the
phytogenic additive and on the tissue investigated. In the
jejunum BE, used as one reference substance, potently
up-regulated the expression of all xenobiotic and ann-
oxidant enzymes investigated compared to Con piglets,
with significant changes for AFAR (factor: 2.14), GSTa2
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Table 6. Influence of different phytogenic feed additives on bacterial microflora in jejunal mucosa of piglets.

Experimental group (median, min., max.)”

Jejunum log CFU/g Con

median 528

Aerobic mesophilic bieburden min. 4.09
maX. .08

median 410

Enterobactenaceas . 2.00
mAX. 9.03

median 428

Coliform bactena min. 2.00
mAx. 9.03

median 401

Escherichia coli min. 1.70
max. 8.06

median 5.60

Angerobic mesophilic bioburden min 412
K. 922

Lactobacilli 347
Ratio Lactobacilli : E. coli 1.36

BE
3.98
497
6.31

307
412
6.19
327
i3
6.09

6.11
344
6.61
6.06
1.14

Cuo Oo To Ro
M 334 5.67 22
4.72 434 413 497
1.78 6.67 731 795
482 478 528 6.09
3.06 351 261 303
781 6.63 6.62 795
481 467 326 6.07
3.06 268 156 3.00
.79 6.63 .61 793
278 367 340 544
1.70 222 1.70 1.70
6.85 6.63 .61 7.26
5.78 505 6.02 6.53
331 487 458 5.06
7.84 707 747 7493
3.56 5.60 5.80 6.17
2.00 152 1.71 1.14

Values are medians = minimal (min ) and maximal (max.) bacterial count in log CFU = g'] Jejunal mucosa. Lactobaeilli ware caleulated by subtracting Entero-

bacteriaceas counts from anaerobic mesophilic bicburden counts.

OFirst BE H Final BE

=
[

30

20

10

% esth positive piglets

BE
Experimental group

Cuo Qo

Figure 1. Influence of different phytogenic
feed additives on the detection of the heat sta-
ble enterotoxin estb produced by enterotoxic E.
coli strains of the serotypes 0149-K01 with F4
or F6 fimbriae and 0138:K81 with FI18 fim-
briae in faeceal samples.

(factor 2.15), GPx1 (factor 1.79) and SOD1 (factor 2.14)
(Table 9(a)). Within the labiatae oils to and i particular
Ro were most effective i the up-regulation of xenobiotic
and antioxidant enzymes. Both oils increased the mRNA
expression of jejunal GPx1 and EPHXI1 significantly
compared to Con piglets. Whereas To additionally in-

Copyright © 2012 SciRes.

creased SOD1 mRNA level significantly, Ro strongly
influenced AFAR expression compared with Con piglets.
Jejunal mRINA expression of some of the genes mnvesti-
gated was more potently increased by To and m particu-
lar by Ro than by BE. Jejunal HMOX1 mRNA was up-
regulated by feeding the rosemary and BE diets. How-
ever, due to a high standard deviation for this enzyme the
effect was not statistically significant. In contrast to our
expectations, the second reference additive Cuo caused
no increase in the mRNA levels of the jejunal xenobiotic
and antioxidant enzymes as well as Oo, coming along
with a high direct antioxidant capacity (Table 9(a)). A
completely different induction pattern for the xenobiotic
and antioxidant enzymes was analysed m the ileum. No
effects of the most potent additives BE, To and Ro could
be measured with regard to the mduction of the antioxi-
dant enzymes GPx1, SOD1 and HMOX]1 (Table 9(b)).
In contrast the mentioned additives positively affected
the expression of the xenobiotic enzymes AFAR, EPHX1
and GSTa2, with significant effects of BE on AFAR
(factor 3.80) and EPHX1 (factor 2.78), of To on GSTa2
(factor 1.93), and of Ro on AFAR (factor 3.40). More-

Openly accessible at httpAwww.scirp.org/journal/ojas/

39



Originalarbeiten

86

K. Mueller et al. / Open Journal of Animal Sciences 2 (2012) 78-98

Table 7. Influence of different phytogenic feed additives on bacterial microflora in colonic mucosa of piglets.

Experimental group (median, min., max.)”

Colon log CFU/g Con

median 8.37

Aerobic mesophilic bickurden min. 8.01
max. 9.21

median 5.18

Enterobactenaceas nun. 3.94
max. 170

median 5.1%8

Coliform bacteria min. 3.94
max. 170

median 3.03

Eschenchia colt nun. 0
max. 1.3

median .91

Angerobic mesophilic bioburden nin. 8.04
max. 9.36

Lactobacilli 2.91
Ratio Lactobacilli - E. coli 220

6.17
4.65
182

6.17
4.65
T.61

4.66
1.70
6.77

.68
219
9.44
2.61
1.85

Cuo Oo To Ro
231 8.29 L] 8.14
1.66 781 5.94 152
281 8.66 9.05 9.04
5.09 5.68 549 6.10
39 3.55 EXO! 375
6.93 .1 6.72 1.17
405 340 349 6.10
362 170 2.66 EN)|
6.93 7.1 6.72 1.17
345 498 533 3.76
1.70 170 170 1.70
6.81 7.00 6.59 107
2.81 8 290 882
2.13 811 713 8.15
9127 921 932 9.40
2.81 8.76 2.90 8.82
1.61 176 1.66 234

Values are medians = minimal (min.) and maximal (max.) bactanial count m log CFU » 2 colonic mucosa. Lactobacilli were caleulated by subtracting Entere-

bacteriaceas counts from anaerobic mesophilic bichurden counts.

over the impact of BE and Ro on ileal AFAR expression
(average factor: 3.60) compared to Con piglets was dis-
tinctly higher than 1n the jejunum.

As observed 1 the jejunum, the addition of Cuo and
Oo caused no significant changes in the expression of
xenobiotic and antioxidant genes also m the ileum.

Most interestingly in the colon a completely different
regulation profile of antioxidant and xenobiotic enzymes
was measured due to feeding the pyhtogenic substances.
In colon rosemary was the only additive that powerfully
induced both antioxidant enzymes (GPxl. factor 3.20:
SODI1, factor 1.62) and xzenobiotic enzymes (AFAR,
factor 2.17; GSTa2, factor 1.71). The other feed additives
only increased GPxl mRNA expression to small and not
significant extent, whereas neatly no changes or even a
marked down-regulation could be observed for the xeno-
biotic enzymes (AFAR, EPHX1. GS5Ta2).

In the liver the reference additives BE and Cuo sig-
nificantly mcreased the mENA concentrations of AFAR
(average factor 1.46) and EPHXI1 (average factor 2.12)
compared to the Con group (Table 9(c)). EPHXI expres-
sion was also significantly increased in piglets of the Oo

Copyright © 2012 SciRes.

group (factor 1.97) and in the Ro group (facter 1.35). In
groups BE and Ro the expression of GSTal was
down-regulated by 39 to 43% of the Con level (Table
9(d)). While BE signifi- cantly increased hepatic GPx1
mBRNA expression (factor 1.66). the addition of Cuo in-
creased SOD1 mRNA levels (factor 1.47) in liver tissue,

3.5. TROLOX® Equivalent Antioxidant
Capacity (TEAC) in Jejunum Mucosa,
Colon and Liver Tissue

TEAC values 1n jejunum, colon and liver are shown in
Figure 2. Jejunal and hepatic TEAC values showed a
stmilar height, whereas colonic TEAC reached only about
30% to 50% of those m jejevnum and liver (Figure 2).
All phytogenic feed additives increased jejunal TEAC by
26% to 64% compared with Con piglets. In the colon no
effects of the phytogenic additives on TEAC could be
measured. Although BE (20.7%). Cuo (13.5%), Oo (10.3%),
To (26.1%) mcreased liver TEAC distinctly compared to
Con piglets, only the rise produced by feeding Ro (46 4%)
was significant.
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Table 8. Influence of different phytogenic feed additives on bacterial microflora in faecal samples of piglets.
Group Ti[Bﬂ;Of Aﬁogiisbﬁfigghﬂic Enterobacteriaceae %:ttf;;? E.coli Anaergib;bcuzu;;?philic Lactobacilli Ratio ];E;??mui:
IMedian 6.08 450 450 418 6.84 6.80 1.51
Initial BE  min 3.76 2380 244 230 5.82
Con max 6.34 .10 6.10 530 7.83
IMedian T41 436 426 382 778 178 204
Fmal BE min 6.82 200 1.70 1.70 747
max 8.03 548 548 432 197
Median 374 401 401 3.00 6.31 6.31 1.57
Imtial BE  mun 37 148 248 1.70 5.33
max 6.47 343 540 5.07 T41
BE
IMedian 7186 5.69 5.69 5.39 T.80 176 144
Final BE  min 5.99 3.9 380 389 7.28
max 7.63 734 132 6.28 82
Median 5.70 478 478 4.03 6.62 6.57 1.37
Inittal BE  min 4.68 361 3.59 1.70 5.68
Cuo max 71 6.88 6.88 313 117
Median 6.97 458 4.38 448 749 748 1.67
Final BE  min 5.37 200 2 1.70 6.33
max 8.34 371 501 5.61 825
IMedian 549 376 374 382 6.29 6.28 1.67
Inittal BE  min 5.03 1.70 1.70 1.70 354
0o max 135 3.57 5.52 4.28 7.54
Median 707 27 423 417 1.79 178 1.87
Fmal BE  min 6.51 1.70 1.70 1.70 6.93
max 749 6.71 6.71 5.30 823
IMedian 6.04 495 4.56 3.26 7.00 7.00 141
Imtial BE  mun 4.90 332 332 1.70 6.18
To max 152 705 103 546 847
Median 705 524 5.4 253 7.58 1.36 299
Fmal BE min 391 1.70 1.70 1.70 6.70
max 749 6.62 6.62 5.28 2.02
Median 6.46 432 431 407 6.30 6.26 145
Inittal BE  min 363 336 332 248 528
max 743 539 7.14 3.90 791
Ro IMedian 6.72 429 429 230 736 736 320
Fmal BE  min 5.89 250 260 1.70 6.78
max 734 6.16 6.13 525 1.83

Values are medians = minimz] (min) and maximal (max ) bacterial count m log CFUJ per rectal swab. Lactobacilli were caleulated by subtracting Enterobacts-
riaceaz counts from anzercbic mesophilic bigburden coumts.

Copyright © 2012 SciRes.

Cpenly accessible at http2/fwww.scirp.org/journal/ojas/

41



Originalarbeiten

a8 K. Mueller ef al. / Open Journal of Animal Sciences 2 (2012) 78-98

Table 9. Relative mRNA concentration of xenobiotic (G5Ta2, EPHX1, AFAR) and antioxidant enzymes (GPx1, SOD1, HMOX1)
and KEAP] in jejunal and ileal mucosa, colon and liver tissue of piglets.

(a) Jejunal mucosa

Group Con BE Cuo Qo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GP1l Lo 02 179 03 026 012 000 021 7" 013 21680 041
$0D1 1.00 000 214 022 136% ot 132% 034 19° 010 226% 040
AFAR 1.00 018 214 027 13t 03 107 020 103 083 23T 031
EPHX1 Lo 013 1T 027 140% 034 156T 026 240 061 286 033
GSTal Lo 026 213 038 102 n 1.68% 0.59 T 065 227 064
HMOX1 1.00 0.25 142 0.41 1.07 033 1.01 0.26 118 0.24 173 024
Keapl Lo 020 193 037 088 013 087 012 124% 037 138 042
(b} Ileal mucosa
Group Con BE Cue Qo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GPrl Lo 015 116 016 137 030 102 0.74 103 020 130° 04D
50D1 LO0* 034 100t 038 07F 030 0.59* 016 095 046  061° 014
AFAR 1.00 013 380" 130 1090 021 11 077 2217 005 340 048
EPHXI Lo 015 278 087 147 037 17 049 191® 038 185 053
GST Lo 012 LT 027 142% 018 1.40% 042 183 043 158 028
HMOX1 LO0* 033 080° 017 09% 030 0.68* 019 083 027 0800 024
Keapl LO0* 055 124 049 035 016 052 0.16 104 064 076 027
(c) Colon tissue
Group Con BE Cuo Qo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GPrl L00° 008 148 041 186 041 121 0.24 157 018 3 061
S0D1 0 005 09r 024 100t 0l 0.7 014 09F 005 16 022
AFAR Lo 028 008 034 Qo n 0.62* 012 071 005 217 032
EPHXI 1L00* 008 05 005 069% 007 0.63° 014 08F 009 096 002
GSTal LO* 013 091* 021 101° 018 088 0.13 0.79° 006 1718 037
HMOX1 100" 026 084%™ 016 163 045 0.39° 016 13¢° 041 1877 049
Keapl Lo 0d0 132¢ 033 121% 018 0.65° 012 108° 000 17F 024
(d) Liver tissue
Group Con BE Cuo Qo Ta Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GP1l Lo 019 1860 023 10% 013 125% 0.18 1068 024 147% 023
S0D1 1.00 009 08 007 147° 018 103 0.13 088 013 078 027
AFAR 1.00 010 140% 015 13F 016 1.20% 0.09 103¥ 010 107¢ o
EPHXI Lot 025 204 044 2200 03 197° 02 115 030 13 023
G5Tal Loo*  olo 061 007 081 o006 078 005 082" 010 05T 010
HO1 Lo 075 1290 072 199 109 142 0.72 138 065 173 082
Keapl L0 024 039 031 173% 062 0.93 026 096 040 0S¥ 020

- # . -5 1 . - - . b,
Values vapresent means + standard error of mean (SEM) of the mRINA abundance relative to group Con = 1.0 {n = § animals per experimental zroup). " “Mean
vahues with unlike superseripts within a row indicate significant differences (P = 0.03) m the L3D tast or the Games Howell test. The superseript “a” was as-
signed to control group.
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3.6. 2-Thiobarbituric Acid-Reactive
Substances (TBA-RS) in Jejunal
Mucosa and the Liver

In the jejunum TBA-RS concentration was distinctly
(P < 0.150) but not significantly reduced by BE (16.1%),
Cuo (14.2%), To (25.9%), and Ro (16.0%). Qo (25.7%)
and To (25.9%) decreased jejunal lipid peroxidation to a
sigmificant extent (Figure 3). Liver TBA-RS were re-
duced by feeding all phytogenic additives to a greater or
lesser extent (BE: 21 3%, Cuo: 8.22%, Oo: 23.8%, To:
11.5%, Ro: 23.2%). However, in the liver no significant
differences resulted from these data, due to a high vara-
tion within the groups.

4, DISCUSSION

4.1. Performance Parameters (Feed Intake,
Body Weight, Weight Gain, Feed
Conversion Ratio)

As stated 1n the infroduction data from the literature,

2100 OJejunum  BColon @ Liver b
1800
o 1500
5 1200
© amp

Experimental group
Values represent means = SEM (n = 3 animals per ex-
perimental group). *Mean values with mnlike super-
seripts indicate sigmficant differences between means (P
= (.03) in the L5D test. The superseript “2” was assigned
to the control group.

Figure 2. TROLOX® equvalent antioxidant ca-
pactty (TEAC 1n pmeol per g organ fresh matter
and kg body weight) in jejunal mucosa, colon and
the liver of piglets.

TBA-RS

Experimental group

Values represent means + SEM (n = § ammals per expen-
mental group). **Mean values with unlike superseripts indi-
cate significant differences between means (P = 0.03) m the
LSD test. The superscript “a” was assigned to the control
group.

Figure 3. Thuobarbitunic acid reactive substances (TBA-
RS in nmol per g organ fresh matter and kg body weight)
in jejunal mucosa and the liver of piglets.

Copyright © 2012 SciRes.

justifying the declaration of phytogenic feed additives
and in particular of labiatae oils as appetite stimulating
substances and as growth promoters are inconsistent.
Whereas some studies reported on beneficial effects of
even low dietary concentrations of oregano oil (0.0125
g'kg to 0.025 gkg diet) [1] and of blends of essential oils
from oregano, anise, citrus peels. and chicory [3] on
weight gain and feed efficiency ratio, other studies showed
no effects [4] or even opposite effects on these parame-
ters [5.40]. Due to the standardisation of the essential
oils” concentration to that of their main terpenes (150 mg
main terpene’kg diet) m our study the added o1l concen-
trations were rather high. Thus 1f can be remarked as a
positive result of our study that the high phytogenic con-
centrations in the diets caused no mentionable adverse
effects on performance parameters at all. With the excep-
tion of Ro in our study all essential oils improved weight
gain or feed conversion ratio in comparison to Con pig-
lets to a greater or lesser extent (Table 5). However,
these differences were not significant over the whole
experimental period.

According to results of a prior study [1] piglets of
groups Oo and To had the best feed conversion compared
to the essential o1l groups Cuo and Ro and to group Con.
Within the labiatae oils Oo and in particular To improved
weight gain during the whole expeniment compared to
Ro as another labiatae o1l That within the labiatae oils
thyme seems to unfold the most positive effects on per-
formance parameters has been demonstrated in a choice
expertment with piglets [40]. In a study investigating the
growth promoting effects of curcumin (supplementation
of 200 mg curcumin’kg to the diets of Large White x
Landrace * Duroc piglets), body weight gamn and feed
intake of supplemented piglets remained unaffected
compared to the control group [41]. Our results for tur-
mernic oil, containing mainly turmeron derivatives and
only traces of curcumin, deviated from these results (Ta-
ble 5 and Figures 4(a), (b)). Over the whole experimen-
tal period weight gam of Cuo piglets was comparable to
that of Oo and To piglets. In week 3 of the experiment
Cuo piglets even had the highest weight gain and the best
feed conversion compared to all other experimental
groups (Table 5 and Figures 4(a). (b)). Thus our results
for Cuo are rather in coincidence with data of Wenk
(2005), reporting on a dose-dependent positive effect of
turmeric on performance of pigs and broilers [42]. A very
interesting result with regard to the performance pa-
rameters could be observed for broccoli extract (BE). not
permitted as a feed additive in the EU until today. While
BE piglets had the second best feed conversion after To
piglets, weight gain of BE piglets was the second lowest.
Only Ro piglets had a somewhat lower total weight gain.
Thus BE seems to maximise feed conversion, but to slow
weight gain slightly (Table 5 and Figures 4(a), (h)). This
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Figure 4. () Feed conversion (g/g) and (b) Weight
gain (g) of piglets fed different phytogenic feed addi-
tives for 28 days.

most interesting aspect of BE may have denved from
potential goitrogenic effects of the isothioeyanate sul-
foraphane contamned in a high concentration in the ex-
tract (4.06% w/w) and of other goitrogenic isothiocy-
anates contamned in the extract i very low concentrations
(<0.1% w/w). However, studies in humans have proven
that sulforaphane, even in higher concentrations, has no
or only a negligible influence on thyroid metabolism [43,
44]

Nevertheless, an important fact which should be re-
marked at the end of the discussion concerning perform-
ance parameters 1s that all phytogenic feed additives had
a distinct positive effect on the performance parameters
feed conversion and weight gamn m the first week of the
experiment (Figures 4(a), (b)). While about half of the
Con piglets gained no weight in the first week or even
lost weight, all phytogenic feed additives counteracted
this undesired aspect. In particular in the first week after
weaning it 1s of importance that the piglets have a good
performance in order to prevent the loss of animals and
to protect them from infections. This 15 in accordance
with other reports [45,46].

Weight gain and feed conversion are the two most 1m-
portant parameters in today’s animal nutrition, and the
feed industry frequently advertises their phytogenic addi-
tives as growth promoters. In addition, both weight gam
and feed conversion are frequently assoctated with gen-
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eral animal health. In contrast the results of the entire
experimental period i our present trial and the outcome
of a number of other studies mentioned above [4.5.40]
suggest that phytogenic feed additives frequently do not
fulfil the critenia acting as mere growth promoters. To
complicate matters: One explanation for the lacking or
sometimes slightly negative effect of phytogenic addi-
tives on performance may surprisingly be the conse-
quence of therr beneficial antioxidant effects. In this
context an i vitro study has shown the potent mnhibition
of porcine pancreatic amylase by phenolic oregano com-
pounds [47]. However. as discussed above, in particular
m the critical first week, all additives tested, exerted their
potential to acting as growth promoters [45.46]. More-
over, i the majonty of these studies [4.5.40], including
our present expertment, the piglets were not challenged
with pathogenic microorganisms or toxic substances. It
can be assumed that the threat of infections and the chal-
lenge with feed contaminants increase under practical
feeding conditions with a high stocking rate [48]. In this
context experiments i which broilers were infected with
Eimeria tenella or fed aflatoxin containig diets, the es-
sential o1l of oregano or turmeric powder counteracted
the depressed feed intake and growth [49-51]. Accord-
ingly some other studies with rats as model ammals and
tissue cultures have demonstrated the beneficial effects
of thyme, rosemary and of sulforaphane on mycotoxin
detoxification [28,52-55].

However, until today there 15 a lack of broadly based
studies 1 farm anmmals regarding this aspect. To our
opinion the venfication of beneficial effects of phyto-
genic additives on amimal performance under challenged
conditions represents an important field m future re-
search and a useful mnstrument to evaluate commercial
feed additives.

4.2. Microflora in Jejunal Mucosa, Colonic
Mucosa, Faecal Samples and Detection
Rate of Estb

The analysed counts of bactenia attached to the jejunal
mucosa showed differential patterns depending on the
phvtogenic feed additive. With regard to E. coli the
maximum counts (50% of the piglets of a group) were
reduced by all phytogenic feed additives. The median
values for jejunal E. coli were higher in BE and Ro pig-
lets compared to the control, whereas Cuo, Oo and To
treatment produced lower counts. However, due fo the
high individual vanation E. coli counts did not differ
significantly. In contrast all phytogenic additives slighily
but not significantly increased jejunal Lactobacilli com-
pared to Con piglets. A study analysing jejunal chymus
of piglets found tendentially reduced E. coli and in-
creased Lactobacilli counts due to feeding diets contain-
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ing a blend of 300 mg/kg carvacrol (oregano), cinna-
maldehyde and capsicum oleoresin. In this trial the ratio
of LactobacilliE. coli was even sigmificantly increased
[46]. Thus our results for Oo, contaming notewaorthy
amounts of carvacrol, are in accordance with the out-
come of the above mentioned trial. Moreover in our trial
Oo also increased the LactobacilliE. coli ratio (Oo,
1.52:1) compared to Con piglets (1.37:1). Moreover i
our study To also distinctly increased the LactobacilliE.
coli ratio (1.71:1). In the literature both for To and for the
essential o1l of Curcuma longa (Cuo) no reports on their
effects on jejunal E. coli and Lactobacilli exist. Only one
study reported on the lacking effect of an essential labi-
atae oil mixture on mucrobial counts in the stomach and
the 1leum of pigs [10]. However, m our trial Cuo was
most effective i mmproving the Lactobacalli:E. coli ratio
(2.00:1). For sulforaphane currently only in vifro data on
a potent bactericidal activity against several E. coli
strains exist [18], which could not be confirmed in vivo
in our present study. Simlarly, for Ro the majority of
studies, investigating 1fs bactericidal effects, including
those agamst E. coli, was carried out i vitro i the con-
text of investigating the storage stability of meat [7-9].
However, due to an higher increase in jejunal E. coli
compared to jejunal Lactobacilli BE and Ro had the
lowest LactobacilliE. coli ratios of 1.14:1 and 1.13:1,
respectively.

In contrast to the moderate positive effects of Cuo, Oo
and To on microorganisms attached to jejunal mucosa we
could not find any differences in the bacterial popula-
tions of colonic mucosa. To the best of our knowledge no
studies reporting on effects of phyvtogenic additives on
bacterial populations i the colonic mucosa exist so far.
Only few studies reported on the effects of phytogenic
substances on caecal and faecal microbial counts. Feed-
ing a blend of the essential oils of gmgernmunt (labiatae
plant), anis and sage (300 mg'kg diet) had no influence
on colonic digesta E. coli counts whereas Lactobacilli
were increased [10]. In contrast in our trial no effects of
the labiatae oils Oo and To could be analysed for both
bacterial classes attached to the colomic mucosa. Only Ro
slightly increased Lactobacilli: E. coli ratio compared to
Con piglets. This result for Ro was further confirmed by
the distinct improvement of Lactobacilli to E. coli ratio
1n faecal samples collected at the end of the experiment.

A further interesting and important result of our study
consisted in the influence of the phytogenic additives on
the mcidence of estb as a marker for the existence of
enterotoxic E. coli stramns of the serotypes O149:K91
with F4 or F6 fimbriae and 0138:K81 with F18 fimbriae
in the gut of the piglets (Figure 1). Whereas the inci-
dence rate of estb existence mn Con piglets distinctly n-
creased till the end of the experiment. Ro was the only
additive which even reduced estb incidence. In the other
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labiatae o1l groups (Oo and To) and in the BE group estb
incidence did not increase. Only m the Cuc group a
slight increase 1n estb incidence could be observed which
however remained below the Con group. Since entero-
toxic E. coli strams (ETEC) are an mmportant risk factor
for the development of diarthoea, the reduction of these
strains 15 of particular importance. In a trial in which
piglets were moculated with a mixture of ETEC with F4-,
F5-. F6-. F18- and F41 fimbriae ETEC with F4 fimbriae
caused diarrhoea preferentially 1 the first 2 weeks after
weaning, strans with F18 fimbriae were responsible for
diarrhoea m 3 to 5 week old piglets [56]. Simce estb 1s
marker for strains with both F4 and F18 fimbriae future
studies should investigate the selective reduction of
ETEC by phytogenic feed additives. Moreover our re-
sults demonstrate the need of future studies in which
piglets are challenged with ETEC 1n order to evaluate the
suppressive effect of phytogenic additives on these strains
in vivo. As stated with regard to the performance pa-
rameters this topic would represent a useful tool to evalu-
ate commercial feed additives and to optimize mixtures
of phytogenic additives.

4.3. ARE Regulated Xenobhiotic and
Antioxidant Enzymes, TROLOX®
Equivalent Antioxidant Capacity (TEAC),
and Thiobarbituric Acid Reactive
Substances

To the best of our knowledge our data have shown for
the first time that labiatae oils (Oo, To and Ra), broccoli
extract (BE), and turmeric oil (Cuo) have promusing ef-
fects on a panel of ARE regulated xenobiotic enzymes
and the antioxidant system in piglets. Only a trial of our
group has previously demonstrated similar results for
growing chicken. However, the data of the brotler trial
and those of the current piglet study exert some funda-
mental differences with regard to the organ specific -
fluence of the phytogenic additives. Whereas in the
broiler trial ARE-regulated xenobiotic and antioxidant
enzymes were mainly up-regulated m the small intestine
and partially down-regulated 1 the large intestine and in
the liver, the data of our present piglet study showed a
potent up-regulation of these enzymes by Ro in the large
miestne and by BE. Cuo and Ro also m the liver. This
particular result may be the consequence of the higher
dietary concentration of the phytogenic additives in the
piglet trial due to the standardisation of the active com-
pounds. Because of their known mmpact on the induction
of ARE-regulated genes we have applied broccoli extract
and trmeric o1l [15,57] as reference additives m our
study. Most interestingly, the reference substances showed
a completely different induction profile of ARE-regu-
lated genes. Whereas sulforaphane, derved by bactenial
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cleavage from its glucosmolate precursor glucoraphanin
(GRA) contamed in BE [58], had a strong effect on the
up-regulation of xenobiotic and antioxidant enzymes 1n
the small intestine. Cuo unrolled 1ts maximum effect on
this process in the liver (Tables 9(a). (b), (d)). Tlus re-
sults differs from our chicken trial in which we have ob-
served a distinct induction of ARE regulated genes by Cuo
already in the small intestine. That broccoli extract can
mnfluence the gene expression of xenobiotic and antioxi-
dant enzymes already 1n the small intestine with a lower
bacterial colonisation than i the large intestine is sup-
ported by results of most recent studies. In these trials the
mcubation of precision slices of different tissues with
GRA effected a strong mnduction of ARE-regulated anti-
oxidant and xencbiotic enzymes, suggesting that GRA
per se can up-regulate the mentioned enzymes [26.27].
While m most other studies, investigating the effects of
Various turmeric extracts on the up-regulation of anti-
oxidant and xenobiotic enzymes. dried curcunun-rich
extracts were used [59,60] we have fed mrmeric oil con-
taming ar-turmerone as the primary active compound.
Both curcumin and ar-turmerone have been shown to
mduce anfioxidant and xenobiotic enzymes potently. In
our study we have deliberately chosen the ar-turmerone
nich turmenc o1l [15], since the o1l 1s easier to add to the
diets and 1ts price is more attractive for animal nutrition.
In former studies with laboratory anmmals and with hu-
mans the main intention to use GRA. SFN and turmeric
extracts was to study their preventive effects against in-

testinal cancers. Their safety has been venified [43.44.61].

In farm ammals, having a short live span and needed for
food production, the emphasis on application of these
mducers of ARE-regulated genes rather aims on their
efficiency to strengthen the intestinal barnier against oxi-
dative stress in the organism and to activate their defence
mechanisms against bacterial toxin and foed borne tox-
mns.

For the labiatae oils the results of our present study
have confirmed the data of the broiler trial with regard to
their differentiated effects on antioxidant processes (Ta-
bles 9(a). (b). (d)). Within the labiatae ois Ro and To
mnduced jejunal ARE regulated enzymes to a much higher
extent compared to Qo. In this context 1t 1s important that
Ro in contrast to the broiler trial had an even lugher -
fluence on the induction of antioxidant and xenobiotic
enzymes i the small intestine than the reference sub-
stance BE (Tables 9(a), (b)). In colon nearly all ARE-
regulated enzymes showed a lowered response to feeding
the phytogenic feed additives. As mentioned above only
Ro maintained 1ts strong inductive effect also in the co-
lon.

Differences in the antioxidant mechanisms of labiatae
oils can be assumed to dertving from their main terpene
compounds. Whereas oregano and thyme mainly contain
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the phenolic terpenes carvacrol and thymeol, Ro contains
the epoxy-terpene 1,3-cineole. Phenolic groups agamn
possess direct antioxidant effects and therefore have a
rather low influence on the wmduction of ARE-regulated
xenobiotic and anfioxidant enzymes accounting for indi-
rect antioxidant properties. In contrast the reactive epox-
ide group of 1.8 cineole (rosemary) contributes fo a
stronger induction of the indirect antioxidant system via
activating the ARE of xenobiotic and antioxidant en-
zymes [62.63]. In addition to the modification of sensor -
SH-groups of KEAP1 or by triggering Nrf2 phosphory-
lation [25,64] there may exist another mechamsm for
ARE-gene induction. This particular mechanism mvolves
the metabolisation of the terpenes by phase I cytochrome
P450 enzymes followed by the mduction of antioxidant
and xenobiotic enzymes through the activated phase I
metabolites [65].

Since Keapl per se has been shown to be induced via
Nrf2, another important point to discuss 1s the impact of
phytogenic feed additives on Keapl de nove synthests
[64.66]. Whereas BE caused a significant and Ro a ten-
dential mcrease mn jejunal Keapl expression, Cuo and Oo
rather led to a decreased Keapl mRNA concentration.
Moreover the increased hepatic Keapl mRNA level by
feeding Cuo corresponded to the strongest nduction of
antioxidant and xenobiotic enzymes in the liver [64].

Our results for the differentiated response of the direct
and the mdirect antioxidant systems due to feeding phy-
togenic feed additives demonstrates the need of future
studies with tissue cultures and model anmmals mvesti-
gating the detailed mechamsms by which phytogenic
feed additives and their key compounds influence these
systems (e.g. by Keapl modification, by Nrf 2 phos-
phorylation or subsequent to phase [ up-regulation).

In this context our results for the TEAC values and for
lipid peroxidation in jejunal mucosa, colon and the liver
are of interest (Figures 2, 3). The TEAC value of a tissue
comprises direct and indirect antioxidant effects by sec-
ondary mechanisms like ARE induction. In the jejunum
the addition of all phygenic feed additives affected a sig-
nificant ncrease i TEAC compared to Con piglets.
These data ate in accordance with our broiler trial. Thus
it can be assumed that the rise m jejunal TEAC by BE,
confaimng the isothiocyanate SFN, without any direct
antioxidant mainly was basing on the up-regulation of
antioxidant enzymes and therefore on an indirect anti-
oxidant effect [57]. This result 1s in accordance with our
results for the gene expression data (Table 9(a)). Within
the oils tested in our trial Ro had the highest TEAC value
of 156 mmol/100 mL, followed by Oo (120), To (116)
and Cuo (90). In accordance with these data Ro in-
creased jejunal TEAC most powerful which may be the
consequence of both its high direct antioxidant potential
and of the strong induction of xenobiotic and antioxidant
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enzymes. A similar mechanism may exist for To [63]. In
contrast Oo which had only a weak influence on the up-
regulation of xenobiotic and antioxidant enzymes may
have mncreased jejunal TEAC predommantly by 1ts direct
antioxidant effects as explained above [13]. Sinularly the
increase in jejunal TEAC by feeding Cuo may have de-
rived from its main aromatic terpene ar-turmerone as a
potent radical scavenger [67] (Figure 2). Most interest-
mgly ar-turmerone has been shown to possess both direct
antioxidant effects and strong indirect antioxidant effects
[15]. Due to the contrary results for Cuo on jejunal ARE-
induction in our broiler trial it can be assumed that there
exists a dose-dependent effect due to the predominance
of direct or indirect antioxidant effects. This particular
mechanism needs intensive investigation in the future. In
accordance with the decreased influence of the phyto-
genic additives on antioxidant and xenobiotic enzymes’
expression colonic TEAC remamed uvninfluenced. This
particular result may denive from the fact that distinctly
lower concentrations of the active compounds of the
phytogenic substances reach the large intestine than they
are present in the small intestine. Despite an overall
lower influence of the phytogenic substances on the up-
regulation of liver xenobiotic and antioxidant enzymes
all additives influenced liver TEAC positive in tendency
or even significantly. Higher liver TEAC values 1n pig-
lets fed phyvtogemc additives may derive from the in-
creased antioxidant potential i the small intestine. This
particular barriere hypothesis has been suggested 1n de-
tail for the selenoprotein glutathione peroxidase 2 [68,
69].

In the jejunum all phytogenic feed additives reduced
tron provoked lipid peroxidation to a larger or smaller
extent compared to Con piglets with significant effects
for Oo and To. This result confirms the important func-
tion of the small infestine as an effective barrier agamnst
oxidative stress [69]

However, in the liver the influence of the phytogenic
additives on TEAC and TBA-RS was less pronounced
than in the small mtestine. In contrast in our broiler trial
we could measure a significant increase m liver TEAC
and a significant decrease mn liver TBA-RS. This phe-
nomenon may be explained by differences in feed intake
between pigs and broilers. Due to the fact that feed con-
sumption of pigs increases with body weight and the feed
conversion drops it can be assumed that a longer feeding
period would have increased liver TEAC significantly
and concomitantly reduced TBA-RS. However, in two
other pig trials feeding diets supplemented with different
amounts of Oo (0.25, 0.50 and 1.00 mL/kg diet) or the
essential oils of rosemary, oregano and ginger (500
mg'kg diet) for a comparable short period of 35 days also
remained without an influence on meat characteristics
and lipid peroxidation parameters [70,71]. In contrast,
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feeding a rather high amount of an oregano extract (60
mL) to finisher pigs for 2 weeks significantly improved
the antioxidant potential and the storage stability of the
meat [72].

A fnal overview of our current results regarding the
influence of broccoli extract and various essential oils on
xenobiotic enzymes, on the antioxidant system, and on
intestinal and faecal microflora of piglets 1s given in Ta-
ble 10. These summansed data may give a good basis to
discuss the development of rational and expedient com-
binations of the single additives in order to maximise the
impact on performance, microbial eubiosis, and on direct
and indirect antioxidant effects.

Compared to the control group in our study Te fol-
lowed by Oo and Cuo showed a positive influence on the
performance parameters of the piglets. In the small intes-
tine To exerted both, direct and indirect antioxidant ef-
fects. However, its influence on the xenobiotic enzymes
in the liver was rather weak. Thus the combination of To
with BE or Cuo, both acting as potent inducers of xeno-
biotic enzymes in the liver, may contribute to the opii-
misation of detoxification processes in the whale organ-
ism. Similarly a combination of Oo, having a strong di-
rect antioxidant effect, with BE may represent a further
rational combination of two additives. Because of ifs
superior direct antioxidant potential and its weak effects
on xenobiotic enzymes Oo may further be a very good
additive for fimsher pigs in order to improve the anti-
oxidant potential of the meat prior to slaughter. Moreover
feeding Qo to finisher pigs may increase storage stability
of the meat, as suggested by the above mentioned study.
In our trial Ro tumed out as the all-rounder additive due
to its strong effects on the induction of xenobiotic en-
zymes in all organs mvestigated. Moreover Ro as the
only additive even reduced the incidence rate of entero-
toxic E. coli existence 1 the faeces. Only the perform-
ance parameters were influenced slightly negative by Ro.

Maybe replacement of a small percentage of Ro addi-
tion by To or Oo could contribute to the improvement of
performance. With regard to the microbial parameters BE,
Oo and To had a rather neutral influence since in the
mentioned groups no increase in the number of piglets
infected with enterotoxic E. coli could be detected. Ounly
in the Cuo group the incidence rate of estb positive pig-
lets icreased. This rather negative effect should be m-
tensively investigated mn future studies and lowers the
very positive impact of Cuo on performance.

In summary we have shown that the different phyto-
genic feed additives tested significantly and differentially
influence the direct and the indirect antioxidant system
(xenobiotic system) in various organs of piglets. In par-
ticular the induction of the xenobiotic system 1s 1mpor-
tant to mmprove the defense against microbial and feed
derived toxic substances. Future studies are needed to
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Table 10. Summary of the effects of different phytogenic feed additives on performance, the antioxidant system and on microflora in

jejunal mucesa, colonic mucosa and faeces

Phytogenic additve Feed consumption Weight gain Feed conversion Overall performance
BE - 0 + 0
Cuo + ++ 0 +
Qo + + 0 +
To + ++ ++ +
Ro 0 0 - 0
Induction of ARE-regulated  Induction of ARE-regulated  Direct antioxidant effects m  Influence on total

Phytogenic addinive  genes in the small infestine

genes in the large intestine

the small mtestine antioxidant potential in the

{ejumum /1lenn) {colon) (jejunumy/1leum) small mtestme
BE +HH 0 0 +
Cuo 0 ++ +
Oo 4] - -4+ ++
To ++ 0 + ++
Ro - ++- + +

' . Induction of ARE-regulated
Phytogenic additive s

Direct antioxidant effects in

Influence on total anfioxidant Reduction of lipid

genes in the liver liver potential in the liver peroxidanon i the liver
BE + 0 + +
Cuo + 0 + o
Qo 0 + + +
To 0 + + 0
Fo + + +H +

Influence on Lactobacilli: E.

Phytogemc addiive ST g
AE coli ratio m jejunal mucosa

Influsnce on Lactobacilli: E.
coli ratio m celonic mucosa

Influence on Lactobacilli: E.  Influence on existence of
coli ratio m faeces enterotoxic E. coll n faeces

EBE 0 0 - 0

Cuo + - - -

Qo 0 - 0 0

To + - + o

Ro 0 + + +
+=+ very strong; ++ strong; + pesitive in tendency; O no effect; — rather negative,

investigate the impact of the different feed additives on
detoxification processes even under conditions with en-
vironmental challenges The results of these studies could
further contribute to the development of optimised com-
binations of phytogenic feed additives.

5. ACKNOWLEDGEMENTS

This study was supported by Delacon Biotechmk Gesmb H, Stey-
regg (Ausma) to study findamental mechamsms of phytogenic feed
additives and by the H. Wilhelm Schaumann foundation, Hamburg by
fimding Dipl. troph. Knstn Mueller with a doctoral scholarship. We
thank Devakuman Hiller (Jarrow Deutschland GmbH, Berlin, Germany)
arranging the contact with Mr. Jarrow L. Fogovin from Jamrow Formm-

Copyright © 2012 SciRes.

las, Los Angeles, USA, who provided us with the broccoli seed extract.
Moreover, we thank our stockmen Olaf Hoedel and Detlev Barth for
their help with diet preparznon, amimal care, and organ sampling.
Thank 15 also addressed to Mr. Frank Schnud: for slaughtering the pigs.
Further thank 15 addressed to our master students Jette Rabn, Annett
Schulz, Mananna von Jagemann, and Bettina Hommel for therr help

with analyses within the scope of their master theses.

REFERENCES

[11 Kynakis, S.C, Sarris, K Lekkas, 5., Tsimnas, C., Gianna-
kopoulos, C., Alexopoulos, C. and Saculidism, K. (1998)
Control of pest weaning diarroea syndrome of piglets by
m-feed application of origanum essential als. Proceed-

Openly accessible at http/www.scirp.org/journal/ojas/

48



Originalarbeiten

(4]

(3]

(8]

[0

(10]

(1]

(12]

(13]

K. Mueller ef al. / Open Journal of Animal Sciences 2 (2012) 78-98 95

ings of the 15th IPVS Congress 1998, Bimungham, Eng-
land, 218.

Tsinas, A C., Giannakopoulos, C.G, Papasteriades, A,
Alexopoulos, C., Mavromatis, T and Kyriakis, S.C. (1998)
Use of Onganum Essential Oils as Growth Promoter in
Pigs. Proceeding 15th IPVS Congress 1998, Birmingham,
England, 221.

Zitter]-Eglseer, K., Wetscherek, W., Stom, A . Krotsmayr,
A and Windisch, W. (2008) Bioverfligbarkeit der athe-
rischen Ole eines phytobiotischen Futterzusatzes und der
Einfluss auf die Leistung bzw. Nihrstoffrerdaulichkeit
bei Absetzferkeln. Die Bodenkultur, 59, 121-129.

Mares, P, Novak, L., Zeman. L.. Kratochvilova, P. and
Vecerek, M. (2007) The Evaluation of Phytogemc Addi-
tives Using in Pig Nutrition. 6t BOKU-Symposium Tier-
erndhrung, 149-151.

Oswald, J. and Wetscherek, W. (2007) Wirkung von
Oregano auf die Aufruchtlesstung von Ferkeln. 6t BOKT-
Symposium Trerernéilirung, 174-181.

Hashemi, S R and Davoodi, H. (2011) Herbal plants and
their denvatives as growth and health promoters in ani-
mal nutrition. Fetarinary Research Commumnications, 35,
169-180. doi:10.1007/511259-010-0458-2

Schirmer, B.C. and Langsrud, S. (2010) Evaluation of
natural antimicrebials on fypical meat spoilage bacteria in
vifro and m vacvum-packed pork meat. Journal of Food
Science, 75, 98-102.
doi:10.1111/.1750-3841.2009.01485.x

Kong, B., Wang, J. and Xiong, YL. (2007) Antimucrobial
activity of several herb and spice exiracts i culfure me-
divm and in vacuum-packaged pork. Jowrnal of Food
Protection, 70, 641-647.

Busatta, C., Vidal, RS Popiolski, A S, Mossi, AT Da-
mva, C., Rodngues, MR, Corazza, F.C,, Corazza, ML,
Vladiur Oliveira, J. and Canstan, R.L. (2008) Applica-
tion of Origamun majorana L. essential oil as an antim-
icrobial agent in sausage. Food Microbiology, 25, 207-
211.doi:10.1016/1.fm. 2007.07.003

Maenner, K., Valyen, W. and Simon. O. (2011) Studies on
the effects of essenfial-oil-based feed additives on per-
formance, ileal nuirient digestibility, and selected bacte-
rial groups in the gastrointestinal tract of piglets. Jowrnal
of Animal Science, 89, 2106-2112.

doi:10.2527/jas 2010-2050

Castillo, M., Martin-Omie, SM., Roca, M., Manzanilla,
EG, Badiola, 1, Perez, JF. and Gasa, J. (2006) The re-
sponse of gastromtestinal microbiota to avilamycin, bu-
tyrate, and plant extracts i early-weaned pigs. Journal of
Animal Science, 84, 2725-2734.
doi:10.2527/as.2004-556

Hagemiiller, W, Jugl-Clizzola, M., Zitterl-Eglseer, K., Gab-
ler, C., Spergser, I, Chizzola, R and Franz, C. (2006)
The use of Thymi Herba as feed additive (0.1%, 0.5%,
1.0%) in weanling piglets with assessment of the shed-
ding of haemolysing E.coli and the detection of thymel in
the blood plasma. Berlingr und Munchener Tierarziliche
Wochenschrift, 119, 50-54.

Shan, B., Cai, YZ. Sun, M. and Corke, H (2005) Anti-

Copyright © 2012 SciRes.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(23]

oxidant capacity of 26 spice exfracts and charactenization
of their phenolic constituents. Journal of Agricultural and
Food Chemistry, 53, TT49-7759. doi:10.1021/jf051513y

Negi, PS., Jayaprakasha, GE  Rao, JM. and Sakariah,
KK (1999) Antibacterial activity of tumeric oil: A by-
preduct from curcumin manufacture. Journal of Agricul-
ural and Food Chemistry, 47, 4297-4300.
doi:10.1021/j£900308d

Anonymous (2012) Evonik Industries product informa-
tion (no authors listed). TEGO" Turmerone: the distilled
fraction of fumenc o1l exfracted from the roofs of Cr-
cuma longa by supercritical carbon dioxide.
http:/wwrw.cenerchem.com/PDFs TEGO%20Turmerone
%020Tech?20Lit?200208 pdf

Mueller, K. Blum, NM., Kluge, H and Mueller, AS.
(2011) Influence of broccoli extract and various essential
oils on performance and expression of xenobiotic- and
antioxidant enzymes in broiler chickens. British Journal
af Nutrition, 1-15. [Epub ahead of print)
doi:10.1017/50007114511005873

Clarke, 1.D., Dashwood, R.H. and Ho, E. (2008) Multi-

targeted prevention of cancer by sulforaphane. Camcer
Latters, 269, 201-304. do1:10.1016/1.canlet 2008.04.018

Aares, A, Mota, VE., Saavedra, M.J., Rosa. EAS. and
Bennett, RN. (2009) The antimicrobial effects of glu-
cosinolates and their respective enzymatic hydrolysis
products on bacteria isolated from human intestinal tract.
Journal of Applied Microbiology, 106, 2086-2005.

Igbal, M., Sharma, 5.D.. Okazaki, Y., Fujisawa, M. and
Okada, S. (2003) Dietary supplementation of curcumin
enhances antioxidant and phase II metabolizing enzymes
in dd¥ male mice: Possible role in protection against
chenucal carcinogenesss and toxicity. Pharmacology &
Ioxicology, 92, 33-38.
doi:10.1034/1.1600-0773.2003.920106.x

Petri, N., Tannergren, C., Holst, B., Mellon, FA. Bao, Y.,
Plumb, GW., Bacon. J. O'Leary, KA, Kroon, PA.
Enutson, L., Forsell. P. Eriksson. T. Lennernas, H. and
Williamson, G (2003} Absorption/metabelism of sul-
foraphane and quercetin, and regulation of phase II en-
zymes, in human jejunum i vive. Drug Metabolism and
Disposition, 31, 805-813.
do1:10.1034/7.1600-0773.2003.920106.x

Mivakoshi, M., Yamaguchi, Y, Takagaki, R., Mizutani,
K., Kambara, T, Ikeda, T, Zaman, MS., Kakihara, H.,
Takenaka, A and Igarashu, K. (2004) Hepatoprotective
effect of sesquiterpenes i turmeric. Bigfactors, 21, 167-
170. do1:10.1002/bi0f. 552210134

Yoxall, V., Kentish, P, Coldham, N_, Kuhnert, N., Sauer,
MJ. and Toanmides, C. (2005) Modulation of hepatic cy-
tochromes P450 and phase II enzymes by dietary doses of
sulforaphane in rats: Implications for ist chemopreventive
activity. fnternational Journal of Cancer, 117, 356-362.
doi:10.1002/4jc.21191

Hu, R, Xu, C., Shen, G, Jam, MR, Eher, TO., Gopal-
krislman, A, Lin, W, Reddy, B, Chan, .Y and Kong,
ANT (2006) Gene expression profiles induced by can-
cer chemopreventive isothiocyanate sulforaphane in liver
of C57BL/6] mice and C57BL/6I/NIE2 (-/-) mice. Cancer

Openly accessible at http//www.scirp.org/journal/ojas!

49



Originalarbeiten

96

(24

[25]

[26]

(27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

K. Mueller et al. / Open Journal of Animal Sciences 2 (2012) 78-93

Lerters, 243, 170-192. doi:10.1016/1.canlet. 2005.11.050

Gowda, NES, Ledoux, DR, Rottinghaus, GE., Ber-
mudez, AT and Chen, Y.C. (2008) Efficacy of tumeric
(Curcuma longa), contaming a known level of curcunun,
and a hydrated sodium caleivm aluminesilicate to ame-
liorate the adverse effects of aflatoxin in broiler chicks.
Pouliry Science, 87, 1125-1130.

doi:10.3382/ps 2007-00313

Hong, F. Freeman, M.L. and Liebler, D.C. {2005) Identi-
fication of sensor cysteines in human Keapl modified by
the cancer chemopreventive agent sulforaphane. Chami-
cal Resaarch m Toxicology, 18, 1917-1926.
doi:10.1021/tx0502138

Abdull-Razis, AF, Baratta, M., De Nicola, GE.. Tori, R
and Ioanmides, C. (2010) Intact glucosinolates modulate
hepatic cytochrome P430 and phase IT conjugation active-
ties and may confribute directly to the chemopreventive
activity of cruciferous vegetables. Toxicology, 277, 74-85.
doi:10.1016/1.tox.2010.08.080

Abdull-Razis, AF., Bagatta, M., De Nicola, GR., Ioni, R
and Ioannides, C. (2011) Up-regulation of cytochrome
P450 and phase 1T enzyme systems in 1at precision-cut rat
lung slices by the mtact glucosinolates, glucoraphanin
and glucoerucin. Lung Cancer, 71, 298-305.
doi:10.1016/) lungean. 2010.06.015

Gao, 5.5, Chen, XY, Zlm, B.Z., Choi. BM. and Kim,
BER (2010) Sulforaphane induces glutathione S-trans-
ferase 1sozymes which detoxufy aflatoxin B(1)-8.9-epox-
1de i AML 12 cells. BioFactors, 36, 289-206.
doi:10.1002/biof 08

Gesellschaft fir Emahrungsphysiologie (2006) Empfeh-
lungen zur Energie und Nihrstoffversorgung bei Schwei-
nen. DLG-Verlag, ISBN-Nr - 978-3-7690-0683-4.

National Research Council (1998) Nutrient Requirements
of Swine. 10th Revised Edition, The National Academies
Press, Washington, DC.

Livak, KJ. and Schruttgen, TD. (2001) Analysis of re-
lative gene expression data using real-time quantitative

PCR. and the 2(~delta delta C(T)). Methods, 25, 402-408.
doi-10.1006/meth 2001.126

Bustin, S. A, Benes, V., Garson, J. A, Hellemans, T., Hug-
gett, I, Kubista, M., Mueller, R, Nolan, T., Pfaffl, MW,
Shipley, GL., Vandesompele, J. and Wittwer, C.T. (2009)
The MIQE gwdelines: Mimmum information for publi-
cation of quantitative real-time PCR. experiments. Clini-
cal Chemistry, 55, 611-622.
doi-10.1373/clinchem 2008 112797

Vandesompele, J., De Preter, K, Pattyn, F., Poppe, B.
Van Koy, N, De Paepe, A and Speleman F. (2002)
Accurate normalization of real-time quantitative RT-PCR
data by geometnic averaging of multiple nternal control
genes. Genome Biology, 3, Research0034.

Hosseini, A, Saverwein, H. and Mielenz, M. (2010) Pu-
tative reference genes for gene expression studies in
propionate and S-hydroxybutyrate treated bovine adipose
tissue explants. Journal of Animal Physiology and Animal

Nutrition, 94, 178-184.

doi:10.1111/4.1439-0396.2010.01002.x

Copyright © 2012 SciRes.

[35]

[36]

[37]

[38]

[39]

[40]

[#1]

(4]

[+3]

[#]

[45]

[46]

[#7]

Vreeburg, R A, Bastiaan-Net, 5. and Mes. 11 (2011)
Normalization genes for quantitative RT-PCR in differen-
tiated Caco-2 cells used for food exposure studies. Food
& Fumetion, 2, 124-120. doi:10.1039/c0fo00068]

Miller, N.J, Rice-Evans, C., Davies, M.J., Gopinathan, V.
and Milner, A. (1993) A novel method for measuring an-
fioxidant capacity and 1ts application to monitoring the

antioxidant status in premature neonates. Clinical Science,
84, 407-412.

Wang. C.C., Clw, CY, Chu, KO, Choy, KW, Khaw,
K5, Rogers, M5, and Pang, CP. (2004) Trolox-equi-
valent antioxidant capacity assay versus oxygen radical
absorbance capacity assay in plasma. Clinical Chemistry,
50, 952-954. doi:10.1373/clinchem 2004.031526

Wong, SH., Knight, T A, Hopfer, SM., Zahania, Q., Leach,
CN. Jr and Sunderman, FW Jr (1987) Lipoperoxides in
plasma as measured by liguid-chromatographic separa-
tion of malondialdehyde-thiobarbituric acid adduct. Clin-
ical Chemistry, 33, 214-220.

Bradford, MM, (1976) A rapid sensitive method for the
quantitation of microgram quantifies of protein utilizing
the principle of protein-dye binding. dnalyrical Bioche-
mistry, 72, 248-254. doi:10.1016/0003-2697(76)90527-3
Tugl-Chizzola, M., Ungerhofer, E.. Gabler, C., Hagmiiller,
W, Chizzolz, R, Zitterl-Eglseer, K. and Franz, C. (2006)
Testing of the palatabality of Tiymus vulgaris L. and Ori-
gamum vulgare L. as flavouring feed additive for weaner
pigs on the basis of a cheice expenment. Berliner und
Munchener Tierarztliche Wochenschrift, 119, 238-243.

Tlsley, S E., Miller, HM. and Kamel, C. (2003) Effects of
dietary quillaja saponin and curcumin on the performance

and immune status of weaned piglets. Journal of Animal
Science, 83, 82-88.

Wenk, C. (2005) Einsatz von Kriutern und deren Ex-
trakten mn der Tiererndhrung: Erwartungen und Méglich-
keiten. 4th BOKU-Symposium Tiererndhnmg, 17-27.

Shapiro, TA., Fahey, JW.. Dinkova-Kostova, AT, Hol-
tzclaw, WD, Stephenson, KK, Wade, KL, Ye L. and
Talalay, P (2006) Safety, tolerance, and metabolism of
broccoli sprout glucosinolates and isofhiocyanates: A
clinical phase I study. Nufrition and Cancer, 35, 33-62.
doi:10.1207/515327914ne5501 7

McMillan, M., Spinks, EA and Fenwick, GR. (1986)
Preliminary observations on the effect of dietary brussels
sprouts on thyroid function. Human Toxicology, 5, 15-19.
doi:10.1177/096032718600500104

Papatsiros, V.G, Tzika, ED ., Papaioannou, DS, Kyriakis,
5.C.. Tassis, PD. and Kyrialas, C.S. (2009) Effect of Ori-
ganum vulgaris and Alliwm sativion extracts fort the
control of proliferative enteropathy in weaning pigs.
Polish Journal of Veterinary Sciences, 12, 407-414.
Manzanilla, E.G, Perez, TF.. Martin, M., Kamel, C., Bau-
cells, . and Gasa, J. (2004) Effect of plant exfracts and
formic acid on the mtestinal equilibrium of early-weaned
pigs. Journal of Animal Science, 82, 3210-3218.

McCue, P, Vattem. D. and Shetty, K. (2004) Inhibitory
effect of clonal oregano extracts against porcine pancre-
atic amylase in vifro. Asia Pacific Journal of Clinical Nu-

Openly accessible at hitp//www.scirp.org/journal/ojas/

50



Originalarbeiten

[45]

[49]

[50]

(51

(52

(53]

[54]

[56]

[57

[—

[58]

K. Mueller et al. / Open Journal of Animal Sciences 2 (2012) 78-98

frition, 13, 401-408.

Prathapkumar, S.H., Rao, VS, Paramkishan, RJ. and
Bhat, RV (1997} Disease outbreak in laying hens arising
from the consumption of fumenisin-contaminated food.
British Poulmry Science, 38, 475-479.
doi:10.1080/00071669708418024

Gowda, NES, Ledoux, DR Rottinghaus, GE, Ber-
mudez, AJ and Chen, Y.C. (2008) Efficacy of tumeric
{Curcuma longa), containing a known level of curcumin,
and a hydrated sodium caleium aluminosilicate to ame-
liorate the adverse effects of aflatoxin in broiler chicks.
Pouliry Science, 87, 1123-1130.
doi:10.3382/ps.2007-00313

Yarm, L.P., Settivari, R.5.. Gowda, N.K.S., Antoniouw, E.,
Ledoux, D.R. and Rottinghaus, GE. (2009) Effects of
tumeric (Curcina longa) on the expression of hepatic
genes associated with biotransformation, antioxidant, and
immune systems in broiler chicks fed aflatoxin. Porlfry
Science, 88, 2620-2627. doi:10.3382/ps. 2009-00204

Giannenas, I, Florou-Paneri, P, Papazahariadon, M., Chri-
staki, E., Botsoglou, N.A. and Spais. AB. (2003) Effect
of dietary supplementation with oregano essential oil on
performance of broilers after experimental infection with
Eimeria tenella. Archiv fur Terernahrmg, 57, 99-106.
doi:10.1080/0003942031000107200

El-Nekeety, A A Mohamed, SR, Hathout, A S Hassan,
NS, Aly, SE and Abdel-Walhab, M A (2011) Antioxi-
dant properties of Thymus vulgaris oil against aflatoxin-
induce oxidative stress in male rats. Toxicon, 57,
doi:10.1016/.toxicon 2011.03.021

084-901.

Offord, ELA. Macé, K. Avanti, O. and Pfeifer, AM.
(1997) Mechanisms involved in the chemoprotective ef-
fects of rosemary extract studied in human liver and
bronchial cells. Cancer Larrers, 114, 275-281.
doi:10.1016/50304-3835(07)04680-6

Costa, S, Utan, A, Speroms, E| Cervellati, R, Prva, G,
Grandini, A and Guerra, M.C_ (2007) Carnosic acid from
rosemary extracts: A potential chemoprotective agent
against aflatoxin B1. An i virro study. Journal of Applied
Toxicology, 27, 152-159. doi:10.1002/at. 1186

Fiala, JL Egner, PA  Wiryachan, N, Ruchirawat, M,
Kensler, KH., Wogan, GN., Groopman, ].D., Croy, R.G
and Essigmann JM. (2011) Sulforaphane-mediated reduc-
tion of aflatoxin B1-N7-guanine in rat hiver DNA: Im-
pacts of strain and sex. Toxico, 121, 57-62.
doi:10.1003/toxsci/kfr026

Blomberg, L, Henriksson, A. and Conway, PL. (1993)
Inhibition of adhesion of Escherichia coli K88 to piglet
ileal mucus by Lactobacillus spp. Applied and Environ-
menial Microbiology, 59, 34-39.

Boddupally, S, Mem, JR | Lakkanna, 5. and James DR
(2012) Induction of phase 2 anfioxidant enzymes by bro-
ccoli sulforaphane: Perspectives in maintaining the anti-
oxidant activity of vitamins A, C, and E. Frontiers in
Grenetics. 3,7

Li, F, Hullar, MA | Beresford, S.A. and Lampe, JW.
(2011) Variation of glucoraphanin metabolism f vive and
ar vive by human gut bactenia. British Jowrnal of Nutri-
tion, 106, 408-416. dor:10.1017/50007114511000274

Copyright © 2012 SciRes.

[59]

[60]

[61]

[62]

[63]

[66]

[67]

[68]

[70]

[71]

97

Campbell, F.C. and Collett, GP. (2005) Chemopreventive
properties of curcumin. Future Oncology, 1, 405-414.
doi:10.1517/14796694.1.3 405

Garg, R, Gupta, 5. and Mam, GB. (2008) Dietary curcu-
min modulates transcriptional regulators of phase I and
phase II enzymes in benzo[a]pyrene-treated mice: Me-
chanism of its anti-initiating action. Carcinogenesis, 19,
1022-1032. doi:10.1093 /carcinbzn0é4

Joshi, T, Ghaisas, 5., Vaidya, A., Vaidya, B, Kamat, DV,
Bhagwat, AN. and Bhide, S. (2003) Early human safety
sty of turmeric oil (Curcuma longa oil) administered
orally in healthy volunteers. Journal of the Association of
Physicians of India, 51, 1055-1060.

Mivakoshi, M., Yamaguchi, Y. and Takagaki, R. (2004)
Hepatoprotective effect of sesquiterpenes in furmeric.
Bigfactors, 21, 167-170. doi:10.1002biof 552210134

Jager, S., Scheffler, A and Schmellenkamp, H. (2011)
Pharmakologie ausgewihlter Terpene. Pharmazentische
Zeitung online.

http:/fwww pharmazeutische-zeitung de/index phpTid=13
54

Keum YS. (2011) Regulation of the Keapl/Nrf2 system
by chemopreventive sulforaphane: Implications of post-
translational modifications. Annals of the New Iork Aca-
demy of Sciences, 1229, 184-180.
dor:10.11114.1749-6632 2011.06092 x

Meesters, BT, Duisken, M. and Hollender, T. (2009) Cy-
tochrome P450-catalysed arene-epoxidation of the bioac-
five tea tree o1l mgredient p-cymene: mdication for the
formation of a reactive allergenic intermediate? Yenobi-
ofica, 39, 663-671. doi:10.1080/00498250902880094

Wang, X, Tomso, D.J., Chorley, BN, Cho, HY., Cheung,
V.G, Kleeberger, SE. and Bell, D A (2007) Identifica-
tion of polymorphic antioxidant response elements in the
human genome. Human Molecular Genetics, 16, 1188-
1200, doi:10.1093 hme/ddm228

Zhao, I, Zhang, 1.5, Yang B., Lv. GP and Li, S.P. (2010)
Free radical scavenging activify and characterization of
sesquiterpenoids in four species of Curcuma usmg a TLC
broautography assay and GC-MS analysis. Molecules, 15,
7347-7557. doi:10.3390/molecules1 5117547

Wingler, K, Miiller, C. and Brigelius-Flohe, B (2001)
Stability of gastrointestinal glutathione peroxidase mENA
in selenium deficiency depends on its 3 UTE. Bigfactors,
14, 43-50. doi:10.1002/biof 5520140107

Wingler, K., Miller, C., Schmehl, K., Florian, 5. and Bri-
gelms-Flohe, F. (2000) Gastromntestinal glutatiuone per-
oxidase prevents fransport of lipid hydroperoxides in
CaCo-2 cells. Gastroenferology, 119, 420-430.
dor:10.1053/past 2000.9521

Simitzis, PE., Symeon, GK., Charismiadou, M.A.. Bize-
lis, TA. and Deligeorgis, 5.G (20107 The effects of die-
fary oregano oil supplementation on pig meat characteris-
ncs h’en*r Sc‘:eme 84 670-676.

Janz, JA., Morel, PC., Wilkinson, BH. and Purchas,
EW ["00?) Prehmmarj, mvestigation of the effects of
low-level dietary inclusion of fragrant essential oils and

Openly accessible at http/www.scirp.org/journal/ojas/

51



Originalarbeiten

a8 K. Mueller ef al. / Open Journal of Animal Sciences 2 (2012) 78-98

oleoresing on pig performance and pork quality. Mear
Science, 75, 350-355. dor:10.1016/). meatsci 2006.06.027

[72] Lahucky, E., Nuernberg, K. Kovac, L., Bucko, O. and
Nuernberg, G (2010) Assessment of the antioxidant po-

Copyright © 2012 SciRes.

tential of selected plant extracts—In vitro and in vivo ex-
periments on pork. Meat Science, 85, 779-784.
doi:10.1016/1.meatzc1.2010.04.004

Cpenly accessible at http/www.scirp.org/journal/ojas/

52



Originalarbeiten

3.3  Mueller K, Blum NM, Mueller AS. Examination of the anti-inflammatory, antioxidant,
and xenobiotic-inducing potential of broccoli extract and various essential oils during a
mild DSS-induced colitis in rats. ISRN Gastroenterology. 2013 Vol. 2013, Article ID
710856, 14 pages. http:// dx.doi.org/10.1155/2013/710856

53



Originalarbeiten

Hindawi Publishing Corporation

ISRN Gastroenterology

Volume 2013, Article ID 710856, 14 pages
http://dx.doi.org/10.1155/2013/710856

Research Article

Examination of the Anti-Inflammatory, Antioxidant, and
Xenobiotic-Inducing Potential of Broccoli Extract and Various
Essential Qils during a Mild DSS-Induced Colitis in Rats

Kristin Mueller, Nicole Michaela Blum, and Andreas Stefan Mueller

Institute of Agricultural and Nutritional Sciences, Martin Luther University Halle-Wittenberg, Von-Danckelmann-Platz 2,

06120 Halle (Saale), Germany

Correspondence should be addressed to Kristin Mueller; kristinmueller@gmsx. net

Received 9 December 2012; Accepted 20 January 2013

Academic Editors: A. Amedei, A. K. Rishi, and N. Senninger

Copyright @ 2013 Kristin Mueller et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work Is properly cited.

Phytogenic compounds with antioxidant and anti-inflammatory properties are currently discussed as promising complementary
agents in prevention and treatment of inflammatory bowel disease (IBD). Our study aimed to evaluate possible protective and
curative effects of broccoli extract (BE) and of the essential oils of turmeric (Cuo), thyme (To}, and rosemary (Ro) in a rat model
with a mild dextran sulphate sodium- (DSS-) induced colitis. Therefore Wistar rats were fed a diet without an additive (Con) or
diets with the addition of BE, Cuo, To, and Ro during the whole experiment. Pretreatment with Ro, Cuo, and To increased the
expression of the tight junction protein Cldn3. All additives reduced mRNA of VCAM-1which plays a crucial role in the first state
of inflammatory response. Only Ro pretreatment affected the expression of the antioxidant enzymes HO1, GPx2, and of glutathione-
S-transferases. All additives counteracted the DSS-induced rise in COX2 and VCAM-1 expression. Colonic [L-10 was increased by
Cuo, To, and Ro. During the recovery phase DSS pretreatment increased NFxB, VCAM-1, and MCP-1: This response was counter-
regulated by all additives. We conclude that the phytogenic additives tested have a promising anti-inflammatory potential in vivo

and a particular rele in the prevention of IBD.

1. Introduction

Inflammatory bowel disease, including ulcerative colitis (UC)
and Crohn’s disease (CD), Is a multifactorial relapsing-
remitting disorder, characterized by lntermittent periods of
acute inflammation in the small and in the large intestine. The
main difference between CD and UC is the location and the
nature of the inflammatory changes. CD can affect any part of
the gastrointestinal tract, from mouth to anus, although the
onset of the majority of cases is located in the terminal ileum.
In contrast UC Is restricted to the colon and the rectum.
The exact pathogenic mechanisms provoking both disorders
remain almost unclear. However, in a number of cases
overreactions of the immune system due to inflammatory
stimull can be observed. In this context, preinflammatory
immune modulators like Interleukin 1 beta (IL-13), mono-
cyte chemoattractant protein 1 (MCP-1), and vascular cell
adhesion molecule 1 (VCAM-1) play an important role in

the development of the disease [1, 2]. Nuclear factor “kappa-
light-chain-enhancer” of activated B cells (NFxB) represents
a key transcription factor regulating the synthesis of genes
involved in immune reactions and inflammatory response. In
noninflamed tissues NFxB is inhibited through linkage to its
cytosolic inhibitor protein kappa B (IxB). The activation of
proteasomal IxB degradation via phospherylation of critical
serlne resldues by proinflammatory stimull elicits NF«B
translocation to the nucleus and the subsequent induction
of its target genes like tumor necrosls factor (TNF)-e and
other Inflammatory mediators {interleukin 2, interleukin 6,
interleukin 8, VCAM-1, intracellular cell adhesion molecule
1, and interferon y) [3-5].

Dysfunction of the gut barrler accompanied by an
increased intestinal permeability is another characteristic
symptom in the pathophysiology of IBD [6]. As a con-
sequence of the disordered permeability both antigenic
determinants derived from food digestion and commensal
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or pathogenic bacterla can overcome the mucosal barrier
unimpeded and provoke a continuous intestinal immune
response and tissue damage [7]. In this context the Increased
permeability of gastrointestinal epithelial cells frequently
results from the destruction of tight junctions. This process
is triggered by oxidative stress deriving from reactive oxygen
species (ROS), mycotoxins (e.g., patulin), bacterlal com-
ponents (e.g., lipopolysaccharides, LPS), and inflammatory
medlators (e.g., cytokines) [8-11].

Due to their generally accepted antioxidant and anti-
inflammatory propertles, the use of plant extracts, and in
particular of essential otls, represents a promising approach
to prevent and cure IBD. For instance, the essentlal ofl of
Origanum vulgare, containing high concentrations of the
phenolic terpenes carvacrol and thymol, has been shown
to efficiently reduce the mRNA levels of the proinflam-
matory cytokines TNFe, IL-183, and IL-6 In human THP-1
macrophages. In contrast in this study the anti-inflammatory
cytokine IL-10 was significantly reduced [12]. A blend of
oregano, anise, and lemon peel even could be demonstrated
to evolve anti-inflammatory effects in plglets in vivo [13].
Data from current literature suggest that anti-inflammatory
effects of plant extracts base on thelr direct and indirect
antioxidant properties, which again depend on the chem-
ical compounds contained in different plant extracts. The
essentlal olls of thyme and oregano, which mainly contain
the antioxidant terpene compounds thymol and carvacrol
[14, 15], could be demonstrated to impair the mENA and
the protein concentration of the pro-inflammatory cytokines
IL-1 and IL-6 in mice with 2,4,6-trinitrobenzol (TNBS-)
induced colitls [16]. Carnosol, a terpene of rosemary oil
in vitro, showed Indirect antloxidant effects via inducing
nuclear factor erythroid 2-related factor 2- (Nrf2-) regulated
antioxidant enzyme expression and additionally decreased
pro-inflammatory mediators like NF«B, TNFa, IL-14, IL-
6, COX2, and ICAM-1 [17-19]. In another in vitro study,
treatment with sulforaphane, an isothiocyanate mainly con-
tained in broccoll, decreased the mRNA concentration of
the pro-inflammatory cytokines TNFe and IL-13 In murine
RAW264.7 macrophages due to a pro-Inflammatory stimulus
with bacterial LPS. In this experiment the reduction of
inflammation was accompanied by an increase in the expres-
sion of the antioxidant enzyme HOI1 via the Nrf2/Kelch-
like ECH-associated protein 1 (Keapl) pathway [20]. Similar
strong indirect antioxidant effects through the modification
of Keapl sulfhydryl groups have also been described for ar-
turmeron, the main terpene of curcuma oil. In addition ar-
turmeron possesses also direct antioxidant properties [21].

However, until today studies comparing the anti-
inflammatory potentlal of different phytogenic substances
due to a pro-Inflammatory stimulus are not avatlable. DSS is
a chemical compound routinely used to induce a colitls in
model animals and therefore to mimic similar inflammatory
conditions as present in IBD.

Consequently our study aimed to investigate the
connection between the antloxidant potential and anti-
inflammatory effects of broccoll extract, turmeric oil, thyme
ofl, and rosemary oil In rats with a mild DSS-induced colitis.
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2. Materials and Methods

2.1 Animals and Diets. The protocol of the rat study was
approved by the Reglonal Councll of Halle and by the
Animal Welfare Comumittee of the Martin Luther University
Halle-Wittenberg (record token: 42502-2-1093-MLUG). 92
four=week old male Wistar rats (mean body weight: 186.2 =
9.45 g) were obtained from Harlan laboratories (Horst, The
Netherlands). The rats were fed a standard diet without
phytogenic feed additives for an acclimatisation period of 14
days.

At an age of 6 weeks and a mean live welght of 231.0 +
12.8 ¢ the rats were assigned to 6 experimental groups of
16 rats each. During the following experimental periods the
control groups (Con and DSS) were fed a basal diet that met
the nutritional demands of the NRC for growing rats. This
basal diet contained no phytogenic additive (Table 1).

The diet of group BE contained 8750 mg/kg broccoli
sprouts extract (JARROW Formulas). 1494 mg/kg diet of
Curcuma longa oil (Cuo), 618 mg/kg of Thymus vulgaris oil
(To), and 680 mg/kg of Rosmarinus officinalis oil (Ro) were
added to the diets of the other groups in order to standardize
the concentration of the lsothiocyanate sulforaphane (BE)
and of the individual main terpenes (Cuo, To, and Ro) to
a value of 2mmol/kg diet. The main terpenes considered
were ar-turmerone for Cuo, thymol for To, and 1,8-cineol
for Ro. All diets were pelleted with a pellet mill using an
8 mm die and fed during the whole course of the experiment.
The rats had free access to their respective diet and to tap
water. Lighting, humidity, and temperature regime was in
accordance with the recommendations of the Soclety for
Laboratory Animal Science (2004) [22]. The trial consisted
of 3 phases: (1) pretreatment phase (phase 1: 7 days), (2) DSS-
treatment phase (phase 2: 6 days), and (3) recovery phase
(phase 3: 6 days). Table 2 overviews the feeding protocol in
detail.

The animal model of a DSS-induced colitis was cho-
sen due to several histological and blochemical similarities
with human IBD [23, 24]. In the DSS-treatment phase, 4%
DSS (40kDa; Sigma-Aldrich) was administered via drinking
water to all rats for 6 days, with the exception of the Con
group, in order to induce a mild intestinal inflammation. Feed
intake and Individual Live weight were recorded after one
week, daily during the DSS-phase and every other day during
the recovery phase.

At the end of phase 1 four rats were killed for organ
sampling (liver and colon), and after phases 2 and 3 six rats
per group were sacrificed. For the histological examination
and for the determination of relative mRNA concentrations
of antioxidant and xenoblotic enzymes and of inflammation
parameters, colon samples were prepared from a 10cm
segment distal to the caecum. Liver samples were excised
from the middle of lobus sinister lateralis.

During treatment with 4% DSS the disease activity index
(DAI) was used to assay the severity of the induced colitis.
DAI was determined daily In phase 2 and every other day
in phase 3 (recovery phase). The scoring system was based
on body weight loss, stool consistency, and macroscopic fecal
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FiGure 1: Representative pictures of proximal colon sections from healthy Con rats (a) and DSS-treated rats (b) fed the control diet.
Haematoxylinand Eosin (H and E) stained colon cross-sections from phase 2 were analyzed with inversion microscopy (20x). Arrows indicate
increased leucocyte infiltration, and arrowheads indicate the loss of goblet cells caused by DSS treatment (b).

() (d)

FiGure 2: Representative pictures of proximal colon sections from DSS-treated rats fed experimental diets with broccoli extract (a), turmeric
oil (b), thyme oil (c), or rosemary oil (d). Haematoxylin and Eosin (H and E) stained colon cross-sections from phase 2 were analyzed with
inversion microscopy (20x).
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TasLe 1: Basal diet.
Ingredient g/kg basal diet
Wheat (DEUKA GmbH und Co. KG, Kénnern, 2379
Germany)
Maize (DEUKA GmbH und Co. KG, Konnern, 200.0
Germany)
Barley (DEUKA GmbH und Co. KG, Kénnern,
Germany) 156.0
Soybean meal, 46% CP (DEUKA GmbH und Co.
KG, Konnern, Germany) 2200
Wheat bran (DEUKA GmbH und Co. KG, 758
Konnern, Germany)
Oat (DEUKA GmbH und Co. KG, Kénnern, 9.0
Germany)
Sun flower oil 15.0
Lysine (Feed Grade, China) 0.3
dl-methionine (Degussa, Duesseldorf, Germany) 2.0
Vitamin and mineral premix 121
Calcium carbonate (Sigma-Aldrich) 25
Calcium phosphate (Mischfutter und Landhandel 79

GmbH, Edderitz, Germany)

#BE-driven gene
transkription, e.g. IL-1/,
TNFa, and VCAM-1

(Cul3-Rex1)
TNFa
y |

ARE-driven gene (%)
tra.nskrlption eg.

GSTs, GPx2,
NQOL, and HO1 ()

-------------- Nrf2

IxBa degradation

Figure 3: NFxB and Nrf2 crosstalk under balanced anti- and
prooxidant conditions.

blood debris. For each mentioned parameter a scale ranging
from 0 to 4 was applied as described previously [25].

2.2. Colonic Histology. For the histologlcal examination
freshly dissected colon samples were washed with 0.9 (w/v)
% NaCl and cryoconserved in a freezing medium (Jung;
Lelca Instruments, Nussloch, Germany). Serlal cross-sections
(7 ym) were prepared using a microtome (CM 1850 UV
microtome, Jung; Leica) and fixed on sterile usual micro-
scope slides. After staining the samples with Haematoxylin-

Eosin fitll-thickness slices tissue architecture, infiltration of

neutrophilic granulocytes into the mucosa and into the sub-
mucosa, and the formation of crypt abscesses were examined
under an Inversion microscope using a blind protocol.
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Ficure 4: NFxB and Nrf2 interaction due to feeding phytogenic
compounds or low oxidative stress.
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Figure 5 NFxB and Nrf2 interaction due to DSS treatment or
progressive oxidative stress.

2.3. RNA Preparation and Real-Time RT-PCR Analysis. Total
RNA from 100mg of liver and colon tissue was isolated
using the acid guanidinium thiocyanate-phenol-chloroform
extraction method [26]. Most recently a strong DSS RNA
interference during acute DSS-treatment resulting in the
lack of signals during gene expression analysis has been
described [27]. To assure the correctness of gene expression
analyses In our experiment polyA+ mRNA from the colonic
samples of the DSS-phase was purified using the GenElute
mRNA Miniprep Kit (Sigma-Aldrich, MO, USA) according
to the manufacturers’ protocol. Following the photometrical
determination of RNA concentration and purlty at 260 nm
and 280nm, reverse transcription of 3.0 pug of total RNA
or of 0.3 g of purified mRNA and real-time RT-PCR were
performed as described previously [28]. Gene bank accesslon
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TapLE 2: Feeding protocol.

Phytogenic

Koncentration per kg

Group additive diet Phase 1 Phase 2 Phase 3

Con None _ 7 days die.ts.and waterad 6 days die_ts_ and waterad & days dle.ts.and water ad
libitum libitum libitum

DSS None _ 7 days die.tsland water ad 6 days diets ad libitumand 6 days dle.ts.and water ad
libitum 4% DSS libitum

. 7 days diets and water ad 6 days diets ad libitumand 6 days diets and water ad
BE Broccoli extract 2 mmol sulforaphane ¥ libitum T 4% PSS ¥ libitum

Cuo Turmeric oil 3 mmol ar-turmerone 7 days die.ts.and water ad 6 days diets ad libitumand 6 days die.ts.and water ad
libitum 4% DSS libitum

Ta Thyme il 2 mmol thymol 7 days die.tsland water ad 6 days diets ad libitumand 6 days dle.ts.and water ad
libitum 4% DSS libitum

Ro Rosemary oil 3 mmol 1.8-cineol 7 days die.tsland water ad 6 days diets ad libitumand 6 days dle.ts.and water ad
’ libitum 4% DSS libitum

numbers and primer sequences (5 — 3') are shown in
Table 3.

Gene specific mRNA expression was analyzed with the
Rotor-Gene 6000 serles software using the AACt method
[29]. The amplification data of the single genes were nor-
malized to the expression of the two most stable refer-
ence genes In each tissue (liver: S-actin, ribosomal protein
L13A (Rpl13a); colon: Rpli3a, hypoxanthine phosphoribosyl-
transferase 1 (Hprtl)). Relative mRNA expression levels are
expressed as x-fold changes relative to group Con = 1.0.

2.4. Statistical Analysis. Data are presented as means + their
standard error of the mean (SEM). Statistical differences
were analyzed with SPSS 19.0 for Windows (IBM, Chicago,
USA) using one-way ANOVA after verifying the normality
of distribution (Shapiro Wilk test and Kolmogorov Smirnov
test) and the homogenelty of varlances (Levene test). The
Least Significant Difference test (LSD) was used to ana-
lyze significant differences between means if varlances were
homogenous. If not, the Games Howell test was used. At
an error probability of less than 5% (P < 0.05) differences
between means were considered as statistically significant.

3. Results

3.1 Body Weight Development. Neither food Intake (data
not shown) nor final body weight (Table 4) of the rats was
influenced significantly in the different experimental phases
by feeding the specific diets tested. Remarkably, also DSS
treatment In the second phase did not affect the above-
mentioned parameters significantly.

3.2. Colitis Severity by Disease Activity Index (DAI). The
course of the mild colitis, induced by the administration of
4% DSS to rats for 6 days, was controlled daily in phase
2 by measuring the DAL A high number of rats from all
DSS-treated groups had a soft stool conslistency, but severe
dlarrhea accompanied by blood debris could not be observed.
Moreover a distinct welght loss, frequently observed under
DSS treatment, was present only in some cases and only for

one day. Consequently the DAI in all DSS-treated groups
remained below L0 (DSS: 0.12, BE: 010, Cuo: 0.10, To:
0.07, and Ro: 0.13) and did not differ significantly from
Con rats receiving no DSS. In phase 3 obvious changes
in stool consistency almost disappeared or were much less
pronounced than in phase 2.

3.3. Histology. DSS treatment caused no significant observ-
able macroscoplc changes in colonic tissue architecture
between the experimental groups, including the untreated
Con rats. Furthermore microscoplc analysis revealed no
significant histological damage to the colonic mucosa of rats
exposed to 4% DSS for 6 days. However, DSS treatment
tended to accelerate initial damage to the mucosa, charac-
terised by the loss of goblet cells and the occurrence of a more
diffuse crypt architecture compared to the colon of healthy
Con rats. Additionally, the accumulation of neutrophils, infil-
trating the lamina propria could be observed more frequently
in colonic slices of DSS-treated rats. These mentioned DSS-
induced mucosal alterations are shown In Figurel DSS
treatment In combination with the tested phytogenic extracts
also caused slight mucosal damage (Figure 2), but the severity
seemed to be much lower than in group DSS (Figure 1(b)).

3.4, mRNA Expression of NFxB, TNFa, and Various
Inflammatory-Mediating Enzymes in Colon and Liver Tissue.
The analyzed mRNA expression patterns of pro- and anti-
inflammatory genes controlled by NFxB and TNFe differed
among the experimental perlods and the tissues investigated
(Tables 5 and 6). During the 7-day pretreatment phase 1 the
mRNA abundance of the colonic pro-inflammatory markers
COX2 and IL-1$3, of the anti-inflammatory cytokine IL-10, of
the cell adhesion molecules MCP-1 and VCAM-1, and of the
tight junction proteln Cldn3 showed a high intraindividual
varlance. In contrast in phase 1 of the trial liver mRNA
data of the above-mentioned genes showed a much better
homogenelty. Nevertheless, feeding diets with BE-, Cuo-,
To-, and Ro-addition reduced colonic VCAM-1 mRNA by 57
to 64% compared to untreated control rats. This reduction
was significant for Cuo, To, and Ro and represented a trend
(F < 010) for BE. Moreover In phase 1 colonic Cldn3
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TapLE 3: Gene bank accession numbers and primer sequences of the genes investigated by real-time RT-PCR.

Primer sequences (3' — 3

Gene name (abbreviation used) Gene bank accession number : o ] )
for = forward; rev = reverse;
Chemokine (C-C motif) ligand 2 (Cel2) (MCP1) NM.031530 for: GTGCCACCCCAATAAGGAA
rev: TGAGGTGGTTGTGGAAAAGA
Claudin 3 (Cldn3) NM_031700 for: TATCCTACTGGCAGCCTTCG
rev: GTTCCCATCTCTCGCTTCTG
Copper/zine superoxide dismutase (SODI) NM_017050 for: CCACTGCAGGACCTCATTTT
rev: CACCTTTGCCCAAGTCATCT
C-reactive protein (CRP) NM_017096 for: GTCTCTATGOCCACGCTGAT
rev: CCGTCAAGCCAAAGCTCTAC
Glutathione S-transferase K1 (GSTK1) NM_181371 for: GAGCATGGAGCAACCAGAGAT
rev: AGCTTGCTCTTCACCAGTTCG
Glutathione S-transferase P1 (GSTP1) NM_012577 for: GAGGCAAAGLTTTCATIGTGE
rev: GTTGATGGGACGGTTCAAATG
Glutathione S-transferase T2 (GSTT2) NM_012796 for: GAGGAAAAGGTGGAACGGAAC
rev: CGCCCCTCAAACAGATTACAG
Glutathione peroxidase 2 (GPx2) NM_183402 for: GTGTGATGTCAATGGGCAGAA
rev: ACGTTTGATGTCAGGCTCGAT
Heme oxysenase 1 (HOI) NMLO12380 for: AGGCACTGCTGACAGAGGAAC
rev: AGCGGTGTCTGGGATGAACTA
Hypoxanthine phosphoribosyltransferase 1 (Hprtl) NM_012583 for: GEAGACTTTGCTTICCTTCG
rev: TCCACTTTCGCTGATGACAC
Interleukin | beta (IL-18) NM_031512 for: CIGTGACTCCTGOCATGATG
rev: GGGATTTTGTCGTTGCTTGT
Interleukin 10 (IL-10) NMLO12854 for: CTGGAGTGAAGACCAGCAAAGG
rev: GGAGAAATCGATGACAGCGTCG
Kelch-like ECH-associated protein] (Keapl) NM_057152 for: GTGGCGOATGATTACACCAAT
rev: GAAAAGTGTGGCCATCGTAGC
NAD(P)H dehydrogenase [quinone] 1 (NQO1) NM_017000 for: CGCAGAGAGGACATCATTCA
rev: CGCCAGAGATGACTCAACAG
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) NM_031789 for: CCAAGGAGCAATTCAACGAAG
rev: CTCTTGGGAACAAGGAACACG
MNuclear factor kappa B (NFxB) L26267 for: CTTCTCGGAGTCOCTCACTG
rev: CCAATAGCAGCTGGAAAAGC
Prostaglandin-endoperoxide synthase 2 (Ptgs2) (COX2) NM_017232 for: GLTGTACAAGCAGTGGLAAA
rev: CCCCAAAGACAGCATCTGGA
Ribosomal protein L13A (Rpll3a) NM73340 for: CCCTCCACCCTATGACAAGA
rev: CCTTTTCCTTCCGTTTCTCC
Tumor necrosis factor alpha (TNFar) NM_012675 for: GLCAATGGCATGGATCTCAAAG
rev: AAMATCGGCTGACGGTGTGGG
Vascular cell adhesion molecule 1 (VCAM 1) NM_012889 for: TOACATCTCCCCTGGATCIC
rev: CTCCAGTTTCCTTCGCTGAC
Bactin NALO31144 for: ATCGTGCGTGACATTAAAGAGAAG
rev: GGACAGTGAGGCCAGGATAGAG
expresslon was significantly higher in Ro-treated rats and In phase 1 feeding diets containing BE, Cue, and Ro
tendenclally higher in Cuo- and To-treated rats than in their  significantly decreased liver mRNA abundance of the pro-
Con littermates. inflammatory cytokine IL-10 by 32 to 44%.
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TaBLE 4: Body weight changes in DSS-treated rats fed with broccoli extract and various essential oils compared to an untreated control.
Body weightin g

Period Con Dss BE Cuo To Ro

MW SEM MW SEM MW SEM MW SEM MW SEM MW SEM
start 2294 4.05 2323 245 230.9 3.20 2312 3.10 230.7 3.58 231.8 .85
day 7 266.0 7.80 263.4 6.48 280.0 375 2735 6.90 265.0 213 2810 0.70
day 13 2977 5.72 300.0 592 2973 3.26 2975 4.21 2954 4.19 30L1 4.13
day 19 325.2 6.74 3211 816 3234 4.04 3221 5.92 3211 3.96 320.5 9.14

Values are means + SEM. » = 16 rats per group for phase 1 (start day 7), n = 12 rats per group for phase 2 (day 13), andn = 6 rats per group for phase 3 (day19).

TasLE 5 Effects of feeding broccoli extract and various essential oils
on relative mRNA expression of various pro- and anti-inflammatory
parameters in the colon of DSS-treated rats compared to an
untreated control

TasLE 6: Effects of feeding broccoli extract and various essential oils
on relative mRNA expression of various pro- and anti-inflammatory
parameters in the liver of DSS-treated rats compared to an untreated
control.

Experimental group compared

Experimental group compared

Gene Period with untreated control rats Liver Period with untreated control rats
DSSs BE Cw To Ro Gene DSS BE Cw To Ro
Phase 1 — — e e — Phase 1 — — o o =
NExB Phase 2 “ = e e = NExB Phase 2 “ “ o o e
Phase 3 T — e e = Phase 3 = = = — —
Phase 1 — — = = — Phase 1 — — — — —
TNFe Phase 2 — = e T = TNFe Phase 2 = = = — —
Phase 3 T T T 1 T Phase 3 T = — — iy
Phase 1 — — e — Phase 1 — — o o =
COxX2 Phase2 177 “ e T = COx2 Phase 2 “ “ o o e
Phase 3 — = e e = Phase3 nd.  nd  nd nd n.d.
Phase 1 — — = = — Phase 1 — — — — —
IL-1/3 Phase2 & — — “ = IL-13 Phase2  « = o e =
Phase3 17 = e = - Phase3 < = e l =
Phasel — — o = = = Phase 1 — 1 l o l
IL-10 Phase 2 “ “ T 111 1 [L-10 Phase 2 “ “ o o e
Phase3 nd. nd  nd  nd n.d. Phase 3 | l l l
Phase 1 — — — Phase 1 — — — o T
MCP-1 Phase 2 e T T MCP-1 Phase 2 - s i o P
Phase 3 T 1 e e = Phase 3 “ “ o o e
Phasel  — o 1l 1l Phase 1 — | o o =
VCAM-1 Phase2 (T) (L) 0] (1) th VCAM-1  Phase2 “ “ o o o
Phase 3 T T e e = Phase 3 = = = — —
Phase 1 — — = = T Phase 1 — — — — —
Cldn3 Phase2 & 1l e 1l 1l Cldn3 Phase2 = = = =
Phase 3 “ = e 1 = Phase 3 “ 1 o o e

Different arrows summarize the effects on gene expression: < no effect, T:
increase, |: decrease, ( ): significant results compared to group DSS, and
n.d: not detectable. Means + SEM and the results of statistical analysis are
presented in the appendix.

Following treatment with an intermediate dose of 4%
DSS for & days (phase 2) specific effects of the phytogenic
substances on inflammatory markers could be analyzed in
the colon, whereas these parameters remained uninfluenced
in the liver. DSS treatment had no significant influence on
colonic NFxB mRNA expression. In contrast TNFe expres-
sion increased in all DSS-treated groups, including those

Different arrows summarize the effects on gene expression: «: no effect, T
increase, |: decrease, and n.d.: not detectable. Means + SEM and the results
of statistical analysis are presented in the appendix.

recelving phytogenic additives, compared to untreated con-
trol rats. This pro-inflammatory response was also reflected
by an 18-fold increase in colonic COX2 mRNA expression In
DSS-treated rats recelving no phytogenic additive compared
to untreated Con rats. Feeding diets containing BE, Cuo, and
Ro reduced COX2 expresslon nearly to the level in untreated
controls. To addition lowered COX2 expression somewhat
less than the other additives. Nevertheless also DSS-treated
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TapLe 7: Effects of feeding broccoli extract and various essential oils
on relative mRNA expression of various pro- and anti-inflammatory
parameters in colon of DS5-treated rats compared to an untreated
control

Experimental group compared
with untreated control rats
DSS  BE Cuo To Ro
Phase 1 — “
Phase 2
Phase 3
Phase 1
Phase 2
Phase 3
Phase 1
Phase 2
Phase 3
Phase 1
Phase 2
Phase 3
Phase 1
Phase 2
Phase 3
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Different arrows swmmarize the expression results: < no effect, T: increase,
and |: decrease. For statistically analyzed means £ SEM see Table 10.

To rats had a colonic COX2 expression, which was tenden-
clally lower than in their DSS-treated littermates receiving
no phytogenic additive. Whereas the colonic mRNA con-
centration of MCP-1 was not lowered by phytogenic feed
additives during the DSS period, all additives tested, reduced
VCAM-1 expression by 73 to 83%, and compared to DSS-
treated control rats. DSS treatment generally increased the
expression of the anti-inflammatory IL-10 In comparison to
Con rats without DSS treatment. This effect was relatively
small in DSS-treated rats receiving no phytogenic additive
and in those receiving the diet containing BE. In contrast
the impact of Cuo, To, and Ro addition on colonic IL-10
expression was significant. In all DSS-treated rats colonic
Cldn3 mRNA decreased compared to untreated control rats.
This reduction of Cldn3 expression tended to be lower
in DSS-treated rats without an additive and in the DSS-
treated Cuo group, and it was significant in their DSS-treated
littermates receiving diets with the addition of BE, To, and Ro.

ISRN Gastroenterology

In the final recovery period (phase 3) NFxB mRNA
strongly Increased In the colon of DSS-treated control rats
compared to thelr untreated littermates. All phytogenic
additives lowered NF«B response considerably (P < 0.10).
These characteristic changes In NF«xB mRNA were reflected
by similar changes in the expression of the pro-inflammatory
cytokine IL-16. Nevertheless, in all DSS-treated rats, includ-
ing those receiving phytogenic additives, colonic TNFe
mRNA levels remained significantly higher throughout the
recovery perfod. In the recovery period also liver TNFe
mRNA level was increased in DSS-treated rats without a
phytogenic additive, but not in rats fed dlets containing any
phytogenic substance, compared to untreated controls. In the
recovery perlod colonic COX2 mRNA levels of DSS-treated
control rats dropped nearly to the level in untreated controls,
and they were further decreased In DSS rats recelving
phytogenic additives compared to phase 2 of the experiment.
In phase 3 colonic mRNA levels of MCP-1 and VCAM-1
in DSS-treated rats without a phytogenic additive further
increased compared to phase 2, and they were significantly
higher than in untreated controls. Interestingly a similar
effect could be observed In rats fed a BE contalning diet. In
contrast rats fed diets containing the other additives (Cuo,
To, and Ro) showed MCP-1 and VCAM-1 mRNA levels,
which were comparably low as In untreated controls and
significantly reduced compared to DSS controls. However, In
the liver nelther DSS treatment nor combining DSS treatment
with feeding phytogenic additives had an influence on MCP-
1 and VCAM-1 mRNA abundance in the recovery phase.
In contrast to the acute DSS-treatment period, Cldn3 levels
were not lower In the DSS-treated groups than in untreated
controls. In rats recelving the To dlet Cldn3 mRNA was even
1.5-2.0-fold higher than in the other groups.

3.5 mRNA Expression of Nif2, Keapl, and Various ARE-
Regulated Enzymes in the Colen. The Nrf2/Keapl system
regulates the expression of antioxidant enzymes and xeno-
blotic enzymes. In the current experiment some character-
istic changes could be observed with regard to Nrf2-, and
Keapl expression and on the expression of ARE-regulated
antloxidant and phase II enzymes, depending on the exper-
imental phase and on the treatment of the rats (Table 7). In
the pretreatment phase the high impact of Ro on colonic
Keapl expression was directly reflected by an increase in
the expression of several ARE-regulated antioxidant enzymes
like HO1 and GPx2 and on phase II enzymes like GSTKI, P1,
and T2.

In the initial phase all other additives tested had neither
a distinct and directed influence on Keapl mRNA nor on
the expression of the above-mentioned target genes. During
acute DSS treatment the effects on ARE-regulated enzymes
were relatively small. Whereas the antioxidant enzymes HO1
and NQOI tended to be higher in DSS-treated control rats
than in untreated controls, all phytogenic additives reduced
this particular DSS effect to a little extent. In contrast the
expression of the ARE-regulated phase IT enzymes GSTK],
P1, and T2 tended to be lowered by DSS treatment. In these
cases Nrf2 mRNA abundance showed a similar alteration
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Tapre & Effects of feeding broccoli extract and various essential oils on relative mRNA expression of various pro- and anti-inflammatory
parameters in colon of DSS-treated rats compared to an untreated control Values are means £ SEM and represent relative mRNA
concentrations as n-fold of group Con = 1. Different small letters in a row indicate significant differences between means (P = 0.05). # = 41in
phase 1, i = 6 In phase 2 and phase 3.

Colon Experimental group
Period Con DSS BE Cuo To Ro
Gene MW SEM MW SEM MW SEM MW SEM MW SEM MW SEM
Phasel 100 053 — — 056 010 104 010 056 0.21 117 0.70
NExB Phase2 100 020 L03 030 036  0.02 100 04d 22 137 0.51 0.10
Phase3  100* 007  3.05 123 152 o228 131™ 030 Lo o0ls  1st 042
Phasel 100 045 — — 031 0.05 038 012 042 015 0.41 0.14
TNFa Phase2 100" 015 396" 148 384 128 165 050 472" 149 298 076
Phase3  100° 018 371" 085 456" 097 375 o078 418" 108 334" 090
Phasel 100 0.81 - — 0.13 0.03 090 040 055 029 096 0.61
COxX2 Phase2  Lo00™ 035 77" 1026 243" Loo  L68™ 071 3.50™ 110 1.25" 0.42
Phase3 100 0.17 131 055 141 034 087 027 110 0.33 1.00 021
Phasel 100 010 — — 148 0.52 172 0.45 101 0.41 160 0.52
IL-18 Phase2 100 033 110 0.34 170 0.82 1.21 036 052 022 L17 0.29
Phase3  100° 033 469" 140 232 053 096 022 226° 10l irs 102
Phasel 100 043 - — 24 146 195 0.58 231 128 2.23 104
IL-10 Phase2  100° 039 123%™ 035 146® 031 279" oss 2250 1503 3705 150
Phase 3 n.d. n.d. n.d. n.d. n.d. n.d.
Phasel 100 0.12 — — 088 009 094 004 146 045 104 0.23
MCP-1  Phase2 100 022 151 020 220° o030 Le? 015 276" 056 203" 0.58
Phase3  L00* 027 260%™ 047 354" 088 L0 023 086 026 LT 057
Phasel  100°  0.42 — — 043" o006 034* o010 04l 014 038 02
VCAM-1  Phase2 100%™ 046  2.40° 1.18 039" ol 039" 013 062 025 0665 042
Phase3  Lo0" 0.35 6.21° 2.20 4.56° 0.53 197" L14 161" 0.79 Lo7 0.53
Phasel  L00° 031 — — L3 ole 17 020 163 o 237 073
Cldn3 Phase2  100° 03% 057 o021 022 o008 o049 022 028 021 025 007
Phase3  100° 018 146" 034 092 006 107" 012 198° 036 124" 030

like the above-mentioned phase IT enzymes. The reduction of
GSTKL, P1, and T2 was slightly aggravated by the phytogenic
additives. In the recovery phase, in all DSS-treated groups,
GPx2 expression decreased below the expression In untreated
control rats. A differential development could be analyzed for
the different GST subclasses. Whereas the mRNA expression
of GSTK1and P1in DSS-treated rats remained below the level
of their untreated littermates, the mRNA concentration of
GST T2 in treated rats exceeded that of untreated. In the liver
no gross changes could be observed with regard to the expres-
sion of the antloxidant and phase IT enzymes investigated due
to the different dietary and pro-inflammatory conditions.

4. Discussion

Our current trial aimed to Investigate the Impact of different
phytogenic substances on changes in the expression of genes
related to inflammation and of ARE-regulated antioxidant
and phase 1I enzyme genes in rats previous to (phase 1),
during (phase 2) and subsequent (phase 3) to the provocation
of an experimental colitis with DSS.

The use of 4% DSS was Intended to induce a mild colitis
and therefore to reflect the onset of an acute local gut inflam-
mation. Interestingly, DSS application caused no significant
loss of body welght, neither in the DSS-treatment phase
nor 1n the recovery phase. These data are consistent with
observations from the current literature [30, 31]. Moreover
Hakansson et al. [31] also showed only small alterations In
female rats’ DAI due to acute treatment with 4% DSS for 7
days. Accordingly, In the mentioned study colitis symptoms
completely disappeared in the recovery phase.

In contrast other studles using an equal or even a lower
DSS concentration reported a high welght loss, a strongly
increased DAL and severe damage to the colonic mucosa [32-
35]. The colitis inducing potentlal of DSS may depend on a
number of factors including (1) the DSS concentration and
the exact molecular weight of the DSS compound used, (2)
the duration of DSS-exposition, and (3) the specles and the
gender of the experimental animals.

Our results for DAI confirmed the findings of the his-
tological examination, In which only small alterations in
mucosal architecture could be found. In summary these find-
ings indicated a mild colitis as intended in our experiment. In
contrast other investigations in the current literature reported
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Tasre 9: Effects of feeding broccoli extract and various essential oils on relative mRNA expression of various pro- and anti-inflammatory
parameters in the liver of DSS-treated rats compared to an untreated control Values are means + SEM and represent relative mRNA
concentrations as n-fold of group Con = 1. Different small letters in a row indicate significant differences between means (P = 0.05). # = 41in

phase 1, i = 6 In phase 2 and phase 3.

Liver Experimental group
Gene Period Con Dss BE Cuo To Ro
MW SEM MW SEM MW SEM MW SEM MW SEM MW SEM
Phase 1 L00 0.15 — — 106 0.1l 099  0.06 103 006 097 008
NExB Phase 2 100 0.06 094 007 099 003 099 005 102 007  L02 006
Phase 3 100 004 096 0.0 100 003 099  0.04 107 0.03 106  0.06
Phase 1 100 0.17 - — 1.04 0.07 106 012 090  0.03 110 0.06
TNFe Phase 2 100 0.13 1.01 0.14 0.59 015 1.04 0.15 0.92 014 082 008
Phase3  1.00° 004 171" 037 106™ o012 1M® o1 16 ol 15t 025
Phasel  L00* 0.5 — —  os® 000 w2® o006 07% 015 112 006
COx2 Phase 2 L00 0.1 116 020 119 0.2 134 0.27 150 0.25 113 0.12
Phase 3 n.d. n.d. n.d. n.d. n.d. n.d.
Phase1 L00 0.20 - — 1.00 0.5 1.02 0.16 0.87 0.10 113 0.12
1-18 Phase 2 100 0.11 L0401 0.93 0.2 1.01 0.14 112 010 098 008
Phase3  100° 003 095 008 08" 007 o™ o006 078 005 w01 006
Phasel  1.00° 0.19 — — 0.67° 011 056 008 070 015 068 0.08
IL-10 Phase 2 100 012 077 010 115 0.25 1.06 0.15 106 0.09 101 0.09
Phase3  1.00° 006 076" 005 079" 008 067" 006 069" 003 0770 0.03
Phase 1 1.00" 0.05 — — 1.25% 0.17 113 0.1 118" 0.25 178" 023
MCP-1  Phase2 L00 012 100 007 108 0.5 1.20 0.1 112 0.17 119 0.13
Phase 3 100 007 L0l 0.12 1.00 0.10 0.96 0.1 100 0.10 101 0.03
Phasel  1.00° 0.20 - — 074" 008 080" 002 0850 007 091" 006
VCAM-1  Phase 2 100 007  L06 012 0.85 0.10 098 002 109 007 0.8 005
Phase 3 100 005 089  0.08 102 0.11 1.07 0.1 0,92 0.08 103 0.09
Phase 1 L00 0.19 — — 102 0.30 0.85 0.15 0.91 022 065 007
CRP Phase 2 100 020 107 021 074 003 0.93 0.20 0.85 0.10 114 0.15
Phase3  1.00° 01l 087" 0l 137" 021 08" 010 08 012 073 006

on an extensive mucosal damage accompanled by crypt loss,
ulcerations and eroslon by treating rats with 4% DSS [34-
36]. Nevertheless, also in our trial DSS-treated rats had a
higher infiltration of neutrophils in the lamina propria and
small alterations in crypt architecture. However, a significant
crypt loss and mucosal damage could not be observed. These
differences may result from specles differences due to DSS
treatment, from differences in the DSS concentration used,
and from differences in the DSS-application period [37, 38].

To the best of our knowledge currently there exist no
comparable studies lnvestigating the development of the
above mentioned parameters under nonstimulated condi-
tions as represented by phase 1 of our trial.

In the pretreatment phase of our experiment Ro turned
out to be the most efficient phytogenic substance with regard
to the upregulation of the ARE-regulated phase Il enzymes
GSTKL, P1, and T2 and of the ARE-regulated antioxidant
enzyme GPx2. These changes were directly accompanied by
a significant increase in Keapl mRNA.

The strong effects of Ro on phase II enzymes containing
an ARE promoter confirm the results of studles from our
group carried out with growing chickens and growing pigs
[39, 40]. In contrast, in these studies also BE, Cuo, and To
effected a significant increase in the intestinal mRNA levels of
the above mentioned gene family. The deviation from these
results may presumably derlve from the shorter prefeeding
period In our current study (1 week versus 5 weeks In the
chicken trialand 4 weeks in the piglettrial). Moreover also the
results of a very recent rat trial of our group corroborate this
“time hypothesis” In the mentioned study feeding of BE In
combination with different dietary selenium concentrations
to rats increased the mRNA of a broad spectrum of colonic
ARE-regulated antioxidant and phase IT enzymes about 3.5-
fold. Inthe latter mentioned trial we have moreover suggested
that on the basis of its mRNA expression, the cytosolic Nrf2
adapter protein Keapl seems to be a more sensitive indicator
of ARE driven gene expression than the transcription factor
Nrf2 per se [41].
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TapLe 10: Effects of feeding broccoli extract and various essential oils on relative mRNA expression of Nrf2, Keapl, and various ARE-regulated
enzymes in colon of DSS-treated rats compared to an untreated control. Values are means + SEM and represent relative mRNA concentrations
as ni-fold of group Con = 1. Different small letters in a row indicate significant differences between means ( < 0.05).n = 4 inphase L n =6

in phase 2 and phase 3.

Colon Experimental group
Gene Period Con [BEN) BE Cuo To Ro
MW SEM MW SEM MW SEM MW SEM MW SEM MW SEM
Phasel  L00 021 — — LO0 0.7 131 016 126 019 .23 0.11
Nrf2 Phasez  100* 013 05 009 03™ 007 063" 008 0365 007 058 ol
Phase3 100 028 08  0l6 089 010 L13 0.13 110 013 069 008
Phasel  L00°°  0.44 — — 05" 013 L4® 012 087 021 244® 129
Keapl  Phase2 100 016 093 0I5 102 0.18 0.81 011 0.67 010 086 009
Phase3 100 019 L06 023 060 005 102 020 098 013 143 036
Phasel 100 047 — — 048 009 109 035 085 018 L40 048
HOl  Phase2 100" 023 17' 03 146" 020 133 036 096" 028 094" 029
Phase3 100 017 128 013 099" 009  LOI* 018 197 020 L04* 019
Phasel  L00 023 — — 054 007 056 0.3 0.91 0.14 L05 046
NQOl  Phase2 Lo0®® 026 157 032 094" o013 085 ol2 03 015 084 0I5
Phase3 100 021 131 0.36 117 0.4 L10 037 217 044 24l 105
Phasel  L00"  0.03 — — 074" 009 004® 009 0950 008 078" 012
SOD1  Phase2 100 0.2 108 019 080 006 105 012 076 017 092 017
Phase3 100 019 L07  0.09 098 007 104 0.1 104 007 090 013
Phasel  L00%® 029 — — 056' 005 095" 023 06l 01 143" 034
GPx2  Phase2 100 025 149" o040 116™ 030 236" 051 L7 045 194 086
Phase3  100° o0l 033 006 040" 005 046" 012 040® ol 027" 0.04
Phasel 100 018 — — 05 0l 119% 012 090° 013 188 045
GSTKL  Phase2  Loo* 008 070 015 075® o 090®™  0l6 053" o1 058 0.1
Phase3 100" 005 079" 018 060" 008 o070 o012 06" 00 05" 005
Phasel 100" 0.4 - — 065 o1l 6% 020 084 04 Led” 02
GSTP1  Phase2  L0O0*  0.08 081 021 070" 012 072 009 044® 016 066" 0.06
Phase3 100" 007 047 005 068" 000 068" 000 06  onm 05" 008
Phasel 100" (.08 — — 0.65° 024  Le0® 021 096 02l 158" 0.1
GSTT2  Phase2  Lo0* 012 o60® 010 043" 007 0558 000 04l 01 049" 0l0
Phase3 100 008 214 040  L04 008 L13 0.8 L75 024 260 096

Even though effects on inflammation markers were not
significant in all cases In our current trial, all phytogenic
substances tested had an overall positive influence on inflam-
matlon related parameters. For instance, all additives reduced
colonic COX2 expression, and they Increased the anti-
inflammatory cytokine IL-10 considerably.

Moreover VCAM-1 expression was decreased by all plant
extracts tested to a high extent. This particular result is in
accordance with the data of a current in vitro study [42].
Moreover in our trial the mRNA expression data for colonic
Cldn3 have shown for the first time that the essential oils
of turmeric, thyme, and rosemary may Improve the mucosal
barrier function by the upregulation of this tight junction
protein. Comparable beneficial effects of plant extracts on
tight junction proteins have been described only for two other
plant extracts, namely, berberine and apple extracts until
today [43, 44].

Treatment with 4% DSS for 6 days In our trlal has caused
a mild colonic inflammation as indicated by the distinct

increase in the expression of pro-inflammatory parameters
like COX2 and TNFe In group DSS compared to healthy
Con rats. Although a rise in the expression of these pro-
inflammatory mediators could also be observed in the DSS
groups, receiving plant extracts, it was considerably less
pronounced, suggesting anti-inflammatory effects of broccoll
extract, turmeric oil, thyme ofl, and rosemary ofl during the
acute phase of a mild colits. With regard to this aspect our
data confirm the results of current in vitro and in vivo studles
describing beneficial effects of plant extracts during acute
phlogistic processes via the reduction of pro-inflammatory
mediators [12, 16, 20, 45-49]. However, reduced Cldn3
mRNA level in all DSS-treated rats may indicate that none of
the plant extracts investigated could prevent changes in tight
junctions during acute DS5 exposition.

In contrast to the data of Reed et al. [50], showling the
activation of NFxB subsequent to a 6-day treatment perlod
with 5% DSS, in our trial a DSS-dependent increase in the
mRNA expression of NF«B and of its targets TNFe, IL-15,
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MCF-1, and VCAM-1 did not occur until the end of phase 3
(6 days after final DSS treatment). These results may derive
from the lower DSS concentration (4%) used in our trial.
With the exception of group To in phase 3 no changes in
Cldn3 mRNA expression could be observed in the other
experimental groups compared to Con rats, suggesting that
in particular To may improve Intestinal barrier function [51].

Data from current literature suggest that the transcription
factor Nrf2, responsible for the induction of antioxidant and
xenoblotic enzymes, 1s of importance in the control of NFxB
dependent inflammatory processes (Figure 3) [52]. Vice versa
it 1s speculated that an increase in NF«B may Inhibit Nrf2
signaling. Several well-known Nrf2 activators, for example,
curcumin, resveratrol, and sulforaphane, are believed to
suppress LPS- and DSS-induced NFxB activatlon [53-56],
whereas the direct relationship between Nrf2 manipulation
and NF«xB-inhibition has not been proven until today. Our
results for the acute inflammatory phase 2 cannot confirm
an assoclation between Nrf2 and NFxB. However, a distinct
negatlve assoclation exists between Nrf2 and TNFe, which
again Is believed to be the strongest first trigger of NFxB
activation (Figures 3-5) [57]. Thus due to acute DSS exposi-
tion Nrf2 expression was distinctly decreased, whereas TNFe
expression was strongly elevated. In contrast no differences
in the relation between the mentioned transcription factors
existed under noninflamed conditions (phase 1). Moderate
oxidative stress seems to activate Nrf2 and its target genes
accompanied by the simultaneous inhibition of NFxB signal-
ing (Figure 4). This hypothesis seems to be confirmed by the
general decrease of VCAM-1 mRNA (NExB target) through
application of all plant extracts and the increase in GSTK1 and
T2 mRNA (Nrf2 targets) by Cuo and Ro application in phase
1 of our study (Figure 4).

In phase 2 DSS treatment alone obviously has induced
considerable oxidative stress in the colon accompanied by a
significant inhibition of Nrf2 expression, finally leading to
an Increase in NFxB mRNA In phases 2 and 3 of our trial
(Figure 5). In contrast phytogenic additives seem to attenuate
both NFxB Induction and the upregulation of its pro-
inflammatory targets. This phenomenon may be the result
of the rise in Nrf2-dependent antioxidant and xenoblotic
enzymes.

Our liver data indicate that DSS-dependent inflammatory
processes seem to be restricted to the colon initially, but that
they can also provoke a systemic inflammatory response as
indicated by the increase in TNFe expression in DSS-treated
rats in phase 3.

5. Conclusions

Our experimental design has allowed for the simultaneous
examination of (1) preventive effects of various plant extracts
on intestinal health (phase 1), of (2) their anti-inflammatory
and antloxidant potentlal during acute DSS-Induced colitis
(phase 2), and of (3) their influence on parameters related to
inflammation and the antioxidant system during the recovery
process (phase 3).
We conclude the following.

ISRN Gastroenterology

(1) The treatment of rats under noninflamed conditions
with broccoll extract and the essential olls of turmeric,
thyme, and rosemary promotes intestinal health by
reducing the pro-inflammatory adhesion molecule
VCAM-1and by increasing the tight junction marker
Cldn3 leading to an improved gut barrler.

(i) The phytogenic additives investigated have antl-
inflammatory properties as indicated by the reduction
of the DSS-induced increase in pro-inflammatory
mediators like NFxB, VCAM-1, MCP-1, and COX2 to
a greater or lesser extent.

Further research is needed to evaluate the role of phy-
togenic additives in modulating NFxB-Nrf2 interactions in
more detail. Moreover detailed investigations with regard
to the time-dependent regulation of inflammatory and
antloxidant responses during an acute gut inflammation
are urgently needed. Nevertheless, plant extracts and In
particular essential olls may represent promising substances
in the complementary therapy of IBD with a particular focus
in the prevention.

Appendix

The complete results (means + SEM) of the mRNA expression
analyses, including statistical evaluation, are shown in Tables
8,9, and 10.
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3.4 Versuch 4 (IPEC-J2-Zellen)

Fur diese in vitro-Untersuchungen wurde die Zelllinie IPEC-J2 (Intestinal Porcine Epithelial
Cells-Jejunal 2), eine jejunale nicht-transformierte Epithelzelllinie neugeborener, abgesetzter
Ferkel (Schierack et al. 2006) genutzt. Die Zellen wurden bis zur Verwendung in 75 cm?
Zellkulturflaschen (Cellstar® Tissue Culture Flasks, Greiner bio-one, Deutschland) in einem
Zellndhrmedium (DMEM/HAM's F-12 (1:1), Biochrom AG, Deutschland), supplementiert
mit 10% Schweineserum und mit 1% Penicillin, bei 37% in 5%iger CO,-Atmosphare
kultiviert. Der Versuch gliederte sich in 2 Teilversuche (A und B). Fir beide Teilversuche
wurden in jede Kavitat einer 24er Zellkulturplatte (Cellstar®24 Well Cell Culture Plate sterile,
Greiner bio-one, Deutschland) Zellen mit einer Zelldichte von 10°/ml ausgesét und fiir 24
Stunden bei 37% in 5%iger CO,-Atmosphare inkubiert.

Teilversuch A:
24 Stunden nach der Aussaat erfolgte die Behandlung der IPEC-J2-Zellen mit den
jeweiligen Extrakten flr weitere 24 Stunden bei 37% in 5%iger CO,-Atmosphdare.
AnschlieBend wurden die Inkubationsmedien entfernt, die Zellen mit PBS gewaschen und

fur die RNA-Extraktion in Guanidinthiocyanate-Puffer (4M) aufgenommen.

Teilversuch B:
Die fur 24 Stunden mit den jeweiligen Extrakten vorinkubierten IPEC-J2-Zellen
(Teilversuch A) wurden anschlieBend mit einem enteropathogenen Escherichia coli-
Stamm Abbotstown (Escherichia coli: 0149:K91:K88ac) fir 90 Minuten bei 37% in
5%iger CO,-Atmosphare infiziert. AnschlieBend erfolgte die Probengewinnung fur die
RNA-Extraktion wie in Teilversuch A.

Tabelle 4: Getestete phytogene Verbindungen und Konzentrationen

Konzentrationsstufe
phytogene Substanz 1 2 3
Apfelextrakt 1 10 uM 5 M 2.5 uM
Apfelextrakt 2 10 uM 5uM 2.5 uM
Gelbwurzel (Ol) 100 pM 10 uM 1 pM
Glucoraphanin 7.5 uM 3.75 uM 1.25 uM
Sulforaphan 7.5 uM 3.75 uM 1.25 uM

Die Konzentration der Apfelextrakte wurde auf den Phenolgehalt (75%) eingestellt, wobei Phloridzin als
Polyphenol-Aquivalent zur Berechnung herangezogen wurde.

Die beschriebenen Zellkulturversuche wurden im Rahmen eines Gemeinschaftsprojektes von
unserem Kooperationspartner, der Freien Universitat Berlin, am Institut fur Tiererndhrung

durchgefiihrt. Die Analyse der mMRNA-Expression mittels RT-PCR erfolgte dann am Institut
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fur Erndhrungswissenschaften der Martin-Luther-Universitat Halle-Wittenberg. In Tabelle 4
sind alle im Versuch 4 verwendeten phytogenen Verbindungen sowie die in beiden
Teilversuchen eingesetzten Konzentrationen aufgefuhrt.

Da bei der ursprunglichen Auswertung der in vitro-Daten keine Konzentrations-abhéngigen
Effekte der einzelnen Substanzen, weder unter nicht infizierten (Teilversuch A) noch unter
mit Escherichia coli infizierten Bedingungen (Teilversuch B), ermittelt werden konnten,
wurden jeweils alle Konzentrationsstufen einer Testsubstanz zusammengefasst und erneut
statistisch ausgewertet. Die Ergebnisse der RT-PCR Analyse wurden bislang nicht publiziert
und sind zusammengefasst in den folgenden Abbildungen 1-3 sowie in Tabelle 5 dargestellt.

ie Teilversuch A (nicht infiziert) ie Teilversuch B (infiziert)

rmRMA Konzentration
mRKA Konzentration

Vielfaches der relativen MFKB
Vielfaches der relativen MNFkB

[

Behandlungsgruppe Behandlungsgruppe
mCon BGRA BSFN B Cun @Al mAZ BCon BGRA BSFN ECun BAT RAZ

Abbildung 1: Einfluss der getesteten phytogenen Substanzen auf die NFkB mRNA-Expression von IPEC-
J2-Zellen unter physiologischen (Teilversuch A) sowie unter stimulierten (Teilversuch B) Bedingungen.
Dargestellt sind Mittelwerte = Standardabweichung (n=3) der NFkB mRNA Konzentration in Relation zur
Expression in den Kontrollzellen (Con=1). * kennzeichnet signifikante Unterschiede zur Kontrolle (p<0,05).
Abk.: NFxB, Nuclear Factor 'kappa-light-chain-enhancer' of activated B-cells; Con, Kontrolle; GRA,
Glucoraphanin; SFN, Sulforaphan; Cuo, Gelbwurzel; A1, Apfelextrakt 1; A2, Apfelextrakt 2.

1e Teilversuch A (nicht infiziert) 1e Teilversuch B (infiziert)
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Abbildung 2: Einfluss der getesteten phytogenen Substanzen auf die Cox2 mRNA-Expression von IPEC-
J2-Zellen unter physiologischen (Teilversuch A) sowie unter stimulierten (Teilversuch B) Bedingungen.
Dargestellt sind Mittelwerte + Standardabweichung (n=3) der Cox2 mRNA Konzentration in Relation zur
Expression in den Kontrollzellen (Con=1). * kennzeichnet signifikante Unterschiede zur Kontrolle (p<0,05).
Abk.: Cox2, Cyclooxygenase 2; Con, Kontrolle; GRA, Glucoraphanin; SFN, Sulforaphan; Cuo, Gelbwurzel; Al,
Apfelextrakt 1; A2, Apfelextrakt 2.
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Teilversuch A (nicht infiziert)

Teilversuch B (infiziert)
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Abbildung 3: Einfluss der getesteten phytogenen Substanzen auf die NQO1 mRNA-Expression von IPEC-
J2-Zellen unter physiologischen (Teilversuch A) sowie unter stimulierten (Teilversuch B) Bedingungen.
Dargestellt sind Mittelwerte + Standardabweichung (h=3) der NQO1 mRNA Konzentration in Relation zur
Expression in den Kontrollzellen (Con=1). * kennzeichnet signifikante Unterschiede zur Kontrolle (p<0,05).
Abk.: NQO1, NADPH-abhangige Chinonoxidoreduktase 1; Con, Kontrolle; GRA, Glucoraphanin; SFN,
Sulforaphan; Cuo, Gelbwurzel; Al, Apfelextrakt 1; A2, Apfelextrakt 2.

Tabelle 5: Einfluss der getesteten phytogenen Substanzen auf die mMRNA-Expression der
inflammatorischen Mediatoren TNFa, IL-8, IL-1B sowie dem antioxidativen Enzym GPx2 in IPEC-J2-
Zellen unter physiologischen (Teilversuch A) und unter stimulierten (Teilversuch B) Bedingungen.

Teilversuch A (nicht infiziert) Teilversuch B (infiziert)
Parameter Gruppe Vielfaches der relat?ven Signifikanz Parameter Gruppe Vielfaches der relat@ven Signifikanz
mRNA Konzentration zur Kontrolle mRNA Konzentration zur Kontrolle
MW SD p MW SD p

Kontrolle 1.00 0.25 Kontrolle 1.00 0.29
Glucoraphanin 1.01 0.28 0.988 Glucoraphanin 2.28 1.88 0.178
TNFa Sulforaphan 0.92 0.72 0.496 TNFa Sulforaphan 2.13 0.68 0.096
Gelbwurzel 0.72 0.47 0.339 Gelbwurzel 1.26 0.57 0.685
Apfelextrakt 1 0.37 0.23 0.012 Apfelextrakt 1 1.27 0.93 0.885
Apfelextrakt 2 1.23 0.81 0.887 Apfelextrakt 2 2.32 1.09 0.081

Kontrolle 1.00 0.33 Kontrolle 1.00 0.56
Glucoraphanin 0.68 0.35 0.173 Glucoraphanin 0.59 0.37 0.089
IL-8 Sulforaphan 0.76 0.44 0.302 IL-8 Sulforaphan 0.58 0.24 0.127
Gelbwurzel 0.76 0.41 0.325 Gelbwurzel 0.40 0.19 0.005
Apfelextrakt 1 0.70 0.31 0.203 Apfelextrakt 1 0.90 0.11 0.956
Apfelextrakt 2 0.70 0.28 0.202 Apfelextrakt 2 0.99 0.51 0.951

Kontrolle 1.00 0.43 Kontrolle 1.00 0.20
Glucoraphanin 1.23 0.14 0.534 Glucoraphanin 1.89 1.38 0.288
IL-1B Sulforaphan 0.75 0.52 0.507 IL-1B Sulforaphan 1.92 0.70 0.293
Gelbwurzel 0.70 0.41 0.457 Gelbwurzel 0.76 0.26 0.786
Apfelextrakt 1 0.78 0.98 0.554 Apfelextrakt 1 1.59 1.52 0.499
Apfelextrakt 2 0.81 0.78 0.647 Apfelextrakt 2 2.01 1.78 0.248

Kontrolle 1.00 0.63 Kontrolle 1.00 0.33
Glucoraphanin 0.73 0.44 0.425 Glucoraphanin 2.03 1.05 0.176
GPx2 Sulforaphan 0.72 0.40 0.458 GPx2 Sulforaphan 1.71 0.85 0.348
Gelbwurzel 0.49 0.20 0.209 Gelbwurzel 1.48 1.12 0.526
Apfelextrakt 1 0.55 0.73 0.049 Apfelextrakt 1 0.60 0.41 0.591
Apfelextrakt 2 0.50 0.29 0.146 Apfelextrakt 2 1.56 0.70 0.452

Abk.: GPx2, Glutathionperoxidase 2; IL-1pB, Interleukin 1 beta; IL-8, Interleukin 8; MW, Mittelwert; SD,
Standardabweichung; TNFa, Tumornekrosefaktor alpha.
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4 Diskussion

In der landwirtschaftlichen Praxis, besonders in der Nutztierhaltung ist die Leistung einer der
wichtigsten wirtschaftlichen Faktoren. Das EU-weite Einsatzverbot von antibiotischen
Leistungsforderern in der Tiererndhrung als Mallnahme des gesundheitlichen
Verbraucherschutzes und zu der Reduktion des Antibiotikaeinsatzes beim Menschen soll das
Auftreten von Antibiotikaresistenzen vermindern. Um den durch das Einsatzverbot
entstehenden LeistungseinbulRen in der Nutztierproduktion entgegenzuwirken, fehlen in der
Tiererngdhrung allerdings geeignete Alternativen.

Die bislang fast einzige Alternative in der Nutztiererndhrung stellt der Einsatz phytogener
Additive dar. Uber ihre verschiedenen diskutierten Wirkungsmechanismen koénnten
pflanzliche Futterzusatze leistungs- und gesundheitsfordernde Effekte bei Nutztieren erzielen.
Dabei scheinen einzelne Inhaltsstoffe (zum Beispiel: Carvacrol aus Oregano, Thymol aus
Thymian, 1,8-Cineol aus Rosmarin, Sulforaphan aus Brokkoli, ar-Turmeron aus Gelbwurzel)
maligeblich diese positiven Effekte zu verursachen. Die bisherige kontroverse Datenlage und
das Fehlen aussagekréftiger in vivo-Studien zu dieser Thematik, insbesondere mit Nutztieren,

bildeten die Grundlage fiir die vorliegende Arbeit.

4.1 Einfluss von Brokkoliextrakt und atherischen Olen auf Leistungsparameter bei
Nutztieren

Die Versuche 1 und 2 der vorliegenden Arbeit zeigten, dass die Futterung von
Brokkoliextrakt und der atherischen Ole aus Gelbwurzel, Oregano, Thymian und Rosmarin
keine nennenswerte Verbesserung der Leistungsparameter bewirkte. Nach den Ergebnissen
dieser beiden Untersuchungen stellen die in der vorliegenden Arbeit getesteten phytogenen
Futterzusatze im Hinblick auf einen leistungsfordernden Effekt weder fur Broiler noch fur
Absetzferkel eine echte Alternative zu den seit 2006 in der EU verbotenen
leistungsfordernden Antibiotika (Salinomycin, Avilamycin, Flavomycin) dar.

Durch den Verzicht auf antibiotische Leistungsforderer verringerte sich der Tageszuwachs bei
Absetzferkeln um 8% und bei Broilern um 3% (Pfirter 2003). Die Auswertung von
publizierten Versuchsergebnissen der Jahre 1974 bis 1997 zeigte beispielsweise, dass der
antibiotische Leistungsforderer Avilamycin im Durchschnitt zu einer Steigerung der taglichen
Zunahme um 12,2% und Futteraufnahme um 4,8% flhrte (Freitag et al. 1999). Daraus
resultierte durch den Einsatz von Avilamycin in der Ferkelaufzucht eine Verbesserung der

Futterverwertung um durchschnittlich 8,4% (Freitag et al. 1999). Ahnliche leistungssteigernde
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Effekte wurden fur die Verabreichung von Salinomycin in der Schweinemast ermittelt
(Freitag et al. 1999).

Zusammenfassend  betrachtet wird die  Wirkung phytogener  Substanzen auf
Leistungsparameter in  der  Nutztiererndhrung  wie  Futteraufnahme,  tagliche
Gewichtszunahme, Mastendgewichte und Futterverwertung (Tabelle 6) derzeit allerdings
kontrovers diskutiert. In diesem Kontext zeigten Studien von Herndndez et al. (2004), Muhl
und Liebert (2006) und Mares et al. (2007) Gbereinstimmend mit den Ergebnissen aus den
Versuchen 1 und 2 der vorliegenden Arbeit (V1:Tab. 2-5; V2:Tab. 5) ebenfalls keine
leistungsfordernden Effekte pflanzlicher Additive. Mindestens ebenso viele in vivo-Studien
weisen eine deutliche Steigerung von Leistungsparameter durch phytogene Futterzusétze nach
(Wenk 2005, Blodner und Thieme 2006, Kyriakis et al. 1998, Zitterl-Eglseer et al. 2008). Im
Gegensatz zu einem mangelnden Effekt auf Leistungsparameter existieren auch Studien,
welche sogar negative Wirkungen pflanzlicher Verbindungen belegen (Wenk 2005, Jugl-
Chizzola et al. 2006, Oswald und Wetscherek 2007). In Tabelle 6 sind zu dieser kontroversen
Datenlage einige repréasentative Studien fir den Geflugel- und Ferkelbereich aus den letzten
10 Jahren im Uberblick dargestellt.

Bei naherer Betrachtung der aktuellen Literatur sowie der Versuche 1 und 2 féllt auf, dass
sich phytogene Additive bei Broilern besonders in den ersten 21 Tagen nach dem Schliipfen
(V1:Tab. 2-5, Bozkurt et al. 2009, Basmacioglu Malayoglu et al. 2010, Tabelle 6A)
beziehungsweise in der Ferkelaufzucht in der ersten Woche nach dem Absetzen vom
Multtertier gunstig auf die Leistungsparameter auswirken (V2:Abb. 4, Wetscherek 2005,
Zitterl-Eglseer et al. 2008, Tabelle 6B). Wahrend eine langere Futterung der phytogenen
Additive, zum Beispiel Oregano und Gelbwurzel, beim Broiler eher zu einer
Verschlechterung der Leistungsparameter, hervorgerufen durch eine verminderte
Futteraufnahme und vor allem durch eine reduzierte Gewichtszunahme flhrte (V1:Tab. 2-5),
scheint eine langere Verabreichung pflanzlicher Futterzusatze sich beim Ferkel nicht
nachteilig auszuwirken (V2: Tab. 5, Abb. 4), was jedoch aus Kostengriinden vermieden
werden sollte. Hieraus kann gefolgert werden, dass in zukinftigen Studien tber eine kiirzere,
gezieltere und eventuell auch Uber eine alternierende Verabreichungsdauer phytogener

Additive nachzudenken ist.
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Tabelle 6: Aktuelle Datenlage zur Wirkung phytogener Futteradditive als Leistungsforderer

A. Geflugel

atherisches Ol/ Extrakte ~ Konzentration FA GW/Gz FVW  Literatur

Oregano 150 mg/kg * * * Basmacioglu et al. 2004

Oregano 300 mg/kg * * * Basmacioglu et al. 2004

Oregano 100-1000 mg/kg +/+ Halle et al. 2004

Thymian 100-200 mg/kg -~ ++ +/+ Al-Kassie 2009

Thymian 200 mg/kg * * * Najafi und Torki 2010

Zimtrinde 100-200 mg/kg -~ 4+ +/+ Al-Kassie 2009

Zimtrinde 200 mg/kg * * * Najafi und Torki 2010

Anis 40 ml eines 6%- + + Durrani et al. 2007
Konzentrats

Thymol 100 mg/kg * * Lee KW et al. 2003

Zimtaldehyd 100 mg/kg * * Lee KW et al. 2003

Curcuma longa 500 mg/kg * * izr;gzzzr:nngOﬂ

Knoblauch

(Propylpropan- 45-90 mg/kg +/+ +/+ Peinado et al. 2012

Thiosulfonat)

Beifull 125-500 mg/kg -- - Engberg et al. 2012

Sonnenhutextrakt 1000 mg/kg - - - Rahimi et al. 2011

Nelke 200 mg/kg + + + Najafi und Torki 2010

gesamte Pflanze/

Pflanzenteil

Rosmarin 25.000 mg/kg + + Loetscher et al. 2012

Hagebutte 25.000 mg/kg + + Loetscher et al. 2012

é‘f:grl]?ae; rentrester 25.000 mg/kg + + Loetscher et al. 2012

Brennessel 25.000 mg/kg + + Loetscher et al. 2012

Beiful 5.000-20.000 - - -l Engberg et al. 2012
mg/kg

Schwarzkiimmelsamen 10.000 mg/kg + + Khalaji et al 2011

Gelbwurzel 2.500 mg/kg + \Kﬂvggsl?k%nn(:mer 2002

Gelbwurzel 10.000 mg/kg - + + \Kﬂvggsl?k%nn(:mer 2002

Thymian 2.000 mg/kg + + Ocak et al. 2008

Pfefferminze 2.000 mg/kg + + + Ocak et al. 2008

Mischungen und

komerzielle Produkte

Digestarom® 150 mg/kg - + E(I)c(;%ner und Thieme

5% Carvacrol, 3%

Zimtaldehyd, 2% 50-500 mg/kg H+ 4/t 1/+ Muhl und Liebert 2006

Capsicum oleoresin

Herb-Mos Oregano® 1.000 mg/kg + + + Bozkurt et al. 2009

Oregano, Zimt, Pfeffer 200 mg/kg + + Hernandez et al 2004

Salbei, Thymian, 5.000 mg/kg + + + Hernandez et al 2004

Rosmarin

73



Diskussion

B. Ferkel
atherisches Ol/ Extrakte ~ Konzentration FA GW/Gz FVW  Literatur
Thymol 67 mg/kg + + Anderson et al. 2012
Thymol 201 mg/kg * * Anderson et al. 2012
Rosmarin 500 mg/kg + + + Janz et al. 2007
Knoblauch 500 mg/kg + + * Janz et al. 2007
Oregano 500 mg/kg + + * Janz et al. 2007
Ingwer 500 mg/kg + + * Janz et al. 2007
Curcumin 200 mg/kg * * * Isley et al. 2005
Schwarzer Teeextrakt 4.000 mg/kg - - - Bruins et al. 2011
Schwarzer Teeextrakt 8.000 mg/kg - - - Bruins et al. 2011
gesamte Pflanze/
Pflanzenteil
Oswald und
Oregano 2.000 mg/kg ) ) ) Wetscherek 2007
Mischungen und
komerzielle Produkte
5% Carvacrol, 3%
Zimtaldehyd, 2% 200 mg/kg * * * Manzanilla et al. 2009
Capsicum oleorein
20% Salbei, 30% Hanczakowska und
Zitrone, 30% Brennessel, 500 mg/kg + + Ny
Swiatkiewicz 2012

20% Sonnenhut
AROMEX®-ME (
Thymian, Rosmarin, 100 mg/kg + + + Yan et al. 2010
Oregano, Kaolin)
Biomin® P.E.P. 1000
(atherisches O aus 40 mg/k + + + Kroismayr et al. 2008a
Oregano, Anis und 9’kg - - - Y '
Zitrusfruchtschalen)
5% Carvacrol, 3%
Zimtaldehyd, 2% 300 mg/kg + + + Manzanilla et al. 2006
Capsicum oleorein
traditionelle Chinesische
Medizin (10%
Glycyrrhiza glabra, 25%

: A o
Salvia officinalis, 15% 3.000 mg/kg + + + Yeh etal. 2011

Rosmarinus officinalis,
25% Ocimum bacilicum,
25% Lavandula
angustifolia)
Abk.: FA, tégliche Futteraufnahme; GW, Korpergewicht; GZ, tdgliche Gewichtszunahme; FVW,
Futterverwertung. Symbole: +, Steigerung/Verbesserung; %, kein Einfluss; -, Verminderung/Verschlechterung.

Die Tabelle 6 verdeutlicht zudem, dass die Ergebnisse aller bislang durchgefiihrten Studien
bedauerlicherweise nur schlecht miteinander vergleichbar sind. In allen Untersuchungen
unterscheiden sich Art (Kraut, Extrakt, &therisches Ol) und Hoéhe der verabreichten
Konzentration (45-25.000 mg/kg) der Futterzusatze extrem stark voneinander. Hinzu kommt
die unterschiedliche und zum Teil ungeklarte, beziehungsweise nicht analysierte
Zusammensetzung der verwendeten phytogenen Additive. Eine Standardisierung auf wichtige
Hauptinhaltsstoffe, wie sie beispielsweise in dem vorliegenden Versuch 2 erfolgte,

beziehungsweise eine genauere Analytik der verabreichten Verbindungen ist daher fiir
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zukunftige Studien unabdingbar, um eine bessere Vergleichbarkeit der Ergebnisse zu erzielen
und damit aussagekréftige Einschatzungen zur Wirksamkeit phytogener Futterzusétze zu
gewahrleisten.

Weitere wichtige Faktoren im Hinblick auf die leistungsfordernden Eigenschaften von
pflanzlichen Verbindungen stellen die Haltungs- und Hygienebedingungen dar (Wenk 2003).
So werden in Versuchen mit hohen hygienischen Bedingungen (Versuchstation) oder in
kleineren Mastbetrieben mit optimalen Fltterungs- und Haltungsbedingungen deutlich
geringere positive beziehungsweise keine Effekte phytogener Futterzusatze auf die
Leistungsparameter beobachtet (Weil} und Quanz 2000) als unter ungunstigen Hygiene- und
Haltungsbedingungen oder in groReren Mastbetrieben mit schlechtem Management und
Umweltbedingungen (Wenk 2003, Wald 2004). Die jeweilige mikrobielle Last (pathogenes
Erregermilieu), der die Nutztiere ausgesetzt sind, scheint also ebenfalls eine wichtige Rolle
bezuglich der Wirksamkeit phytogener Futterzusatze zu spielen.

Zusammenfassend kann anhand der Ergebnisse aus den Versuchen 1 und 2 geschlussfolgert
werden, dass es neben substanzspezifischen Unterschieden auch speziesspezifische Effekte
hinsichtlich des Verabreichungszeitraumes phytogener Futterzusatze auf die gepriften
Leistungsparameter zu geben scheint. So deutete sich fur Broiler eine nur auf die ersten 3
Lebenswochen beschrankte Fitterung phytogener Additive als vorteilhaft an, wahrend die
Daueranwendung atherischer Ole aus Oregano und Gelbwurzel mdglicherweise zu
Leistungseinbuen fiihrt (V1:Tab. 2-5). Beim Ferkel scheinen sowohl die langere Gabe als
auch eine relativ hohe Dosierung (150 mg Leitsubstanz/kg Diat, entsprechend mindestens 300
mg atherisches Ol/kg Diat) pflanzlicher Verbindungen hingegen zumindest nicht negativ auf
die Leistungsparameter auszuwirken. Aber auch hier traten eher zu Beginn der Fitterung (1.
Woche nach dem Absetzen) positive Wirkungen auf, die sich schlieRlich ber den
Versuchzeitraum verloren (V2:Tab. 5, Abb. 4).

Weiter kann resiimiert werden, dass die getesteten phytogenen Futterzusatze aus Brokkoli,
Gelbwurzel, Oregano, Thymian und Rosmarin nicht in die Kategorie der Kklassischen
Leistungsforderer einzuordnen sind und sie somit bezuglich einer leistungsférdernden
Wirkung keine Alternative zu den ehemals verwendeten Antibiotika, mit denen eine
signifikante Leistungssteigerung von durchschnittlich 3-4% je nach Tierart und Altersgruppe
erzielt wurden (Zentek 2005), darstellen.

Zudem ist hervorzuheben, dass phytogene Verbindungen auch in hohen Dosen beim

Absetzferkel keine gegenteiligen Wirkungen zu entfalten scheinen (V2:Tab. 5), sodass
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potenzielle gesundheitsférdernde Wirkungen gerade im Hinblick auf die weitere Mast zum

Tragen kommen konnten.

4.2 Einfluss von Brokkoliextrakt und &therischen Olen auf die Darmgesundheit von
Nutztieren
Eine intakte Darmbarriere ist nicht nur zum Schutz vor Infektionen mit pathogenen Erregern,
wie ETEC, essentiell (Pluske et al. 2002), sondern ist auch fir eine optimale
Né&hrstoffabsorption entscheidend. Stérungen dieser Barrierefunktion fuihren folglich meist zu
einer erhohten Infektionsgefahr gegenlber pathogenen Mikroorganismen und zu einer
verringerten Nahrtstoffaufnahme (Kampues 1997, Freitag und Hensche 1998). Insgesamt
kann die daraus resultierende Beeintrachtigung der Darmgesundheit zu Leistungseinbuf3en bis
hin zu einer gesteigerten Mortalitat von Nutztieren fuhren (Kyriakis et al. 1998).
Endogener und exogener oxidativer Stress, wie er beispielsweise durch die Nahrung per se
oder im Besonderen durch die bei der Nahrungsumstellung beim Absetzen sowie durch
Medikamente zu Stande kommen kann, steht im Zusammenhang mit verschiedenen
Erkrankungen (Inflammatory Bowel Disease, Krebs) (Halliwell 1994, Willcox et al. 2004).
Zudem scheint oxidativer Stress auch fur die Darmgesundheit insgesamt eine wichtige Rolle
zu spielen. Daher erscheint es vorteilhaft, das antioxidative Abwehrsystem von Nutztieren zu
stérken.
Phytogene Futteradditive scheinen bezuglich ihrer antioxidativen Wirkung beide Bereiche des
antioxidativen Abwehrsystems zu bedienen. Zum einen konnte in zahlreichen in vitro-Studien
gezeigt werden, dass besonders atherische Ole aus Oregano, Thymian und Rosmarin, eine
starke antioxidative Aktivitat aufweisen (Sacchetti et al. 2005; Bozin et al. 2006; Bozin et al.
2007; Viuda-Martos et al. 2010). Gleichzeitig besitzen pflanzliche Verbindungen eine groRe
antioxidative Kapazitét, reaktive Sauerstoffradikale abzufangen (Shan et al. 2005). Zum
anderen zeigen die Ergebnisse der vorliegenden Arbeit (V1:Tab. 8, Abb. 2; V2:Abb. 2), dass
auch das antioxidative Potential in den Geweben (Darm und Leber) von Nutztieren durch die
Verabreichung phytogener Futterzusatze gesteigert werden kann.
Zusatzlich lasst sich vermuten, dass pflanzliche Verbindungen Uber ihre in vitro vielfach
beschriebenen antimikrobiellen und bakteriziden Effekte einen positiven Einfluss auf die
Darmgesundheit von Nutztieren austiben. Die antimikrobielle Wirkung richtet sich
maoglicherweise zum einen direkt gegen Nutztier-pathogene Mikroorganismen, wie
Escherichia coli (ETEC, Escherichia coli O1K1) und Salmonellen (Salmonella enterica,
Salmonella Typhimurium) (Burt et al. 2007a, Burt et al. 2007b). Diese Bakterienspezies l6sen

die typischen Erkrankungsbilder der Coliruhr beim Absetzferkel, der Coliseptikdmie beim
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Gefligel und von Salmonellosen aus (Rolle und Mayr 2007). Zum anderen wird scheinbar das
Wachstum apathogener Mirkroorganismen, wie das von Laktobazillen, durch den Einsatz von
phytogenen Futterzusétzen verbessert, wodurch eine Stabilisierung der Darmflora und der
Barrierefunktion der Darmmukosa erreicht wird (Manzanilla et al. 2009, Maenner et al.
2011). Die hieraus resultierende verbesserte Nahrstoffabsorption und die gestarkte Abwehr
gegenuber pathogenen Erregern konnte in der Folge die Leistung von Nutztieren stabilisieren
oder sogar verbessern (Kroismayr et al. 2008b, Windisch et al. 2008).

Neben der Beeinflussung des antioxidativen Status und der Eubiose im Darmtrakt durch
phytogene Futteradditive spielen auch ihre potenziellen anti-inflammatorischen Eigenschaften
uber die Hemmung der NFxB-Signalkaskade im Hinblick auf die Darmgesundheit von
Nutztieren eine wichtige Rolle. Besondere Aufmerksamkeit kommt dabei Polyphenol-haltigen
pflanzlichen Verbindungen zu. Da die in der landwirtschaftlichen Praxis hdufig auftretenden
Durchfallerkrankungen meist mit Entziindungsprozessen im Darm der Nutztiere einhergehen,
die hdufig nicht auf den Darmtrakt beschréankt bleiben und zu einer eingeschrankten
Leitungsfahigkeit von Nutztieren beitragen kénnen (Kyriakis et al. 1998, Miguel 2010), sind
phytogene Futterzusatze moglicherweise potente praventive Substanzen zur Vermeidung von

entzlindlichen Darmerkrankungen.

4.2.1 Direkte antioxidative Wirkung von Brokkoliextrakt und atherischen Olen

In Versuch 1 deuteten sich eindeutige Substanz-spezifische Unterschiede bezlglich der
direkten antioxidativen Wirkung phytogener Futterzusatze an. Dabei zeigten sich
beispielsweise fiir die atherischen Ole aus Oregano und Thymian durch eine Steigerung der
TEAC-Werte deutlich ausgeprégtere direkte antioxidative Effekte als fir Brokkoliextrakt,
Gelbwurzel- und Rosmarindl (V1:Abb. 2). Dariiber hinaus konnte fur beide Nutztierspezies
(Broiler, Absetzferkel) nachgewiesen werden (Versuch 1 und 2), dass das direkte
antioxidative Potential der getesteten phytogenen Verbindungen nicht nur in den &therischen
Olen selbst vorliegt (V1:Abb. 2) und zu einer geringeren Lipidperoxidation fuihrt (V1:Abb. 3,
V2:Abb. 3, Sacchetti et al. 2005, Viuda-Martos et al. 2010), sondern auch im Gewebe Uber
eine Steigerung der TEAC-Werte zu einem verbesserten antioxidativen Status beitragen kann
(V1:Abb. 2; V2:Abb. 2).

Dabei ist eine direkte antioxidative Wirkung durch die Fahigkeit einer Verbindung
gekennzeichnet, oxidativen Stress unmittelbar, d.h. ohne Sekundéarreaktionen, zu vermindern
(Fahey und Talalay 1999). Das unterschiedlich starke direkte antioxidative Potential von

phytogenen Substanzen wird durch ihre chemische Struktur, respektive der ihres jeweiligen
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Hauptinhaltsstoffes, determiniert. Zudem sind mogliche additive Effekte durch das
Vorhandensein von wirksamen Minorkomponenten vorstellbar.

Carvacrol und Thymol, die Hauptinhaltstoffe der eingestzten &therischen Ole aus Oregano
und Thymian, weisen als Phenolderivate chemisch gesehen ein mit einer Hydroxylgruppe
substituiertes aromatisches Grundgerist auf, wodurch freie Radikale stabilisiert werden
konnen. Darlber hinaus kann durch die Oxidation dieser Hydroxylgruppen unter Ausbildung
einer Chinonstruktur zusétzlich oxidativer Stress vermindert werden (Skrobot et al. 2003,
Abbildung 4).

Dieser Sachverhalt ist vermutlich ursichlich dafiir, dass in Versuch 1 ein hohes direktes
antioxidatives Potential fur die atherischen Ole des Oregano und Thymians im Vergleich zu
den dbrigen verwendeten Pflanzenextrakten ermittelt werden konnte (V1:Abb. 2).
Einhergehend fiihrte die Verabreichung von Oregano- und Thymiandl sowohl beim Broiler
als auch beim Absetzferkel zu einer hohen antioxidative Kapazitat (TEAC) im Gewebe
(Darm, Leber) und zu einer Verminderung der Lipidperoxidation (V1:Abb. 2, 3; V2:Abb. 2,
3).

. Oxidation zum

- \:[-" korrespondisrenden Chinon
carvacrol @ _~ -

el -

|
[}

8]

@ Stabilisierung von

freien Radikalen

im aromatischen
Ringsystem

3]
Oxidation zum

o~ komespondigrenden Chinon

{ I — . ]/
Thymol —_—~_# YH/
(1)

OH

Abbildung 4: Chemische Struktur der Leitterpene Carvacrol (Oregano) und Thymol (Thymian)

Das 1,8-Cineol des Rosmarindls ist ebenfalls eine terpenoide Substanz. Im Gegensatz zu
Carvacrol und Thymol verfugt das 1,8-Cineol aber nicht iber eine Hydroxylgruppe, wodurch
die deutlich geringere direkte antioxidative Wirkung von Rosmarindl zu erklaren ist (V1:
Abb. 2, Abbildung 5). Ahnliches trifft auch auf das ar-Turmeron der Gelbwurzel zu, dessen
itherisches Ol nur ein geringes direktes antioxidatives Potential aufweist (V1: Abb. 2,
Abbildung 5).
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Dennoch bewirkte die Fiitterung der atherischen Ole aus Rosmarin und Gelbwurzel sowohl
beim Broiler als auch beim Absetzferkel eine Erhohung der antioxidativen Kapazitat im
Gewebe (V1: Abb. 2; V2:Abb. 2). Urséchlich fur diese TEAC-steigernde Wirkung scheint
dabei fur beide Substanzen, die Aktivierung von indirekten antioxidativen Signalwegen zu
sein (siehe Punkt 4.2.2., Abbildung 5).
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Abbildung 5: Chemische Struktur der Leitterpene 1,8-Cineol (Rosmarin) und ar-Turmeron (Gelbwurzel)

Das Sulforaphan stellt die Leitsubstanz des verwendeten Brokkoliextrakts dar und gehért zu
den Isothiocyanaten. Aufgrund der chemischen Struktur weist das Sulforaphan keine direkten
antioxidativen Eigenschaften auf, wodurch die fehlende direkte antioxidative Wirkung von
Brokkoliextrakt in vivo zu begriinden ist (V1:Abb. 2; V2: Abb. 2, Abbildung 6).

Das extrem elektrophile C-Atom
der Isothiocyano-Gruppe besitzt
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Abbildung 6: Chemische Struktur des Isothiocyanats Sulforaphan (Brokkoli)
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4.2.2 Indirekte antioxidative Wirkung von Brokkoliextrakt und &atherischen Olen Gber die
Induktion Xenobiotika-metabolisierender Enzyme

In den Versuchen 1 und 2 der vorliegenden Arbeit konnte erstmals im Nutztierbereich
sowohl fir den Broiler als auch fur das Ansetzferkel festgestellt werden, dass der als
Futterzusatzstoff verwendete Brokkoliextrakt eine indirekte antioxidative Wirkung Uber die
Modulation der Keapl/Nrf2-ARE-Signalkaskade aufweist (V1:Tab. 7A; Tabelle 7).
Allerdings blieb, entgegen den Erwartungen, in Versuch 3 die Verabreichung von
Brokkoliextrakt fir 7 Tage im Darm von gesunden Ratten ohne Wirkung auf indirekte
antioxidative Systeme (V3:Tab. 7, 10). Diese fehlende indirekte antioxidative Wirkung von
Brokkoliextrakt in Versuch 3 lasst sich wahrscheinlich auf die deutlich kirzere
Verabreichungsdauer zurtickfihren. Im Vergleich zu den 7 Tagen in Versuch 3 wurde der
Brokkoliextrakt in Versuch 1 (Broiler) fur 3 Wochen und in Versuch 2 (Absetzferkel) fur 4
Wochen gefittert und eine Induktion antioxidativer Nrf2-abhangiger Enzyme nachgewiesen.

Tabelle 7: Indirekte antioxidative Wirkung von Brokkoliextrakt und atherischen Olen im Darm von
Nutztieren (siehe auch V1; V2)
A. Broiler (entspricht Tabelle 7A aus Mueller K et al. (2012), Br. J. Nutr., VVol.108, No. 4, 588-602)

Group. .. Con SFN Cuo Oo To Ro

ARE geng Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Jejunum
GSTa 1.00" 026 1.55" 035 114" 062 1.12° 0.38 | | 087" 022 | 067 012
HMOX 1 1.00" 012 1.60° 020 1.86" 044 1.06" 017 1.21%° 010 1.98" 050
EPHX1 1.00" 017 1.90° 030 fa19° 044 150 037 140%° 0:21 1.60° 030
EPHX2 1.00" 019 1.54" 023 148" 029 1.37° 038 114" 012 1.60" 032
AFAR 1.00" 006 1.87°F 023| |226" 037 1.16" 019 140%° 026 1.am oz
TrxA1 1.00" 012 1.29° 023 1.62%° 0-41 1.7 018 119" 013 ) | 247 0-36

B. Absetzferkel (entspricht Tabelle 9A aus Mueller K et al. (2012), Open J. Anim. Sci. 2:78-98)

(a) Jejunal mucosa

— — T e TR
Gene Mean SEM Mean SEM E Mean SEM E Mean SEM é Mean SEM E Mean SEM
GPxl 1.00° 0.21 1.79" 0.36 E 096" 012 E 0.99* 0.21 E 170" 0.13 E 2.16° 041
S0D1 1.00¢ 0.09 214" 0 E 136 011 E 130 0.34 E 1.9(¢ 0.10 E 226" 0.40
AFAR 1.00# 0.18 214 027 E 133 033 E 1.07 0.20 E 2.03= 0.53 i 237 0.51
EPHX1 1.00° 0.23 1.56% 027 i 1.49% 0.34 E 1.56% 0.26 i 240" 061 E 286° 0.35
G5Ta2 1.00* 0.26 215" 038 E 1.02% 0.22 E 1.68% 0.59 E 172 0.65 E 22 0.64

HMOX1 1.00 0.23 142 041 E 1.07 033 E 1.01 0.26 E 118 1}.245 1.73 0.24
Reapl 100 0 |sos oxm)iose, a3} Losm ol i omilise o

In der aktuellen Literatur werden fur die indirekte antioxidative Wirkung von Brokkoliextrakt

verschiedenste Inhaltsstoffe, wie Isothiocyanate (ITC) und deren Glucosinolatvorstufen
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(Glucoraphanin, Sinigrin), verantwortlich gemacht. Beide fuhren zu einer Nrf2-vermittelten
Steigerung der Aktivitdt von antioxidativen Enzymen, wie der NAD(P)H-abhangigen
Quinonoxidoreduktase 1 (NQO1) und der katalytischen Untereinheit der Glutamat-Cystein-
Ligase sowie von Xenobiotika-metabolisierenden Enzymen, wie der Glutathion-S-
Transferase, flihren (McWalter et al. 2004).

ITC, wie Sulforaphan und Allyl-ITC, kommen in Form von schwefelhaltigen Glucosinolaten
besonders hdufig in Pflanzen der Familie der Cruciferae vor und sorgen fur den
charakteristischen Geschmack von Senf, Kresse, Brokkoli und verschiedenen anderen
Kohlgemusearten. Freie ITC werden letztlich durch pflanzliche oder bakterielle (-
Thioglucosidasen enzymatisch gespalten und folglich beim Verzehr von Glucosinolat-
haltigen Gemusearten Uber die Nahrung aufgenommen. Aufgrund ihrer Lipophilie weisen ITC
im Darmtrakt von Menschen und S&ugetieren eine hohe Bioverfiigbarkeit auf, die im Falle
von Sulforaphan bei circa 74% liegt (Petri et al. 2003).

Aus den bisherigen Literaturdaten kann geschlossen werden, dass in den Versuchen 1 und 2
zum einen die Glucosinolate, wie das Glucoraphanin (Perocco et al. 2006), fur die Nrf2-
abhéngige Induktion antioxidativer und Xenobiotika-metabolisierender Enzyme durch den
verabreichten Brokkoliextrakt verantwortlich sein kénnen. Zum anderen kann diese indirekte
antioxidative Wirkung auch auf hydrolysierte Isothiocyanate, wie das Sulforaphan und seine
Analoga, (Thimmulappa et al. 2002, Gross-Steinmeyer et al. 2004, Banning et al. 2005,
Dinkova-Kostova und Talalay 2008, Riedl et al. 2009) zurtickgefthrt werden. Eine derartige
Steigerung der mRNA Expression Nrf2-abhangiger antioxidativ und xenobiotisch wirksamer
Enzyme konnte auch im Kolon von Ratten, die einen Brokkoliextrakt in Kombination mit
verschiedenen Selenstufen in der Diét erhielten, beobachtet werden (Blum et al. 2012).

In Gegensatz hierzu zeigten die Ergebnisse der in vitro-Studie mit porcinen Dinndarmzellen
(IPEC-J2), dass nur reines Sulforaphan, nicht aber Glucoraphanin, die mMRNA-Expression der
antioxidativ wirksamen NQO1 induziert (V4:Abbildung 3). Hieraus lasst sich schlielen, dass
die in vivo ermittelte indirekte antioxidative Wirkung von Brokkoliextrakt beim Broiler und
beim Absetzferkel vermutlich durch das beim Verzehr gebildete Sulforaphan und nicht durch
dessen Glucosinolatvorstufe Glucoraphanin hervorgerufen wurde. Fir diese Hypothese
spricht auch die chemische Struktur des Sulforaphans. Das Kohlenstoffatom der ITC-Gruppe
des Sulforaphans stellt ein sehr starkes Elektrophil dar, das eine hohe Reaktivitét gegenliber
freien Sulfhydrilgruppen (SH-Gruppen) aufweist (Abbildung 6). Bei Interaktion mit den
freien SH-Gruppen des Keapl-Proteins kann es in der Folge zur Freisetzung von Nrf2 und zur

Induktion der Genexpression seiner Zielgene kommen (Abbildung 7).
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Fur das atherische Ol der Gelbwurzel zeigte sich ein entgegengesetzter Effekt beziiglich der
antioxidativen Wirkung zwischen den beiden untersuchten Spezies. Wahrend im
Broilerversuch eher die indirekten antioxidativen Effekte des Zusatzes von Gelbwurzeldl
belegt werden konnten (V1:Tab. 7A, Tabelle 7), verursachte die Verabreichung dieses
Zusatzes bei Ferkeln eher direkte antioxidative Effekte (V2:Abb. 2, Tab. 9A, Tabelle 7). Die
unterschiedlichen Ergebnisse zwischen Broiler (V1) und Absetzferkel (V2) basieren
wahrscheinlich in erster Linie auf dem Einsatz unterschiedlicher Konzentrationen des
gtherischen Ols der Gelbwurzel (Broiler: 150 mg atherisches Ol/kg Diat; Ferkel: 150 mg ar-
Turmeron/kg Diit ~ 535 mg &therisches Ol/kg Diit). Im Nagermodell (V3:Tab. 7, 10) hatte
die Supplementierung mit Gelbwurzeldl, ebenso wie die mit Brokkoliextrakt, keine Wirkung
hinsichtlich der Induktion indirekter antioxidativer Enzyme, was ebenfalls auf die kirzere
Verabreichungsdauer zurlickzufuihren sein kdnnte.

Die Ergebnisse des in vitro-Versuches mit IPEC-J2-Zellen deuten allerdings auf eine GPx2
und NQO1 induzierende Wirkung von é&therischem Gelbwurzel6l hin (V4:Abbildung 3,
Tabelle 5) und stimmen daher mit der aktuellen Literatur Uberein, die Hinweise auf eine
indirekte antioxidative Wirkung von Gelbwurzelextrakten liefert (Lee et al. 2010, TEGO
2011). Dabei ist allerdings unklar, ob die Nrf2-abhangige Induktion von antioxidativen und
Xenobiotika-metabolisierenden (Phase-11) Enzymen mdglicherweise durch Curcuminreste
oder durch die Leitsubstanz des atherischen Gelbwurzeldls, dem ar-Turmeron, verursacht
wird. Viele in vitro- und in vivo-Studien bescheinigen dem Farbstoff Curcumin eine indirekte
antioxidative Wirkung (McNally et al. 2007, Nishinaka et al. 2007, Garg et al. 2008, Farombi
et al. 2008). Das ar-Turmeron weist aufgrund seiner chemischen Struktur eine hohe
Reaktivitdt gegeniber freien SH-Gruppen in Proteinen auf und kann ebenfalls den
Keapl/Nrf2-ARE-Signalweg modulieren und Nrf2-abhangige Zielgene induzieren (TEGO
2011, Abbildung 5, Abbildung 7).

Die Curcuminoide der Gelbwurzel und isolierte Isothiocyanate wie das Sulforaphan (SFN)
des Brokkolis sind in vitro und in Nagermodellen beziiglich ihrer indirekten antioxidativen
Effekte bereits sehr gut charakterisierte phytogene Substanzen. Als indirekte antioxidative
Wirkung werden alle durch eine Substanz ausgeldsten sekundéaren Reaktionen bezeichnet, die
zu einer Verminderung von oxidativem Stress beziehungsweise zu einer Erhéhung des
antioxidativen Potentials im Organismus fiihren (Fahey und Talalay 1999). So besitzen aerobe
Organismen die Mdglichkeit, die Genexpression einer Vielzahl zellschitzender Enzyme, z.B.
die von antioxidativen und Xenobiotika-metabolisierenden (Phase-Il1) Enzymen, zu induzieren
(Xu et al. 2005). In der Literatur finden sich neben endogenen Nrf2-Induktoren (H,O,, NO)
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viele Daten zu verschiedensten exogenen Induktoren wie pflanzlichen Substanzen. Als
elektrophile Reagenzien (Abbildung 5, Abbildung 6) modifizieren sie den Keapl-Nrf2-
Komplex. In der Folge kommt es zu einer Induktion der Genexpression zytoprotektiver
Enzyme und zu einer Verminderung von oxidativem Stress innerhalb einer Zelle (Abbildung
7).
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Abbildung 7: Keapl/Nrf2-ARE-Signaltransduktion

Abk.: SFN, Sulforaphan; GRA, Glucoraphanin; SOD1, Superoxididsmutase 1; GPx2, Glutathionperoxidase 2;
HO1, Hamoxygenase 1; NQO1, NADPH-abhangige Chinonoxidoreduktase 1; GSTs, Glutathion-S-Transferasen;
AKRs, Aldo-Keto-Reduktasen; EPHXs, Epoxidhydrolasen

Innerhalb der getesteten Labiatae-Ole (Oregano, Thymian und Rosmarin) besaB in beiden
Versuchen mit Nutztieren das atherische Ol aus Rosmarin die starkste indirekte antioxidative
Wirkung (V1:Tab. 7A; V2: Tab. 9A, Tabelle 7). Beide Versuche zeigten darliber hinaus
deutlich, dass das atherische Ol des Rosmarins eine starke Induktion Nrf2-regulierter Zielgene
(AFAR, EPHX1, HO1, GPx1/2, SOD1) bewirkt und damit eine strake indirekte antioxidative
Wirkung im Darmgewebe von Nutztieren entfalten kann (V1:Tab. 7A, V2:Tab. 9A, Tabelle
7). Die in beiden Studien ermittelte TEAC-steigernde Wirkung von dtherischem Rosmarindl
(V1:Abb. 2; V2:Abb. 2) beruht dabei vermutlich sowohl beim Broiler als auch beim
Absetzferkel vor allem auf einer Nrf2-vermittelten Induktion von antioxidativen und
Xenobiotika-metabolisierenden (Phase-11) Enzymen (V1:Tab. 7A; V2:Tab. 9A). Die hohe
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indirekte antioxidative Wirkung von Rosmarindl basiert vermutlich auf dem Vorhandensein
des 1,8-Cineols, der Leitsubstanz des verwendeten Rosmarinéls. Die Epoxygruppe von 1,8-
Cineol kann als Elektrophil wirken und interagiert mit freien Sulfhydrilgruppen, wie sie im
Nrf2-Inhibitorprotein Keapl vorliegen. In der Folge kann es zur Induktion Nrf2-regulierter
Enzyme kommen (Abbildung 5, Abbildung 7). Des Weiteren konnte diese indirekte
antioxidative Wirkung auch in der ersten Phase des Versuches 3 im Nagetiermodell gezeigt
werden (V3:Tab. 7, 10).

Wahrend das atherische Ol aus Thymian noch zu einer moderaten Induktion Nrf2-abhangiger
Zielgene beim Absetzferkel fuhrte (V2:Tab. 9A, Tabelle 7), konnte fir das &therische
Oreganodl kaum eine indirekte antioxidative Wirkung, weder beim Broiler noch beim
Absetzferkel, nachgewiesen werden (V1:Tab. 7A; V2:Tab. 9A, Tabelle 7). Daraus I&sst sich
schlussfolgern, dass die TEAC-steigernde Wirkung von Oreganodl vorrangig durch direkte
antioxidative Mechanismen (siehe 4.2.1), vermutlich durch den hohen Gehalt an Carvacrol
hervorgerufen, vermittelt wird, wahrend Thymiandl seine Wirkung eher Uber indirekte
antioxidative Signalwege erzielt.

Zusatzlich deutete sich fur Thymiandl zundchst eine speziesspezifische Wirkung an, da im
Broilerversuch die direkten antioxidativen Eigenschaften des atherischen Ols (iberwogen
(V1:Abb. 2, Tab. 7A) und beim Absetzferkel eher indirekte antioxidative Mechanismen
beeinflusst wurden (V2: Tab. 9A). Da in beiden Studien allerdings unterschiedliche
Konzentrationen an phytogenen Futterzuséatzen verabreicht wurden (Broilerversuch: 150 mg
atherisches Ol/kg Diat; Ferkelversuch: 150 mg Thymol/kg Diit ~ 373 mg atherisches Ol/kg
Diat), resultieren die unterschiedlichen Ergebnisse der beiden Versuche mit hoher
Wahrscheinlichkeit daher. Méglicherweise sind auch andere Komponenten des Thymiandls,
wie Borneol oder Luteolin, fir die in Versuch 2 beobachtete indirekte antioxidative Wirkung
ursachlich (Horvathova et al. 2012, Sun et al. 2012, Hur et al. 2013). Zudem kdnnen aufgrund
von anatomischen Unterschieden, insbesondere des Gastrointestinaltraktes, speziesspezifische
Wirkungen von Thymiandl nicht ganzlich ausgeschlossen werden.

Die Verabreichung unterschiedlicher Konzentrationen an atherischem Ol in Versuch 1 und 2
trifft letztlich fir alle verwendeten phytogenen Substanzen zu, scheint aber nur beim
Thymian- und beim Gelbwurzel6l eine groRere Rolle im Hinblick auf das unterschiedliche
Vorherrschen direkter und indirekter antioxidativer Wirkungen zu spielen.

Die ubrigen in Versuch 4 (Tab. 5) getesteten zwei Polyphenol-reichen Apfelextrakte
bewirkten in IPEC-J2-Zellen eher eine Abnahme der mRNA-Konzentration der antioxidativ

wirksamen Enzyme GPx2 und NQOL, obwohl die aktuelle Literatur eine gegenteilige
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Wirkung erwarten l&sst. So induzieren Polyphenole, wie Quercetin und Resveratrol, die
Expression von NQO1, GPx und anderen Nrf2-Zielgenen (Tanigawa et al. 2007, Kluth et al.
2007). Zudem konnten Soyalan et al. (2011) zeigen, dass Polyphenol-reiche Apfelsafte im
Gegensatz zu Polyphenol-freien Apfelextrakten zu einer gesteigerten Expression von Nrf2
und Nrf2-abhdngiger Zielgene (GPx2) im Kolon von Ratten fihrten.

4.2.3 Antimikrobielle Wirkung von Brokkoliextrakt und &atherischen Olen

In Versuch 2 der vorliegenden Arbeit konnte fiir keinen der verabreichten phytogenen
Futterzusétze eine signifikante direkte antimikrobielle Wirkung in vivo nachgewiesen werden
(V2:Tab. 6-8). Dennoch zeigten sich tendenzielle substanzspezifische Effekte bei der
bakteriologischen Untersuchung von Jejunum- und Kolonmukosa sowie von faecalen Proben
(V2:Tab. 6-8). Wahrend die atherischen Ole des Oregano, des Thymians und der Gelbwurzel
in den Jejunumproben zu einer Verminderung der Escherichia coli-Zahlen flihrten, hatte die
Supplementation von Brokkoliextrakt und Rosmarinél beim Absetzferkel eher gegenteilige
Effekte (V2:Tab. 6). Im Gegensatz zu den Jejunumproben veranderten das atherischen Ole
des Rosmarins und des Thymians die bakterielle Zusammensetzung der Fézesproben
tendenziell positiv, indem sie zu einer reduzierten finalen Anzahl an Escherichia coli und
einem verbesserten Verhaltnis von Laktobazillen zu Escherichia coli-Bakterien beitragen
(V2:Tab. 8).

Somit reihen sich die Ergebnisse der vorliegenden Arbeit in die bis dato sehr kontroverse
Datenlage hinsichtlich der antimikrobiellen Wirkung phytogener Futterzusétze ein und lassen
gleichzeitig vermuten, dass die positiven Effekte pflanzlicher Verbindungen auf die
Darmgesundheit weniger Uber eine direkte bakterizide Wirkung gegen pathogene
Mikroorganismen erzielt werden, als vielmehr durch die Férderung der Eubiose. Hierunter
kann eine Erhdhung des Anteils an Laktobazillen im Darm verstanden werden.

In einer Studie mit Absetzferkeln konnte gezeigt werden, dass die Futterung von 200 mg/kg
eines Pflanzenextrakts aus 5% Carvacrol (Oregano), 3% Zimtaldehyd (Zimtbaum) und 2%
Capsicum Oleoresin  (spanischer Pfeffer) durch eine signifikante Steigerung der
Laktobazillen-Anzahl im distalen Jejunum ein verbessertes Laktobazillen/Escherichia coli-
Verhaltnis bewirkt (Manzanilla et al. 2009). Auch Kroismayr et al. (2008a) konnten bei
Absetzferkeln eine Reduktion der anaeroben und aeroben Mikroorganismen durch die
Verabreichung eines atherischen Olgemisches aus Oregano, Anis und Zitrusfruchtschalen
feststellen. Des Weiteren konnten Maenner et al. (2011) zeigen, dass dtherische Olgemische
auf Mentholbasis zwar die Gesamtkeimzahl im Kolon von Absetzferkeln nicht veréndern,

allerdings zu einer signifikanten Erhohung der Laktobazillen-Anzahl beitragen.
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Dem gegeniiber stehen in vivo-Studien, in denen beispielsweise fir Thymian in einer Dosis
von 10 g/kg keine bakterizide Wirkung gegen hdmolysierende Escherichia coli nachgewiesen
werden konnte (Jugl-Chizzola et al. 2005, Hagmuller et al. 2006). Auch die Untersuchungen
von Muhl und Liebert (2007) zeigten keine signifikanten Verdnderungen in der
Zusammensetzung der faecalen Mikroflora von Absetzferkeln durch die Verabreichung von 1
g/kg eines pflanzlichen Zusatzes, bestehend aus 53% Inulin, 8% atherisches Olgemisch
(Carvacrol, Thymol) und 3% Tannine.

Auch fiir Broiler ist die Datenlage zu den antimikrobiellen und zu den die Eubiose forderden
Eigenschaften phytogener Futterzusétze derzeit gegensétzlich. Einerseits konnten Rahimi et
al. (2011) zeigen, dass die Supplementation von 1 g/kg Thymian im Darm von Ross-308
Broilern eine signifikante Reduktion an Escherichia coli und gleichzeitig eine gesteigerte
Laktobazillen-Zahl ~ bewirkt.  Ahnliches wurde auch fir eine sehr geringe
Thymolkonzentrationen (15 mg/kg), die ebenso eine deutliche Reduktion von Escherichia
coli und Clostridien bewirkte (Tiihonen et al. 2010), gezeigt. Andererseits konnten
Westendarp et al. (2006) keine Beeinflussung der fakalen Mikroflora bei Masthahnchen durch
Carvacrol (52,4 mg/kg) nachweisen.

Hingegen existiert eine Vielzahl von in vitro-Studien (Hammer et al. 1999, Olasupo et al.
2003, Burt et al. 2005, Si et al. 2006), die eine eindeutige antimikrobielle Wirkung phytogener
Substanzen belegt. So wurde beispielsweise flir Oreganodl eine minimale
Hemmkonzentration (MHK) von > 1% (v/v) gegen Gefliigel-pathogene Escherichia coli (O1)
und eine MHK > 2% (v/v) gegen enterotoxische Escherichia coli (ETEC) des Schweins
ermittelt (Penalver et al. 2005, Mathlouthi et al. 2011). Aber auch fir Thymian- und
Rosmarinél lassen sich in vitro bakterizide Wirkungen unter anderem gegen
enterohdamorrhagische Escherichia coli (EHEC) O157:H7 und Salmonella-Spezies feststellen
(Friedman et al. 2002, Mathlouthi et al. 2011). Einen ebenfalls sehr starken antimikrobiellen
Effekt wie die Labiatae-Ole besitzt das Gelbwurzeldl, fiir das in vitro eine MHK im Bereich
von 0,005-0,02% gegen verschiedenste Erreger (Escherichia coli, Bacillus cereus,
Staphylococcus aureus) ermittelt werden konnte (Norajit et al. 2007). Zudem belegten Aires
et al. (2009) in vitro auch fur das Sulforaphan, das Haupt-Isothiocyanat des Brokkoli, eine
eindeutige bakterizide Wirkung gegen enterohaemorrhagische Escherichia coli (68%
Wachstumsinhibierung) und gegen Salmonella Typhimurium (50% Wachstumsinhibierung).
Desweiteren sind im Zusammenhang mit der antimikrobiellen Wirkung beziehungsweise mit
der Stabilisierung der mikrobiellen Eubiose im Darm indirekte Effekte phytogener

Futterzusatze wie gesteigerte Nahrstoffverdaulichkeit und verénderte Passagerate zu nennen.
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Beispielsweise  fuhrten Thymian- und Rosmarinextrakte zu einer verbesserten
Nahrstoffverdaulichkeit bei Broilern, die scheinbar auf verdauungsférdernden und
antimikrobiellen Eigenschaften pflanzlicher Verbindungen beruhte (Hernandez et al. 2004).
Der phytogene Futterzusatz Biomin®P.E.P 1000 (Oregano, Anis, Zitrusschale) ermdglichte
eine gesteigerte Nahrstoffverwertung bei Absetzferkeln, wofur die Autoren ein verringertes
Mikrobenwachstum als urséchlich ansahen (Zitterl-Eglseer et al. 2008). Zudem zeigten
Manzanilla et al. (2004), dass die Gabe einer Mischung aus Carvacrol (Oregano),
Zimtaldehyd (Zimtbaum) und Capsicum Oleoresin (mexikanischer Pfeffer) bei Absetzferkeln
eine verlangsamte Magenentleerung beziehungsweise eine verminderte Passagerate bewirkte.

Insgesamt zeigten die vorliegenden Ergebnisse aus Versuch 2 und anderen in vivo-Studien,
dass die Ubertragbarkeit der in vitro-Experimente in den in vivo-Bereich gerade in Bezug auf
die antimikrobielle Wirkung phytogener Futterzusétze nicht beziehungsweise nur
unzureichend gegeben ist. In vivo mussen meist sehr hohe Konzentrationen der phytogenen
Substanzen verabreicht werden, um den in vitro-Bedingungen gerecht zu werden. Dies fuhrt
hdufig zu veradnderten Geschmackseigenschaften des Futters, worauf die Tiere meist mit einer
verringerten Futteraufnahme reagieren (Wenk und Messikommer 2002, Wenk 2005).

Daher sind derzeit nur wenige in vivo-Studien zu dieser Thematik verfligbar, von denen die
meisten allerdings keine antimikrobielle Wirkung pflanzlicher Verbindungen, dhnlich wie in
dem vorliegenden Versuch 2, feststellen konnten. Des Weiteren variierten unter anderem die
jeweils verabreichte Dosis und die Zusammensetzung der phytogenen Verbindungen, die
Zeitpunkte der Probenahme sowie die untersuchten Darmabschnitte, was einen Vergleich der
bisher durchgefihrten Studien erschwert. Dennoch deuteten die vorliegenden Ergebnisse aus
Versuch 2 an, dass besonders die atherischen Ole der Labiatae-Pflanzen (Oregano, Thymian,
Rosmarin) einen gunstigen Einfluss auf die intestinale Mikroflora austiben kénnten und so

madglicherweise die Darmgesundheit von Nutztieren fordern.

4.2.4 Einfluss von Brokkoliextrakt und atherischen Olen auf verschiedene
Entziindungsparameter

Die Ergebnisse der Versuche 3 und 4 wiesen auf eine anti-inflammatorische Wirkung der
verwendeten phytogenen Verbindungen hin. Der positive Einfluss auf die untersuchten
Entzindungsparameter zeigte sich in vivo (V3:Tab. 5, 6, 8, 9) und in vitro (V4:Abbildungen
1-3, Tabelle 5) sowohl unter physiologischen Bedingungen als auch unter Entziindungs- bzw.
Infektionsstimulus.

So wurden bei gesunden Ratten zundchst nur numerische Veranderungen hinsichtlich der

Verminderung der NFkB und Cox2 mRNA-Expression durch die Verabreichung von
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phytogenen Futterzusétzen, im Besonderen durch Brokkoliextrakt und Thymiandl, beobachtet
(V3:Tab. 5, 6, 8, 9). Im Zellkulturversuch mit nicht infizierten IPEC-J2-Zellen bestétigte sich
dieser Sachverhalt in Form einer signifikanten Reduktion der NFkB mRNA-Konzentration
um rund 30% bei allen getesteten phytogenen Substanzen (V4:Abbildung 1). Ebenso konnte
eine grundsatzliche Verminderung der Cox2 mMRNA-Expression, besonders durch die
Inkubation mit den Apfelextrakten um rund 36%, festgestellt werden (V4:Abbildung 2). Des
Weiteren deuteten die signifikante Verminderung der VCAM-1 mRNA-Expression sowie die
geseigerte Konzentration des anti-inflammatorisch wirksamen IL-10 darauf hin (V3:Tab. 5,
9), dass die getesteten phytogenen Futterzusétze bereits unter physiologischen Bedingungen
anti-inflammatorische Effekte entfalten und damit potenzielle préventive Eigenschaften im
Hinblick auf die Darmgesundheit von Nutztieren ausiuben kénnten.

Neben NF«B, dem Hauptregulator inflammatorischer Prozesse auf molekularer Ebene, spielt
die von ihm abhédngige Cyclooxygenase 2 (Cox2), besonders bei der Entstehung einer
Entziindung sowie bei der Ausldsung von typischen klinischen Entziindungssymptomen, wie
Fieber und Schmerz, eine wichtige Rolle (Simmons et al. 2004). Die induzierbare Cox2
katalysiert dabei unter anderem in verschiedenen Geweben und Zelltypen die Biosynthese von
Prostaglandin E2 (PGE2), ein pro-inflammatorisches lokal wirkendes Gewebehormon, aus
Arachidonséure (Vane 1998). Zusammen mit pro-inflammatorischen Zytokinen (IL-1p,
TNFa, IL-6) scheinen solche Lipidmediatoren, wie PGE2, das Entziindungsgeschehen zu
stimulieren (Simmons et al. 2004).

In der Literatur finden sich bislang keine vergleichbaren in vivo-Untersuchungen zur anti-
inflammatorischen Wirksamkeit phytogener Verbindungen unter physiologischen, d.h. nicht
stimulierten, Bedingungen, die &hnlich den Ergebnissen der vorliegenden Arbeit auf eine
gunstige Beeinflussung von Entziindungsparametern (NFxB, Cox2) durch phytogene
Futterzusétze hindeuten.

Anhand der Ergebnisse dieser Arbeit konnte unter Belastungsbedingungen, ebenso wie unter
physiologischen Malgaben, ein grundsatzlich positiver Einfluss phytogener Futteradditive auf
die untersuchten Entziindungsparameter festgestellt werden (V3:Tab. 5, 6, 8, 9;
V4:Abbildungen 1-3, Tabelle 5). In Versuch 3 flihrte die durch Natriumdextransulfat (DSS)
induzierte Kolitis, wie erhofft, zu einer Steigerung der mMRNA-EXxpression von
Entzindungsparametern im Vergleich zu gesunden Ratten (Abbildung 8). Zudem konnte
gezeigt werden, dass dieser Effekt in den experimentellen Gruppen, die zusatzlich zum DSS
einen phytogenen Futterzusatz erhielten, weniger stark ausgepragt war als in der DSS-Gruppe
(V3:Tab. 5, 8). Die Cox2 und die VCAM-1 mRNA-Expression wurden sehr deutlich durch
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alle getesteten phytogenen Verbindungen vermindert und im Gegensatz die des anti-
inflammatorisch wirkenden IL-10 erhéht (V3:Tab. 5, 8). Insgesamt betrachtet, deuteten diese
Ergebnisse auf eine potenzielle anti-inflammatorische Wirkung phytogener Futterzusatze in
vivo unter Belastungsbedingungen hin.

Die in der vorliegenden Arbeit erhobenen Daten belegten und unterstitzten dabei Hinweise
und Ergebnisse aus der aktuellen Literatur. So konnten Bukovska et al. (2007) zeigen, dass
die gleichzeitige Verfiitterung von &therischen Olen aus Oregano und Thymian bei Mausen
mit einer 2,4,6-Trinitrobenzosulfonsaure (TNBS)-induzierten Kolitis zu einer verminderten
mRNA-Konzentration pro-inflammatorischer Mediatoren, wie von IL-1B, IL-6 und TNFa,
fuhrte. Auch das Borneol, ein Monoterpen des Rosmarindls, entfaltete bei Mausen mit TNBS-
induzierter Kolitis eine anti-inflammatorische Wirkung in Form einer Reduktion von pro-
inflammatorischen Zytokinen (IL-1p, IL-6) (Juhas et al. 2008b). Die Autoren wiesen auch fir
die dtherischen Ole des Thymians und des Rosmarins eine Hemmung der IL-13 und IL-6
Expression im Kolon von Mausen mit TNBS-induzierter Kolitis nach, wobei diese Effekte
zum Grol3teil numerischer Natur waren (Juhas et al. 2008a, Juhés et al. 2009). Des Weiteren
konnte im Kolon von Ratten mit TNBS-induzierter Kolitis gezeigt werden, dass die
Verabreichung von Pflanzenextrakten aus Gingko oder Flieder die Protein- und mRNA-
Expression von NFkB, TNFa und IL-6 verminderte (Zhou et al. 2006, Liu und Wang 2011).
In einer weiteren in vivo Studie wiesen Marquez et al. (2010) bei Ratten mit DSS-induzierter
Kolitis eine anti-inflammatorische Wirkung flir einen Mangoextrakt nach, die sich in einer
verminderten Cox2 und TNFa mRNA-Konzentration im Kolon und in gesenkten IL-6- und
TNFa-Serumspiegeln  &ulerte. Ebenso verringerte auch das Polyphenol Resveratrol
systemische Entzindungsmarker wie IL-1p und die Cox2 mRNA-Expression im Rattenkolon
wahrend einer DSS-induzierten Kolitis (Larrosa et al. 2009). Uberdies fiihrten Resveratrol
und auch das Curcumin der Gelbwurzel im lleum von Mausen mit einer durch Toxoplasma
gondii ausgeldsten lleitis zu einer gesteigerten IL-10 Expression und verminderten
gleichzeitig die Produktion pro-inflammatorischer Zytokine (TNFa., IL-6, MCP-1) (Bereswill
et al. 2010).

Auch die in Versuch 4 ermittelten in vitro Ergebnisse fur IPEC-J2-Zellen unterstitzen die in
Versuch 3 erhobenen Daten und Schlussfolgerungen im Hinblick auf eine positive
Beeinflussung von Entzindungsparametern durch pflanzliche Substanzen unter
Belastungsbedingungen. So konnte im durchgefiihrten in vitro Infektionsmodell gezeigt
werden, dass alle getesteten Substanzen zu einer Verminderung der NFkB mRNA-Expression

um 10% bis 41% fihrten beziehungsweise der durch die Infektion mit Escherichia coli
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bedingten NFxB Aktivierung in den IPEC-J2-Zellen entgegenwirkten (V4:Abbildung 1).
Auch die IL-8 mRNA-Konzentrationen wurden insgesamt betrachtet durch die getesteten
phytogenen Verbindungen gesenkt, wobei das &therische Ol der Gelbwurzel mit einer
Reduktion um 52% die starksten IL-8 vermindernden Effekte aufwies (V4:Tabelle 5). Einen
weiteren Beweis fur das anti-inflammatorische Potenzial der untersuchten pflanzlichen
Substanzen lieferte die reduzierte Cox2 mRNA-Expression (9% bis 46%), wéhrend der
Apfelextrakt 2, das Gelbwurzelél und das Glucoraphanin am effektivsten wirkten
(V4:Abbildung 2).

Zytoplasma
Progressive oxidative Stress:
* TNBS, DSS, LPS

* H,0,, HO-, 0,-, HOO-

ra » Wachstumsfaktoren
alB) « Zytokine (IL-16, TNFo)
T Nukleus

N S m—p

FPhosphorylierung { NF | nB
..'

INFHCB

/ biquitinylierung Kontrolle der
Degradation - Appoptose
* Aktivierung von Immunzellen pto
B- und T-Zelldifferenzierung
IkBa \j g Inflammation
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Entzindliche Erkrankungen: : * antiviral
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Abbildung 8: NFkB-Signaltransduktion

Abk.: IKK, Inhibitor kappa B-Kinase; kB, Inhibitorprotein kappa B; TNBS, 2,4,6-Trinitrobenzosulfonsaure;
DSS, Natriumdextransulfat; LPS, Lipopolysaccharid, IL-1, Interleukin 1B; TNFa, Tumornekrosefaktor a; IBD,
Inflammatory Bowel Disease.

Diese ermittelten in vitro-Daten stehen dabei nicht nur im Einklang mit den in vivo-
Ergebnissen aus Versuch 3 (V3:Tab. 5, 6, 8, 9), sondern gehen auch mit bisherigen in vitro
Studien zur anti- inflammatorischen Wirkung von phytogenen Substanzen unter
Belastungsbedingungen einher.

In diesem Zusammenhang konnte gezeigt werden, dass Curcumin die Strahlungs-induzierte
NF«B-Aktivierung sowie die Induktion seiner Zielgene, wie Cox2 und TNFa, in humanen

Kolonkarzinomzellen hemmte (Sandur et al. 2009, Hanai und Sugimoto 2009). Neben dem
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Curcumin scheint auch das ar-Turmeron der Gelbwurzel ein anti-inflammatorisches Potential
aufzuweisen, da es in vitro die Cox2 und die induzierbare Stickstoffmonooxidsynthase
inhibierte (Lee et al. 2002). Lee et al. (2010) beobachteten hingegen in HD11-Makrophagen
eine Erhdhung der mRNA-Expression von verschiedenen pro-inflammatorischen Zytokinen
(lL-1p, IL-6, IL-12, IL-18) durch einen Gelbwurzelextrakt und werteten dies als
Verbesserung der angeborenen Immunitat. In weiteren in vitro-Studien wurden auch fir die
phytogenen Verbindungen, Allyl-Isothiocyanate (AITC) und Sulforaphan, die vor allem in
Brokkoli und anderen Brassicaceae-Vertretern enthalten sind, anti-inflammatorische
Eigenschaften ermittelt. Dabei konnte gezeigt werden, dass AITC und Sulforaphan die NFxB-
Aktivierung, die Induktion pro-inflammatorischer Zytokine (IL-1p, IL-6) sowie die VCAM1
und Cox2 Proteinexpression hemmten (Shibata et al. 2010, Wagner et al. 2011, Kim et al.
2012, Sharma et al. 2011).

Ahnliche in vitro-Untersuchungen existieren auch fir die atherischen Ole der Labiatae-
Pflanzen sowie deren Inhaltsstoffe. So stellten Ocafia-Fuentes et al. (2010) fest, dass der von
ihnen verwendete Oreganoextrakt mit hohem Carvacrol- und Thymolgehalt sowohl die
Synthese von TNFa, IL-1B und IL-6 verminderte als auch die Produktion des anti-
inflammatorisch wirkenden Zytokins IL-10 steigerte. Auch Rosmain-, Salbei- und Thymiandl
wiesen ein anti-inflammatorisches Potenzial auf, indem sie die IL-8-Freisetzung und die Cox2
Expression hemmten (Hotta et al. 2010, Chohan et al. 2012). In diesem Zusammenhang
scheinen spezifische Inhaltsstoffe der Ole, wie das 1,8-Cineol des Rosmarins sowie das
Carvacrol des Oregano und des Thymian, ihre anti-inflammatorische Wirkung Uber eine
Inhibierung der Cox2- und Zytokinexpression (TNFa, IL-1B, IL-6, IL-8) zu vermitteln
(Juergens et al. 2004, Landa et al. 2009, Hotta et al. 2010).

4.2.5 Zusammenhang zwischen antioxidativen und anti-inflammatorischen Effekten
phytogener Futterzusatze (Nrf2-NF «B-Interaktion)

Aktuelle in vitro- und in vivo-Studien weisen darauf hin, dass ein enger Zusammenhang
zwischen einem hohen antioxidativen Status eines Gewebes und dem verminderten Auftreten
von Entziindungsreaktionen besteht. Die durch den Transkriptionsfaktor NFxB vermittelte
Inflammation, die in der landwirtschaftlichen Praxis bei Nutztieren beispielsweise durch
pathogene Mikroorganismen (Escherichia coli, Salmonella spp.) hervorgerufen werden kann,
fuhrt zu einer vermehrten Freisetzung von reaktiven Sauerstoffspezies (,,oxidative burst®) in
Monozyten, Makrophagen und verschiedenen anderen Immunzellen (Miguel 2010, Abbildung

8). Der Organismus ist dabei bestrebt, dem erhéhten oxidativen Stress entgegenzuwirken und
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aktiviert redox-sensitive Signalkaskaden wie den Keapl/Nrf2-ARE-Weg (Abbildung 7).
Derzeit ist allerdings unklar, ob diese Reaktionen durch eine direkte Interaktion der beiden
Transkriptionsfaktoren Nrf2 und NF«xB vermittelt werden, oder ob die jeweilig regulierten
Zielgene eine Rolle spielen.

So konnten Khor et al. (2006) in Nrf2-Kockout-Mausen zeigen, dass die hier fehlende Nrf2-
Aktivierung unter DSS-Gabe zu einer Verstarkung der inflammatorischen Reaktion im
Vergleich zu Wildtyp-Tieren mit aktivem Nrf2 fiihrte. Entsprechend wurde in den Wildtyp-
Mausen eine gesteigerte Expression Nrf2-abhangiger Zielgene (NQO1, HO-1, GST)
festgestellt, wahrend in den Nrf2-Knockout-Tieren eine Steigerung von Entziindungsmarkern
(Cox2, TNFa, IL-1B, IL-6) beobachtet wurde (Khor et al. 2006). Des Weiteren konnte bei
Mausen mit TNBS-induzierter Kolitis gezeigt werden, dass die Induktion der HO-1 zu einer
Hemmung des NF«B-Signalweges fuhrte (Jun et al. 2006).

Die in der Literatur angedeutete und in den Versuchen 1-4 belegte indirekte antioxidative
Wirkung phytogener Verbindungen via Nrf2 scheint also auch in die Auspragung von NF«B-
vermittelten Entziindungsreaktionen involviert zu sein. So gelten das Resveratrol der
Weintraube, das Curcumin der Gelbwurzel und das Sulforaphan des Brokkolis als potente
Nrf2-Aktivatoren und werden gleichzeitig als Inhibitoren der LPS- und DSS-induzierten
NF«B-Aktivierung diskutiert (Larossa et al. 2009, Brandenburg et al. 2010, Nishida et al.
2010, Blum et al. 2012). Eine inverse Korrelation Nrf2-regulierter Xenobiotika-
metabolisierender (Phase-11) und antioxidativer Enzyme sowie pro-inflammatorischer
Mediatoren (IL-1B, TNFa, IL-6, NFkB, Cox2) konnte auch flr das Carnosol und das 1,8-
Cineol des Rosmarins gezeigt werden (Lian et al. 2010, Bastos et al. 2010).

Die Ergebnisse der vorliegenden Arbeit, insbesondere die aus Versuch 3, lassen allerdings
keinen direkten Zusammenhang zwischen Nrf2 und NF«xB zu, weder unter physiologischen
noch unter Belastungsbedingungen. Vielmehr deuteten die Daten aus Versuch 3 darauf hin,
dass eine negative Korrelation zwischen Nrf2 und TNFa, der wiederum einen der starksten
NF«B-Aktivatoren wahrend einer beginnenden Entziindung darstellt (Zhou et al. 2006),
besteht.

Im Rahmen der vorliegenden Arbeit konnte keine generelle Interaktion zwischen den beiden

Transkriptionsfaktoren Nrf2 und NFxB nachgewiesen werden.

4.2.6 Schlussfolgerungen und Ausblick
Die Ergebnisse der vorliegenden Arbeit zum Einfluss phytogener Futterzusatze auf

Xenobiotika-metabolisierende und antioxidative Enzyme sowie auf Entziindungsparameter
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stellen einen hochaktuellen Forschungsschwerpunkt in der Nutztiererndhrung dar. Trotz der
Vielzahl an bereits durchgefuhrten Studien, besonders im Hinblick auf potenzielle leistungs-
und gesundheitsfordernde Eigenschaften phytogener Futterzusétze, besteht ein besonderes
Interesse an der weiterflihrenden  Aufklarung der zu Grunde liegenden
Wirkungsmechanismen.

Gegenstand der vorliegenden Arbeit war es daher, zu untersuchen, ob und Uber welche
Mechanismen phytogene Futterzusatze eine glinstige Wirkung auf Leistungsparameter und
die Tiergesundheit austiben. Die kontroverse Datenlage bezlglich leistungssteigernder Effekte
phytogener Additive und das Fehlen funktioneller und praxisbezogener in vivo-Studien zur
Wirkungsweise phytogener Futterzusétze bildete die wesentliche Basis dieser Arbeit.

Zur weiterfiihrenden Klarung der Thematik wurden 3 in vivo-Studien (V1-3) und eine in
vitro-Untersuchung (V4) durchgefihrt. Die hieraus gewonnenen Ergebnisse lieferten neue
Erkenntnisse zur Wirkungsweise phytogener Futterzusdtze im Nutztierbereich. So konnten
beim Broiler und beim Absetzferkel wichtige Hypothesen aufgestellt werden, lber welche
Reaktionsmechanismen phytogene Verbindungen in vivo eine gesundheitsfordernde Wirkung
entfalten kdnnen (V1, 2). Die in vivo und in vitro-Untersuchungen an Ratten und der porcinen
Diinndarmzelllinie IPEC-J2 wiesen auf ein anti-inflammatorisches Potenzial der verwendeten
phytogenen Substanzen hin und untersuchten einen mdglichen Zusammenhang zwischen
antioxidativen und pro-inflammatorischen Prozessen (V3, 4). Anhand der vorliegenden Daten

und unter Einbeziehung der aktuellen Literatur kann Folgendes geschlussfolgert werden:

(1) Die getesteten phytogenen Futterzusatze aus Brokkoli, Gelbwurzel, Oregano,
Thymian und Rosmarin sind keine Leistungsforderer im klassischen Sinn.
Dennoch liessen sich insbesondere zu Beginn der Fltterung der phytogenen Substanzen
sowohl beim Broiler als auch beim Absetzferkel zundchst positive Effekte auf die
Leistungsparameter feststellen, die sich allerdings bei langerer Gabe der Futterzusatze eher
verloren oder bei Oregano- und Gelbwurzelol gegenteilige Effekte zeigten (V1, 2). Daher ist
zukunftig, gerade im Hinblick auf die Produktionskosten, eher eine kiirzere und eventuell

auch eine alternierende Verabreichungsdauer phytogener Substanzen in Betracht zu ziehen.

(2) Die getesteten phytogenen Futterzusatze aus Brokkoli, Gelbwurzel, Oregano,
Thymian und Rosmarin weisen auf Grund ihrer Hauptinhaltsstoffe grofle
substanzspezifische Unterschiede hinsichtlich der Beeinflussung direkter und

indirekter antioxidativer Schutzmechanismen auf.
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Wahrend das &therische Ol des Oregano in vivo seine antioxidative Wirkung vorrangig Gber
direkte Effekte (Stabilisierung von freien Radikalen, Abpufferung von oxidativem Stress)
vermittelte und nahezu Kkeine indirekten antioxidativen Eigenschaften in Form einer
Aktivierung der Keapl/Nrf2-ARE-Signalkaskade besal3, wirkten der Brokkoliextrakt und das
Rosmarindl starker tiber den indirekten antioxidativen Signalweg. Die &therischen Ole des
Thymians und der Gelbwurzel nahmen in vivo im Vergleich zu den Ubrigen getesteten
phytogenen Substanzen eine Zwischenstellung ein und wiesen einerseits eine direkte
antioxidative Wirkung auf, aktivierten andererseits aber auch die Keapl/Nrf2-ARE-
Signalkaskade (V1, 2). Insgesamt betrachtet flihrte die Fitterung der getesteten phytogenen
Futterzusatze zu einer Steigerung des antioxidativen Status der Gewebe, was besonders im
Hinblick auf die Aufnahme von Fremdstoffen wie Futtermittelkontaminanten (Aflatoxin,
Desoxynivalenol), Medikamenten (Antibiotika) und bezuglich der Abwehr und der Entgiftung
von Bakterientoxinen (Enterotoxin, Shigatoxin), die gerade in den friihen Lebensphasen von
Nutztieren ein zusatzliches Problem darstellen, wichtig sein kdnnte. Da diese Stoffe in erster
Linie von den Nrf2-regulierten Xenobiotika-metabolisierenden Enzymen verstoffwechselt
werden, stellt die Modulation des Xenobiotika-Metabolismus durch phytogene Verbindungen
insbesondere im Darmtrakt von Nutztieren einen potenziell gesundheitsfordernden
Mechanismus dar. Zusammen mit ihren direkten antioxidativen Eigenschaften kdnnten
phytogene Futterzusatze einen positiven Einfluss auf die Tiergesundheit ausiiben und somit

einen wichtigen Produktionsfaktor giinstig beeinflussen.

(3) Die in anderen Studien belegte antimikrobielle in vitro-Wirkung lasst sich fur die
getesteten phytogenen Futterzusatze aus Brokkoli, Gelbwurzel, Oregano, Thymian
und Rosmarin unter den gewahlten Bedingungen in vivo nicht Gbertragen.

Die in vivo-Ergebnisse bezlglich der antimikrobiellen Wirkung der getesten phytogenen
Substanzen, insbesondere im Hinblick auf die atherischen Ole der Labiatae-Pflanzen
(Oregano, Thymian, Rosmarin) deuteten jedoch einen glnstigen Einfluss auf die intestinale
Mikroflora an (V2), sodass mdglicherweise eine hdohere oder eine langere verabreichte Dosis

an phytogenen Futterzusatzen die Darmgesundheit von Nutztieren férdern konnte.

(4) Die getesteten phytogenen Futterzusdtze und Einzelverbindungen aus Brokkoli,
Gelbwurzel, Thymian, Rosmarin und Apfelextrakt besitzen offensichtlich sowohl
unter physiologischen als auch unter stimulierten Versuchbedingungen (DSS-
induzierte Kolitis, Escherichia coli-Infektion) eine anti-inflammatorische Wirkung.

Gerade diese in den Versuchen 3 und 4 ermittelte anti-inflammatorische Wirkung der

getesteten phytogenen Verbindungen koénnte in der landwirtschaftlichen Praxis im Hinblick
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auf die Tiergesundheit zukinftig eine wichtige Rolle spielen. Die getesteten pflanzlichen
Verbindungen stellen damit modglicherweise eine potenzielle Alternative zum préaventiven
Antibiotikaeinsatz hinsichtlich der Reduktion von Durchfallerkrankungen, welche in friihen
Phasen der Nutztieraufzucht besonders h&aufig auftreten (Kikenruhr bei Gefliigel,
Absetzdurchfille und Odemkrankheit beim Schwein) dar und kénnten so LeistungseinbuRen
und Tod der Nutztiere entgegenwirken. Dazu missen allerdings weitere in vivo-
Untersuchungen mit Nutztieren unter Belastungsbedingungen (Infektion mit pathogenen
Erregern oder deren Lipopolysacchariden) durchgefihrt werden.

(5) Es besteht keine direkte Interaktion zwischen den Transkriptionsfaktoren Nrf2 und
NF«xB.
Hinsichtlich dieses Sachverhalts ist jedoch eine iberlappende beziehungsweise gegenseitige
Regulation uber die entsprechenden Zielgene nicht auszuschlieRen. Derzeit ist weiter unklar,
welche Rolle der oxidative Status einer Zelle hinsichtlich der Aktivierung antioxidativer Nrf2-
abhéngiger beziehungsweise Hemmung prooxidativer NFkB-regulierter Reaktionswege

spielt. Zur Aufklarung dieses Mechanismus sind weitere grundlegende Studien notig.

Die in dieser Arbeit durchgefuhrten Untersuchungen weisen durch Auswahl der Zellkultur-
(IPEC-J2) und Tiermodelle zur Prifung der Zielstellung einen hohen Praxisbezug auf.
Sowohl Broiler als auch Absetzferkel stellen als landwirtschaftliche Nutztiere geeignete und
in der wissenschaftlichen Literatur etablierte Modeltiere dar und eigenen sich hervorragend
als in vivo-Model zur Untersuchung leistungs- und gesundheitsfordernder Eigenschaften
phytogener Futterzusatze. Zudem hat sich die wissenschaftlich anerkannte porcine Zellline
IPEC-J2 in der Erforschung wichtiger intestinaler Prozesse wie der Nahrstoffabsorption und
der Inflammation bewahrt und lasst gleichzeitig Ruckschlisse auf regulatorische
Mechanismen beim Schwein zu. Als ebenso ideales und glinstiges in vivo-Modeltier wird die
Ratte in der wissenschaftlichen Forschung angesehen und eignet sich daher zusammen mit
den IPEC-J2-Zellen sehr gut zur Untersuchung antioxidativer, anti-inflammatorischer und
Xenobiotika-metabolisierender Stoffwechselwege unter physiologischen Bedingungen sowie
unter einem Entziindungsstimulus.

Zum anderen unterstitzen die vergleichende Untersuchung phytogener Futterzusatze und vor
allem die Standardisierung der verabreichten Additive auf ihre jeweiligen Leitsubstanzen die
Originalitat der im Rahmen dieser Arbeit gewonnenen Ergebnisse.

Bisher wurden in den meisten Studien zur Wirkung phytogener Futterzusitze Mischungen
verschiedener Krauter, Extrakte und atherischer Ole mit unterschiedlicher und zum Teil

ungeklarter beziehungsweise nicht analysierter Zusammensetzung verwendet, wodurch kaum
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Ruckschliisse auf die eigentlich wirksamen Einzelverbindungen mdglich waren. Eine
Standardisierung auf wichtige Hauptinhaltsstoffe ist daher zukinftig nicht nur fir die
Forschung, sondern insbesondere auch fiir die Anwendung in der landwirtschaftlichen Praxis
von grofiter Bedeutung. Ebenso wird sich die Futtermittelindustrie in der Zukunft besonderen
Herausforderungen beziglich der Zusammensetzung der pflanzlichen Futterzusatze,
insbesondere im Hinblick auf die Gewahrleistung standardisierter Ausgangsmaterialien fur
die Produktion sowie die anschlieBende adaquate Verpackung und Lagerung phytogener
Futteradditive, stellen mussen.

Denn aus der Literatur ist bekannt, dass sich gerade die Gehalte an charakteristischen
Hauptinhaltsstoffen pflanzlicher Produkte in Abhingigkeit von der Herkunft, dem
verwendeten Pflanzenteil, dem Erntezeitpunkt und der Verarbeitung (Trocknung, Extraktion)
unterscheiden, wodurch die Wirksamkeit der daraus hergestellten Produkte ebenfalls enorm
variiert.

Um in der Zukunft die Vergleichbarkeit der Ergebnisse und Studien zur Wirksamkeit
phytogener Futterzusatze zu gewdhrleisten, ist es essenziell, dass ausschliellich analysierte
und in der Zusammensetzung bekannte, am besten standardisierte phytogene Produkte zum
Einsatz kommen. Zudem sollte auf eine genaue und praxisnahe Dosierung sowie auf die

Dauer der Verabreichung der verwendeten phytogenen Futterzusétze geachtet werden.

Neben den origindren Ergebnissen fiir den Nutztierbereich weisen die in dieser Arbeit
erhobenen Daten auch eine Ubertragbarkeit auf die Humanerniahrung auf beziehungsweise
wirken sich mdglicherweise positiv auf diese aus. Die antimikrobielle Wirkung phytogener
Verbindungen findet derzeit bereits groBe Anwendung im Lebensmittelbereich im Hinblick
auf die Haltbarkeit von tierischen Produkten, wie Wurst- und Fleischwaren. Der zukiinftige
Einsatz von pflanzlichen Substanzen konnte zusatzlich eine wichtige Rolle hinsichtlich
Verminderung der Ubertragung humanpathogener Erreger tiber Lebensmittel spielen. Weitaus
bedeutender fiir den Humanbereich sind allerdings die in vivo ermittelten antioxidativen und
anti-inflammatorischen Wirkungen phytogener Substanzen als mogliche Praventions- und
Behandlungsstrategie fiir entziindliche Darmerkrankungen, wie Colitis ulcerosa und Morbus
Crohn. Die in vitro und in vivo ermittelten Wirkungsmechanismen der getesteten phytogenen
Verbindungen kénnten zudem die Grundlage fir Humanstudien hinsichtlich der Entwicklung
geeigneter Medikamente auf Basis phytogener Wirkstoffe zur Behandlung chronisch

entzlindlicher Darmerkrankungen und anderer entzlindlicher Erkrankungen bilden.
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5 Zusammenfassung

Seit dem endgultigen Einsatzverbot von antibiotischen Leistungsforderern als Futterzusatz in
der Tiererndhrung 2006 erweisen sich besonders die in friihen Phasen der Geflugel- und
Schweineproduktion durch Salmonella spp. und pathogene Escherichia coli hervorgerufenen
Durchfallerkrankungen (Coliruhr, Coliseptikdmie, Salmonellosen) als problematisch. Um die
Produktionskosten trotz LeistungseinbuBen und steigenden Mortalitdtsraten in der modernen
Tierhaltung ohne antibiotische Leistungsforderer im Futter gering zu halten, wird die Suche
und die Entwicklung nichtantibiotischer Alternativen, zu denen unter anderem die phytogenen
Futterzusatze gezahlt werden konnen, forciert.

Anhand von aktuellen Daten aus der Literatur scheinen phytogene Futterzusatze die
Tiergesundheit tber 5 verschiedene Wirkungsweisen positiv zu beeinflussen. Dazu zahlen (1)
eine Steigerung der Nutztierleistung, (2) direkte und (3) indirekte antioxidative Effekte, (4)
antimikrobielle sowie (5) anti-inflammatorische Wirkungen pflanzlicher Verbindungen.
Aktuell finden bereits eine groRe Zahl an phytogenen Verbindungen, besonders auf der Basis
von Krautern und atherischen Olen, als Futteradditiv in der Tiererndhrung Verwendung,
allerdings ohne die zugrunde liegenden biochemischen und molekularbiologischen
Mechanismen im Nutztierorganismus zu kennen.

Ziel der vorliegenden Arbeit war es daher, diese 5 diskutierten potenziellen Mechanismen
unter moglichst praxisnahen Bedingungen zu untersuchen. In einer ersten Studie mit Broilern
(V1) wurde der Effekt von Brokkoliextrakt (3000 mg Extrakt/kg Futter) und von &therischen
Olen aus Gelbwurzel, Oregano, Thymian und Rosmarin (150 mg Ol/kg Futter) auf
verschiedene Leistungsparameter untersucht. Aufgrund der in vitro beschriebenen direkten
und indirekten antioxidativen Wirkung verschiedener Inhaltsstoffe aus Brokkoli (GRA, SFN)
und den getesteten atherischen Olen (Gelbwurzel: ar-Turmeron; Oregano: Carvacrol;
Thymian: Thymol; Rosmarin: 1,8-Cineol) selbst wurde die antioxidative Kapazitat (TEAC,
TBA-RS) der phytogenen Substanzen sowie deren Wirkung auf Nrf2-regulierte xenobiotische
und antioxidative Enzyme in verschiedenen Geweben der Broiler ermittelt. Im Anschluss
erfolgte in einer zweiten Studie mit Absetzferkeln (V2) eine Standardisierung der eingesetzten
phytogenen  Testsubstanzen auf ihre jeweiligen Hauptinhaltsstoffe (150 mg
Hauptinhaltsstsoff/kg Futter), um die ermittelten Effekte besser auf einen bestimmten
Inhaltsstoff des jeweiligen phytogenen Futterzusatzes zurlckfihren zu  konnen.
Zusammenfassend zeigten beide Versuche, dass die getesteten phytogenen Futterzusatze aus

Brokkoli, Gelbwurzel, Oregano, Thymian und Rosmarin keine klassischen Leistungsférderer
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sind, zumindest aber zu Beginn der Fltterung bei beiden untersuchten Spezies zu einer
positiven Beeinflussung der Leistungsparameter fihrten (V1, V2).

Zudem konnte in der vorliegenden Arbeit erstmals eine substanzspezifische Beeinflussung
direkter und indirekter antioxidativer Schutzmechanismen durch phytogene Additive in
verschiedenen monogastrischen Nutztierspezies nachgewiesen werden (V1, V2). Dabei lieen
sich fiir das &therische Ol des Oregano vorrangig direkte antioxidative Effekte feststellen,
wéhrend der Brokkoliextrakt und das dtherische Rosmarindl in vivo ihre antioxidativen
Eigenschaften eher tber die Induktion von xenobiotischen und antioxidativen Enzymen wie
AFAR, EPHX1, GST, SOD1, GPx1 ausuben (V1, V2). Des Weiteren konnten flr die
dtherischen Ole aus Thymian und Gelbwurzel sowohl direkte als auch indirekte Nrf2-
vermittelte antioxidative Effekte in beiden Versuchen belegt werden. Die Ergebnisse dieser
Versuche liefern  wichtige und interessante  Hinweise bezlglich  molekularer
Regulationsmechanismen und deuten einen potenziellen Zusammenhang der 5 diskutierten
Wirkungswege phytogener Verbindungen an.

Die Ergebnisse des zweiten Versuchs mit Absetzferkeln (V2) konnten diesbeziiglich die in
der aktuellen Literatur beschriebenen antimikrobiellen Eigenschaften phytogener
Futterzusatze nicht bestdtigen, wobei sich eine marginale, positive Beeinflussung der
intestinalen Mikroflora insbesondere durch die dtherischen Labiatae-Ole abzeichnete.

Ein weiteres Ziel der vorliegenden Arbeit war es, potentielle anti-inflammatorische Effekte
der getesten phytogenen Futterzusatze und von Einzelverbindungen aus Brokkoli,
Gelbwurzel, Thymian, Rosmarin und Apfel zu untersuchen. Die Durchfiihrung eines in vivo-
Versuchs mit Wistar-Ratten (V3) und eines in vitro-Versuchs mit IPEC-J2-Zellen (V4) sollten
zur weiteren Aufklarung dieses Sachverhalts dienen. Zusammenfassend belegten beide
Versuche sowohl unter physiologischen als auch unter stimulierten Versuchsbedingungen
(DSS-induzierte Kolitis bei Ratten, Escherichia coli-Infektion der IPEC-J2-Zellen) eine anti-
inflammatorische Wirkung der getesteten phytogenen Substanzen in Form einer Reduktion
der NFkB und Cox2 mRNA-Konzentration (V3, V4). Weiterhin konnte keine direkte
Interaktion zwischen dem redox-sensitiven Transkriptionsfaktor Nrf2 und dem die
Inflammation regulierenden Transkriptionsfaktor NFkB festgestellt werden. Dennoch liefern
die Daten dieser Versuche erste wichtige Anhaltspunkte beziglich der komplexen Regulation
oxidativer und inflammatorischer Signalwege sowie deren positive Beeinflussung durch
phytogene Verbindungen. Zur weiteren Aufklarung bis hin zur Identifikation der kompletten
Signalkaskaden, insbesondere deren Wechselwirkung untereinander, sind weiterflihrende

Studien notwendig.
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Zusammenfassend belegt die vorliegende Arbeit, dass die getesteten phytogenen
Verbindungen aus Brokkoli, Gelbwurzel, Oregano, Thymian und Rosmarin uber ein
Zusammenspiel von direkten und indirekten antioxidativen Eigenschaften ihrer Inhaltsstoffe
den Gesundheitsstatus von Nutztieren steigern und in der entsprechenden Dosis und
Verabreichungsdauer die Produktionsfaktoren in der Nutztiererndhrung giinstig beeinflussen
konnen. AuBerdem stellen phytogene Substanzen besonders im Hinblick auf ihre anti-
inflammatorische Wirkung eine mogliche Alternative zum préventiven Antibiotikaeinsatz
hinsichtlich der Reduktion von Durchfallerkrankungen in der Nutztierhaltung sowie eine
potenzielle Préaventions- und Behandlungsstrategie fiir entziindliche Darmerkrankungen beim
Menschen dar.
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6 Summary

Gastroenteritis, caused by Salmonella spp. and pathogenic Escherichia coli, often appears in
early stages of poultry and swine production. Since the ban on antibiotic feed additives in the
European Union in 2006 gastroenteritis has become a major problem in animal nutrition.
Consequently, research in non-antibiotic alternative compounds, like phytogenic feed
additives, is forced.

On the basis of recent data phytogenic feed additives affect animal health positively by five
different modes of action: (1) increase in animal performance, (2) direct antioxidant effects,
(3) indirect antioxidant effects, (4) anti-microbiotic, and (5) anti-inflammatory properties of
phytogenic substances. Currently, a high number of plant compounds, especially based on
herbs and essential oils, are used as feed additives in animal nutrition, although in farm
animals the knowledge on basic biochemical and molecular mechanisms is very limited.

The recent studies aimed to analyse the mentioned modes of action of phytogenic feed
additives using practical conditions. The first study with broiler chickens (V1) investigated
the effects of broccoli extract (3.000 mg extract/kg diet) and of essential oils from turmeric,
oregano, thyme, and rosemary (150 mg oil/kg diet) on different performance parameters. The
antioxidative capacity (TEAC, TBA-RS) of the phytogenic compounds and their impact on
Nrf2-regulated xenobiotic and antioxidant enzymes in various broiler tissues was analysed
due to the in vitro described direct and indirect antioxidant effects of various ingredients of
broccoli (GRA, SFN) and the essential oils tested (turmeric: ar-turmerone; oregano: carvacrol;
thyme: thymol; rosemary: 1,8-cineol). In a second trial with piglets (\VV2), the phytogenic feed
additives tested, were standardised to their main ingredient (150 mg main compound/kg diet)
to ascribe the detected effects to a certain compound of the particular phytogenic feed
additive. In summary, both studies prove that the tested phytogenic feed additives from
broccoli, turmeric, oregano, thyme, and rosemary do not improve performance parameters of
farm animals, but seem to be beneficial in early feeding stages of both investigated species
(V1, V2). For the first time, the recent data approve that phytogenic additives affect direct and
indirect antioxidant protection mechanisms in various monogastric farm animals in a
substance-specific manner (V1, V2). The essential oil from oregano primarily possessed
direct antioxidant effects, whereas broccoli extract and the essential oil from rosemary rather
developed their antioxidant properties in vivo by induction of xenobiotic and antioxidant
enzymes, like AFAR, EPHX1, GST, SOD1, GPx1 (V1, V2). Furthermore, the first two trials
demonstrated direct and indirect antioxidant effects via Nrf2 for the essential oils from thyme

and turmeric (V1, V2). Altogether, the data of this recent work provide important details
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regarding molecular mechanisms and indicate a potential correlation between the five
discussed modes of action of phytogenic compounds.

The results of the second study with piglets (\V2) could not confirm the recent literature data
regarding the anti-microbiotic effects of phytogenic feed additives. In contrast the intestinal
microbiota was affected marginally positive by the phytogenic compounds.

Another aim of the present work was to analyse potential anti-inflammatory effects of
phytogenic feed additives and main compounds of broccoli, turmeric, thyme, rosemary, and
apple. Therefore, an in vivo study with wistar rats (\VV3) and an in vitro experiment with IPEC-
J2 cells (\V4) were carried out. In summary, both trials indicate anti-inflammatory properties
of the phytogenic substances tested due to the reduction of NFkB and Cox2 mRNA
concentration under both physiological and stimulated conditions (V3: DSS-colitis, V4:
Escherichia coli-infection). Additionally, there was no direct interaction between the redox-
sensitive transcription factor Nrf2 and the inflammation-associated transcription factor NFxB
detectible. However, the present data provide important initial evidence regarding the
extensive regulation of the oxidant and inflammatory process. They also show a positive
impact with regard to phytogenic substances. To identify the entire modes of action of
phytogenic substances and interactions among the pathways further studies are required in the
future.

In summary, the present work proves that the phytogenic compounds from broccoli, turmeric,
oregano, thyme, and rosemary could increase health status of farm animals by an interaction
of direct and indirect antioxidant effects of their ingredients. The phytogenic substances
tested, could also positively influence production factors in animal nutrition due to the
appropriate concentration and feeding period. Moreover, selected phytogenic compounds with
strong anti-inflammatory effects may have the potential to further replace the use of
antibiotics in the treatment of intestinal problems in farm animals. Due to their positive effects
on intestinal health phytogenic substances may also represent hopeful alternatives in the

prevention and the therapy of inflammatory bowel diseases in humans.
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